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Abstract

The perpetual desire to conserve fuel is driving strong demand for increased
efficiency in spark ignited (SI) engines. A method being increasingly explored to
accomplish this goal is lean combustion. Homogeneous ultra-lean combustion with
& > 1. 6 hsaated tthee abibtyr to both increase thermal efficiency and
significantly reduce engine-out nitrogen oxides (NOx) emissions due to the colder
cylinder temperatures innate to combustion with high levels of dilution. The major
limitation in developing lean and ultra-lean combustion systems is the less
favorable ignition quality of the mixture. This has necessitated the development of
higher energy ignition sources. A pre-chamber combustor application known as jet
ignition is one such technology, having been researched extensively.

Differing types and magnitudes of charge motion are incorporated in Sl engines to
aid with mixture preparation. The influence of charge motion over lean SI
combustion however is less well understood. Additionally, charge motion
introduced in the main combustion chamber has the potential to translate to the
pre-chamber, thereby affecting pre-chamber mixing and combustion. The effect of
charge motion on mixing and combustion comprehensively throughout the engine
cycle is unknown and has not been investigated. This study seeks to evaluate the
impact of charge motion on mixture preparation and combustion processes in a jet
ignition engine.

Experimental engine testing is undertaken to quantify the impact of differing levels
and types of induced charge motion on pre-chamber and main chamber
combustion. An analysis of high speed pressure data from the pre-chamber
provides insight into how charge motion affects pre-chamber combustion stability,
and how instabilities cascade to the main chamber combustion event. A set of
simulations, matched to experimental engine results, is used to develop an
understanding of charge motion influence over the complexities of in-pre-chamber
phenomena that are not easily observed experimentally. From the synthesis of
these data sets, a clear understanding of the role that charge motion plays in
homogeneous highly dilute jet ignition engines emerges. This study quantifies the
impact that charge motion has on lean limit extension and engine efficiency,
identifies optimal charge motion type, and provides a roadmap for engine system
optimization.



List of contents

Publications and awards related to this research ..........cccccccciiiiiiiiiiiiiiiiiinennnn. VI
LISt Of HIUSTFALIONS ... e e e e e e aaann s VIiI
LISE Of tADIES ..o XIX
ACKNOWIEAGEIMENLS ... e e e e e e e e e e et e e e e e e eeeeanns XXI
N[0 2= 11 [ o [P PP XXII
Chapter One  INtrodUCHION .......coiiiiiiiie e e 1
O (= = o 1
I (] (= 7= T o ol 3
1.3 RESEAICH ODJECHIVES .......uuiiiiiiiiiiiiiiiiiiiiiiiii bbb 3
1.4 THESIS OULIINE «.ceevieiiiiee et e e e e e e e 4
Chapter TWOo  Literature REVIEW ..........coevvviiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeee et 5
2.1 INEFOTUCTION. ... nnsnnnnnes 5
2.2 Efficiency LOSS iN ENQINES......coiiiiiiiiiieiiiie ettt e e e e eeannns 5
2.2.1 Sources Of EffiCieNCY LOSS .......uciiiiiiiiiiieiiiiie et 5
2.2.2 Technologies to Minimize Efficiency LOSS.........ccoovvviieiiiiieeieeeiiiiinn, 15

2.3 Dilute SI COMBDUSTION......oiiiiiiiiiie e e e e e 19
2.4 Pre-Chamber COmMbBUSHION........cooii i 20
2.4.1 Pre-Chamber HiSTOIY ..........uuuuiuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieieebeeeeeieeee 20
2.4.1.1 Passenger Car AppliCatiONS..........ccovvviiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeee 20
2.4.1.2 Heavy Duty Gaseous Fuel Applications............ccccvvvveeeviiiieieennnn. 27

2.4.2 JELIGNILION.....coiiiiiiii e 28

pZ S N [ 11 0T U {1 o I PP 28
2.4.2.2 MAHLE Jet IgNition .......uvviiiieeeeeiiiiiiiiieeee e 32

2.5 Powertrain Hybridization ...............oiiiiiiiiiicce e 38
2.5.1 Plug-In Hybrid Electric Vehicles...............uuvuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiee 38
2.5.2 Hybridization with Jet Ignition ENGINES.............uuvviiiiiiiiiiiiiiiiiiiiiiiiiiinee 41

2.6 Charge MOTION ........uuuiiiiiiiiiiii bbb bnabnnene 43

2.6.1 Charge Motion in ST ENQINES .........uuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeneeees 43



2.6.2 Charge Motion in Jet Ignition ENGINES ........ccoooviiiiiiiiiiiiiiieeeeeeeeeiiiinn 45
2.7 SUIMIMATY ..ottt e et e e e et e e e e et e e e eeta e e e e aaa e e e e eeaan e e eeennanns 45
Chapter Three Experimental Methodology ..., a7
S L INITOAUCTION. ... 47
3.2 EXperimental SELUP ......cvvuuiiii e e aana 47
3.2.1 Engine SPEeCIfiCatioN ...........uuuiiiiiiee i a7
3.2.2 Pre-Chamber SpecCifiCation ...........cccovvviuiiiiiiie e 59
3.2.3 Inducement of Charge MOLION.............uuuuiiiiiiiiiiiiiiiii e 74
3.2.3.1 Charge MOtiON INSEITS.........uuuuuriiiiiiiiiiiiiiiiiiiiiieeiiieeee e 74
3.2.3.2 AIr FIOW RIQ ..eviiiiiiiiiiiiiiiiiiiieiiiti i 79
3.2.4 Direct Pre-Chamber Sampling ..............uuueviiiiiiiiiiiiiiiiiiiiiiiiiiieeens 84
3.3 Experimental ProCEAUIE ...........cooiiiiiiiiie e e e e e eeeanns 85
3.3.1 Data CONSISIENCY .....cccceiieeeiiici et e e e 85
3.3 2 EXTOr ANAIYSIS....uuuiiie e e e 86
ICTRCIRC I @2 111 ] =1 1o o 1 87

G B R I =TSy O o (Yo =T ] P 90
3.3.4.1 SWEEPS Of Br.veviiiiiiiiiiiiiiiiiiiiiie bbb 91
3.3.4.2 Sweeps of Pre-Chamber Fueling Parameters .............cccccvvvennnee 94
3.3.4.3 Sweeps of ENQINe LOAd ..........uuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiees 95
3.3.4.4 Spark Retard SWEEPS .........uuuiiiiieeeiieieiee e 96

3.4 DAta ANAIYSIS ... e e e e aaaaa 98
3.4.1 Overall Engine Performance MetriCS .......cccooeeeviviiiiiiiiiiiiee e, 98
3.4.2 Pre-Chamber Performance MEtriCS .............uuuuvriummmiimiiiiiiiiiiiiiieninnnnns 101

G TR SIS0 [ ] 1 4= VPR 102
Chapter Four Modeling TEChNIQUES .......covvviiiiiiiiiiiiiiiiiieeiieeeeeeeeeeee 104
s R [ o o 18 o o] o 1SN 104
e 4 o I Y/ o o [ TR 105
4.2.1 MOdel SEEUP ..o oo 105
4.2.2 Turbulence MOEl .........uuuiiiiii e 115
4.2.3 Grid CONVEIGENCE ....uuiiiieiiie ettt e e e e e e e e e e e aees 117
e Y oo [ I ST Vo = 119

S YU 0] =V Y PR 125



Chapter Five Jet Ignition Engine Operation Under Low Load Conditions...... 127
o0 R 11 o o [3ox 1o o 1RSSR 127
5.1.1 Applicability of Jet Ignition Across the Engine Map.............cccccuvveeeeee 127
5.1.2 Intra-Chamber Gas EXchange ...........cccccoeiiiiiiiiiiieciii e, 133

22 o |V A oY= To M @] =T Y i [0 o ISR 139
R I (o] (=T @] 1= = 11 [ o SRR 144
5.4 CSSR OPEIatiON.....ccccveeiiiiiiie e e e e ee et e e e e et e e e e e e e ea e e e eaeeeennes 151
5.4.1 Spark Retard Limitation .................ueeeeemimmmimiiiiiiiiiiiiiiieiiieeeeeeees 151
5.4.2 Strategy OPtiMIZAtION..........uuuuuueiiiiiiiiiiiiiiiiiiiie e 153
5.4.3 Sensitivity to Charge MOTION ............uuuuiiiiiiiiiiiiiiiiiiiieeeees 160

5.5 SUMMATY ..ttt e e e eenees 164
Chapter Six Influence of Charge Motion on Jet Ignition Engine Operation.... 168
6.1 INEFOTUCTION. ... .t nnnnnnnes 168
6.2 Non-Knock Limited Operation ..............uuieiiieeeeiieiciiiie e 169
6.2.1 OVerall ENQINE ......vuuiiii e e e e eeaaes 169
6.2.2 Pre-Chamber CombUSHION ..........ccooveiiiiiiiiiii e 183
6.2.3 Pre-Chamber Fueling Parameters ...............uuveeeiiiiiiiiiiiiiiiiiiiiiiiiiiennns 187

6.3 KNock Limited OPeration ...............ueuuuuummmmiiiiiiiiiiiiiiiiiiiiiiiiiiiinneenninneneeennees 190
6.4 High Speed Operation.................uuueuimiumiiiiiiiiiiiiiiii e 199
6.5 MOAEI RESUILS.......uuiiiiiiiiii e eaanneennnne 204
6.5.1 Correlation with Experimental ReSUltS ...........ccooeeeiiiiiiiiiiiiiieeeeeeeee, 204
6.5.2 Pre-Chamber Mixture Preparation .............ccccoeeeeeeiiiiiiiiiiiiiiieeeeeeeeennns 216
6.5.3 Pre-Chamber COMbBUSHION .........uuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiieiiiiieeeeeeeeeeneees 230
6.5.4 Main Chamber COMBUSTION ..........uuiiriiiiiiiiiiiiiiiiiiiiieiieineeeeeeeeeeeaeees 239

6.6 SUMIMEBITY ...ttt ettt e et e e e e e e e e n e e e 242
Chapter Seven Conclusions and Future WorkK............cccevvvviiiiiiiie e, 246
4% R O o] o od [0 T o S 246
7.2 INAUSETY REIEVANCE.......uuiiiiiiiiiiiiiiiii e 248
7.3 Recommendations for Future Work...........ccooeiiiiiiiiiiiieeeceeiiice e 249

LISt Of FERIEIENCES ... oo 251



Vi

Publications and awards related to this research

Publications:
Bunce, M., Cairns, A., Subramanyam, S. K. P., Peters, N.,B| a x i Cdmpustlén ,
Sensitivity to Charge Motion in a Dilute Jet Ignition Engine, 0 | s afi t ut

Mechanical Engineers Internal Combustion Engines Conference, London, 2021.

Bunce, M., Cairns, A., Subramanyam, S. K. P., Peters, N., Blaxill, H., firhe
Influence of Charge Motion on Pre-Chamber and Main Chamber Combustion in a
Highly Dilute Jet Ignition Engine.0Front. Mech. Eng 6:629243, 2021. doi:
10.3389/fmech.2020.629243

Bunce, M., Cairns, A., Blaxill, H., irthe Use of Active Jet Ignition to Overcome
Traditional Challenges of Pre-Chamber Combustors Under Low Load Conditions.o
International Journal of Engine Research. November 2020.
doi:10.1177/1468087420972555.

Bunce, M., Peters, N., Subramanyam, S. K. P . , Bl axi |l |, H. , AASS
Load Challenge for Jet 1l gnition Enganne Ope
of Mechanical Engineers Internal Combustion Engines Conference, Birmingham,

2019.

Bunce, M. , Bl axil |, H. , Cooper, A., -iDevel
Chamber Jet Ignition Multi-Cy | i nder Demonstrator Engines,
Eckstein, L. (eds.), in 28th Aachen Colloquium Automobile and Engine

Technology, Aachen, 2019, 907-942.

Bunce, M. , Bl axil |l , H. , Gurney, D. , iDevel
Incorporating Jet Ignition for Stable Ultra-L e an Oper ati on, 0 Procee
JSAE Spring Technical Conference, Yokohama, 2019.

Bunce, M., Blaxill, H., Gurney, D., fi Dsggn and Development of a Jet Ignition
Engine for Stable Ultra-L e a n Operation, O Pr ocieneali ngs
Mechanical Engineers Internal Combustion Engines Conference, London, 2017.

Awards:

2020 Dugald Clerk Prize i Institution of Mechanical Engineers. The award is made

annually to the author(s) of an original paper dealing with a subject with which the

late Sir Dugald Clerk was associated, i.e. marine/automobile internal combustion

engines, or for a contribution or achievement in that field. Awarded for the following
paper:Bunc e, M., Peters, N. , Subramanyam, S.
Low Load Chall enge for Jet l gni tion Engi i



Vi

Institution of Mechanical Engineers Internal Combustion Engines Conference,
2019.



VIl

List of illustrations

Figure 1-1: EU passenger car sales, historic and predicted, by vehicle type [1]... 1
Figure 1-2: Tank-to-Wheels (TTW) GHG emissions in million tons CO2e by

influencing factor 2015 vs. 2030 in the EU passenger car fleet [2] ..........cceeeeenen. 2
Figure 2-1: Representative in-cylinder pressure measurement and pressure-
volume relationship for various Cycles [23] ... 7
Figure 2-2: BSFC engine map from the MAHLE DI3 Downsizing demonstrator
engine with dominant efficiency losses by region [46]............cccccuveieiiiiiiiiiinnnnnne 13
Figure 2-3: Energy loss analysis for the 1.5L MAHLE DI3 engine at 3000 rpm and
(2= g (o0 K3 o = o £ R 14
Figure 2-4: 2" Law exergy loss analysis at 3000 rpm and various loads........... 15
Figure 2-5: Benefits and limitations of engine downsizing with regards to specific
power output and fuel/CO2 reduction [46]...........cuuvvviiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeee 17
Figure 2-6: Examples of prominent IDI diesel pre-chamber engines [86]............ 22
Figure 2-7: Ricardo 3-valve pre-chamber engine [88] ..........c.cvieeiieieerivviiiinnnnnn. 23
Figure 2-8: Honda CVCC pre-chamber engine [102].........cccccvvviiiiiiiiiiiiiiieeennnne. 26
Figure 2-9: Caterpillar G3600 engine incorporating pre-chamber combustors
L PP 27

Figure 2-10: Passive pre-chamber for use in Caterpillar G3600 engine [108].... 28

Figure 2-11: lllustrated trends in combustion efficiency (left) and thermal
efficiency (right) with enleanment ................uuuiiiiiiiiiiiiii e 31

Figure 2-12: Cutaway of the MJI pre-chamber (left) and MJI pre-chamber
assembly (right) in a typical passenger car engine [3]......ccccceevveeeiiiiiiiiiiiiineeeennn. 33

Figure 2-13: BTE trends with pre-chamber fuel injection quantity, 1.5L DI3, CR =
15.1, speed = 3000 rpm, BMEP =10 bar, 8= 1.7 ..ccccooooeeiiiriiiiee e, 33

Figure 2-14: Mixture preparation with early (left) and late fuel injection (right)
timing in the pre-chamber at time of spark with constant pre-chamber fuel
QUBINIEIEY e 34

Figure 2-15: Chemiluminescence high speed images of the jet ignition process

(Speed: 1500 r pm, | MEPgl.....5...5...b.a...,..2351 .

Figure 2-16: CFD combustion model temperature visualization before (top) and
after (bottom) TDC. Left: temperature range (0-2400K), Right: Isosurface at

500K, [132] i 36
Figure 2-17: Front and side view of spray pattern within a MJI pre-chamber, 10
crank angle degrees after iNJection [132]...........uuuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeees 37

Figure 2-18: Demonstrated and potential BTE of the MJI concept..........ccc........ 38

2,

C



Figure 2-19: Life cycle CO2 comparison of PHEV powertrains versus BEVs with

varying electric driving ranges [L133] .....uuuuiiiiiieiieieiiiee e 40
Figure 2-20: Fleet average CO:2 targets, with examples for 1400 kg compact
CrOSS-0VEE SUV [L33] .oiiiiiiiieiiiiiiiiie et e et e e e e e e e e e a e e e e e e 41
Figure 2-21: Passive MJI engine operation in a prime mover application (left) and
a HEV application (Nght) [134]........uuuummiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeees 42
Figure 2-22: Passive MJI 1.5L 3-cylinder engine operation in a prime mover
application (left) and a HEV application (right) [134]............uuuviiiiiiiiiiiiiiiiiiiiiiinne 43
Figure 2-23: lllustration of swirl motion (left) and tumble motion (right) [141] ..... 44
Figure 3-1: 1.2L MAHLE DI3 €NQINE......uiiiiiieiiiiieiiiiie et e e 48
Figure 3-2: MAHLE DI3 and MJI development timelines. ..........cccccccvvvvivvinnnnnnnn. 49
Figure 3-3: 1.5L MJI DI3 engine CAD model renderings. .........cccceeeeeeeveeveennnnnnnn. 51
Figure 3-4: Exhaust temperature trends with enleanment, CR14, load in BMEP.
........................................................................................................................... 53
Figure 3-5: Computer aided design (CAD) model rendering of VGT turbocharger
installed 0N MJI DI3 @NQINE. .....ooiiiiiiiiiiiiiiiiiiiiiieeeeeeeeee ettt 54
Figure 3-6: CAD model rendering of 14:1 CR piston (left) and 15:1 CR piston
(o] 11 PP PPPPPPPPPP 55
Figure 3-7: MAHLE Flexible ECU (MFE). .....c.coovoiieeeeeeee s eeen s 56
Figure 3-8: MJ | DI'3 engine installed in the
facility in Plymouth, Michigan. ... 58
Figure 3-9: Schematic of the MJI DI3 engine as installed in the test cell............. 58
Figure 3-10: CAD model rendering of main chamber high speed pressure
transducer placement relative to the pre-chamber cavity. ............ccocooeee. 59
Figure 3-11: Pre-chamber assembly cavities in cylinder head...............c............ 60
Figure 3-12: Annotated CAD model cutaway image of the active pre-chamber
ASSEIMIDIY. ettt 62
Figure 3-13: CAD model image of the full active pre-chamber. .......................... 63
Figure 3-14: CAD model image of the in-pre-chamber pressure transducer and
coil extender INSTAllAtION. .............uuuiiiiiiiiiiiii e 64

Figure 3-15: Thermal analysis of clearance fit pre-chamber nozzle under full load
(o] T 11110 1 1= 65

Figure 3-16: Thermal analysis of interference fit pre-chamber nozzle under full
[o=To [ X0 g o 1110 £ 65

t est

Figure 3-17: Qual i t ati ve comparison ofeCemrdloci ty

Plug and Y-Shape pre-chamber configurations a) 10 CAD after the conclusion of
the pre-chamber injection event and b) at time of spark, taken from CFD
£] 1 0101 = U1 o o 67

ar



Figure 3-18:
Figure 3-19:

QASKET SEAI. ...ttt 69
Figure 3-20: Pre-chamber-to-nozzle crush gasket seal. ..........ccccccvvviiiiiiiinnnnnnn. 69
Figure 3-21: Spark plug insert assembly. ..........ooouviiiiiii i 71
Figure 3-22: View from the top of the cam cover of the spark plug insert

o ES1ST= 1 1] ] Y 71
Figure 3-23: Pre-chamber injector fuel rail installation on the cam cover. .......... 72
Figure 3-24: View from the top of the cam cover of the active pre-chamber

o ESTST =1 1] ] 73
Figure 3-25: Exploded assembly view of the intake system. .........cccccccvvvvvennnnn. 75
Figure 3-26: Intake adaptor with tumble inserts installed............ccccccccvvvvviiinnnnnn. 75
Figure 3-27: Intake port with splitter plates installed.............c.cccccoeieiieiiiiiiiiinnnnnn. 76
Figure 3-28: Intake port with pins installed. ............cccccooiiiiii 76
Figure 3-29: Splitter plate. ... 77
Figure 3-30: PFI fuel spray interaction with charge motion inserts. .................... 78
Figure 3-31: PFI fuel spray through the intake adaptor. .........ccccccccvvviiiiiininnnnnn. 78
Figure3-32:The MPT Air Fl ow Rig installed
UK . e 79
Figure 3-33: Air flow rig schematic diagram..........cccccccevvriiiiiiiiiiiiiiiiiiiiiiiieeeeeee, 80
Figure 3-34: The air rotation MEeter. .........ccoiviiiiiiiiiiiiieeeeeeeeeeee 81
Figure 3-35: Jacking screws and thumb wheel rotators to allow for manual
adjustment of valve lift during teStING..........uuuuuuuiiiiiiiiiiiiiiiiiiiieees 82
Figure 3-36: Example data set from the Air Flow Rig showing non-dimensional
tumble and swirl and flow coefficient versus non-dimensional valve lift.............. 83
Figure 3-37: Constant sampling method for measuring pre-chamber residual
117211 [0 o 1T 85
Figure 3-38: Daily check point test plan..........ccccccvviviiiiieeee 86
Figure 3-39:Exampl e BTE sensitivity to cam
0 88
Figure 3-40: Example intake manifold pressure sensitivity to cam timing at 3000
rpm, 12 bar BMEPR....&. . 5..0..8 i, 89
Figure 3-41: Relationship between exhaust mass flowrate and catalyst inlet
pressure taken from MPT6és database of
1.8L diSPIAaCEMENL. ..cooiiiiiiiiiiiiieeee e 90
Figure 3-42: Test lineup for the 1500 rpm point i Condition 1.............ccccoeeeeeenn. 93
Figure 3-43: Test lineup for the 4000 rpm point i Condition 1............ccccoeeeeeennn. 93

Indexing feature between pre-chamber body and collar................. 68
Indexing dowel feature and pre-chamber-to-cylinder head crush

at

t

MP 1

mi

n ¢

prod



Figure 3-44: Test lineup for the 3000 rpm point T Condition 2..............ccccevvvennnn. 94
Figure 3-45: Test lineup for the pre-chamber injection timing sweep i Condition
O 95
Figure 3-46: Test lineup for the pre-chamber injection pulsewidth sweep i
(@3] oo 11 1o o 10t PP 95
Figure 3-47: Test lineup for the 3000 rpm lean load sweep i Condition 1.......... 96
Figure 3-48: Test lineup for the CSSR spark timing sweep 1 Condition 3. ......... 97

Figure 3-49: Pre-chamber pressure trace (solid line) and main chamber pressure
trace (dashed line) during the pe-chamber combustion event with key pre-
chamber combustion performance metrics annotated................ccccevvvvceeeeeennn. 101

Figure 4-1: CAD image wetted volume of the MJI DI3 engine geometry. ......... 105

Figure 4-2: Cross section within the CFD mesh showing the AMR technique
during main chamber flame propagation. ...............ccceeeeemmiiiiiiiiiiiiiiiis 107

Figure 4-3: Cross section within the CFD mesh showing the AMR technique
during spark kernel formation. ...........ccooooiiiiiiiiiii e 108

Figure 4-4: Pre-chamber fuel injector penetration, angle, and spray plume
behavior for multiple static fuel injection pressure levels; Spray pattern
information was used as & CFD INPUL. .........covviiiiiiiiiiiiiiiiiiceeeeeeeeeeeeeeeeeeeeeeeeeee 110

Figure 4-5: Pre-chamber fuel injector spray angle and plume angle at 10 MPA
injection pressure, 1 ms pulsewidth; Spray pattern information was used as a

CFD INPUL. ettt ettt ettt ettt ettt e e e e e e e e e e e e e e e eeeeeees 111
Figure 4-6: Pre-chamber fuel injector flow curves; flow information was used as a
(O B I o] o U | SO PP 112
Figure 4-7: CFD methodology flow chart. .............coeeiiiiiiiiii e, 114

Figure 4-8: Qualitative comparison of RANS and LES simulation approaches to
in-cylinder flow structure (top) and jet expulsion (bottom); white color in the
bottom represents an iso-surface temperature of 1800K...............ccceevvvvvvvnnnnnn. 116

Figure 4-9: Qualitative comparison of grid resolution in the two cases considered
TN IS STUAY et e e e e e e e e 118

Figure 4-10: Main chamber pressure comparison amongst experimental data and
the two grid resolution cases considered in this study............ccccccvviiiiiieeeneennnn, 118

Figure 4-11: In-cylinder mass comparison amongst experimental data and the
two grid resolution cases considered in this study...........ccccoeeiiii, 119

Figure 4-12: Key engine events reflected in the main chamber pressure trace and
their approximate angular l0CatioNS. ..........cooooveeeieiiii 122

Figure 4-13: Key engine events reflected in the main chamber pressure trace,
and qualitative match between simulation and experimental results. ............... 123

Figure 4-14: Key engine events reflected in the main chamber pressure trace,
and qualitative match between simulation and experimental results i area of
(=] =] 124



Xl

Figure 5-1: Principle of pilot injection in the pre-chamber [163]...........ccccuvveeenn. 129

Figure 5-2: High speed camera images from a single-cylinder engine showing
emitted visible light from combustion at 1250 rpm / 2 bar BMEP for two pre-

chamber variants at base and very late center of combustion [157]................. 132
Figure 5-3: Latest possible CA50 across the pre-chamber specific geometric ratio
for different pre-chamber layouts at 1250 rpm / 2 bar BMEP [157]................... 133
Figure 5-4: Example mass flow between pre-chamber and main chamber; 1500

rpm, 5.5 bar..BMEPR.,..&..=.. Lo, 134
Figure 5-5: Example of O2 and CO2 mass fraction evolution in the pre-chamber;

1500 r pm, 5.5 bar..BMEPR., . . ...&..=5.. 1o ... 136

Figure 5-6: COz2 evolution in the engine as measured through the pre-chamber
sample port; 1200 rpm,....8..7..bar. .. l.MER37 & =

Figure 5-7: Residual fraction trends with pre-chamber fuel quantity at a
representative condition; .21.2.00...r.p.m,1388 . 7

Figure 5-8: Residual fraction trends with pre-chamber fuel quantity and end of
injection angle at a representative condition; 1200r pm, 8. 7 b a 7.138MEP,

Figure 5-9: Stability and combustion efficiency trends at steady state 850rpm low
[oT=To [T 01T = 11 0] o T 140

Figure 5-10: Burn duration trends at steady state 850rpm low load operation. 142

Figure 5-11: Combustion stability trend at steady state 850rpm low load

(0] 07=T 7> 1o RS 143
Figure 5-12: Engine-out brake specific emissions trends at steady state 850rpm
(o) NV A (o T=To o] o1=T = 11 (0] o FRN PP PPPPPPPPP 144
Figure 5-13: Spark retard trends with load at 1500rpm, &= 1, warm engine

(o] T 11110 1= 146
Figure 5-14: Combustion stability and efficiency trends with CA50 at a load = 1
bar BMEP @t 1500 PM. ....oviiiiiiiiiiiiiiiiiiieeeeee ettt ettt e e e e eees 147
Figure 5-15: CA50 trends with load at 850rpm, 1 bar BMEP with a range of lean &
1722 L0 1 OSSP 148
Figure 5-16: Change in BMEP with retarding CA50 at 850rpm, &= 1.5, constant

= 111101 149

Figure 5-17: Change in BMEP with enleanment at 850rpm, CA50 = 8 dATDC,
CONSTANT @UN FIOW. ...ttt 150

1

b a

o



X1l

Figure 5-18: Combustion stability trends with spark retard at warm
(approximately 70-9 O ed@dicold( ap pr o x i mafiuie donditiaaOfg C)
various loads at 1200 rpm, 8= L. ..ooooiiiiiiiiiiiiie e 153
Figure 5-19: Example mass transfer between pre-chamber and main chamber

during the combustion phase, with key events identified. 2400 rpm, 10 bar
BMEP , 8 m i B 155

Figure 5-20: Example mass transfer between pre-chamber and main chamber
during the combustion phase, with CA10, CA50, and CA90 events identified.

2400 rpm, 10 batr..BMEPR.,.... F NS U - SO 155
Figure 5-21: Spark retard trends at 1500rpm, 2 bar net mean effective pressure
(NMEP), 20€C fluid tEMPEIratUIE. .......uveieie e e e e e e 157

Figure 5-22: Comparison of relevant catalyst heating trends with CA50 at
1500rpm, 2 bar NMEP, 20°C fluid temperature for baseline S| engine, non-
optimized MJI engine at = 1 with no auxiliary fueling, and optimized MJI engine

at &= 1.15 with auxiliary fueling. ...............uuuuuuiiiiiiiiiiies 159

Figure 5-23: Emissions trends with a-at 1500rpm, 2 bar NMEP, CA50 = 50

dATDC, 20°C fluid tEMPEIAtUIE. ......uiii e 160

Figure 5-24: Various combustion stability metrics vs. CA50 at 1500rpm, 2 bar

NMEP, 8= 1,15, oo 161

Figure 5-25: Efficiency and fuel consumption metrics vs. CA50 at 1500rpm, 2 bar

NMEP, 8= 1,15, oo 162

Figure 5-26: Burn duration vs. CA50 at 1500rpm, 2 bar NMEP, &= 1.15......... 162

Figure 5-27: Engine-out emissions and combustion efficiency vs. CA50 at

1500rpm, 2 bar NMEP, &= 1.15. .. oo 163

Figure 5-28: Exhaust enthalpy and emissions vs. CA50 at 1500rpm, 2 bar NMEP,

o O T T 164
Figure6-1:Combustion stability metrics vs. @o&; 1
degrees affer TDC. ... . ittt 169

Figure 6-2: Pre-chamber fuel injection parameters; 1500 rpm, 6 bar BMEP, CA50

= 8 degrees after TDC. ... .uuuiuiiiiiiiiiiiiiiiiiiteiei bbb 171

Figure 6-3 : Burn dur at ils00 rpm,etbar BMEP....v..s......... 2..172
Figure6-4: Mean effective pressure metrics Vvs.
= 8 degrees after TDC. ... .uuuuiuiiiiiiiiiiiiiiiiiiee bbb 173
Figure6-5: Ef fi ci ency and fuel consumption met

BMEP, CA50 = approximately 8 degrees after TDC..........ccccevvvvviiiiiiiiiiiiennennnn. 174



XV

Figure 6-6: Engineeout emi ssions vs. @&; 1500 rpm, 6 «L
approximately 8 degrees after TDC.......ccoovviiiiiiiiiiee e 175
Figure6-7: Combustion efficiency vs. @&; 1500 r
approximately 8 degrees after TDC.......ccooviiiiiiiiiiie e 176

Figure 6-8 Peak BTE whoph ®epdkaBdE occurs (bot
sweep from 1 to the lean limit; 1500 rpm, 6 bar BMEP, CA50 = approximately 8

degrees after TDC. ... e e e e e e 178
Figure6-9: @& range encompassing BTE within 1 p
BTE value within aeleanlimiy&560xpnt GbarBMBP, t o t h
CA50 = approximately 8 degrees after TDC.........cccoviiieiiiiiiiiiiiiiiie e, 179

Figure 6-10: Engine-outNOxat t he peak BTE & within a & :
lean limit; 1500 rpm, 6 bar BMEP, CA50 = approximately 8 degrees after TDC.

......................................................................................................................... 180

Figure 6-1 1 : opy-and engine-out NOx (right) at the combustion stability limit

within a & sweep from 1 to the | ean | imit,;
approximately 8 degrees after TDC. ..........uuuuuuiuiimiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeees 181

Figure 6-12: Efficiency loss analysis as a percentage of total fuel energy; 1500

rpm, 6 bar BMEP, & = 1..0..(.l.ef.t.)..and82 = 1.
Figure 6-13: Main chamber COV of IMEPg as a function of the standard

deviation of chamber @P at o = 1, 1.4, and
1500 rpm, 6 Dar BMEP. ........iiiiiiiieeee e 184

Figure 6-14: Main chamber COV of IMEPg as a function of the standard

deviation of chamber @P at..o..=5..1..8.18nly fo

Figure6-15: Standard deviation of @P..v.8l8 &; 15

Figure 6-16: Main chamber lean stability limit as a function of standard deviation
of chamber @P at o = 1..8,...1500..r.pm,1876 bar

Figure 6-17: Main chamber COV of IMEPg as a function of pre-chamber fuel
mass flowrate and start of injecti.d® angl e

Figure 6-18: Engine-out NOx as a function of pre-chamber fuel mass flowrate and
start of injection angle at..&.7..1.78 1500

Figure 6-19: Engine-out CO as a function of pre-chamber fuel mass flowrate and
start of injecti ompma6brbgrBMEPat......2.....=...1... 7190 1500

Figure 6-2 O : Mean effective pressure met.rics Vs

Figure 6-2 1 Combustion stability metri.cl82 vs. o



XV

Figure 6-22: Pre<c hamber fueling metrics vs..192; 3000C
Figure 6-2 3 : Burn duration metrics V.S..... #93 3000
Figure 6-2 4 : Combustion efficiency V.S....i #94 3000

Figure 6-2 5 : Efficiency and fuel consumption me
IMEPG. ...ttt ettt ettt ettt 195

Figure 6-26: Engine-out emi ssi ons Vvs. o, 3.0..0.0..196p m, 13
Figure6-27: Combustion stability met.r.i.cS vs. I
Figure 6-28: Combustioneff i ci ency v s. | MEPGQ.,.....3.0.97 r p m,
Figure 6-2 9 : Efficiency metrics V.S..... .MERGS, 3000
Figure 6-3 O : Emi ssions vs. | MER.g.,....3.0.0.0.....r188m, @& =
Figure 6-3 1 : Mean effective pressure..vs.199; 400
Figure6-32:.Combustion stability metrics.206. o; !/

Figure 6-33: Pree<c hamber fueling metrics Vv.s..200; 4000C
Figure 6-3 4 : Burn duration metri CS..V.S.... @201 4000

Figure 6-35: Efficiency and fuel consumption metricsvs. @&; 4000 rpm, 8
BIMIEP . oottt e e e e e n et aaaeeaeaann 202

Figure 6-36: Engine-out emi ssions vs. @&;...4.0.00.202pm, 8
Figure6-37: Combustion efficiency..\ s.... 203 4000

Figure 6-38: Comparison of experimental and simulation main chamber pressure
for the baseline charge motion v.ar.i2ebnt ; 40

Figure 6-39: Comparison of experimental and simulation pre-chamber pressure
for the baseline charge motion variant; 4 000 r pm, 8 bar...BREP, & =

Figure 6-40: Comparison of experimental and simulation main chamber pressure
for the tumble charge motion valtr.i.amd8 4000

Figure 6-41: Comparison of experimental and simulation pre-chamber pressure
for the tumble charge motion vaudr.i.ai0;, 4000

Figure 6-42: Comparison of experimental and simulation main chamber pressure
for the swirl charge motion va.r.i.ant2il 4000

Figure 6-43: Comparison of experimental and simulation pre-chamber pressure
for the swirl charge motion va.r.i.ant2i3 4000

Figure 6-44: Comparison of experimental and simulation main chamber pressure
for the swumble charge motion variant; 4000 rpm, 8 bar B ME P, @&...=..214 7 .



XVI

Figure 6-45: Comparison of experimental and simulation pre-chamber pressure

for the swumble charge motion var.i.@2ibst ; 400
Figure 6-46: Comparison of simulation tumble ratio in the main chamber; 4000

rom,8b ar BMEP, ... S =t Ny A 217

Figure 6-47: Comparison of simulation tumble ratio in the pre-chamber; 4000

rpm, 8 bar BMEPR., . ..&.=. . Ll doinn, 218

Figure 6-48: Comparison of simulation swirl number in the main chamber; 4000

rpm, 8 bar BMEPR., . ..&.=. . Ll doiinn, 219

Figure 6-49: Comparison of simulation swirl number in the pre-chamber; 4000

rpm, 8 bar BMEPR., . ..&.=. . Ll doinn, 219

Figure 6-50: Comparison of simulation TKE in the main chamber; 4000 rpm, 8

bar BMEP, ..&. .5l il 220

Figure 6-51: Comparison of simulation TKE in the pre-chamber; 4000 rpm, 8 bar

BMEP , & m g 221
Figure6-52: Comparison of si mhamken 4000 rpme8an & i n
bar BMEP, ..&. .5l il 221
Figure6-53: Comparison of simulation- standard

chamber; 4000 r pml7. 8..bhar..BMEPR.,..a&..5. 222

Figure 6-54: Comparison of Oz and CO2 mass % in the pre-chamber throughout
the engine cycle; 4000 ..r.pm,...8..bhar.. .BRRBEP, &

Figure 6-55: Comparison of O2 and CO2 mass % in the pre-chamber from EVO to

| VO; 4000 r pm, 8 .h.aur... B.ME.PR........ o...5:.....1....7..223

Figure 6-56: Comparison of Oz and CO2 mass % in the pre-chamber from IVO to

EVC; 4000 r pm, 8 .h.aur... B.ME.R........ ..=....1...7..224

Figure 6-57: Comparison of Oz and CO2 mass % in the pre-chamber from EVC to

| VC; 4000 r pm, 8 .h.aur... B.ME.R......... &..=.....1....7..224

Figure 6-58: Comparison of Oz and CO2 mass % in the pre-chamber from IVC to

EVO; 4000 r pm, 8 .h.aur... B.ME.R........ o...:.....1....7..225

Figure 6-59: Cross-s ect i onal view of & (left) and vel
(right) in the pre-chamber at time of spark (27 dBTDC) for the baseline variant;

4000 r pm, 8 bar..BMEP..... = S Y A 226

Figure 6-60: Cross-s ect i onal view of & (left) and vel

(right) in the pre-chamber at time of spark (22 dBTDC) for the tumble variant;
4000 r pm, 8 bar..BMERPR...... S S Y AU 227



XVII

Figure 6-61: Cross-s ect i on al vi ew of & delarditegtionand v el
(right) in the pre-chamber at time of spark (22 dBTDC) for the tumble variant with
tumbl e motion annotated:; 4.0.0.0..r.pm.,..28 bar B

Figure 6-62: Cross-s ect i on all view of & (left) and vel
(right) in the pre-chamber at time of spark (28 dBTDC) for the swirl variant; 4000

rpm, 8 bar BMEPR., . ..&.=. . Ll doinn, 228

Figure 6-63: Cross-s ect i onal view of & (left) and vel
(right) in the pre-chamber at time of spark (28 dBTDC) for the swirl variant with

swir | motion annotated; 4.0.00..r.pm.,...82%ar BM
Figure 6-64: Cross-s ect i onal view of & (left) and vel
(right) in the pre-chamber at time of spark (24 dBTDC) for the swumble variant;

4000 r pm, 8 nar..BMEP..... S S 229
Figure6-6 5: Thr ee di mensi onal view of & (left)

direction (upper right) in the pre-chamber and velocity magnitude in the main
chamber (bottom right) at time of spark (27 dBTDC) for the baseline variant;
4000 rpm, 8 bar B ME P, B T L e 231

Figure6-6 6: & (l eft) and velocity magnitude an
velocity magnitude in the main chamber (bottom right) at time of spark (22
dBTDC) for the tumble variant...4.0.0®32r pm, 8

Figure 6-6 7 :  w®-and Velecity magnitude and direction (upper right) and
velocity magnitude in the main chamber (bottom right) at time of spark (18
dBTDC) for the tumble variant...4.0.0®33 pm, 8

Figure6-6 8: & (|l eft) and velocity magnitude an
velocity magnitude in the main chamber (bottom right) at time of spark (16
dBTDC) for the tumble variant...4.0.0®33 pm, 8

Figure6-6 9: & (| ef t ) an anddiettiondupgenrighthangd ni t ude
velocity magnitude in the main chamber (bottom right) at time of spark (15
dBTDC) for the tumble variant.,;...4.0.0.®34r p m, 8

Figure6-70: & (|l eft) and velocity magnitude an
velocity magnitude in the main chamber (bottom right) at time of spark (14
dBTDC) for the tumble variant.,;...4.0.0.®34r p m, 8

Figure6-71: & (|l eft) and velocity magnitude an
velocity magnitude in the main chamber (bottom right) at time of spark (12
dBTDC) for the tumble variant.;...4.0.0.@35 p m, 8

Figure6-72: & (|l eft) and velocity magnitude an
velocity magnitude in the main chamber (bottom right) at time of spark (28
dBTDC)f or t he swir|l variant; 4.0.0.0..r.pn36 8 bar



XVIII

Figure6-73: o (l eft) and velocity magnitude and
velocity magnitude in the main chamber (bottom right) at time of spark (24
dBTDC) for the swumble variant; 4000 rpm,8bar B MEP, .&..=...1238 .

Figure 6-74: Comparison of simulation pre-chamber instantaneous heat release;
4000 r pm, 8 bar..BMEP..... AT L e, 237

Figure 6-75: Comparison of simulation pre-chamber integrated heat release;
4000 r pm, 8 bar..BMEP...... T L, 238

Figure 6-76: Comparison of simulation velocity of mass transfer from main
chambertopreec hamber ; 4000 rpm, .8..bhar..BMRE o

Figure 6-77: Comparison of simulation tumble ratio in the main chamber after

spark timing; 4000 r p.m,..48..bar..BMEPR.,2392 = 1.
Figure 6-78: Comparison of simulation swirl number in the main chamber after
spark timing; 4000 r p.m,..48..bar..BMEPR.,240c = 1.

Figure 6-79: Comparison of simulation TKE in the main chamber after spark
timing; 4000 rpm, .8..b.ar..BMEPR......2..5..12407 .

Figure 6-80: Comparison of simulation instantaneous heat release in the main
chamber; 4000 rpm, A8..bar..BMEP.,. .. .&..5.241. 7.

Figure 6-81: Comparison of simulation integrated heat release in the main
chamber; 4000 rpm, J8..bar..BMEP.,..&..5.242. 7.



XIX

List of tables

Table 2-1: Differences between Cl and Sl pre-chamber combustion systems ... 25
Table 2-2: Differences between torch ignition and jet ignition pre-chamber

COMMBDUSTION SYSTEMIS ...ttt 30
Table 3-1: MJI DI3 engine SPecCifiCations. ............ccovvviriviiiiiii e e e 50
Table 3-2: Gasoline fuel Properties. ...........uuiiiii i 51
Table 3-3: Specifications of key instrumentation. .............cccoeeeeeeeeeeee 57
Table 3-4: Pre-chamber volume specification..............ccccceevieiiiiiiiiiiiiii e 66

Table 3-5: Relative change in tumble ratio and swirl number with various intake
port insert configurations, relative to the baseline configuration. ........................ 84

Table 4-1: Maximum allowable discrepancies between experimental main
chamber pressure trace and simulated main chamber pressure trace in order to

ACHIEVE COITEIATION. ..o 125
Table5-1: Change in BMEP provided by spark ret
L DA BIMEP. ..o e e e 151

Table6-1:Exper i ment al burn duration results; @&

Table 6-2: Discrepancy between experimental and simulation pressure values at
key engine cycle events for the baseline charge motion variant; 4000 rpm, 8 bar
BMEP, B T e 205

Table 6-3: Discrepancy between experimental and simulation locations of key
engine cycle pressure events for the baseline charge motion variant; 4000 rpm, 8
bar BMEP, @ 5Ll 206

Table 6-4: Comparison of experimental and simulation burn duration metrics for
the baseline charge motion vari.ant.;2004000 r

Table 6-5: Discrepancy between experimental and simulation pressure values at
key engine cycle events for the tumble charge motion variant; 4000 rpm, 8 bar
BME P, 8 m i e 208

Table 6-6: Discrepancy between experimental and simulation locations of key
engine cycle pressure events for the tumble charge motion variant; 4000 rpm, 8
bar BMEP, ... S S A 209

Table 6-7: Comparison of experimental and simulation burn duration metrics for
thetumble charge motion variant; 40.00..2®Wm, 8 b



XX

Table 6-8: Discrepancy between experimental and simulation pressure values at
key engine cycle events for the swirl charge motion variant; 4000 rpm, 8 bar
BMEP, R R A 211

Table 6-9: Discrepancy between experimental and simulation locations of key
engine cycle pressure events for the swirl charge motion variant; 4000 rpm, 8 bar

BME P, 8 m i et 212
Table 6-10: Comparison of experimental and simulation burn duration metrics for
theswilc har ge moti on variant; 400.0..r.pmMR13 8 bar

Table 6-11: Discrepancy between experimental and simulation pressure values
at key engine cycle events for the swumble charge motion variant; 4000 rpm, 8
bar BMEP, @ 5Ll 214

Table 6-12: Discrepancy between experimental and simulation locations of key
engine cycle pressure events for the swumble charge motion variant; 4000 rpm,

8 bar BMEP.,,...... = St N A 215

Table 6-13: Comparison of experimental and simulation burn duration metrics for

the swumblecharge mot i on wvariant; 4000..r.pm2168 bar
Table6-14: Comparison of simulation burn durat

PP 242



XXI

Acknowledgements

| would like to acknowledge the technical support of the MAHLE Powertrain US
Research & Development team: Dr. Nathan Peters, Sai Krishna Pothuraju
Subramanyam, and Vamsie Sampath.

| would like to acknowledge my advisor, Prof. Al Cairns, who has greatly supported
this work and whose guidance has been invaluable. | also thank my manager,
Hugh Blaxill, for enabling me to pursue this work and for his encouragement
throughout this process. Working with both Al and Hugh has made pursuing this
degree much more enjoyable than it had any right to be.

| thank my parents, Dr. Diane Bunce and Dr. Jim Bunce, for their constant
encouragement and support, as well as my brother Dr. John Bunce and sister-in-
law Dr. Caissa Revilla-Minaya for their support.

Most of all | thank my deeply supportive and understanding wife Erika. Without her
assistance and compassion this work would never have had a chance of being
completed. This was especially true as we were forced to navigate work life, home
life, and study life through a pandemic.

| dedicate this thesis to my daughter Antonia, now 5 years old, who thankfully never
followed through on her many threats to break my laptop when | was too busy
writing this thesis to play with her.



Notation

Abbreviations

AFR: air-fuel ratio

AMR: adaptive mesh refinement

BDC: bottom-dead center

BEV: battery electric vehicle

BMEP: brake mean effective pressure

BSCO: brake specific carbon monoxide emissions
BSFC: brake specific fuel consumption

BSHC: brake specific hydrocarbon emissions
BSNOx: brake specific nitrogen oxides emissions
BTE: brake thermal efficiency

CAX: angle of X% fuel mass burned

CAD model: computer aided design model

CAD: crank angle degrees

CAX-Y: crank angle duration of X-Y% fuel mass burned
CFD: computational fluid dynamics

CFD: computational fluid dynamics

CHa: volumetric exhaust methane concentration
Cl: compression ignition

CO: volumetric exhaust carbon monoxide concentration
CO2: volumetric exhaust carbon dioxide concentration
COcze: carbon dioxide equivalent

COV: coefficient of variation of IMEPg

CR: compression ratio

CSSR: cold start spark retard

CVCC: compound vortex controlled combustion
dATDC: degrees after top-dead center

dBTDC: degrees before top-dead center

DI: direct fuel injection

ECU: engine control unit

EGR: exhaust gas recirculation

EOI: end of injection angle

EVC: exhaust valve closing

EVO: exhaust valve opening

FMEP: friction mean effective pressure

GHG: greenhouse gas

H2: hydrogen fuel

H2: hydrogen volumetric exhaust hydrogen concentration
HAJI: hydrogen-assisted jet ignition

HC: volumetric exhaust hydrocarbon concentration
HCCI: homogeneous charge compression ignition
HD: heavy duty

HEV: hybrid electric vehicle

ICE: internal combustion engine

bar
g/kWh
g/kWh
g/kWh
g/kWh
%
degree
degrees
degrees

ppm
ppm

ppm
tons
%

degrees
degrees

degrees
degree
degree
bar

ppm

XXII



IDI: indirect fuel injection

IMEPg: gross indicated mean effective pressure
ITE: indicated thermal efficiency

IVC: intake valve closing

IVO: intake valve opening

LES: large eddy simulation

LNV: lowest normalized value of IMEPg

MFE: MAHLE flexible engine control unit

MJl: MAHLE Jet Ignition®

NEDC: new European drive cycle

NG: natural gas

NMEP: net mean effective pressure

NOx: volumetric exhaust nitrogen oxides concentration
Oz2: volumetric exhaust oxygen concentration
PFI: port fuel injection

PHEV: plug-in hybrid electric vehicle

Pmax: maximum average cylinder pressure
PMEP: pumping mean effective pressure

ppm: parts per million

RANS: Reynolds Averaged Navier Strokes
RCCI: reactivity controlled compression ignition
Rmax: maximum rate of cylinder pressure rise
RPM: revolutions per minute

Sl: spark ignited

SOI: start of injection

SUV: sport utility vehicle

TDC: top-dead center

THC: volumetric exhaust total hydrocarbon concentration
TKE: turbulent kinetic energy

TTW: tank-to-wheels

VGT: variable geometry turbocharger

bar

%
degree
degree

bar/degree
rpm
degree

ppm
m?2/s?

XXI



Variables

0 : flow coefficient

0 : specific heat

"Q "Y: sensible enthalpy of exhaust constituent i at exhaust
temperature T

K: water-gas reaction equilibrium constant
0 "Ow : fuel lower heating value

m: fuel oxygen:carbon ratio

a : fuel mass flow rate

Myx: molar mass of constituent x

0 ‘O b mean effective pressure

N: engine speed

n: fuel hydrogen:carbon ratio

¢: exhaust molar flow rate

— : compressor efficiency

nf: fuel conversion efficiency

nr: number of revolutions per power stroke
P: engine power

N: pressure

0 : air mass flow rate

0 :fuel power supplied to the engine

fc: compression ratio

Sq: specific gravity of air

“Y temperature

V4: swept cylinder volume

w : work

XXIV

g/mol
bar
rom

mol/s
%
%

kW
bar



XXV

Greek Letters Units
o P maximum pressure differential between pre-chamber bar
and main chamber during the pre-chamber combustion event

(delta pressure)

2 ratio of specific heats ( -
2. r e | -tuel ratio lamada)r -




Chapter 1

Introduction

1.1 Preface

The transportation sector remains a significant source of global Greenhouse Gas
(GHG) emissions. A combination of societal and governmental pressure has
resulted in increasingly stringent global regulation of GHG emissions from this
sector. This factor has played a significant role in the establishment of multiple
viable powertrain types for the passenger car market. Internal Combustion Engine
(ICE)-based powertrains are now joined by battery electric and hydrogen fuel cell
powertrains for sale in the market. These latter powertrains offer significant
advantages over ICEs, including the absence of local criteria pollutant emissions
and increased efficiency. The increased efficiency of these powertrains coupled
with the generally lower carbon intensity of fuel production produces lower GHG
emissions on a well-to-wheels basis.

However, these alternative powertrains face steep market cost barriers and are
predicted to grow slowly in global market share over the next few decades. ICE-
based powertrains are expected to continue to dominate the global passenger car
market and vehicle fleet through at least 2030, as shown in a graph of EU
passenger car sales by type (Fig. 1-1).

Passenger cars: Powertrains types in new sales
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Figure 1-1: EU passenger car sales, historic and predicted, by vehicle type [1].



As can be observed in Fig. 1-1, ICE-based powertrains are expected to constitute
the majority of new car sales in the EU through at least 2030. The majority of these
are expected to have some degree of hybridization in the powertrain. In other
global markets such as heavy duty on-road transportation and megawatt-scale
industrial power generation, ICEs are expected to remain the dominant power
source for even longer, albeit in some cases operating in hybrid powertrains
utilizing low carbon fuels where available. It is therefore critical to continue to
investigate pathways for significant GHG reduction in ICE powertrains. To meet
upcoming GHG regulations, a step change in ICE efficiency is required. Figure 1-
2 demonstrates the impact that increased ICE efficiency can have on EU
passenger car fleet GHG emissions.

Larger Morelless Higher ICE More More BEVs/ More Overall effect
Fleet mileage? efficiency? MH and FH? PHEVs/CNGs®  biofuels?

— = -191

-163
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1) Biofuels accounted as TTW zero COz emission  2) Average annual mileage per vehicle 3) Higher penetration in fleet compared to 2015 (fleet renewal effect)
4) Increasing E10 share in gasoline fuel until 2030, increasing FAME and HVO shares in Diesel fuels

Figure 1-2: Tank-to-Wheels (TTW) GHG emissions in million tons CO2 equivalent
by influencing factor 2015 vs. 2030 in the EU passenger car fleet [2].

A method being explored to accomplish this step-change efficiency goal is dilute
gasoline combustion [3,4]. A major limitation in developing dilute combustion
systems is the less favorable ignition quality of the mixture. This has necessitated
the development of higher energy ignition sources [5,6]. A pre-chamber combustor
is one such technology [7-9] and such combustion concepts have already
demonstrated the potential for stable main chamber combustion at high levels of
dilution [10].

Pre-chamber combustion systems possess numerous parameters than can be
optimized in order to increase efficiency, minimize engine-out emissions or aid
practical engine operation. While many of these parameters have been studied
extensively [11-13], one parameter for which there is minimal published data on its
effect on pre-chamber combustor processes is charge motion. Charge motion
refers to ordered motion of air or of air-fuel mixtures initiated in the intake system



and formed in the cylinder through deliberately induced bulk air motion, which
subsequently breaks down into smaller scales ahead of the ignition event. The bulk
charge motion is typically designed to aid fuel-air mixing to minimize emissions.
As these bulk motions break down into smaller scales this further aids fuel-air
mixing. Charge motion also participates in the combustion process. The influence
of charge motion on combustion of easily ignitable fuel-air mixtures is negligible,
but the influence may be more prominent in difficult-to-ignite mixtures. Pre-
chamber combustion, as well as nearly all high efficiency advanced combustion
modes, maximizes ICE efficiency by enabling combustion of difficult-to-ignite
mixtures, in this case mixtures with a significant excess of air participating in the
turbulent combustion process. Investigating the influence of charge motion on pre-
chamber combustor operation, and whether it can be used to further increase the
efficiency potential of pre-chambers, is relevant.

1.2 Relevance

Pre-chamber combustors have garnered significant industry interest for a variety
of applications in the past 5 years. Market applications under investigation or that
have been commercialized include passenger car, heavy duty on- and off-road
vehicle, motorsport, marine, small engine, and industrial power generation. One
school of thought considers pre-chambers to be commodities for upfitting of
existing engines with minimal system changes. Another school of thought,
championed by this author, considers pre-chambers as integral elements of an
engine system optimized for highly dilute high efficiency operation. As such,
numerous parameters within the engine and peripheral systems must be optimized
in order to maximize efficiency and robustness of the engine. This work focuses
specifically on optimizing charge motion to increase concept viability and system
efficiency. It is hoped that this work can be used as a part of a broader roadmap
for better understanding and optimized pre-chamber combustion engines.

1.3 Research Objectives

The primary purpose of this work was to identify optimal charge motion for use in
a homogeneous highly dilute pre-chamber combustion engine that extends the
lean limit of the engine and increases efficiency. Experimental engine testing was
performed at various operating conditions, coupled with correlated simulations in
order to address these specific research objectives:

1) Identify the influence of varying types and levels of charge motion on in-
cylinder combustion, and quantify its effect on key engine parameters
including combustion stability, lean limit, burn duration, and thermal
efficiency



2) Define the comprehensive effect that varying levels and types of charge
motion have on the full engine cycle, including in-pre-chamber phenomena
such as mixture preparation and pre-chamber combustion

3) ldentify optimal charge motion type for use in pre-chamber-enabled highly
dilute combustion systems and quantify the impact that optimized charge
motion has on system efficiency.

1.4 Thesis Outline

The context of the work and the research objectives are described in Chapter One.
Chapter Two, a literature review, provides a comprehensive description of the base
high efficiency pre-chamber technology, the mechanisms for efficiency increase in
highly dilute ICEs and a review of the current and researched uses of charge
motion in ICEs. A review of the experimental engine platform and the details of the
test plan employed in this study comprise Chapter Three. Chapter Four includes
explanation of the limitations of the experimental approach in developing a
fundamental understanding of in-pre-chamber phenomena. The chapter also
incorporates a description of the simulation approach used in this study and
explanation of how this was utilized to fill in the gaps in system understanding. The
concept of pre-chamber applicability, the ability of the highly dilute pre-chamber
combustion system to accommodate all aspects of modern engine map operation,
is introduced in Chapter Five. Experimental engine results focus specifically on
addressing low load operation limitations, a historic weakness of pre-chamber
combustion concepts. This chapter also introduces the role that differing types and
levels of charge motion can play in aiding operation in difficult-to-ignite regimes. In
Chapter Six the concept of charge motion optimization is examined
comprehensively through experimental engine results coupled to correlated
simulation results to help explain complexities that cannot be experimentally
observed. Chapter Seven concludes this study by summarizing the results and
describing their relevance to the industry and the required future work.



Chapter 2

Literature Review

2.1 Introduction

Largely since the inception of the internal combustion engine in the mid-1800s it
has served as the dominant power plant for global transportation [14]. The features
and advantages of the Internal Combustion Engine (ICE) that led to its ubiquity are
still relevant to todayods tr ante-wpemhttatot i on s
of the engine, scalability of power, durability, cost, and ease of use and
maintenance [9]. With the strain that an increasing global population, amongst
other factors, places on resource utilization, the disadvantages of ICEs have drawn
increasing scrutiny for at least the last 40 years [15]. The primary disadvantages
with far reaching market and environmental implications are the relative
inefficiency of fuel usage that is characteristic of ICEs and the chemical byproducts
of the internal combustion process, many of which are detrimental to human
health. Advances in ICE design and operation in recent decades have sought to
address these disadvantages. The implementation of these and future
advancements are critical to both ensuring the short-term viability of the ICE and
minimizing its deleterious impact on the environment and human health.

2.2 Efficiency Loss in Engines
2.2.1 Sources of Efficiency Loss

To understand the scale of advancement needed in these areas, it is important to
examine the operating principles of ICEs and, subsequently, the efficiency loss
pathways. ICEs create an exothermic reaction by combusting fuel with an oxidizer,
thereby converting the chemical energy of the fuel to thermal energy. This reaction
occurs in an enclosed chamber bordered by a reciprocating piston. The expansion
of the chamber during the combustion process converts a portion of the thermal
energy to mechanical work. A crank-slider mechanism arrangement converts the
reciprocal motion of the piston into rotational shaft work. This shaft work ultimately
is used to drive the end application, which can be electrical power production,
wheel rotation, propeller rotation etc. In conventional ICE transportation
applications the working fluid of the engine is a combination of filtered ambient air
and a petroleum-based fuel. Spark ignited (SI) engines, the dominant ICE mode in
the US passenger car market and a mode controlling over 70% passenger car
market share globally [16], ignite a mixture of gasoline and air using a thermo-
electrical pulse from a spark plug. Passenger car engines in the US and Europe
exclusively operate using a four-stroke cycle. This cycle defines the working fluid



exchange process in the combustion chamber
piston movement in specific directions and the functions of these movements. The

process can be summarized as: 1) intake of working fluids driven by piston motion

downward (volume expansion with an intake valve open), 2) compression of

working fluids driven by piston motion upward in the closed system followed by 3)
combustion, expansion of the combustion products forcing piston motion

downward in the closed system, and 4) exhaust of the combustion products

through an open exhaust valve driven by piston motion upward. Four-stroke Sl

passenger car engines are of most relevance to this thesis and will therefore be

the focus of all subsequent discussion.

With the combustion reaction occurring in the closed chamber bordered by (and
overlapping) the compression and expansion strokes, power generation can be
effectively described by a relationship between pressure and volume as a
surrogate for the effect of thermal energy on the reciprocating piston [9,17]. This
methodology is also consistent with the most effective means by which to measure
the thermodynamic impact of the combustion process in engines [18-20] i.e.
pressure measurement. A common depiction of the combustion process in ICEs is
therefore a measured or predicted value of pressure inside the combustion
chamber versus the volume of that combustion chamber as dictated by the piston
position. Another common depiction of this process uses logarithmic values of
pressure and volume, as shown in Fig. 2-1. This latter approach provides a clear
illustration of the higher pressure state of the combustion chamber contents
resulting from the combustion event, analogous to the useful work generated by
this event [21,22].
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Figure 2-1: Representative in-cylinder pressure measurement and
pressure-volume relationship for various cycles [23].

The collective impact of the efficiency loss pathways of the engine can be
gualitatively demonstrated by a comparison of an ideal cycle with its real-world
counterpart. An ideal cycle is a representation of the combustion process with
several key assumptions: 1) it is a closed system that only considers
pressure/temperature events in the combustion chamber with working fluids that
are present and do not leave, 2) it assumes that the chemical-to-thermal
conversion process of the working fluids is complete with no chemical exergy
remaining, 3) it is an isentropic system meaning that there is no loss of thermal
energy through conduction or convection to the environment as a result of
compression, combustion, or expansion, and 4) there are no structural limitations
of the physical engine to the combustion process, i.e. the engine can structurally

withstand the pressure rise resulting from combustion with no loss-inducing
accommodations needed [22-25].



There are two common approaches to expressing ideal efficiency in ICEs. The
constant volume approach assumes that the totality of the combustion process is
experienced by the system instantaneously, meaning that even though the
continuous motion of the piston results in continuously varying chamber volume,
volume is essentially fixed while combustion occurs [23,26,27]. In order to produce
the maximum pressure, the constant volume ideal cycle assumes that combustion
occurs when volume has reached a minimum, a position known as Top-Dead
Center (TDC). This cycle is characterized by an instantaneous increase in
chamber pressure at TDC that only decreases proportionately to the subsequent
decrease in chamber volume during the expansion stroke.

The second ideal cycle type is known as the constant pressure method. This
assumes that the combustion event produces a pressure that remains constant as
the volume is increased during the expansion stroke [9,23]. Practically, the
constant pressure approach assumes a combustion event with a finite duration
that encompasses a significant portion of the expansion stroke. There is no sudden
increase in pressure here; the pressure that the engine would experience at TDC
in the absence of a combustion event is achieved and maintained over most of the
subsequent expansion stroke resulting from the combustion event.

While both of these cycles generate work from the combustion-induced pressure
rise, the constant volume approach produces a hi gher t her mal or
efficiency due to the pressure rise event occurring solely at a minimum volume
condition, thereby maximizing the downward force on the piston. Real-world Sl
cycle pressure-volume curves lie between the two ideal cycles. A rapid but not
instantaneous pressure rise event continues over a finite period of time, generating
work on the piston in a manner that reflects a combination of the two ideal cycle
approaches [9,23]. Figure 2-1 displays the constant volume and constant pressure
ideal cycles as well as a real-world Sl cycle. These cycles are compared using
pressure traces versus piston position and logarithmic pressure and volume
relationship.

As can be inferred from Fig. 2-1a, Sl engines adhere more closely to constant
volume ideal cycles than constant pressure in terms of the mechanics of the
combustion-induced pressure rise event [28]. Examining Fig. 2-1b, the most
apparent deviations from the ideal cycle occur during the combustion event, and
with the addition of the gas exchange process. The latter accounts for both the
open nature of the system during this phase, and for the fact that half of the cycle
(two of the four strokes) is used to induce exchange of the working fluids. These
two apparent deviations represent two specific types of efficiency losses
experienced by real-world SI engines, namely real combustion and pumping



losses, respectively. These and the remaining efficiency losses are described
below:

Real combustion: This efficiency loss is introduced due to the fact the combustion
process does not occur instantaneously but instead has a finite duration. This finite
duration means that combustion can and typically does occur as the volume
reduces (compression stroke) and as it expands (expansion stroke). Pressure rise
during the compression stroke creates a downward force on the piston as it is
moving upwards toward TDC, thereby minimizing the effectiveness of that work.
Conversely pressure rise as the piston is moving downward more closely aligns to
the constant pressure ideal cycle which is limited in its ability to create work as
previously discussed. Real combustion loss is therefore due to both the finite
duration combustion and the location of its energy release centroid relative to the
piston position [29]. Ideally the centroid would occur precisely at TDC with equal
combustion durations before and after this point. In real-world applications the
ideal location for this centroid is slightly after the piston reaches TDC due to the
asymmetric nature of fuel combusting in the cylinder relative to the TDC position
of the piston [30,31].

Incomplete combustion: The ideal cycles assume a complete conversion of fuel
chemical energy to thermal energy in the combustion process. In practical
application, this process is incomplete. The chemical kinetics that drive the fuel
conversion process are controlled by two key partially interrelated parameters:
temperature of the reaction site and relative proportion of fuel to oxidizer at the
reaction site [32]. The ability of the process to maintain a suitably high reaction site
temperature is dependent on the thermal energy produced at the reaction and the
surrounding environment. If local environmental factors induce a rapid transfer of
thermal energy away from the reaction site, the chemical kinetics of combustion
can be arrested. This is often manifested as the production of intermediate
combustion species or, in more extreme cases, completely unconverted fuel [32-
34]. Secondly, the proportion of fuel to oxidizer dictates the composition of the
resulting species. Local variations in mixture proportion, specifically resulting in
fuel-rich conditions can also produce intermediate combustion species, with
subsequent reactions arrested due to lack of oxidizer.

Heat transfer: One of the most significant deviations from the ideal cycle, and one
of the most significant sources of efficiency loss in ICEs is heat transfer. There are
two general categories of heat transfer: in-cylinder and exhaust. Thermal energy
produced during combustion is transferred to the physical barriers of the
combustion chamber through conduction (combustion flame contact with chamber
walls) and convection. Due to the nominal delta in temperature between the
working fluid (especially during compression) and combustion products (mostly
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during expansion), and the chamber barrier, heat transfer is induced. Thermal
energy is also lost to the exhausted combustion products due to the heat capacity
of these products and, generally, an expansion ratio equivalent to the compression
ratio (CR) that does not allow enough expansion to reduce the working fluid back
down to the initial temperature prior to the exhaust stroke [35]. Some of this thermal
energy can be recovered as useful work using heat recovery technologies that are
ancillary to the ICE, but the energy recovery rates of these are typically low and
reducing heat losses directly from the ICE presents a much clearer pathway for
overall system efficiency gain.

Ideal cycle: This category of efficiency loss occurs due to the fact that the ideal
cycle assumes an isentropic process but a real-world combustion event is an
exothermic reaction that is irreversible [9,23,36]. If a real-world system were in fact
closed and the working fluid remained in the chamber, the cycle could not return
to its initial state due to the 1) lack of time to reach equilibrium, 2) loss of thermal
energy through the chamber walls, and 3) the inability of the combustion process
to reverse itself and reconvert the thermal energy into chemical energy held in a
working fluid [23,37]. Real-world ICEs are open systems that exchange
combustion products with replacement fuel and air each cycle in order to ensure
that the system returns to the initial state temperature and pressure. Similarly,
compression and expansion are polytropic processes. The thermal energy
generated by compression also transfers to the surrounding material and exits the
system through conduction. The Carnot cycle describes how a peak efficiency is
limited by the upper and lower bound temperatures in the system [9,37-39].

Pumping: As the engine must acquire a new working fluid every cycle, it is
responsi ble for the exhaust of the previou
intake of the s ubarenxture. These rpdudtsetdavel quicklhe |
through exhaust and intake valves. The diameter of these valves is generally
limited by the geometry of the combustion chamber [9]. Piston motion during the
exhaust and intake strokes forces flow through these restrictions leading the ICE
to expend work to induce gas exchange. This can be exacerbated by the throttling
feature of Sl engines. Engine power is controlled by quantity of fuel combusted in
the cylinder. As Sl engines can only operate in a narrow band of air-to-fuel ratios,

a throttle is present in the intake to proportionately control the quantity of air
present in the cylinder as well. At low power levels in particular, the restriction
placed on the system by the throttle leads to significant efficiency loss.

Friction: Power generation in an ICE is contingent on its ability to ensure that the
bulk of the work generated in the combustion chamber is used to drive downward
movement of the piston. This means that the piston must seal with the liner to
minimize leakage during the combustion phase and expansion stroke, which it
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does through the use of sealing rings. The presence of continuously moving
components in contact with each other results in energy loss through friction.
Numerous contact points of moving components in ICEs translate into many points
of friction loss. This can be mitigated somewhat with the use of lubricants, low
friction coatings, and attention to component surface finish [40,41].

Other losses: While the following are not thermodynamic losses, they do represent
aspects of ICE design and operation that are given significant consideration by
engine manufacturers and have a direct bearing on engine efficiency.

Knock: In Sl engines, ignition of the fuel-air mixture is initiated and therefore
controlled by the time at which the spark |
results when ignition occurs locally in the combustion chamber independent of
spark timing or independent of the primary combustion event induced by the spark
plug. The latter event is known as knock, whereby a local fuel-air mixture auto-
ignites before being consumed by the encroaching flame front initiated by the spark
plug. Initiation of combustion causes pressure and therefore temperature to rise in
the unburned portion of the combustion chamber. This localized pressure rise can
cause auto-ignition, resulting in irregular and localized spikes in heat release which
can cause considerable damage to engine components such as the piston and
piston rings. The primary means by which to avoid knock is to reduce the geometric
CR of the engine which in turn reduces background pressure and temperature in
the combustion chamber [42]. This reduction in CR limits the thermal efficiency of
the engine according to the following equation:

€ p — Eq. 2-1

Where ¢ is fuel conversion or thermal efficiency, i istheCR, and 9 i s t he
specific heats.

Component protection: In modern ICEs there are typically many ancillary
subsystems, the operation of which can necessitate occasionally inefficient
operation of the ICE itself. As an example, the use of turbochargers is becoming
increasingly common for ICEs. Turbochargers are operated using the exhaust
enthalpy of the ICE. While the ICE can generate a wide range of exhaust
temperatures, turbochargers cannot necessarily tolerate this same wide range of
temperatures. Therefore, at certain conditions such as high speed and high load
operation ICEs are operated with rich fuel-air mixtures in order to reduce exhaust
temperature while still achieving the desired load [43]. As mentioned previously,
rich operation has the added negative effect of increasing the incomplete
combustion loss of the engine.
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Figure 2-2 shows a map of brake specific fuel consumption (BSFC) for a typical
modern Sl engine. The map is annotated to show the primary efficiency loss
pathways in each speed and load region of the map. While certain losses such as
friction are omnipresent, friction becomes dominant at higher engine speeds. Here
rubbing friction increases due to rotational speeds of components such as the
crankshaft and camshafts [44]. Likewise in-cylinder heat transfer loss is dominant
at lower engine speeds when there is more residence time for heat to dissipate
from the cylinder wall through the engine block and head, thereby reducing the
average temperature of the cylinder wall and driving a greater delta temperature
between combustion products and cylinder surface [45]. Higher in-cylinder
pressure and temperature at high load introduces the probability of knock
occurring. The most effective method to actively reduce knock at these conditions
is to retard spark timing, shifting the centroid of combustion further away from the
TDC position. This lowers combustion temperatures but also introduces a
significant real combustion loss as the centroid occurs further away from its
optimum location. The later combustion process also leads to increased heat loss
to the exhaust due to the higher temperature of the in-cylinder contents at the time
of exhaust valve opening [43]. The need to reduce exhaust temperature at high
speed, high load conditions is dictated by turbocharger component temperature
limitations in turbocharged applications such as the example shown. An effective
method to reduce exhaust temperatures in this region is to operate rich of
stoichiometric. Rich operation, by definition providing a lower quantity of oxidizer
than required for complete conversion of fuel during the combustion process, leads
to an incomplete combustion loss. Finally, low load operation efficiency suffers
deficiencies due to both the high degree of throttling needed to achieve the load
and the limited CR which limits ideal efficiency and elongates burn duration. As
can be clearly inferred from Fig. 2-2, efficiency in a modern Sl passenger car
engine is compromised, sometimes severely, by the requirement that engine
operation encompasses a wide range of speeds and loads in order to meet
operator demand for power and torque. The most effective modern high efficiency
engine technologies are flexible enough to mitigate these compromises in multiple
regions of the engine map.



3500

Phasing (Real Combustion),

Heat losses

2500

Overfuelihg
(Incomplete

Combustion)

n
(=3
=1
=1
|
%

BMEFP [kPa]

2
]

1000 -

500~

Pumping losses,
Friction

2500 3000

En,
Pumping losses, ' )
Non-optimal CR

3500
Speed [rpm]

13

Figure 2-2: BSFC engine map from the MAHLE DI3 Downsizing demonstrator
engine with dominant efficiency losses by region [46].

Figure 2-3 presents an energy analysis that depicts the loss pathways for fuel
energy in an engine similar to the one depicted in Fig. 2-2, and how the relative
magnitudes of these pathways change at different speed and load conditions. The
x-axis is brake mean effective pressure (BMEP) in bar. It is notable that the most
significant loss pathway, heat transfer (combined in-cylinder and exhaust),
remains the largest detriment to engine efficiency throughout the engine map. Itis
therefore not coincidental that many advanced combustion technologies that
successfully achieve step changes in engine peak efficiency are occasionally
describedas fAl ow temperature 4Clombusti ono

In Fig. 2-3, note that at 1.5 bar BMEP the pumping loss due to throttling is a
significant percentage of the total fuel energy. This loss diminishes as BMEP is
increased and the engine is de-throttled and boosted. Incomplete combustion loss
increases substantially at the highest BMEP due to enrichment (normalized air-
fuel ratio, or lambda = 0.79) and retarded combustion phasing, both of which also
contribute to a decrease in in-cylinder heat loss.

concerg
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Figure 2-3: Energy loss analysis for the 1.5L MAHLE DI3 engine at 3000 rpm and
various loads. Data courtesy of MAHLE Powertrain UK.

Some of the fuel energy that is dissipated through the loss pathways can be
recovered. Only a few of the pathways lend themselves to energy recovery; a
method that has been investigated for the past couple decades involves utilizing
the heat transferred to the exhaust to perform work in service of an ancillary
subsystem in the vehicle. Waste heat recovery technologies, some of which have
been commercialized, take advantage of the relatively high heat flux in an exhaust
system to provide continuous heat to a boiler or other Rankine cycle device [16,
48]. While this is a promising and in many cases cost/benefit positive application,
Fig. 2-4 demonstrates the thermodynamic limitations of recovering the energy
present in the exhaust. The x-axis is BMEP in bar and the y-axis is percent of total
fuel energy at a given BMEP. The analysis in Fig. 2-4 is based on the 2" Law of
Thermodynamics and contrasts the exergy or energy availability in the exhaust
with the energy present in the exhaust as determined by the 1%t Law of
Thermodynamics. While exhaust temperature and, under certain conditions,
pressure are elevated versus atmospheric values and there is chemical energy
contained in the emissions constituents, only a relatively small proportion of this
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energy can be extracted to perform useful work in a dedicated application [38].
Waste heat recovery therefore cannot be used to significantly offset the base
engine efficiency loss associated with heat transfer; this loss pathway is more
effectively addressed through combustion and in-cylinder processes that reduce
heat transfer at the source of heat generation [49,50].

Note that the most exergy is available at the highest BMEP condition due to the
elevated pressure of the exhaust and the availability of species capable of
exothermic reactions in the exhaust resulting from rich operation. Exergy is a
relatively small percentage of exhaust energy at the low and mid load conditions.
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Figure 2-4: 2" Law exergy loss analysis at 3000 rpm and various loads. Data
courtesy of MAHLE Powertrain UK.

2.2.2 Technologies to Minimize Efficiency Loss

The following section describes selected ICE technologies that have been
developed for the purpose of minimizing one or more of the efficiency loss
pathways described above.
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Direct Fuel Injection (DI): Prior to the advent of DI for Sl engines, fuel was typically
injected in the intake manifold or in the individual intake ports. Port Fuel Injection
(PFI) allows for relatively low fuel pressure requirements and therefore reduced
parasitic loss on the engine and relatively homogeneous fuel-air mixing. There are
however two prominent disadvantages to PFI. Firstly, the fuel injected in the port
displaces air that would otherwise enter into the cylinder, resulting in a reduced full
load volumetric efficiency for the engine. Secondly, PFI does not allow fuel
targeting or other fueling-based combustion strategies. DI technology enables fuel
injection directly into the cylinder. While higher fuel pressures are necessary to
overcome the higher background pressure of the cylinder, pumping losses are
decreased due to the elimination of the air displacement effect. Spray targeting
and multiple injection events in the same cycle to optimize operation such as cold
start are possible with DI. The DI provides an additional benefit in that the injected
fuel must undergo a phase change from liquid to vapor in the cylinder as opposed
to the port. This phase change requires energy input from the system which in turn
reduces the temperature of the compressed fuel-air mixture. As knock is highly
sensitive to | ocal pressure and temp
knock and allows for more optimal combustion phasing (reducing real combustion
loss in otherwise knock-limited engine map regions) and/or increased CR
(reducing ideal cycle loss). DI S| engines currently have significant market
penetration and the controllability and efficiency benefits of this technology make
it complimentary to other modern Sl engine technologies such as downsizing [51-
54].

Engine Downsizing (Rightsizing): The advent of DI injection and especially boost
system development breakthroughs such as high capacity, active geometry, and
multi-stage boost systems has enabled engine downsizing. Engine downsizing is
a mode of engine operation with both component-level and system-level
considerations that is intended to not only increase peak engine efficiency but drive
cycle average efficiency as well. The technology is self-descriptive and involves
replacing large displacement naturally aspirated or moderately boosted engines
with smaller engines that are more heavily boosted in order to achieve similar peak
power levels. The smaller displacement requires the engine to operate at higher
BMEP levels in order to achieve similar peak power levels. As pumping loss
reduces significantly with increased load, downsized engines display higher
efficiency than corresponding non-downsized engines at common power levels
and averaged over a drive cycle. Though the more highly loaded downsized
engines encounter higher friction due to component sizing safety factors, this is
compensated by the reduced pumping loss at the engine peak efficiency speed
and load, resulting in generally higher efficiency than a corresponding non-
downsized engine [55-58], as is described in Fig. 2-5. Downsizing requires the

eratur
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engine to achieve higher specific power output than the corresponding baseline
engine. This headroom is provided by changes to the engine and ancillary systems
including lower restriction intake design and valve size, high efficiency boosting
system and charge air cooler, DI injection strategies, and lower CR, though the
latter is tempered by leveraging the charge cooling effect of DI to reduce knock
[59].
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Figure 2-5: Benefits and limitations of engine downsizing with regards to specific
power output and fuel/CO2 reduction [46].

Over-Expansion: While knock is a big impediment to further increasing CR, it is not

in and of itself a limit to further increasing the expansion ratio. The Atkinson cycle

engine, developed by James Atkinson in the 1880s [60] sought to decouple what

was until then an inextricable relationship between the compression and expansion

ratios. The inherent lack of charge density with the smaller compression stroke

was addressed by turbocharging in Ralph Mi
in 1957 [61]. While At ki nsondés and Millerds engine ¢
linkages in the crankshaft and connecting rod to physically decouple compression

and expansion in a common cylinder, subsequent innovations have also included

the use of variable valvetrain systems to independently adjust charge flow during

the intake and exhaust strokes [51]. The increased expansion ratio reduces the
temperature of the post-combustion in-cylinder charge, thereby returning the

charge to a pressure and temperature condition closer to its original state. This
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modification to the Otto cycle results in a reduced ideal cycle efficiency loss that
overcompensates for the increased friction in modern mechanical linkage-based
systems [62-64].

Dilution via Exhaust Gas Recirculation (EGR): EGR is a technology that involves
siphoning a portion of the exhaust gases from the engine, cooling the gas, and re-
entering it into the cylinder. It was originally conceived as an emissions control
technology for diesel engines [65]. As NOx emissions are sensitive primarily to
temperature, an added diluent acting as a heat sink lowers engine-out NOx by
limiting bulk combustion temperatures. EGR is rich with high heat capacity
molecules such as N2 that trap thermal energy and is relatively low in Oz which, in
excess, could increase NOx formation [65]. When applied to Sl engines, EGR has
an added effect on efficiency. The higher heat capacity of the EGR reduces
combustion temperatures which in turn reduces in-cylinder heat loss and increases
the value of the ratio of specific heats, further increasing the ideal cycle efficiency.
Additionally, the introduction of EGR necessitates engine de-throttling, reducing
pumping loss [66]. There is a limit to the EGR dilution tolerance of Sl engines that
is dictated both by poor kernel development during ignition and slow flame front
propagation during the combustion process. Both of these factors are temperature
dependent and so the heat capacity of EGR is both an efficiency benefit under
nominal operation and ultimately a deficit to dilution tolerance [67,68]. One method
that is used to expand the EGR dilution tolerance has been increased charge
motion, primarily tumble, in the cylinder. High degrees of charge motion serve to
stretch the flame front into areas of otherwise challenging propagation, and the
additional turbulent kinetic energy in the cylinder serves to increase bulk flame
speeds. This charge motion benefit to flame front propagation can be
counterweighed by inadvertent stretching of the kernel during ignition which can
extinguish the kernel at certain conditions [69].

Dilution via Excess Air: As an alternative to EGR dilution, dilution with excess air
has been studied extensively in Sl engines [70]. The benefits are similar to EGR
dilution, with the exception of the ratio of specific heats (9) and oxygen availability.
The ratio 2 is a product not just of temperature of the working fluid but also of its
constituents. The constituents of air give it a higher 2 value than EGR, therefore
the efficiency potential is higher [71]. This is reflected in the potential for lower in-
cylinder heat loss. A lean system does not need the added complexity of an EGR
valve and cooler, but air dilution does prohibit the sole use of a 3-way catalyst to
control emissions in passenger car engines because this catalyst is effective only
at nominally stoichiometric conditions. Additionally, as described by the Zeldovich
mechanism [72], NOx emissions increase in the near lean region, with a peak at
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approximately a=1.1. Therefore, to minimize the burden on the aftertreatment
system, avalues in this region must be avoided.

Similar to EGR dilution, poor kernel formation and slow flame front propagation
resulting from aflammability limits of specific fuels dictate a lean limit of the engine,
a limit that rarely exceeds 8=1.4-1.6 in modern Sl engines using conventional spark
plugs [9]. A method to increase dilution tolerance is stratification of the fuel in the
cylinder as enabled by DI fuel systems [73]. In this configuration, a multi-pulse
strategy or careful spray targeting is employed to ensure a near-stoichiometric
mixture at the spark plug to promote rapid kernel formation. The remaining
stratification in the cylinder means that fuel is consumed at a variety of avalues.
While this approach typically results in significantly lower engine-out hydrocarbon
(HC) and carbon monoxide (CO) emissions than with EGR dilution, these
emissions and NOx are still relatively high compared with a homogeneous lean
approach [75,75]. The high emissions levels at low temperature lean conditions
have resulted in complex and costly emissions control solutions in production
applications [76].

2.3 Dilute SI Combustion

Introducing high levels of homogeneous dilution, through the use of either EGR or
excess air, has been definitively proven to increase the thermal efficiency of ICEs.
The necessary mechanism to achieving stable, highly dilute Sl operation is
transcending the lower flame speed and flammability limit of the fuel encountered
under highly dilute operation. Traditional centrally mounted spark plugs are
typically insufficient to ensure stable lean operation at a-values greater than 1.6 or
EGR values greater than 30%. This limitation is manifested as misfires due to poor
kernel formation and partial burning due to excessive flame stretch and ultimately
arrested flame development, both conditions contributing to reduced efficiency and
elevated HC and CO emissions in addition to being characterized by poor
combustion stability [5,70,71,73,77].

In recent decades this combustion stability limitation has hastened the
development of advanced ignition systems. These systems generally fall into three
categories: 1) systems that increase the electrical energy available for ignition, 2)
systems that rapidly distribute the electrical or thermo-chemical energy generated
during the ignition process throughout the combustion chamber, and 3) systems
that combine these two methods [78].

Systems that increase electrical energy availability during the ignition process seek
to ensure robust kernel formation and reduce the sensitivity of this process to either
a stretching and extinguishing event in high charge motion environments, or rapid
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heat loss due to dilution [76]. Systems such as long duration or increased
discharge spark plugs are examples of these systems. Other similar systems such
as plasma and corona ignition both increase electrical energy and provide the
electrical energy in such a way that it is more efficiently converted to thermo-
chemical energy inside the combustion chamber. Plasma ignition, as the name
implies, generates plasma directly as an output of the ignition system.

The benefit of distributing ignition energy throughout the combustion chamber,
either inherently or as a function of the ignition process, is that the multiple flame
fronts that propagate from the resulting ignition points need to traverse less
physical space and individually consume less fuel in order for the combustion
process to achieve completion. In this case the reduced flame speed resulting from
dilution is not directly addressed but indirectly mitigated by effectively segmenting
the fuel-air mixture in the main chamber with individual ignition points responsible
for the combustion process only in a given segment. The simplest and most
practical approach to achieve this goal is the use of multiple spark plugs in the
combustion chamber. The Chrysler iHemiohemispherical combustion chamber is
awelkk nown exampl es poafr ktoh ea pfiptrwianc h, t hou
conceived as a high dilution enabling technology. The limitation with this approach
is the non-ideal placement of the ignition source, by definition nearly flush mounted
with the combustion chamber roof, as are conventional single spark plugs. As such
the ability of this type of concept to promote stable, highly dilute operation is limited
by premature flame truncation and wall interactions [79,80].

2.4 Pre-Chamber Combustion
2.4.1 Pre-Chamber History
2.4.1.1 Passenger Car Applications

As can be inferred from the description above, technologies that can both increase
the electrical or thermo-chemical ignition energy in the system and can distribute
the ignition energy throughout the combustion chamber possess a strong potential
to induce stable, highly dilute combustion. A prominent technology that
accomplishes both is a combustion concept known as jet ignition. Jet ignition is
combustion process that results from the use of a pre-chamber combustor. Before
the principles of jet ignition are discussed, it is useful to understand the
development and incorporation of pre-chambers throughout the history of the ICE.
As will be illustrated, the pre-chamber is a relatively simple component that has
demonstrated versatility through its use in a variety of applications.
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A pre-chamber is a proportionally smaller chamber directly connected to the
combustion chamber. Its historical uses have spanned low pressure fuel delivery,
spark plug protection, and use as an ignition system in and of itself.

The first ICEs to utilize pre-chambers were diesel engines. Prior to the advent of
direct fuel injection, diesel engines utilized indirect injection (IDI) [81]. One
common method to achieve this fueling configuration included the use of a pre-

chamber that housed the fuelinjector, as ori ginally d&\B&.l oped

Fuel is injected at relatively low pressure into the pre-chamber during the
compression stroke. The pre-chamber also preserves a portion of the charge
motion generated in the diesel engine during the intake stroke. This charge motion,
typically swir/l hence the alternati w
chamber ensuring that the fuel in the pre-chamber mixed adequately with the
incoming air [84]. Combustion then initiates in the pre-chamber and continues in
the main chamber as the local pressure rise in the pre-chamber forces the burned
and burning contents to transfer to the main chamber. Communication pathways
between the chambers vary from an open throat to a nozzle with multiple small
orifices. Prominent examples of the IDI diesel pre-chamber are displayed in Fig. 2-
6.

This IDI configuration was developed out of necessity due to the lack of an
implementable solution for high pressure diesel fuel injection for many decades.
The pre-chamber in the case of IDI offers a containment area for fuel as the main
chamber is pressurized, preventing it from entering crevice volumes in the
chamber such as the top land of the piston which would greatly reduce efficiency
and increase HC and soot emissions. Even during the early adoption of high
pressure diesel fuel injection systems, pre-chambers were still in use as late as
the late 1990s due to the ability to maintain a flat top piston crown design, allowing
diesel engines to achieve relatively high CRs largely independently of the size of
the pre-chamber volume [85]. Modern DI diesel engines generally utilize inset
bowls in the piston crown corresponding to the injector spray pattern in order to a)
avoid liquid fuel impingement on the surface of the piston, and b) prevent the swirl
motion in the combustion chamber from disintegrating as the piston approaches
TDC.
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Figure 2-6: Examples of prominent IDI diesel pre-chamber engines [86].

This configuration was translated to
for the Ricardo 3-valve pre-chamber engine on which he first began development
in 1903 [87]. This is a 2-stroke Sl engine that utilizes a relatively large pre-chamber
separated by a throat passage to the main chamber (shown in Fig. 2-7). A rich
fuel-air mixture is delivered directly to the pre-chamber via a pre-chamber valve,
while a lean mixture is delivered to the main chamber through a conventionally
located intake valve. This forced stratification, remarkably advanced for the year
in which it was conceived, resulted in a lean burn engine.
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Figure 2-7: Ricardo 3-valve pre-chamber engine [88].

It is constructive to examine the differences in form and function between pre-
chambers used in diesel engines and gasoline engines. While IDI diesel pre-
chambers are intended as containment units for the system fuel prior to
combustion, S| pre-chambers typically contain a percentage of the system fuel
mass that is approximately proportional to their volume. This means that the
majority of the system fuel in SI combustion chambers that contain a pre-chamber
is located in the main chamber whereas ideally none of the fuel in IDI diesels is
located in the main chamber prior to combustion. This alludes to the differing
functionality of the two pre-chamber configurations: the IDI diesel pre-chamber is
a fuel delivery surrogate; the Sl pre-chamber is a tool for ignition enhancement.
Differences between diesel compression ignition (Cl) and gasoline pre-chambers
are detailed in Table 2-1.

With the 3-valve engine providing the template for the use of a pre-chamber as an
enabling technology for lean SI combustion, subsequent variations were
investigated by researchers at several global automotive engine manufacturers
[89-93]. Nearly all of the variants subsequently patented contained pre-chambers
that appear, qualitatively if not explicitly, to possess a smaller volume than that of
the Ricardo 3-valve engine. As is often cited in the development of small
displacement S| engines surface-to-volume ratio increases as combustion
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chamber displacement decreases. With combustion occurring in this smaller
volume, there is a greater surface area through which the thermal energy
generated during the combustion process can transfer resulting in increased heat
transfer losses as a percentage of fuel energy [94]. This surface-to-volume effect
applies to pre-chambers as well but there is a key difference: the main system
contribution of the fuel ignited in the pre-chamber is to generate thermo-chemical
energy to ignite the remaining fuel in the main chamber. It is primarily the ignited
main chamber fuel that contributes to the pressure rise that drives piston motion
downward. There is a pressure rise in the main chamber resulting from the entering
pre-chamber combustion products but it is negligible because the percentage of
fuel used in this process and the jet expulsion phase typically begins and ends
completely during the compression stroke when conventional main chamber
combustion phasing is employed. Therefore, a practical system optimization
pat hway would be to minimize the qua
i.e. the quantity of fuel that is burned in the pre-chamber while still generating
adequate thermo-chemical energy through this process to ignite the main chamber
contents. Larger volume pre-chambers, with superior surface-to-volume ratios,
require more pre-chamber fuel in order to ensure an ignitable fuel-air ratio at the
spark plug. Smaller volume pre-chambers, though they experience heat loss as a
higher percentage of the fuel consumed, require less fuel in order to ensure
adequate pre-chamber combustion and therefore result in higher system
efficiency. This relationship was made more explicit in the work of Gussak on the
subject in the latter half of the last century [95-101], and it is hypothesized to be
the reason for the gradual reduction in pre-chamber volume with patents
subsequent to Ricardoos.
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Table 2-1: Differences between Cl and Sl pre-chamber combustion systems.

Parameter

Pre-Chamber Combustion System Type

Cl

Sl

fuel delivery to pre-
chamber

directly via fuel injector

directly via fuel injector,
check valve / indirectly
via piston motion

pre-chamber mixture
preparation
requirements

translate main chamber
charge motion to pre-
chamber to promote fuel-
air mixing

none inherent

fuel location

all fuel in pre-chamber

throughout both
chambers, air-fuel ratio
can differ between
chambers

ignition mode

auto-ignition when local
stoichiometric mixture is
achieved in the pre-
chamber

spark plug ignites pre-
chamber contents

gas exchange to main
chamber

piston motion during
expansion stroke
scavenges pre-chamber

pressure rise in pre-
chamber forces contents
to exit into main
chamber

main chamber
combustion

burned products expand
in the main chamber

burned pre-chamber
contents form torches or
jets that ignite the main
chamber fuel-air

primary benefit

use of low fuel injection
pressure

enables knock
mitigation, dilute
operation

primary benefit
category

mechanical system

Combustion

Some SI pre-chamber concepts developed subsequently to the Ricardo 3-valve
removed the separate pre-chamber fueling feature [89-92]. In these designs, fuel
is injected conventionally into the main chamber and piston motion during the
compression stroke forces a portion of this fuel-air mixture proportional to the pre-
chamber volume to enter the pre-chamber. This type of design, which is commonly
termed passive pre-chamber, reduces hardware, controls, and packaging
complexity and provides a more stable combustion event at lean air-to-fuel ratios
when compared to a conventional S| engine, though enleanment capability is
limited when compared against a separately fueled, or active, pre-chamber.
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The most prominent automotive production application of the pre-chamber concept
in the latter half of the 20" century is the Honda Compound Vortex Controlled
Combustion (CVCC) engine which was in production from the early-to-mid 1970s
[102]. The concept is shown in Fig. 2-8. During this period when emissions control
for automotive engines was first becoming stringently regulated in the United
States lean combustion was thought of as a viable low engine-out emissions
alternative to catalytic conversion of emissions constituents in the exhaust pipe.
The increasing stringency of emissions regulation eventually made catalytic
conversion of exhaust emissions a defacto mandate. The 3-way catalyst became
a standard component for automobiles and its requirement for stoichiometric
operation rendered lean combustion unfavorable at the time [103].

The CVCC, as with most pre-chamber concepts developed and commercialized
up to that time, incorporated a throat separating the pre-chamber and main
chamber large enough to keep the flame front intact as combustion proceeded
from the pre-chamber to the main chamber. Qualitatively appearing similar to a
blowtorch, this approach relies on a reactive flame to continue its propagation
through the remainder of fuel-air mixture. Without the challenge of generating and
maintaining a spark kernel in a lean environment, combustion proceeds and
moderate enleanment is achieved. As a result this and similar concepts are
commonly termed torch ignition systems.

Flaose Fromt
Combustion
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Figure 2-8: Honda CVCC pre-chamber engine [102].

Commercial pre-chamber igniter usage in the light duty passenger car segment
was largely extinguished by the late 1970s due to the advent of competing
emissions control technologies such as catalytic converters. Though they
presented an emissions control solution robust enough to encompass the highly
varied operating conditions of passenger car engines, catalytic converters
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incorporated large quantities of precious metals and therefore represented a
significant add-on cost to passenger cars. This presented a scaling issue when
applied to larger engines, with add-on emissions control cost outpacing the
proportional cost of the engine and peripherals [104].

2.4.1.2 Heavy Duty Gaseous Fuel Applications

In a separate development beginning approximately in the late 1970s, natural gas
became a prevalent fuel in the large bore power generation sector, with fuel usage
costs making it a serious competitor to existing diesel fuel [105], especially given
the fact that key natural gas fuel properties somewhat leant themselves to highly
efficient lean operation. Many large bore stationary power engine manufacturers
began adding natural gas variants to their existing diesel engine product line. The
confluence of these factors made the prospect of lean burn natural gas-fueled
large bore engines for stationary power attractive to manufacturers and
consumers. Pre-chamber technology, long familiar to heavy duty diesel engine
manufacturers and researchers, and in parallel having been established as a lean
combustion-enabler for Sl engines, was therefore developed for this new class of
large bore natural gas-fueled engines.

In one notable example, Caterpillar developed a natural gas-fueled variant of its
3600 diesel engine series in 1991 (Fig. 2-9). This variant incorporated a pre-
chamber combustor (Fig. 2-10) to ignite lean natural gas mixtures. Other large bore
engine manufacturers such as Wartsila, Waukesha, and Jenbacher also
commercialized pre-chamber lean burn natural gas engines during this period.
While many of the pre-chamber applications that were commercialized in the
industry were passive designs, numerous patents filed by engine manufacturers
during this time period indicate substantial research interest in active systems as
well [106].

Parameter | Value Units

Bore 280 mm
Stroke 300 mm
Displacement 147.8 L

Cylinders 8 -
Power 2460 KW
Torque 24700 Nm

Figure 2-9: Caterpillar G3600 engine incorporating pre-chamber combustors
[107].
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Figure 2-10: Passive pre-chamber for use in Caterpillar G3600 engine [108].
2.4.2 Jet Ignition
2.4.2.1 Introduction

An alternative to torch ignition was first researched by Nicolai Semenov in the
1950s [109-111], followed shortly by pioneering research by Lev Gussak that led
to a commercial application in the Volga sedan engine. This combustion mode,
relying on similar components but with a significantly different combustion
mechanism to torch ignition, is known as jet ignition. While it retains the pre-
chamber combustor, jet ignition differs primarily from its antecedent by the manner
in which combustion translates from the pre-chamber to the main chamber. Torch
igniters are generally designed to promote continuous flame front propagation from
pre-chamber to main chamber, with different mixture preparation conditions in
each to promote rapid kernel development at the spark plug and robust early flame
generation. With jet ignition systems, particularly i n

relatively large diameter throat that separates the two chambers is replaced by a
nozzle containing one or more small orifices with diameters smaller than the

Gussal

guench di ameter of t he c o nibsigsthepk-chamberl 6 s f

flame front is quenched and combustion is discontinuous as it translates between
the chambers [95-101].

Without the reactivity of the sustained flame front, jet ignition systems must rely on
other mechanisms to successfully achieve main chamber combustion. Jet ignition
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systems initiate combustion in the main chamber through fuel chemical kinetic,
thermal, and turbulent effects, as is described below:

1)

2)

3)

Fuel chemical kinetic i similarly to advanced pre-mixed auto-ignition
concepts such as Homogeneous Charge Compression Ignition (HCCI) or
Reactivity Controlled Compression Ignition (RCCI) [112-114], main
chamber ignition is reliant to a large degree on the decomposition of fuel
molecules eventually achieving an intermediate hydrocarbon species that
forms chain branching reactions. In this manner, chemical kinetics plays a
key role in a successful jet ignition process. The difference between jet
ignition and the aforementioned advanced auto-ignition concepts is that in
jet ignition a conventional combustion process is underway in the pre-
chamber and then temporarily arrested through flame quenching. The
process then effectively restarts in the main chamber [115,116].

Thermal 1 though the flame front generated in the pre-chamber is
extinguished as contents exit through the nozzle orifice or orifices, the
contents remain at an elevated temperature. This elevated temperature
prevents a permanent arresting of the chemical kinetic process begun
during pre-chamber combustion [117].

Turbulent i while not a direct trigger for ignition, the gas exchange process
and turbulence generated by the high velocity jets play a role in determining
when the re-ignition events occur in the main chamber. A secondary effect
of the small diameter orifice(s) is that a greater degree of pressure is
generated in the pre-chamber while the nozzle acts as a restriction to the
generated pressure wave. This pressure gradient between pre-chamber
and main chamber forces gas exchange to the main chamber which is
mani fested as fAjetso that travel
delay to the re-ignition process until jet momentum has reduced, and to
some extent entrains the unburned fuel-air mixture of the main chamber
[118].

With the absence of a flame front, jet-induced ignition in the main chamber
resembles an auto-ignition process. A conventional flame front propagates
quickly from each auto-ignition site aided by the entrainment of unburned
charge.

Table 2-2 compares the operating approach of torch ignition with jet ignition.

at
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Table 2-2: Differences between torch ignition and jet ignition pre-chamber
combustion systems.

Pre-Chamber Combustor Functional Approach

FECIRE Torch Ignition Jet Ignition
throat/orifice size > quenching diameter << quenching diameter
charge velocity, pre- similar to laminar flame irrespective of laminar
SN (10 kel Speed flame speed
chamber P b
heat loss through
chamber Low very high

communication path

auto-re-ignition of
continuous flame front radical intermediate
combustion species
distributed between
at throat/orifice exit orifice exit and main
chamber surface

main chamber ignition
mode

main chamber ignition
location

main chamber burn
duration potential

enleanment capability
vs. conventional Sl

moderately fast very fast

Moderate, lambda~1.8 Hi gh, | amg

While the quenching effect of jet ignition resulting from the relatively small orifice
diameter results in increased heat transfer loss to the nozzle, the primary
advantage of jet ignition is the ability to distribute the ignition site(s) in the main
chamber some distance away from the orifice exit. With a multi-orifice nozzle, the
result is a distributed multi-point ignition system, an achievement that is by
definition not possible with a torch ignition system. As is discussed in previous
sections, this type of ignition system possesses clear benefits for promoting stable
combustion of very lean mixtures. For example, Gussak was able to achieve a
homogeneous &= 2 condition with his patented jet ignition concept, a value that
had not been published as achievable by a torch ignition system to that point [97].
To achieve this so-called ultra-lean capability (beyond conventional Sl
enleanment, > 1.6) direct fueling to the pre-chamber became a necessity.

Yamaguchi, researching a jet ignition system similarto Gus s a k 6 s, confirm
there is both a minimum orifice diameter below which the main chamber re-ignition
process is compromised, and a maximum orifice diameter above which the jet
ignition process gradually transforms into a torch ignition process. There is
therefore a clear optimum range of orifice diameters, irrespective of other factors,
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where jet radical species formation is maximized and heat loss as the jets pass
through the nozzle orifices is not unduly detrimental to jet reactivity [117].

A resurgence of interest in pre-chamber-initiated lean combustion in the early
1990s led Dr. Harry Watson to explore the concept of optimum radical formation
in the pre-chamber through the use of hydrogen injection [119-124]. The concept
of using hydrogen (H2) as a fuel supplement to increase flame speeds in
conventional S| engines had been researched previously, but Watson applied this
concept to pre-chamber combustion in a jet ignition engine in order to generate a
greater degree of Hz and other highly reactive intermediate species in the jets,
thereby creating a higher reactivity jet. This research, in one sense a fundamental
exploration of jet reactivity resulted in a Hydrogen-Assisted Jet Ignition (HAJI)
engine capable of achieving &= 5 [125].

The ability to achieve Sl lambdas well beyond what had up to that time been
achievable led to another conclusion: thermal efficiency does not increase

continuously with enl e aseamh shows thatimn afHAJE t Wa't

engine, peak thermal efficiency is achieved near &= 1.7 for the conditions tested
[126]. Different pree<c hamber and main chamber fu
| ambdao slightly but g e ateatwad shyof the fednilingiti
Figure 2-11 illustrates this effect. Wat sondés results str
reason for this was a precipitous increase in incomplete combustion loss as the
engine is enleaned, likely due to the drop in temperature of the combustion
chamber surfaces. In this way the reduced combustion temperatures inherent to
ultra-lean operation are both an efficiency benefit and eventual limitation.

. Jet Ignition
\“\

1

S

Jet Ignition

si T

Combustion
Efficiency
Thermal
Efficiency

;\;1 Lambda ,\l1 Lambda

Figure 2-11: Illustrated trends in combustion efficiency (left) and thermal
efficiency (right) with enleanment.

While a means of directly fueling the pre-chamber is not a pre-requisite for jet
ignition combustion, all published ultra-lean-enabling homogeneously mixed
concepts contain directly fueled pre-chambers. A directly fueled pre-chamber
allows for separate fuels to be injected in pre-chamber and main chamber.
Considering the characteristically small volume of jet ignition pre-chambers, the
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majority of these concepts fueled the pre-chamber with a gaseous fuel such as
natural gas, propane, or, in the case of HAJI, hydrogen. The reasoning behind the
use of a gaseous fuel for pre-chamber combustion is stated explicitly by Watson:
the gaseous fuels considered have wide flammability limits compared to gasoline
and there is no daip. gavingliquid fué ppal dnto thevseirfates
of the pre-chamber. When pool burning occurs in the pre-chamber, there is a
distinct danger of soot generation that damages the spark plug and fuel delivery
device. Heavy duty stationary natural gas applications also, by definition, use a
gaseous pre-chamber fuel. Since this is the primary, and for many decades only,
commercial application of pre-chambers in ICEs, gaseous fuel delivery hardware,
operating strategy, and general understanding are well established in pre-
chambers [127].

2.4.2.2 MAHLE Jet Ignition

MAHLE Powertrain has been developing a jet ignition concept known as MAHLE
Jet Ignition® (MJI) since 2007 through the research of Attard [10,128-130] and this
author [3,4,131]. MJI was originally conceived as a non-hydrogen fueled variant of
the HAJI concept. In an effort to make the technology more commercially viable,
MJI research focused on developing a common fueled liquid gasoline variant for
passenger car applications. The key differentiator between MJlI and its
antecedents is the incorporation of modern DI fuel injector technology in the pre-
chamber. The use of a micro-flow DI fuel injector allows for precise, consistent
metering of small quantities of fuel each cycle and precise targeting of the fuel
spray within the pre-chamber. The high pressure capabilities of modern DI fuel
injection systems also enable relatively late fuel injection in the pre-chamber which
in turn allows the fuel strategy to exploit the local charge motion interior to the pre-
chamber during the compression stroke. This is necessary to minimize particulate
formation during the pre-chamber combustion event. Direct fuel injection also
provides the opportunity for injection late in the cycle. A fuel injection event that
occur s too earl y -manxi progiwingan overlyndiluieanixtere near
the spark plug, posing a risk of misfire. A fuel injection event late in the
compression stroke is therefore desired in order to ensure an ignitable mixture
near the spark plug and maximize the quantity of auxiliary injected fuel that
participates in the pre-chamber combustion event. This innovation to the jet ignition
concept is viewed as critical for 1) successful operation with a liquid pre-chamber
fuel, and 2) efficient, judicious use of the pre-chamber fuel in order to ensure a
strong system efficiency increase. The MJI pre-chamber prototype assembly is
displayed in Fig. 2-12. Figure 2-13 illustrates the importance of precise control over
pre-chamber fuel quantity by displaying the sensitivity of engine efficiency to
minute changes in pre-chamber injected fuel quantity. Shown in Figure 2-14 is the

ngo
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fowveirxi ngo effect of e archapbef, demdnstratingjwaye t i on |
late injection enabled by the DI injector is optimal.

Spark Plug

Auxiliary
Fuel Injector

PreChamber
Body

PreChamber
< Nozzle

Figure 2-12: Cutaway of the MJI pre-chamber (left) and MJI pre-chamber
assembly (right) in a typical passenger car engine [3].

41.0
40.5 ;)q i.:

Od -‘----""'--.___ﬁ
40.0 N

o- S
395
\

39.0 O

Brake Thermal Efficiency [%]

38.5
0

38.0

0.00 0.05 0.10 0.15 0.20 0.25 0.30
Pre-Chamber Fuel Flow [kg/hr]

Figure 2-13. Brake thermal efficiency trends with pre-chamber fuel injection
guantity, 1.5L DI3, CR = 15.1, speed = 3000 rpm, BMEP = 10 bar, &= 1.7.
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Early injection “over-mixing” case Late injection “stratified” case
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Figure 2-14: Mixture preparation with early (left) and late fuel injection (right)
timing in the pre-chamber at time of spark with constant pre-chamber fuel
quantity.

Aside from the fuel injection system, MJI incorporates the characteristics of many
jet ignition concepts developed since the early 1990s, namely a small volume pre-
chamber (< 5% of the clearance volume) and a multi-orifice nozzle with orifice
diameters that promote a high degree of flame quenching. The quenching and re-
ignition process was confirmed through images taken from an optically accessible
engine, and confirmed using a computational fluid dynamics (CFD) combustion
simulation that was correlated to experimental engine test data [132]. Images from
the optical engine are shown in Fig. 2-15. The images in this figure show luminous
jets, with no backlighting, emerging from the pre-chamber. No intensifying was
used for these images. The false color scale indicates relative temperatures, with
the white color indicative of peak flame temperatures, the red band indicative of
flame front temperatures, and yellow indicative of recently burned product
temperatures. The flame content in these jets is minimal. The jets subsequently
create distinct ignition sites in the main chamber, visible at the leading edges of
the jets, particularly in the bottom row of images. These ignition sites produce
distinct flame fronts that consume the charge, eventually joining during this
process. More details of this study are provided in [4]. A CFD model depiction of
the jet ignition process is displayed in Fig. 2-16.
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Figure 2-15: Chemiluminescence high speed images of the jet ignition process
(Speed: 1500 rpm, gross indicated mean effective pressure: 5. 5=bar , &
CR10) [4].
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Figure 2-16: CFD combustion model temperature visualization before (top) and
after (bottom) TDC. Left: temperature range (0-2400K), Right: Isosurface at
1500K [132].

Development of the liquid fueled pre-chamber concept did indeed prove
challenging. Initial research was plagued by significant wall wetting resulting in
rapid plugging of the pre-chamber fuel injector. Combustion in each cylinder also
proved to be more sensitive to pre-chamber internal geometry and fuel injector
nozzle variation than did that of the gaseous-fueled concept [4]. Figure 2-17, an
image of the fuel injection event taken from the CFD model, illustrates the
challenge associated with optimizing a liquid fuel injection concept.



