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ABSTRACT

HIGH-EGR DILUTION ENABLED BY DUAL MODE, TURBULENT JET IGNITION
(DM-TJI) FOR HIGH-EFFICIENCY INTERNAL COMBUSTION ENGINES

By
Cyrus Ashok Arupratan Atis
To meet the increasingly stringent future fuel economy and CO2 emission reduction targets for
light-duty vehicles, fast and reliable solutions with broader market acceptance are required. It is
not about predicting which powertrain technology would have market dominance in future, rather
what combination of technologies provides a more accessible and sustainable way to meet those
targets. Underlined by the current and future high market share of the internal combustion engines
in vehicles with either stand alone or hybridized application, it is still of utmost importance (and
will continue to be so) that substantial efforts are rendered towards increasing the efficiency and
reducing the regulatory emissions from combustion engines used in light duty vehicles. Pre-
chamber ignition enhanced by active air/fuel scavenging can serve as a key technology towards
enabling several efficiency improvement techniques for combustion engines such as increased
compression ratio or high rate of charge dilution. The Dual Mode, Turbulent Jet Ignition (DM-
TJI)/ Jetfire® ignition system is a leading pre-chamber combustion technology which not only
offers higher thermal efficiency due to its distinct capability to operate with very high level of
external EGR dilution (up to ~50%) but at the same time ensures that compatibility with existing
cost-effective aftertreatment systems such as three-way-catalyst (TWC) can be maintained. Dual
Mode, Turbulent Jet Ignition (DM-TJI) incorporates an auxiliary air supply apart from the
auxiliary fuel injection inside the pre-chamber of a divided chamber ignition concept. The
supplementary air supply to the pre-chamber enables effective purging and ignitable mixture

formation inside the pre-chamber even with very high EGR dilution. The current work focuses on



the testing and development of DM-TJI systems on single cylinder engine platforms. The first part
of the study presents the experimental investigations carried out with an optical engine equipped
with Prototype 1l DM-TJI system. This optical engine study reported the first published results
with 40% external EGR dilution for a pre-chamber jet ignition engine. Both ultra-lean (up to A ~
2) and high EGR (up to ~40%) operation were demonstrated and a range of pre-chamber nozzle
orifice diameters were tested. The relative timing between the auxiliary air and fuel inside the pre-
chamber was found to be critical to maintaining successful operation at 40% EGR diluted
condition. The latter part of the dissertation concerns experiments on Prototype Il DM-TJI metal
engine with ‘Jetfire’ cartridge design. A comparative analysis conducted on the relative
effectiveness of excess air (lean) versus EGR dilution strategies indicated that compared to the
lean burn operation, EGR dilution provided comparable thermal efficiency benefits with a marked
improvement in NOXx reduction, especially in a high compression, knock limited situation. This
study showcased that high EGR dilution rates comparable to lean burn operation can be maintained
with the DM-TJI system to achieve high thermal efficiency while still operating at stoichiometric
air-fuel ratio. Finally, different pre-chamber scavenging/fueling strategies (active vs passive) were
investigated in order to compare the EGR dilution tolerances between different scavenging
strategies under identical pre-chamber design. The results were also compared with the
conventional spark ignition (SI) configuration on the same engine. The analysis found that DM-
TJI/Jetfire® ignition system becomes more advantageous in terms of thermal efficiency at higher
loads and knock limited operation due to its considerably higher external EGR (up to ~50%)
dilution tolerance. At 10 bar IMEPg and 1500 rpm with 13.3:1 compression ratio, DM-TJI/Jetfire
delivered a maximum of 7 to 9% improvement in thermal efficiency compared to TJI mode of

operation whereas the Sl system failed to maintain stable operation at the same condition.



ACKNOWLEDGEMENTS

First and foremost, | would like to express my gratitude to my adviser Prof. Harold Schock for
providing me the perfect opportunity to pursue my passion to work on engines in a hands-on
manner. | would also like to thank my committee members, Prof. George Zhu, Prof. Giles
Brereton, and Prof. Jason Nicholas for their guidance. | am grateful to Thomas Stuecken for his
support and technical advice throughout every single research project | have been involved with.
I would like to thank Kevin Moran for sharing his technical expertise. | would like to acknowledge
Jennifer Higel, Brian Rowley, John Przybyl and Brian Deimling for their technical support at
during different stages of my work. | would like to show my sincerest gratitude to Dr. Andrew
Huisjen from FCA US LLC for his help and technical guidance with engine research. | would also
like to thank Dr. Alexander VVoice and Dr. Xin Yu for their technical advice. Special thanks to the
current and former graduate students: Dr. Ravi Teja Vedula, Dr. Sedigheh Tolou, Shen Qu, Berk
Duva, Chaitanya Wadkar, Jian Tang, Anuj Paul for sharing their knowledge. | would like to

specially thank Yidnekachew Ayele for his constant support and assistance with my research work.

My greatest gratitude goes to my family back in Bangladesh — my mother, my grandma, my dad,
and my aunt for their unwavering support throughout this endeavor. | know that this is a proud
moment for them too. Finally, 1 would like to thank my wife and colleague Sadiyah Sabah
Chowdhury for her constant guidance and tireless support throughout my personal and

professional life. Thank you for being there every step of the way.



TABLE OF CONTENTS

I S IO o I = 1 I SRR vii
LIST OF FIGURES ...ttt bbbttt bbbttt viii
CHAPTER 1 INTRODUCGTION ....ciitie ettt e e e nnae e nnae e s e e s 1
1.1 Background and MOTIVALION ..........ccveieiieir et sre e 1
1.2 Structure Of DISSEITALION.......cccviieiciie ettt ettt e srbe e e ebbe e e sare e s ebae e e eaeeeeenreas 4
CHAPTER 2 PRE-CHAMBER IGNITION SYSTEMS......oooiiiiiiieie s 6
220 A 111 0o 1 Tod 1 o USRS 6
2.2 Divided chamber stratified charge SYStEMS..........cocveiiiiiiicie e 6
2.3 Pre-chamber JEt TgNITION .........ooiiiiiiieee e 8
2.4 Turbulent Jet Ignition Pre-Chamber Combustion SYStem ...........cccocvevviiieieenecie e 13
2.5 Dual-Mode Turbulent Jet Ignition or Jetfire® Ignition............ccccevvvirinieicnenc e 15
CHAPTER 3 ULTRA-LEAN AND HIGH-EGR OPERATION OF DM-TJI EQUIPPED
OPTICAL ENGINE.......oi ottt ettt e e e e s e e e snae e e snae e e sneeeenneeeans 20
S L ADSEIACT ...ttt bbb bbbttt bbb benreenes 20

K T2 111 0o 1 od o] o ISP 21
3.3 Experimental Setup and ProCEAUNE .........c.civeiiiie et 25
3.4 RESUILS AN0 DISCUSSION .......viitieiieiieitieieeeesiee st e e e e reesteeseesseesteeseesneesseeneeaneesraeneeaneens 29
3.4.1 DM-TJI engine operating at lean conditions ...........cccoocvverieniinienieiene e 29
3.42  Effect of pre-chamber pUrge @il .........ooooiiiiiiiiiiec e 34
3.4.3  DM-TJI engine operating at highly EGR (~40%) diluted conditions..................... 36
3.4.4  Effect of nozzle orifice diameter in DM-TJI engine operation..............ccccoeervenene 42
3.4.5  Natural luminosity combustion IMAagiNg..........cevveriererereiinieesee e 54
3.4.6  Parasitic Loss (to compress the purge air) and Thermal Efficiency of Prototype 11
DIM=TIL BNGINE. ..ttt et e s e st e e s te e s e saeesbeensesaeesteeneesneeneas 60

3.5 SUMMAry and CONCIUSIONS.........ciuiiiiieieie ettt 61

CHAPTER 4 COMPARISON OF EXCESS AIR (LEAN) VS EGR DILUTED OPERATION AT

HIGH DILUTION RATE (~40%0) .....ccutititeieieiesiesiese e sie e eaesie e steste e ssaenaesaesessessessessessessens 65
O 01 - T SO S PP 65
2 1o oo [ Tod 1 o] o ISR 66
4.3 Experimental Setup and PrOCEAUIE ........cueiiieiie ettt 73
4.4 Comparison of EGR vs excess air dilution effect on specific heat capacity (C,) and specific
AL Lo 1N G ) LA TR 79
4.5 Comparison of EGR vs excess air dilution effect on laminar flame speed:.............coc...... 80
4.6 EGR and excess air dilution rate determinations: ...........ccccoveeririeieenesie e 82
4.7 RESUILS aN0 DISCUSSION .....c.uveuieiiieieesiesieesteeiesee e eseestee e aseessaeseaseesseesseaneesseesseaneessaessenseenns 86
4.8 SUMMArY and CONCIUSIONS.......c.uiiiieiie it re e sre e 103



CHAPTER 5 PERFORMANCE ASSESSMENT OF AIR/FUEL SCAVENGED DM-TJI

SYSTEM AGAINST TJI AND SI AT EGR DILUTED CONDITIONS ......ccoooeiiieiiircieene, 106
5L ADSEIACT ..ottt bbbttt n bbb nrenre s 106
oI 111 oo 1 od o] [OOSR 107
5.3 Experimental Setup and ProCEAUNE .........vcoiiieiiee e 111
5.4 RESUILS aN0 DISCUSSION.......viiiiiiieiiieieeiiesieesiesiee st e e ssee e te e steesse e steessesseesteeeesseesseensens 115

5.4.1  Jetfire: 6 bar IMEPg at 1500 rpm, different pre-chamber air pressure................. 115
5.4.2  TJI passive: 6 bar IMEPQ at 1500 rPIM .....c.ooviiiiiiiieiieie e 121
5.43  TJlactive: 6 bar IMEPQ at 1500 IPM......ccciieieiirieniisiesiesesee e 122
5.4.4  Sl:6bar IMEPQ at 1500 MPM ...oiiiiiiiiiiiiieieiee et 123
5.4.5  Comparison: Jetfire vs TJI active vs TJI passive vs Sl at 6 bar IMEPg 1500 rpm124
5.4.6  Jetfire: 10 bar IMEPg at 1500 rpm, different pre-chamber air pressure............... 136
5.4.7  TJl active: 10 bar IMEPG at 1500 MPM....cciiiiiiieiieiiiiiesesesee e 141
5.4.8  TJI passive: 10 bar IMEPG at 1500 rPM ....ooviiiiiiiiiiciisiesesee e 142
5.4.9  SI: 10 bar IMEPQG @t 1500 FPIM ....oviiiiiiiiieieieie et 143
5.4.10 Comparison: Jetfire vs TJI active vs TJI passive vs Sl at 10 bar IMEPg 1500 rpm...
............................................................................................................................... 144

5.4.11 Comparison: Jetfire vs Sl at 8 bar IEMPQ ..ot 152
5.4.12  Jetfire high EGR load sweep: 2 to 10 bar IMEPg at 1500 rpm .........ccccceevvevrennns 154
5.4.13  Jetfire: lower compression ratio 10 bar IMEPQ at 1500 rpm.........ccccceocevvnivninnns 163
5.4.14  Jetfire: effect of COMPresSion ratio ........ccocevereiiieniii e 164
5.4.15 Jetfire: high loads at [ow COMPression ratio ...........ccovvveveiieieeresie e eee e 166
5.4.16 Jetfire: effect of engine speed at high dilution............cccoviieiineiins 168
5.4.17 Jetfire: high loads (up to 21 bar IMEP) diluted operation at 2000 rpm................. 171
5.4.18 Comparison: Jetfire vs SI at low cOMpPression ratio ..........cccccevevererenesesienennens 172
5.4.19  Jetfire: aluminum vs stainless steel cartridge design .........cccccevereienencninincnnnns 178
5.5 SUMMary and CONCIUSIONS..........ccveiuiiieiecie ettt re e ra e reeee s 182

CHAPTER 6 CONCLUSIONS AND FUTURE WORK ......ccciiiiiiirceseeeeiene e 187
6.1 CoNCIUAING REMAIKS ......oiitiiiiciie ettt et sae e e e e are e e 187
6.2 Recommendations fOr FULUIE WOIK ..........ccviieiieiiie e 188

BIBLIOGRAPHY ...ttt bbbt e et sttt e neenes 191

Vi



LIST OF TABLES

Table 1.1 Prototype Il DM-TJI optical engine engine specificationsS..........ccccoovvvverenieiieniennnnn

Table 4.1 Prototype 111 DM-TJI engine SPecCifiCations...........ccccoveveeieiiieiieere e

Table 4.2 Variation of excess air dilution rate with A

vii



LIST OF FIGURES

Figure 1.1 Transportation sector consumption by mode of transportation, quadrillion British

therMal UNIES[2] ..c.veeeeiee et et ns 1
Figure 1.2 Light-duty vehicle sales by fuel type — history and predictions, millions of vehicles[Z]2
Figure 2.1 Layout of Ricardo’s 3-valve stratified charge engine[13].........ccccooriminieneninienennnn 7
Figure 2.2 Turbulent Jet Ignition pre-chamber and nozzle layout [3] ........ccccovevviieiiiiciiiciees 14
Figure 2.3 Prototype | DM-TJI engine design detailsS...........cccooeiiiiiiiiiiniiiccee e 17
Figure 2.4 Prototype |1 DM-TJI engine design detailS ...........ccoveveiieiieiiiieiecce e 18
Figure 2.5 Prototype 111 DM-TJI engine design detailS..........cccovvriiiiiniiniiiiccee e 18
Figure 2.6 Jetfire cartridge design detailS..........cccoeiieiiiii e 19
Figure 3.1 Prototype 1l DM-TJI engine design details ...........ccccooeiiiiiininininceeee e 26

Figure 3.2 600 cycles IMEP and lambda traces of DM-TJI engine operating at lean conditions (A
1.7~2.0), WOT, MAP 98 kPa, 7~8 bar IMEP @ 1500 rpm: (a) compression ratio 12:1,
(b) compression ratio 10:1 .....cceccuiiieiieiie e 30

Figure 3.3 Comparison of major combustion parameters between high and low compression
ratios at lean conditions (A 1.7~2.0), WOT, MAP 98 kPa, 7~8 bar IMEP @ 1500 rpm

...................................................................................................................................... 32
Figure 3.4 300 cycle IMEP traces with and without the purge air at throttled condition, 68 kPa

manifold pressure, 6 bar IMEP @ 1500 rpm, A~1, compression ratio 10:1 ................ 35
Figure 3.6 DM-TJI engine test results of 350 cycles of continuous operation at 40% EGR

dilution, A~0.96, 9.5 bar IMEP @ 1500 rpm, 1.25 mm nozzle orifice ...........cc.ceevenee 38

Figure 3.8 DM-TJI engine test results of 300 cycles of continuous operation showing the effect
of change in relative timing of the pre-chamber auxiliary air and fuel at 40% EGR
dilution, A~0.96, 9.5 bar IMEP @ 1500 rpm, 1.25 mm nozzle orifice ...........c..ccue.e... 40

Figure 3.9 800 cycles IMEP trace for different pre-chamber nozzle orifice diameters at lean
condition (A~ 1.75), 7.2 bar IMEP at 1500 rpm ........ccccoiieiiiiiie e 43

Figure 3.10 300 cycle pressure trace analysis- average combustion parameters at six different
nozzle orifice diameters, lean condition (A~ 1.75), 7.2 bar IMEP at 1500 rpm........... 45

Figure 3.11 300 cycle average pre-chamber pressure trace for different nozzle orifice diameters

viii



Figure 3.12 300 cycles IMEP trace for different pre-chamber nozzle orifice diameters at 40%
EGR dilution (12.5% intake O), (A~ 0.96), 9.5 bar IMEP @ 1500 rpm, WOT.......... 47

Figure 3.13 300 cycle pressure trace analysis- average combustion parameters at four different
NOZZIE OrifiCE AIAMELEIS .....ecveeieee e 49

Figure 3.14 Pre-chamber purge air volumetric flow rate with different nozzle orifice diameters at
40% EGR diluted CONITIONS. ......cviiieiieieiiiieiee e 51

Figure 3.15 Effect of nozzle orifice diameters on pre-chamber pressure bump and their overlap
with the pre-chamber fuel injection Signal.............ccceviiii i 53

Figure 3.16 Pre-chamber and main chamber pressure traces and phase- synchronized images of
turbulent jet combustion events; lean (A~ 1.75), 7.2 bar IMEP @ 1500 rpm, 1 mm
007474 [0 o €1 o= OSSR 55

Figure 3.17 Crank-angle-resolved binarized images of 200 cycle ensemble average jet structures
for different nozzle orifice diameters; lean condition (A~1.75), 7. 2 bar IMEP @ 1500

0] 1 0 USRI 57
Figure 3.18 Imaging view of the combustion chamber through the piston window .................... 58
Figure 3.19 Normalized jet penetration vs orifice diameters, lean operation...............ccccceevenens 59
Figure 3.20 Normalized jet enflamed area vs orifice diameters, lean operation ...............cccce...... 60

Figure 4.1 Prototype 11l DM-TJI engine with ‘Jetfire cartridge’ design. A cam actuated air valve
was used to deliver purge air to the pre-chamber ..o 70

Figure 4.2 Schematic of the experimental teSt DENCH ...........ccovveiiiiiiiccc e 77
Figure 4.3 Specific heat capacity of species at different temperatures (adapted from [79,102]) . 79

Figure 4.4 Effect of dilution rate with different diluents on the laminar flame speed of iso-octane;
=10 I SO 0 o SR 81

Figure 4.5 Comparison of IMEPg and PMEP between lean burn and EGR diluted operation at
MBT/KLSA SPArK tIMING ....oveiiiiiiieieiesese e 87

Figure 4.6 Comparison of COV vep, MBT/KLSA spark timing and crank angle of 50% mass
burned fraction between lean burn and EGR diluted operation............cccccoceveieninnnnnn 89

Figure 4.7 Main chamber pressure, pressure differential between pre-chamber and main chamber
and main chamber apparent heat release rate with different EGR rates at MBT/KLSA
SPANK TIMING . ...ee ittt e e e e b e e be e nree s 90

Figure 4.8 Main chamber pressure, pressure differential between pre-chamber and main chamber

iX



and main chamber apparent heat release rate with different excess air rate at
MBT/KLSA SPArK tHMING ....cveiiiiiiiieieieiesei e 92

Figure 4.9 Comparison of main chamber apparent heat release rate between lean burn and EGR
diluted operation at MBT/KLSA Spark timing .........ccccceeiiiiininiiieeescse e 93

Figure 4.10 Comparison of 10-90% mass fraction burn duration and 0-10% mass fraction burn
duration between lean burn and EGR diluted operation at MBT/KLSA spark timing 94

Figure 4.11 Comparison of gross indicated thermal efficiency and combustion efficiency

between lean burn and EGR diluted operation at MBT/KLSA spark timing............... 96
Figure 4.12 Comparison of exhaust gas temperature and manifold absolute pressure between lean
burn and EGR diluted operation at MBT/KLSA spark timing ..........cccccecevenvnennnnnn 98
Figure 4.13 Comparison of NOx and hydrocarbon (THC) emissions between lean burn and EGR
diluted operation at MBT/KLSA Spark timing ........ccccoceeerininininieieeese e 100
Figure 4.14 Comparison of net indicated thermal efficiency with varying dilution rate between
lean burn and EGR diluted operation at MBT/KLSA spark timing............cc.ccocvvenne. 102
Figure 5.1 Schematic of the experimental test bench (boost-cart active) .............cccocevveiveinnnen. 112
Figure 5.2 Prototype 111 DM-TJI engine at MSU EARL test Cell .........cooovvriiiiiiiiiiiie 113
Figure 5.3 Jetfire cartridge design detailS..........ccccoveviiiieiieii i 113
Figure 5.4 Interchangeable Jetfire Cartridges. ..o 114

Figure 5.5 Gross indicated efficiency and COV of IMEP versus CA50 with different EGR rate at
1500 rpm and 6 bar IMEPg obtained with 45 psig pre-chamber air pressure Jetfire
CONFIQUIALION ...t s re e e sre e 116

Figure 5.6 Gross indicated efficiency and COV of IMEP versus CA50 with different EGR rate at
1500 rpm and 6 bar IMEPg obtained with 30 psig pre-chamber air pressure Jetfire
CONTIGUIALION ...ttt bbb 117

Figure 5.7 Gross indicated efficiency and COV of IMEP versus CA50 with different EGR rate at
1500 rpm and 6 bar IMEPg obtained with 15 psig pre-chamber air pressure Jetfire
(010] 01 T UL 7> U o] o PSSP 118

Figure 5.8 Pre-chamber air flow rate measured by LFE for different compressed air pressures at
1500 rpm and 6 Dar IMEPQ.......ccvoiiiiicce et 119

Figure 5.9 Split of losses with different purge air pressure for the Jetfire system operating at 30%
EGR rate at 1500 rpm 6 bar IMEPg for CAS50 of 7 °aTDC.......cccccovvvieiieevie e, 120

Figure 5.10 Gross indicated efficiency and COV of IMEP versus CAS50 with different EGR rate
at 1500 rpm and 6 bar IMEPg obtained with TJI passive configuration ................... 121

X



Figure 5.11 Gross indicated efficiency and COV of IMEP versus CA50 with different EGR rate
at 1500 rpm and 6 bar IMEPg obtained with TJI active configuration...................... 122

Figure 5.12 Gross indicated efficiency and COV of IMEP versus CA50 with different EGR rate
at 1500 rpm and 6 bar IMEPg obtained with SI configuration...............c.cc.ccovvenee. 124

Figure 5.13 Comparison of gross indicated efficiency and COV of IMEP versus CA50 at 1500
rpm and 6 bar IMEPg with highest EGR rate between Jetfire, TJI active, TJI passive
AN ST oottt b 125

Figure 5.14 Comparison of net indicated efficiency and COV of IMEP versus CA50 at 1500 rpm
and 6 bar IMEPg with highest stable EGR rate between Jetfire, TJI active, TJI passive
and Sl; Jetfire includes the work loss due to purge air SUpply........cccoceeereniiinennnne 126

Figure 5.15 Comparison of net indicated efficiency and COV of IMEP versus CA50 at 1500 rpm
and 6 bar IMEPg at approximately 20-22% EGR rate between Jetfire, TJI active, TJI
passive and Sl; Jetfire includes the work loss due to purge air supply .......cccceevvenee 127

Figure 5.16 Comparison of split of losses between Jetfire, TJI passive, TJI active and Sl
operating at 1500 rpm and 6 bar IMEPg, at their maximum individual thermal
EFFICIENCY POINTS ...t 129

Figure 5.17 Gross indicated efficiency, combustion efficiency, net indicated efficiency* and
manifold absolute pressure at 1500 rpm and 6 bar IMEPg condition with varying EGR
rate for Jetfire, TJI active, TJI passive and Sl. The net indicated efficiency for Jetfire
subtracts the work required to deliver the pre-chamber purge air (referred using an
ASEEIISK) 1ttt nra e re e ra e 130

Figure 5.18 Split of losses for Jetfire at 1500 rpm and 6 bar IMEPg condition with varying EGR
rate and 15 psig pre-chamber air. Numbers on the bar chart correspond to the
percentages Of total Ul BNEIGY ..o 133

Figure 5.19 CA50, 0-10% burn duration, 10-90% burn duration and COV of IMEP at 1500 rpm
and 6 bar IMEPg condition with varying EGR rate for Jetfire, TJI active, TJI passive
AN ST oottt bbb reene e 134

Figure 5.20 Gross indicated efficiency and COV of IMEP versus CA50 with different EGR rate
at 1500 rpm and 10 bar IMEPg with 75 psig pre-chamber air pressure; Jetfire ........ 137

Figure 5.21 Gross indicated efficiency and COV of IMEP versus CA50 with different EGR rate
at 1500 rpm and 10 bar IMEPg with 60 psig pre-chamber air pressure; Jetfire ........ 138

Figure 5.22 Gross indicated efficiency and COV of IMEP versus CAS50 with different EGR rate
at 1500 rpm and 10 bar IMEPg with 45 psig pre-chamber air pressure; Jetfire ........ 139

Figure 5.23 Pre-chamber air flow rate measured by LFE and the corresponding purge work
requirement calculated using Womack fluid power design data sheet for varying
compressed air pressure at 1500 rpm and 10 bar IMEPQ .........ccoovvviiiiieniiinenee 140

Xi



Figure 5.24 Gross indicated efficiency and COV of IMEP versus CA50 with different EGR rate
at 1500 rpm and 10 bar IMEPG; TI @CtIVE ......ccoviiiiiiieeee e 141

Figure 5.25 Gross indicated efficiency and COV of IMEP versus CA50 with different EGR rate
at 1500 rpm and 10 bar IMEPG; TJI PASSIVE.........ccuiiiiiiiiieiiireeeeeee e 142

Figure 5.26 Gross indicated efficiency and COV of IMEP versus CA50 with different EGR rate
at 1500 rpm and 10 bar IMEPG; Sl ..o 143

Figure 5.27 Comparison of gross indicated efficiency and COV of IMEP versus CA50 at 1500
rpm and 10 bar IMEPg with highest EGR rate between Jetfire, TJI active, TJI passive
AN ST oot bbb 146

Figure 5.28 Gross indicated efficiency, purge work subtracted gross indicated efficiency,
combustion efficiency and manifold absolute pressure at 1500 rpm and 10 bar IMEPg
condition with varying EGR rate for Jetfire, TJI active, TJI passive and Sl ............. 148

Figure 5.29 CA50, 0-10% burn duration, 10-90% burn duration and COV of IMEP at 1500 rpm
and 10 bar IMEPg condition with varying EGR rate for Jetfire, TJI active, and TJI
passive. Sl inoperable without knock at high CR 10 bar load ............ccccceeeeiveiieennne 150

Figure 5.30 Gross indicated efficiency and COV of IMEP versus CAS50 with different EGR rate
at 1500 rpm and 8 bar IMEPQ; Sl ......cviiieiiee e 152

Figure 5.31 Comparison of gross indicated efficiency and COV of IMEP versus CA50 between
Jetfire and Sl at 1500 rpm and 8 bar IMEPg with highest EGR rate within stable
combustion limit, Jetfire pre-chamber air pressure 60 PSIg ........cccoverererenerenennnnn 153

Figure 5.32 Gross indicated efficiency, combustion efficiency and COV of IMEP at 1500 rpm
and 4 bar IMEPg with different EGR rates close to dilution limit .............cc.cccevnin. 155

Figure 5.33 Gross indicated efficiency, combustion efficiency and COV of IMEP at 1500 rpm
and 7 bar IMEPg with different EGR rates close to dilution limit .............cc.cccevnen. 156

Figure 5.34 Gross indicated efficiency, combustion efficiency and COV of IMEP at 1500 rpm
and 8 bar IMEPg with different EGR rates close to dilution limit .............ccccccevne. 157

Figure 5.35 Gross indicated efficiency, combustion efficiency and COV of IMEP at 1500 rpm
and 9 bar IMEPg with different EGR rate close to dilution limit..............ccc.ccoevene. 158

Figure 5.36 Gross indicated efficiency, combustion efficiency and COV of IMEP at 1500 rpm
and 10 bar IMEPg with different EGR rate close to dilution limit................ccccovene. 159

Figure 5.37 Gross indicated efficiency, combustion efficiency, NOx emission and COV of IMEP
at 1500 rpm and 2 bar to 10 bar IMEPg load sweep at maximum tolerable EGR limits
.................................................................................................................................... 161

Figure 5.38 Comparison of gross indicated efficiency and COV of IMEP versus CA50 at 1500

Xii



rpm and 10 bar IMEPg with about 40% EGR rate at lower 8.9:1 compression ratio 163

Figure 5.39 Comparison of gross indicated efficiency and COV of IMEP between 13.3:1 and
8.9:1 compression ratio at 1500 rpm and 10 bar IMEPg with similar EGR dilution rate
and 60 psig pre-Chamber @IF PreSSUIE..........oiiiiiieieeie e 165

Figure 5.40 Comparison of gross indicated efficiency and COV of IMEP at 10, 12 and 14 bar
IMEPg and 1500 rpm at 8.9:1 compression ratio and pre-chamber air valve pressure of
A= 0151 o USSP 166

Figure 5.41 Comparison of gross indicated efficiency and COV of IMEP at 10, 12 and 14 bar
IMEPg and 1500 rpm at 8.9:1 compression ratio and MBT/KLSA timing............... 167

Figure 5.42 Comparison of gross indicated efficiency and COV of IMEP at 12 and 14 bar IMEPg
WIth dIFFRIENT FPM Lo 169

Figure 5.43 Split of losses at 12 and 14 bar IMEPg with different engine speed at MBT/KLSA
L0101 14T OSSR 170

Figure 5.44 Gross indicated efficiency and COV of IMEP at 2000 rpm and different loads
ranging from 7 to 21 bar IMEPg, 75 psig pre-chamber air pressure............c.cccceveue. 171

Figure 5.45 Gross indicated efficiency and COV of IMEP with different EGR rate at 1500 rpm
and 10 bar IMEPg at 8.9:1 compression ratio obtained with conventional SI system173

Figure 5.46 Comparison of (a) gross indicated efficiency, (b) COV of IMEP, (c) indicated
specific hydrocarbon emission and (d) indicated specific NOx emission between the
Jetfire and conventional S| systems at highest respective EGR dilution limit .......... 174

Figure 5.47. Comparison of gross indicated efficiency and COV of IMEP between Jetfire and Sl
operating at 12 and 14 bar IMEPg and 1500 rpm at 8.9:1 compression ratio. For Jetfire
the gross indicated efficiency includes the purge Work 10SS............cccccoevieieeiieineenee. 176

Figure 5.48 Gross indicated efficiency and COV of IMEP versus CA50 at varying EGR rate at
1500 rpm and 6 bar IMEPg with 25 psig pre-chamber air pressure; Jetfire with
StaINIess StEI CArIIAGR. ..o 179

Figure 5.49 Net indicated efficiency and COV of IMEP versus CA50 at 1500 rpm and 6 bar
IMEPg with the highest EGR rate at different pre-chamber air pressure; Jetfire
aluminum versus stainless steel Cartridge ... 180

Figure 5.50 Split of losses at 1500 rpm and 6 bar IMEPg condition between Jetfire, TJI active,
TJI passive and SI with the highest dilution limits. Numbers on the bar chart
correspond to the percentages of total fuel energy........ccccccevvvvieiieiiice s 182

Xiii



CHAPTER 1

INTRODUCTION

1.1 Background and Motivation

Transportation sector is one of the largest contributors to anthropogenic greenhouse gas (GHG)
emissions in the United States. In 2018, the transportation sector accounted for the largest portion
(28%) of the total U.S. GHG emissions [1]. Figure 1.1 presents the history and projection of energy
consumption in transportation sector by different travel mode reported by the Energy Information
Administration (EIA) in their Annual Energy Outlook (AEO) 2020 [2].). From figure 1.1, it is
quite apparent that in U.S. light duty vehicles and medium and heavy-duty trucks dominate the

transportation sector and the trend is not going to change significantly in upcoming years.

2019
30 history | projections light-duty
vehicles
g &3 medium- and
= heavy-
£ 20 duty vehicles
£ air
15
2 10 rail
= marine
S other
> 5
e —
0 . . . .
2010 2020 2030 2040 2050

Figure 1.1 Transportation sector consumption by mode of transportation, quadrillion British
thermal units[2]
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Figure 1.2 Light-duty vehicle sales by fuel type — history and predictions, millions of vehicles[2]

Additionally, the same report also presents the history and projections of light-duty vehicle sales
by fuel type in United States (shown in figure 1.2) [2]. Gasoline and flex-fuel (gasoline blended
with up to 85% ethanol) vehicles accounted for 94% of the light duty vehicle sales in 20109.
Gasoline-driven vehicles have been the dominant vehicle type till now and based on the current
predictions, will continue to do so in future as well. While the predictions show that the number
of vehicles powered by sources of energy other than the traditional petroleum fuels will increase
over time, it appears that vehicles that run on gasoline will still dominate the transportation sector
in years to come. Thus, improving fuel economy of gasoline vehicles will play a critical role

towards reducing the greenhouse gas (GHG) emissions (mainly CO2) from transportation sector.

While major electrification is predicted in automotive powertrain sector, it still remains difficult

to foretell the state of the transportation sector in the future based on the current technological



advancements. Critical questions regarding topics such as battery energy density, charging cycle
and infrastructure, long term reliability etc., are yet to be fully answered. While electric vehicles
offer obvious advantages on emissions over internal combustion engine driven vehicles, the source
of the electricity influences overall ‘well-to-wheel” emissions. In regions that depend heavily on
conventional fossil fuels for electricity generation, electric vehicles may not be as advantageous
compared to regions that use relatively low-polluting energy sources for electricity generation.
Thus, while all electric operation holds huge potential for emission reduction from transportation
sector, the advantages are yet to be fully realized. In the meantime, hybrid vehicles might offer a
practical solution. Thus, it will still be essential to continue developing highly efficient low
emission internal combustion engines to meet the future efficiency and emission standards until
the technology to move towards all electric architecture becomes mature enough for large scale
implementation.

Lean burn or dilute gasoline combustion is one of the major combustion strategies to increase fuel
economy for internal combustion engines. The Dual Mode, Turbulent jet Ignition (DM-TJI)
system is a pre-chamber-initiated combustion technology that has already demonstrated the
potential to offer very high thermal efficiency without requiring any additional aftertreatment costs

by enabling ultra-lean and highly dilute operation.

While the potential of the DM-TJI system to offer high thermal efficiency was demonstrated
before, actual engine test results were still very limited. Prior to the current work, only lean
condition results have been experimentally reported for the DM-TJI engine which would still
necessitate additional aftertreatment solutions. The focus of this work is the experimental
investigations conducted on both DM-TJI optical and metal (with Jetfire cartridge design) engine

platforms at high EGR (up to 50%) diluted stoichiometric operating conditions and provide a



preliminary assessment of the effectiveness of the high-EGR-dilution tolerant DM-TJI/Jetfire
ignition system as a viable technology pathway to realize potential thermal efficiency benefits for

future engines.

1.2 Structure of Dissertation

The dissertation is organized as follows-

Chapter 1 provides a background and motivation behind the current work regarding the necessity
of continued research on lean or diluted combustion to achieve higher thermal efficiency for the

current and future generations of gasoline engines.

Chapter 2 includes a background and brief history of pre-chamber ignition systems. A brief history
of the pre-chamber initiated stratified combustion systems is presented as well. This chapter also

describes different stages of development of the DM-TJI or the Jetfire® ignition system.

In chapter 3 the operation of the DM-TJI optical engine at ultra-lean and at 40% EGR-diluted
stoichiometric condition is presented. The importance of pre-chamber purge air to maintain stable
combustion at high internal or external residual gas environment is also demonstrated.
Experimentally the effect of different pre-chamber nozzle orifice diameters on engine performance
at both ultra-lean and 40% EGR diluted conditions has been investigated. Results obtained from

the optical investigation are presented to aid the in-cylinder pressure-based analysis.

In chapter 4 a comparative experimental investigation is provided on the relative effectiveness of
EGR dilution versus excess air dilution (lean burn) strategies in a knock limited environment in

terms of thermal efficiency and exhaust emissions.

Chapter 5 demonstrates the effectiveness of pre-chamber air supply in relation to high EGR

tolerance. Jetfire ignition was compared to TJI active and passive configurations as well as the



conventional SI configuration at two different load conditions in order to assess the relative
effectiveness of the pre-chamber systems with different pre-chamber scavenging strategy against

the conventional SI configuration withing the same engine platform.

Chapter 6 provides the concluding remarks and suggestions for future works regarding the finding

of the experimental investigations on the DM-TJI/Jetfire ignition system.



CHAPTER 2

PRE-CHAMBER IGNITION SYSTEMS

2.1 Introduction

Dual Mode, Turbulent Jet Ignition (DM-TJI) technology is a variant of Turbulent Jet Ignition
system and differs from its forerunner on how the pre-chamber is being scavenged. The turbulent
jet ignition system is one of the most prominent pre-chamber-initiated combustion technologies
that features a small pre-chamber volume (typically <3% of the clearance volume). Generally, the
pre-chamber-initiated combustion is classified based on - pre-chamber volumes, pre-chamber
fueling/dozing and orifice connections between pre-and main chamber [3]. Small pre-chamber
volumes, compared to larger ones, offer benefits such as lower heat loss and hydrocarbon (HC)
emissions, due to reduced crevice volume and combustion surface area [4]. Since DM-TJI is a
variant of turbulent jet ignition (TJI) with small prechamber the current discussion will be focused
on pre-chamber-initiated combustion technologies featuring small prechambers or jet ignition

technologies only.

2.2 Divided chamber stratified charge systems

A well-documented strategy to increase the thermal efficiency by extending the lean flammability
limits of the four stroke spark ignition engines is the divided chamber stratified charge or ‘pre-
chamber’ combustion initiation technique. The earliest concept on charge stratification through
pre-chamber was proposed by H. R. Ricardo in 1918 [5,6]. The first report of the Ricardo 3-valve
stratified charge 2-stroke engine was published in 1922 [7]. This 3-valve design incorporated two
valves for intake and exhaust and a third auxiliary intake valve through which the rich fuel-air
mixture was supplied to the pre-chamber. The pre-chamber was connected to a much larger-

volume main chamber through a nozzle. A spark plug located in the pre-chamber ignited the rich



pre-chamber mixture which subsequently burned the leaner main chamber mixture. Figure 2.1
shows the main features of the Ricardo 3-valve engine design. This 3-valve engine design inspired
several other charge stratification with pre-chamber concepts over the following decades after
Ricardo’s invention including but not limited to those proposed by Summers [8], Mallory [9],
Bagnulo [10] and Heintz [11]. A historical comprehensive review on evolvement and progression

of 3-valve stratified charge engines has been provided by Turkish [6,12].
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Figure 2.1 Layout of Ricardo’s 3-valve stratified charge engine[13]



The torch ignition or torch cell engine designs developed by several OEMs (original equipment
manufacturers) around 1980s [14-16] evolved from the 3-valve pre-chamber concepts and
eliminated the need for pre-chamber fueling by containing only the spark plug inside the pre-
chamber cavity. During compression, the pre-chamber is filled with main chamber charge and
upon ignition a turbulent torch ignites the main chamber mixture. Contrary to the torch cells, in
divided chamber stratified charge engines, additional fuel is supplied to the pre-chamber [4]. The
divided chamber stratified charge systems were characterized by a large pre-chamber and large
orifices with the regular flame front (instead of jets) exiting through the orifice into the main
chamber. One of the most well-known examples of this technology is the mass-produced
Compound Vortex Controlled Combustion (CVCC) engine developed by Honda [17] to comply

with the 1975 US emission standards without a catalytic converter [18].

Jet igniters are a variation of the divided chamber stratified charge concepts that are characterized
by much smaller orifice(s) connecting the pre-chamber and main chamber cavities [19]. The
smaller orifices cause the initial flame kernel inside the pre-chamber to get transformed into
multiple pressure driven flame jets passing into the main chamber. Depending on orifice
configuration the jets can contain either partially combusted products or actual flames [20,21].
These jets have substantial surface area that can successfully ignite extremely lean or dilute

mixtures in the main chamber.

2.3 Pre-chamber Jet Ignition

The concept of Jet ignition was first theorized by Nikolai Nikolaievich Semenov, 1956 Nobel prize
winner in chemistry for developing the chain reaction theory [4,22]. This concept saw further
development through the experimental work of L. A. Gussak who developed the first jet

ignition/pre-chamber torch ignition engine in Soviet Union [13,23-25]. Gussak named the



combustion process as ‘LAG-process’ (Lavinia Aktivatisia Gorenia) or ‘avalanche activated
combustion’ process [13,23]. Gussak discussed that the incomplete combustion of rich mixture
inside the pre-chamber results in chemically active reacting jets containing radical species that
cause the main chamber combustion to be fast, stable and complete. The orifice connecting the
pre- to the main combustion chamber acts as an extinguisher (quencher) to the flame initiated
inside the pre-chamber leading to radical species downstream of the main chamber [3,23]. As the
pre-chamber flame breaks into chemically active radicals, a number of vortices are created. These
vortices carry the active radicals further down into the main chamber resulting in a complete and
stable combustion in the main chamber [23]. Gussak reported ‘a pre-chamber volume of 2-3% of
the clearance volume, an orifice area 0.03-0.04 cm2 per 1 cm3 of pre-chamber volume with an
orifice length to diameter ratio of 0.5’ as the optimized condition for engines equipped with LAG
process [13].The LAG process was implemented into the powertrain of the Volga passenger
vehicle [13,26]. It was Gussak’s work that demonstrated the importance of radical species in this

type of combustion technology.

LAG ignition was also studied by Yamaguchi et al. [20] in a divided chamber bomb. Four different
ignition patters were identified on a LAG system: well-dispersed burning, composite ignition,
flame kernel torch ignition, and flame front torch ignition. They concluded that composite ignition
was the best for lean burn conditions due to the contribution of both active radicals and thermal

effects [20].

Attard and colleagues [3] performed a comprehensive literature study regarding past jet ignition
technologies from 1950s to 2007. Several variants of pre-chamber jet ignition have been
investigated in the last few decades. Pulsed jet combustion (PJC) or flame jet researched by

Oppenheim and his associates [26,27] at UC Berkeley for over a decade is one of them. Lezanski



et al. [28] performed engine studies with pulsed jet combustion (PJC) and found that richer pre-

chamber performed better than a pre-chamber mixture close to stoichiometry.

Oppenheim and colleagues later introduced jet plume injection and combustion (JPIC) [29], a
modified version of PJC. While PJC used high pressure generated inside the pre-chamber due to
combustion to initiate the radical jet igniters, JPIC on the other hand utilized its high-pressure
injection system to produce the jets. The fuel injector in the JPIC system could inject either fuel
or air/fuel mixture into the cavity at the bottom of its combustor [29]. The self-purging capability
of JPIC was an advantage over its predecessor, the PJC system. The high-pressure injector of JPIC
systems forced the flow out of the pre-chamber into the main chamber. Thus, JPIC eliminated the

problem caused by trapped residuals in the cavity of PJC systems.

The swirl chamber spark plug was first introduced by Reinhard Latsch at Bosch Stuttgart in early
1980s [30], as an attempt toward simplification of the LAG process. The LAG system included an
auxiliary fuel-air supply to the pre-chamber, which was removed in swirl chamber spark plugs.
Further studies on the same concept as the swirl chamber spark plug were published by Latsch and
colleagues under bowl pre-chamber ignition (BPI) systems [31]. The swirl chamber spark plug
and BPI solely depended on the piston motion during the compression stroke to direct the main
air/fuel mixture into the small pre-chamber cavity, housed inside the spark plug. There were two
fuel injection events for the swirl chamber spark plug and BPI systems. The first occurred during
the intake stroke to maintain a lean air/fuel mixture inside the main chamber. The second fuel
injection event contained only a small amount of fuel (~3% of total fuel mass) and happened during
the compression stroke toward the piston bowl. The piston motion would push the additional fuel
toward the cavity of the spark plug, causing a rich mixture inside the pre-chamber at the time of

ignition.
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The hydrogen-assisted jet ignition system (HAJI) was introduced by Watson et al. [32—34] where
a small amount of hydrogen (~2% of the main fuel) was injected next to the spark plug inside the
pre-chamber to create a rich air/fuel mixture at the time of ignition. The rich mixture inside the
pre-chamber would ignite and form chemically active radical jets which penetrated into the main
chamber. Chemically active turbulent jets caused by the HAJI system were estimated to provide
an ignition source of energy more than two orders of magnitude higher than that of spark plugs
[4]. The lean flammability limit could be extended to lambda of 5 at wide-open throttle, with
gasoline as the main chamber fuel and a small amount of hydrogen in the pre-chamber [33]. The
hydrogen flame jet ignition (HFJI) system developed by Gifu University and Toyota College of
Technology in Japan [35,36], was similar to HAJI system. The authors of these papers conducted
a thorough analysis to understand the influence of radical species formed by rich hydrogen
combustion compared to jet turbulence concerning the extension of lean limit of stable ignition.
They found that the turbulence caused by the jets played a larger role in combustion stability at

lean limits [36].

Self-ignition triggered by radical injection (APIR) [37,38] was a similar technology to the PCJ
developed at UC, Berkeley. The APIR system, like PCJ technology, utilized smaller-hole orifices
which were used to quench flame propagation and simultaneously to prevent combustion from
reappearing in the vortex of jets going from pre-chamber to the main chamber. The main difference
lay in the number of orifices connecting the pre-chamber to the main chamber. The APIR system
increased the number of orifices for radial seeding of the chemically active turbulent jets inside

the main chamber [4].

Paul Najt et al. at General Motors patented a dual -mode combustion process [39]. At light loads

and speeds, the premixed charge forced auto ignition (PCFA) would be used as its first mode of
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combustion and for higher loads and speeds, a second mode of combustion utilizing either spark
ignition and/or pulse jet ignition (PJI) would be used. The dual-mode combustion process aimed
to overcome the known limitations of homogenous charge compression ignition (HCCI) systems,
such as unpredictability of charge ignition timing (combustion phasing) and technology limitations
at higher loads and speeds. The PCFA mode of combustion employed pulse jet ignition to ignite
an ultra-dilute premixed charge in the main combustion chamber. The PJI system would work
similar to a pre-chamber-initiated combustion by forcing a spark-ignited jet of hot reacting fuel

mixture from a pre-chamber into the ultra-dilute charge of the main chamber [4].

Homogeneous combustion jet ignition (HCJI) [40], introduced by Kojic et al. of Robert Bosch
GmbH, was another innovation in the jet ignition technologies. Like the dual-mode combustion of
Paul Najt and colleagues, HCJI was an attempt to control the combustion phasing of HCCI engines.
The HCJI system contained two small pre-chambers which were coupled to the main chamber.
Each pre-chamber had its own ‘pre-chamber piston’. As there was no spark plug into the pre-
chamber, small and precisely-controlled pistons of the two pre-chambers managed the start of
combustion inside the pre-chamber through auto-ignition. The connection between pre-and main
combustion chambers was maintained using two microvalves which were closed till early
compression inside the main chamber. The valves had been opened by the time the pre-chamber
combustion was started, so hot gas jets initiated by auto-ignition of the pre-chamber could induce

a second auto-ignition inside the main combustion chamber.

At the end of combustion cycle, a large quantity of residual gas could remain in the pre-chamber
due to improperly scavenged combustion products [41]. The pre-chamber spark plug with pilot
injection [41] was an attempt to avoid the problems caused by improperly scavenged pre-chamber

of the jet ignition technologies. The pilot fuel was injected during the intake stroke with an aim of
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purging the pre-chamber. The amount of pilot fuel injected would vary based on injection pressure
and the operating conditions. An air/fuel mixture was then formed inside the pre-chamber during
the compression stroke as the air/fuel mixture from the main chamber was pushed into the pre-
chamber. The initiation of combustion inside the pre-chamber occurred by a spark event and the
jets generated would pass through the holes connecting the pre-to main chamber. Combustion
inside the main chamber occurred as a result of hot, chemically active turbulent jets from the pre-
to main chamber. Getzlaff and colleagues studied several gaseous fuels [41] to purge the pre-
chamber, including methane and hydrogen. The most promising results were obtained using

hydrogen as the pilot fuel for the pre-chamber.

2.4 Turbulent Jet Ignition Pre-Chamber Combustion System

In 2010, William Attard and colleagues of MAHLE Powertrain introduced the MAHLE ‘Turbulent
Jet Ignition’ system in a series of publications [3,42-44]. MAHLE TJI was originally conceived
as a non-hydrogen fueled variant of the hydrogen-assisted jet ignition (HAJI) concept researched
by Harry Watson at the University of Melbourne [32,33,45-51]. The main objective of TJI was
to make the technology more feasible than other laboratory-based jet ignition systems as well as
to develop a system that can operate on readily available commercial fuel such as gasoline, propane
and natural gas. In these studies, a peak net thermal efficiency of 42% was reported for TJI
equipped 0.6L single cylinder research engine derived from a production level 14 Ecotec LE5 GM
engine with 4-valves pent roof combustion chamber design [44]. This 42% peak efficiency was
obtained with 10.4:1 compression ratio at about 6 bar IMEPn and 1500 rpm operating at lambda
~1.6 with near zero engine out NOx emission. Additionally, it was demonstrated that the TJI pre-
chamber combustion system was capable of tolerating up to 54% mass fraction diluent (excess air)

at 3.3 bar IMEPn and 1500 rpm with a 18% improvement in fuel economy compared to
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conventional spark ignition engine operating at the same load and speed [3]. Figure 2.2

demonstrates the pre-chamber and nozzle layout of the Turbulent Jet Ignition system presented by

Attard et al. [3]. Some of the defining features of the MAHLE TJI system are [3,4,42-44] :

Very small pre-chamber (~2% of the clearance volume)

Pre-chamber connected to main chamber by one or more small orifices (~1.25 mm in
diameter)

Separate auxiliary pre-chamber direct fuel injector
Main chamber fuel injector (port fuel injector (PFI) or direct injector (DI))
Spark discharge initiated pre-chamber combustion
Use of readily available commercial fuels for both main and pre-chambers

Nozzle Orifice

Figure 2.2 Turbulent Jet Ignition pre-chamber and nozzle layout [3]

In 2012, William Attard of MAHLE Powertrain patented “turbulent jet ignition pre-chamber
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combustion system for spark ignition engines” [52,53]. Following its introduction in 2010, Attard
et al. [54-58] and later his colleagues Bunce et al. [59-61] at MAHLE Powertrain published
several studies regarding the development of MAHLE Turbulent Jet Ignition system which was
later trade marked as MAHLE Jet Ignition or MJI®. A recent study by Peters et al. [62] from
MAHLE Powertrain reported a peak brake thermal efficiency greater than 42% from a 1.5L 3-
cylinder gasoline fueled Jet Ignition engine. The same authors reported several research works on
MAMHLE Jet Ignition equipped single cylinder engines fueled with natural gas [63-65]. In terms
of number of published studies conducted on development of modern pre-chamber ignition
technologies MAHLE TJI and its’ variants are perhaps one of the most well-known and well-

developed in terms of technology readiness level.

2.5 Dual-Mode Turbulent Jet Ignition or Jetfire® Ignition

While Turbulent Jet Ignition (TJI) system developed by MAHLE offers a huge potential in
improving the thermal efficiency compared to conventional spark ignition system by extending
the lean operation capability considerably, one of the persisting challenges with lean combustion
is the NOx conversion efficiency of the three-way-catalytic (TWC) converter at lean conditions.
The NOx conversion efficiency of the TWC decreases sharply if the air/fuel ratio becomes even
slightly leaner. This makes the TJI systems operating lean (excess air as diluent) nearly
incompatible with the widely used TWC emission reduction system or requires rather complex
and expensive additional deNOx systems such as the selective catalytic reduction (SCR) or lean
NOx traps. Thus, making the TJI system rather expensive in terms of aftertreatment system
requirements. EGR diluted stoichiometric operation could be a viable solution to this problem.
Utilizing EGR as diluent instead of excess air permits the use of TWC while offering similar level

of advantages to improve thermal efficiency. However, one problem with EGR dilution relating to
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the pre-chamber ignition system is the mixture combustibility or stoichiometry inside the pre-
chamber at high dilution rate. TJI systems with only auxiliary fuel injection inside the pre-chamber
operates poorly with high level (40% and above) of EGR dilution due to the lack of control to
maintain the pre-chamber mixture stoichiometry within a combustible limit. High level of diluents
containing either trapped residuals or the EGR coming from the main chamber during compression
stroke compromises the pre-chamber ignitability. With lean combustion pre-chamber ignitability
is not compromised due to the availability of excess air. With additional fuel injection inside the
pre-chamber, the pre-chamber ignitability can be maintained over a broader dilution rate. Using
EGR as diluent on the other hand does not have this availability of additional air inside the pre-
chamber and makes the pre-chamber mixture much harder to ignite especially at high dilution rate.
The concept of Dual Mode, Turbulent Jet Ignition introduced by Schock et al. [66] of Michigan

State University addresses this problem.

The Dual Mode, Turbulent Jet Ignition (DM-TJI) system is an engine combustion technology
wherein an auxiliary air supply apart from an auxiliary fuel injection is provided into the pre-
chamber. Thus, the DM-TJI adds an additional auxiliary air supply to the pre-chamber of the
existing TJI concepts. The supplementary air supply and its method of delivery to the pre-chamber
of a DM-TJI system are the main modifications to the technology’s predecessor, the Turbulent Jet
Ignition (TJI) system. This enables enhanced control of the mixture stoichiometry in the pre-

chamber and delivers stable combustion even with high level of EGR dilution.

Although DM-TJI technology is in early stages of development, a number of studies have been
conducted to investigate its potential. Atis el al. [67] showed that the Prototype 11 DM-TJI system
equipped gasoline fueled optical engine with a cooled EGR system could maintain stable operation

(COVimer<2%) with 40% external EGR at stochiometric (A~1) operating conditions. In that study,
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effect of pre-chamber air/fuel timing relative to EGR tolerance was investigated. Ultra-lean
operation (up to A~2) was also demonstrated while a correlation between the nozzle orifice
diameters and overall burn duration was suggested. Tolou et al. [68] developed a physics-based
GT-POWER model of the Prototype II DM-TJI system and predicted the ancillary work
requirement to operate the additional components of the DM-TJI system. Vedula et al. [69]
reported the net indicated thermal efficiency of the Prototype | DM-TJI engine for both lean and
30% nitrogen diluted, near stochiometric operation. Vedula et al. [70] also studied the effect of
pre-chamber fuel injection timing including pre-chamber air injection and different injection
pressures on iso-octane/air combustion in a DM-TJI system equipped rapid compression machine
for a global lambda of 3.0. Song et al. [71] studied control-oriented combustion and state-space

models based on the Prototype | DM-TJI engine.

Figure 2.3 Prototype | DM-TJI engine design details
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Figure 2.4 Prototype |1 DM-TJI engine design details

Figure 2.5 Prototype 111 DM-TJI engine design details

18



Figure 2.6 Jetfire cartridge design details

Prototype | of the DM-TJI engine was tested in both optical and metal variants with Bowditch
piston arrangement whereas prototype Il was configured as an optical engine only. Prototype |
utilized an air injector (fuel injector that delivers air) inside the pre-chamber to deliver the auxiliary
air whereas prototype Il replaced the pre-chamber air injector with a hydraulically controlled
poppet valve for pre-chamber air delivery. Figure 2.3 shows the Prototype | DM-TJI engine layout
and figure 2.4 shows the Prototype 11 DM-TJI design details. The latest Prototype 11 metal engine
replaces the hydraulically controlled pre-chamber air valve with a more production viable intake
camshaft driven air valve and packages the pre-chamber components (fuel injector, spark plug and
air valve) inside a more compact ‘Jetfire’ cartridge design. The DM-TJI system was later trade-
marked as Jetfire® ignition system. Figure 2.5 and 2.6 show the Prototype 111 DM-TJI engine and
the Jetfire cartridge design details, respectively. This dissertation will focus on the work conducted

with Prototype Il optical and Prototype 111 metal engines.
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CHAPTER 3

ULTRA-LEAN AND HIGH-EGR OPERATION OF DM-TJI EQUIPPED OPTICAL
ENGINE

3.1 Abstract

Continuous efforts to improve thermal efficiency and reduce exhaust emissions of internal
combustion engines have resulted in development of various solutions toward improved lean burn
ignition systems in spark ignition engines. The Dual Mode, Turbulent Jet Ignition (DM-TJI)
system is one of the leading technologies in that regard which offers higher thermal efficiency and
reduced NOx emissions due to its ability to operate with very lean or highly dilute mixtures.
Compared to other pre-chamber ignition technologies, the DM-TJI system has the distinct
capability to work with a very high level of EGR dilution (up to ~40%). Thus, this system enables
the use of a three-way catalyst (TWC). Auxiliary air supply for pre-chamber purge allows this
system to work with such high EGR dilution rate. This work presents the results of experimental
investigation carried out with a Dual Mode, Turbulent Jet Ignition (DM-TJI) optical engine
equipped with a cooled EGR system. The results show that the DM-TJI engine could maintain
stable operation (COVimer<2%) with 40% external EGR at stoichiometric (A ~ 1) operating
conditions. The relative timing between the auxiliary air and fuel inside the pre-chamber was found
to be critical to maintaining successful operation at 40% EGR diluted condition. Ultra-lean (up to
A ~ 2) operation was also demonstrated at two different compression ratios with good combustion
stability. A range of pre-chamber nozzle orifice diameters were tested with both lean and EGR
diluted conditions. In general, smaller orifice diameters resulted in shorter overall burn duration

due to more favorable distribution in ignition sites.
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3.2 Introduction

Light-duty vehicle fuel economy improvement and tailpipe CO2 emission reduction targets are
becoming increasingly stringent. In Europe, by 2030 a 37.5% reduction in average CO emission
is targeted for the light-duty applications relative to the 2021 baseline[72]. Similar trends have
been observed in CO reduction targets for light-duty vehicles in all major markets, and they will
require 3-6% improvement in fuel economy per year[73]. While such ambitious targets will have
a major impact on changing the structure of the global automotive market with an emphasis to
move towards more electrified powertrain architectures, it will still be essential to continue
developing highly efficient, low-emission internal combustion engines to compensate for the
limitations of electrical components such as battery energy density or the charging schedule. Even
with major hybridization, in situations such as highway driving conditions, highly efficient internal
combustion engines provide a major advantage to maximize overall efficiency of the vehicle. Thus,
even with predicted electrification in the future, the focus on improving thermal efficiency of the
internal combustion engine has never been greater. This accelerated drive to improve thermal
efficiency and reduce exhaust emission from internal combustion engines has resulted in several
advanced engine technologies, especially in the Sl (spark ignition) engine sector[73]. One of the
promising approaches towards high thermal efficiency and reduced regulated emission from Sl
engines is to operate with an increased level of air-fuel mixture dilution, by means of either excess

air or EGR (exhaust gas recirculation).

Lean burn engines operating with excess air dilution improve the thermal efficiency of the spark
ignition engines through higher mixture-specific heat ratio (y) and reduced heat loss due to lower
in-cylinder temperature, as well as reduced pumping loss during part load operation. While lean

combustion in modern Sl engines has been shown to provide improved thermal efficiency, it also
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produces higher NOx emission compared to operation at stoichiometric conditions, necessitating
additional aftertreatment systems such as a lean NOXx trap or SCR (selective catalytic reduction)
catalysts. Significant improvements in NOx emissions from such lean burn combustion systems
could only be observed during ultra-lean operation (A >1.6). However, a major limitation of such
lean and ultra- lean operation is the compromised combustion stability due to less favorable
ignition quality of the mixture as well as the slow flame propagation speed through the lower
temperature lean mixture. Poor combustion stability leads to increased HC emissions and
decreased thermal efficiency due to misfires and partial burns. To overcome these challenges, a
higher-energy distributed ignition source is required. This need for higher-energy ignition sources,
to achieve stable combustion with lean and ultra-lean air-fuel mixture, led to the development of

modern pre-chamber-based jet ignition systems.

The turbulent jet ignition (TJI) system is a modern pre-chamber-based jet ignition system
characterized by small pre-chamber volume (<3% of the clearance volume), auxiliary pre-chamber
fueling, and multiple small orifices connecting the main and the pre-chamber[3]. The TJI concept
presented by Attard et al.[3] is one of the many jet ignition technologies based on the "LAG-
Avalanche Activated Combustion” works by Gussak et al.[4, 5]. An exhaustive review of pre-
chamber initiated jet ignition combustion systems is presented by Toulson et al.[4] and discusses
various stages of progress in pre-chamber-initiated combustion systems. In a TJI system, the initial
flame around the spark plug inside the pre-chamber is transformed through the nozzle orifices into
multiple pressure-driven, chemically active, high-temperature turbulent jets distributed around the
main combustion chamber with substantial surface areas. These multiple distributed high-energy
ignition sites enable very fast burn rates with minimal combustion variability. TJI systems have

been extensively studied[59,60,74,75] and have been shown to extend the lean limit considerably
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with reduced NOx emission at higher dilution [3,43,44,56,63,76,77].

While stable lean operation with TJI systems offers a high level of improvement in thermal
efficiency compared to conventional spark ignition engines[55,56,61], a major challenge with such
lean operation is the conversion efficiency of the three-way catalyst (TWC) for NOx. The NOx
conversion efficiency of the TWC degrades rapidly if the air-fuel ratio (AFR) varies even slightly
toward the lean conditions[78]. The TJI system operating on excess air dilution (1 < A < 2) makes
the use of TWC extremely inefficient and requires additional rather complex and expensive deNOx
aftertreatment systems, such as a lean NOXx trap or SCR catalyst. A solution to this major problem
with TJI is to operate the engine at stoichiometric conditions (A=1) with EGR as the diluent instead

of excess air.

Using EGR as the diluent instead of excess air makes the use of TWC possible, while still offering
the similar advantages of excess air dilution[79]. Thus, high thermal efficiency can still be
maintained at low-/medium load conditions with effective emission reduction through TWC.
Using EGR as the diluent instead of excess air requires the engine to operate with very high level
of EGR (up to 40%), and that is where the TJI systems become ineffective. TJI systems cannot
operate effectively under dilute conditions with very high levels of EGR (~40%) due to their
difficulty in reliably igniting the high EGR fraction mixture in the pre-chamber. With such a high
level of EGR mixed with the intake air-fuel reactants along with the trapped residuals, it becomes
very difficult to control mixture stoichiometry in the pre-chamber using the auxiliary pre- chamber
fuel injection only. With excess air dilution, this is not a major problem since there is a high
percentage of excess air available in the pre-chamber air-fuel and residual gas mixture, so that a
small additional amount of fuel injection still enables the formation of an ignitable mixture in the

pre-chamber. With EGR instead of excess air used as the diluent, this availability of excess air to
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maintain an ignitable mixture inside the pre-chamber decreases and consequently the pre-chamber
misfires leading to main chamber misfiring which renders the TJI systems unusable with high level

(~40%) of EGR dilution. The DM-TJI system addresses this problem.

The Dual Mode, Turbulent Jet Ignition (DM-TJI) system is an engine combustion technology
wherein an auxiliary air supply apart from an auxiliary fuel injection is provided into the pre-
chamber[12,13,14]. The supplementary air supply and its method of delivery to the pre-chamber
of a DM-TJI system are the main modifications to the technology’s predecessor, the Turbulent Jet

Ignition (TJI) system [3,44,52,55-57].

The DM-TJI system enhances stoichiometry control in the pre-chamber, independently of the main
chamber, by adding in supplementary auxiliary air as well as auxiliary fuel to maintain pre-
chamber mixture ignitability, thus resulting in better combustion stability in the pre-chamber and
subsequently in the main chamber. Lean and/or highly dilute mixtures generally require high
ignition energy, long duration of ignition and wide dispersion of ignition sources in order to
achieve fast burn rates[4] and maintain acceptable combustion stability. Initiating combustion at
multiple sites distributed around the combustion chamber is of particular importance to achieve
the fast burn rates due to the low flame velocities inherent in a highly lean/dilute air-fuel mixture.
The DM-TJI ignition strategy extends the mixture flammability limits by enabling faster burn rates
of lean and/or highly dilute mixtures through multiple pressure-driven, chemically active reacting
turbulent jets distributed around the combustion chamber to initiate combustion parallelly from
multiple sites. The DM-TIJI system’s unique capability to work alongside the conventional TWC
by permitting stoichiometric operation with high level of EGR dilution (up to 40%) through

enhanced pre-chamber scavenging makes it a very promising combustion technology.

Several studies have been conducted on the DM-TJI system. Vedula et al.[69] reported a net
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indicated thermal efficiency of 45.5% + 0.5% for both lean (A~1.85) and 30% nitrogen-diluted,
near-stoichiometric operations of a DM-TJI engine running on gasoline. The experiments were
conducted on a Prototype | DM-TJI engine at Michigan State University (MSU). Engine
specifications can be found at [69]. This work was preceded by the DM-TJI based optically
accessible rapid compression machine[70]. Song et al.[19, 20] presented control-oriented
combustion and state-space models based on the Prototype | DM-TJI engine. Prototype I, while
successfully demonstrating the combustion concept, was not a production-viable system; and
Prototype 11 with a pre-chamber purge air valve arrangement was built. Tolou et al.[68] developed
a novel, reduced order and physics-based model of the Prototype Il DM-TJI engine with pre-
chamber air valve assembly and for the first time, predicted the ancillary work requirement to
operate the DM-TJI system. Previous studies on DM-TJI systems[21,22] had predicted high
(~40%) EGR-diluted engine operation with the DM-TJI strategy. However, the actual

experimental validations were absent.

In the present paper, results are reported from the experimental investigation using the Prototype
I DM-TJI single-cylinder optical engine equipped with a cooled EGR system at MSU. For the
first time, experimental results are demonstrated for the DM-TJI engine running with 40% external
EGR at stoichiometric (A ~1) conditions. In the latter section of this study, several pre-chamber
nozzle orifice diameters were tested in both very lean and high EGR diluted conditions to

investigate the role of nozzle orifice diameter on the performance of DM-TJI system.

3.3 Experimental Setup and Procedure

Tests were carried out on a single-cylinder Prototype 11 DM-TJI engine. The first prototype engine

[21] had an air injector (fuel injector that delivers air) inside the pre-chamber to deliver auxiliary
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air to the pre-chamber whereas the current Prototype Il replaces the pre-chamber air injector with
a hydraulically controlled poppet valve. This arrangement also decreases the pre-chamber purge
work input considerably[68]. Figure 3.1 shows the layout of different components of the Prototype

Il DM-TJI single-cylinder engine.

PRE-CHAMBER
FUEL INJECTOR

PRE-CHAMBER NOZZLE

Figure 3.1 Prototype |1 DM-TJI engine design details

The Prototype 11 DM-TJI engine has a pent roof head modified to incorporate the pre-chamber
design. It is an optically accessible engine, utilizing a sapphire window mounted in a Bowditch
piston assembly. The piston utilized standard production piston rings that ride on a lubricated cast
iron bore. A circulated 50:50 ethylene glycol-water mixture was used to maintain the head and

cylinder temperature at 90°C.

A variable-speed centrifugal pump was used to draw a fraction of the engine exhaust through an
EGR cooler and introduce it upstream of the induction throttle. Further specifications of the engine

are listed in Table 1.1.
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Table 1.1 Prototype 11 DM-TJI optical engine engine specifications

Bore 86 mm

Stroke 95 mm

Connecting rod length 170 mm

Compression ratio 12:1

Pre-chamber volume 2532 mm3 (~5% of clearance volume)

Main chamber swept volume 0.552L

Fuel injection High-pressure injectors
Number of orifices in nozzle 6

Pre-chamber fuel was supplied in DI configuration, whereas the main chamber fuel was supplied
in PFI configuration but with a higher flow rate DI injector. Both the pre-chamber and main
chamber fuel injection pressures were set at 1450 psi (~100 bar). Pre-chamber pressure data was
collected using a spark plug with an integrated piezoelectric pressure transducer (Kistler 6115CF-
8CQO01-4-1). Pre-chamber combustion was initiated by this ‘hot’ type of spark plug and a
conventional automotive inductive ignition system with 30 mJ of ignition energy. A second
piezoelectric pressure transducer (Kistler 6052A) installed in the engine head captured the main
chamber combustion pressure. An OEM MAP sensor was used to measure intake manifold
pressure. The exhaust runner pressure was measured by a Kistler 4045A5 piezo-resistive pressure

transducer mounted in a water-cooled jacket.

Pre-chamber purge air was supplied using the shop compressed air supply line. The compressed
air pressure was regulated via a pressure regulator. The compressed air was introduced into the
pre-chamber through a hydraulically controlled poppet valve. Air flow rate was monitored with a
Meriam laminar flow element (LFE), Z50MJ10-11, which was installed in the pressurized air line.
A second LFE was installed upstream from the intake manifold to measure main chamber air flow

rate. The engine was equipped with k-type thermocouples to monitor intake runner, exhaust
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runner, coolant and pre-chamber air temperatures.

To measure the EGR percentage and lambda, pressure-compensated O> sensors (ECM Lambda-
5200) were installed on the intake and exhaust runners respectively. An in-house control system
managed within an NI Veristand environment was used to control the main engine parameters such
as spark timing, fuel injection timing and duration for pre- and main chamber, air valve open-close
timing, and the number of firing cycles. High-speed crank resolved in-cylinder pressure data was
recorded using a A&D Technologies’ Phoenix AM high-speed combustion analysis system (CAS)
with a sampling resolution of 1 crank angle degree. Low-speed data was captured using NI DAQ
modules connected to the Veristand program. Exhaust emissions were sampled using a Horiba
MEXA-7200 DEGR automotive emission analyzer, capable of measuring CO, HC and NOx

emissions.

Before each experiment, apart from preheating the head and cylinder assemblies to 90° C, the
engine was run through 200 consecutive warm-up cycles and then EGR was introduced until the
required amount of EGR was achieved. Being an optical engine with a sapphire window on the
piston, the engine was run around 800-1000 cycles at a time to avoid potential damage to the piston
window and keep the piston surface temperature at a normal operating temperature. Typically, for
lean conditions, data processing was carried out for the last 600 cycles after the engine warmed
up; whereas with 40% EGR test runs, data were processed for the last 300-400 cycles where a
stable EGR rate was achieved. For all these tests, the engine was operated at wide open throttle
(WQOT) condition, with the inlet air pressure being close to 1 bar. To maintain the WOT operation
with 40% EGR at around lambda 1, IMEP was higher compared to the WOT lean conditions tested.
At lean conditions two different compression ratios were tested. At a lower 10:1 compression

ratio, the engine was throttled to trap more residual gases inside the combustion chamber and show
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the effectiveness of auxiliary purge air inside the pre-chamber at high residual scenarios and

lambda 1. During all the tests the engine speed was kept at 1500 rpm using a DC dynamometer.

3.4 Results and Discussion

3.4.1 DM-TJI engine operating at lean conditions

The Prototype 11 DM-TJI engine maintained a very good combustion stability (COVimer<2) during
lean operation up to lambda (1) 2. Contiguous IMEP plots can be useful to detect misfires or partial
burns and represent combustion stability for a series of firing cycles. Figure 2 shows the results of
the experiments performed with the DM-TJI engine at lean conditions at 12:1 and 10:1
compression ratios, in terms of 600- cycle IMEP and corresponding lambda traces. During these
experiments the throttle position was kept fully open with a manifold absolute pressure of 98 kPa.
Main chamber fuel was injected at 360 CAD bTDC using three split injection pulses at a rate of
19.8 mg/cycle. Pre-chamber fuel was injected at 120 CAD bTDC using a single pulse at a rate of
0.8 mg/cycle. The pre-chamber purge air upstream pressure was set at 1 bar (gauge), and the air
valve was opened for 15 CAD starting at 160 CAD bTDC. With the 12:1 compression ratio the
spark timing was fixed at 29 CAD bTDC throughout the 600-cycle test period. On the other hand,
at 10:1 compression ratio the spark timing was set at 29 CAD bTDC during the first 200 cycles
and then advanced by 5 CAD steps during the next two 200 cycles steps. Since these experiments
did not involve any external EGR and the settling time required to get the required amount of the
EGR, the last 600 cycles after the warm-up were used to lean out the mixture in three consecutive
steps where each step was comprised of 200 cycles at a specific lambda. With each step fuel

injection pulse duration was decreased to lean out the air-fuel mixture and achieve a higher lambda.

29



10 T T T T T T
CR12:1 A I e
8 - -2.8
- 2.6
T 6
2 -2.4
& <
= -2.2
4 -
) - 2.0
(MW‘M\»M\A/\/\VJ'\/WN\«\/‘\«/\/\
W«\/VWMV\W’\/W" B
2 1 " 1.8
W
' 16
0 T T T T T T T T T T T
0 100 200 300 400 500 600
Cycle #
(@)
10 T T T T T T T T T T T — 3.00
CR 101 —— IMEP
—A
-2.75
8 —
- 2.50
= 6
©
2
o -2.25 <
w
=
= 4
‘\M/‘\MM«/WJ\JJWM/‘W— 2.00
[
W/MW\AWW\'\/
2- f
et red -1.75
0 T T T T T T T T T T T 1.50
0 100 200 300 400 500 600
Cycle #
(b)

Figure 3.2 600 cycles IMEP and lambda traces of DM-TJI engine operating at lean conditions (1
1.7~2.0), WOT, MAP 98 kPa, 7~8 bar IMEP @ 1500 rpm: (a) compression ratio 12:1, (b)
compression ratio 10:1
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In Figure 3.2(a), 12:1 compression ratio, lean condition test results are plotted. With each 200
cycles section, due to decreased main fuel injection pulse duration the IMEP dropped and the
corresponding lambda increased. The lambda was around 1.7 in the first 200 cycles step and then
it increased to around 1.9 in the next step and finally to lambda around 2 during the last 200 cycles.
The COViver of the last 200 cycles with lambda close to 2 was still less than 2%, which
demonstrated the ability of the DM-TJI system to operate on a very lean mixture. At this condition
the volumetric flow rate of the purge air measured by the pre-chamber LFE was around 0.15

SCFM.

The next set of experiments was carried out with the same dialed conditions of the air, fuel and
spark as mentioned above but at a lower compression ratio of 10:1. The same technique of leaning
out the mixture in three steps of 200 cycles each was followed. During the last two steps, with
lambda around 1.9 and 2 respectively, the combustion stability suffered slightly. Therefore, for the
next set of runs, the spark was advanced by a step of 5 CAD during the last two steps. The results
of this modified set of experiments with the same air-fuel timing and advanced spark during the
last two steps at a lower 10:1 compression ratio are shown in Figure 3.2(b). As can be seen from
Figure 3.2(b), even with total spark advance of 10 CAD compared to the first 200 cycles step, for
the last 200 cycles combustion stability was worse than for the 12:1 compression ratio results at

similar conditions.
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Figure 3.3 Comparison of major combustion parameters between high and low compression ratios
at lean conditions (1 1.7~2.0), WOT, MAP 98 kPa, 7~8 bar IMEP @ 1500 rpm

Figure 3.3 compares the major combustion parameters from the two sets of experiments presented
in 3.2(a) and 3.2(b). In Figure 3.3, the first plot shows the pre-chamber CA10 value. Its increasing
trend with higher lambda suggests longer ignition delays in the pre-chamber due to the increased
probability of leaner air-fuel mixture inside the pre-chamber, as the main chamber mixture
becomes leaner. The second and the third plot from the top in Figure 3.3 show the main chamber

CA10 and CA50 values respectively. Both show the same increasing trend with lambda; this is a
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direct consequence of earlier pre-chamber CA10 values. The fourth plot from the top in Figure
3.3 shows the main chamber 10-90 mass fraction burn duration. A similar increasing trend with
lambda was seen here as well, because flame propagation becomes increasingly slower as the air-
fuel mixture becomes leaner and thus overall burn duration increases. The pre-chamber CA10,
main chamber CA10, main chamber CA50 and main chamber 10-90 burn durations all show an

increasing trend with increase in lambda in both the 12:1 and 10:1 compression ratio cases.

This increasing trend in burn parameters with increase in lambda was expected, since with leaner
air-fuel mixture it becomes increasingly difficult for the pre-chamber mixture to ignite and then
the flame propagation through the main chamber mixture also becomes slower which consequently
increases the overall 10-90 burn durations. In the bottom plot of the Figure 3.3, combustion
stability in terms of COV\wmep is given for each of the 200 cycles steps during the two set of test
runs. While at 12:1 compression ratio the combustion stability does not vary significantly up to
lambda 2, the same lambda 2 operation at 10:1 compression ratio has a higher COV value of 3.4%
compared to lower than 1.5% values for the rest of the cases. This decrease in combustion stability
with lower compression ratio during lean operation is due to the increased amount of trapped
residual gases at lower compression. With lower compression ratio the trapped residual percentage
increases[79] and with this increased amount of residual gases the already lean air-fuel mixture
becomes even more diluted. The effect of increased residuals is more apparent at lambda 2
compared to lambda 1.72 and 1.87. Since the air-fuel mixture is already very lean and close to the
lean limit, any further increase in dilution due to higher percentage of residuals makes the

combustion unstable.

Moreover, higher compression had the added benefit of higher peak pressure and temperature

which aids mixture formation, decreases ignition delay in the pre-chamber and increases flame
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speed. From Figure 3.3 it is apparent that 12:1 compression ratio had earlier pre-chamber ignition
(earlier CA10 for the pre-chamber) with earlier combustion phasing (CA50 of the main chamber)
as well as shorter burn duration (CA10-90) compared to 10:1 compression ratio setup. The slight
increase in global lambda values also suggest reduced combustion efficiency for the 10:1
compression ratio as well. Moreover, for the same fueling rate the higher compression ratio yielded

better IMEP values.

3.4.2 Effect of pre-chamber purge air

The previous tests at lean conditions showed that lowering the compression ratio increases the
trapped residuals inside the cylinder due to which the combustion stability suffers especially close
to the lean limit. Those tests were performed at WOT conditions with manifold absolute pressure
of 98 kPa. The next set of experiments were performed with the same low 10:1 compression ratio
but at a throttled condition with a manifold absolute pressure of 68 kPa. The load was also
decreased to 6 bar IMEP and air-fuel ratio was kept stoichiometric (A~1). Figure 3.4 shows the
300 cycle IMEP traces of the experiment conducted at this throttled stoichiometric condition with
the first 150 cycles without the purge air and the last 150 cycles with the purge air. It is clear from
the IMEP traces that the engine could not maintain stable operation without the pre-chamber purge
air at this throttled low compression stoichiometric condition. With lower manifold pressure the
trapped amount of residual gases inside the cylinder increases even further and due to the pre-
chamber design with small orifices this increased amount of residual gases have a higher
probability to get trapped inside the pre-chamber. Without the pre-chamber purge air, the air-fuel
mixture inside the pre-chamber necessarily contained a very high percentage of residual gases and
consequently the mixture inside the pre-chamber was not able to ignite and initiate jets to burn the

main chamber mixture. Without the pre-chamber purge air, the engine showed continuous misfires.
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In contrast, during the last 150 cycles in Figure 3.4, the pre-chamber air valve was turned on and
the engine maintained stable combustion with no misfires. This demonstrates the importance of
pre-chamber purge air in maintaining stable operation with high amounts of residual gases at
stoichiometric conditions. In previous tests, it was seen that at WOT lean operating conditions, the
DM-TJI engine could maintain stable operation even without the pre-chamber purge air. The other
auxiliary fueled pre-chamber designs show similar results[57]. However, when the amount of
internal residue increases (as shown by the throttled test result mentioned above), the pre-chamber
purge air becomes critical for maintaining stable operation. This especially applies close to
stoichiometry, where the residual gases do not contain any unburnt air from the previous cycle.
This result, showing the effectiveness of the DM-TJI system in dealing with mixtures containing
high percentages of internal residuals at stoichiometric condition, encouraged the high-external-

EGR experiments which are discussed in the following sections.
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Figure 3.4 300 cycle IMEP traces with and without the purge air at throttled condition, 68 kPa
manifold pressure, 6 bar IMEP @ 1500 rpm, /~1, compression ratio 101
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3.4.3 DM-TJI engine operating at highly EGR (~40%) diluted conditions

Experiments with external EGR were performed at 12:1 compression ratio. All the tests with
external EGR were performed at WOT conditions with manifold absolute pressure around 98 kPa.
The same fueling strategy as before was followed: a three-pulse split injection in the main chamber
and a single injection in the pre-chamber. The fuel injection rate was increased to 26.8 mg/cycle
to ensure lambda 1 operation at WOT with external EGR. Fuel timing in the main chamber was
kept at 360 CAD bTDC. The pre-chamber auxiliary fueling rate was maintained at 0.8 mg/cycle,
but the timing was changed to 90 CAD bTDC. The pre-chamber purge air upstream pressure was
set at 4 bar (gauge). The air valve was opened at 145 CAD bTDC, with an opening duration of 30
CAD. These operating parameters were found to be adequate to maintain stable operation at 40%
EGR diluted condition and were chosen based on previous experiments with a 1.25 mm nozzle

orifice setup.

At the start of each 800 cycles test run, the engine was run without EGR for about 100 cycles to
warm up; then the EGR control valve was opened to introduce EGR to the intake. The EGR line
was connected upstream from the main throttle valve. The large intake plenum ensured that enough

space was provided for EGR to mix properly before entering the combustion chamber.

The Prototype 