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Abstract

Increased efficiency and reduced emissions demands from users and legislative
organisations have lead to the development of advanced combustion technologies
for diesel engines. Exhaust gas recirculation (EGR) is a widely used technology to
control diesel combustion and emissions, primarily to reduce emissions of oxides of
nitrogen (NOx). Implementation of high levels of EGR (> 50%) is able to
simultaneously reduce both emissions of NOx and particulate matter (PM) to ultra
low levels. However, high EGR combustion is subject to reduced combustion
efficiency and stability with increased total hydrocarbon (THC) and carbon monoxide
(CO) emissions. This thesis presents research into low temperature diesel
combustion (LTC) operation and the effects on combustion and emissions when the
engine is operated under air, fuel and EGR rates encountered during transitions
between LTC and conventional diesel operation modes. This has resulted in an
improved understanding of the diesel combustion process and pollutant emissions
with high rates of EGR, different fuel injection pressures and timings, post fuel
injection and exhaust back pressures. The sensitivity of LTC to variations in engine
speed, fuel injection quantity, and EGR rate and intake manifold temperature were
investigated. Pseudo-transient operation of the engine was studied to interpret the
transient performance of a diesel engine during transients within LTC and from LTC

to conventional diesel combustion in a new European driving-cycle (NEDC) test.

Experimental investigations were conducted on a single cylinder research diesel
engine. Cylinder pressure, fuel consumption and gaseous and particulate emissions
(filter smoke number, size distribution, and total number) were measured. The results
showed that an increase in EGR rate can realise LTC on the research engine. Fuel
injection parameters influenced the combustion phasing, and control of this was able
to improve the combustion stability and to reduce the THC and CO emissions. The
low smoke number for the LTC diesel combustion was a result of reduced mean
particle size with possible changes in particulate composition. EGR is the most
critical parameter influencing the LTC combustion and emissions. Transient
simulation of an engine exhibits significant discrepancies in EGR rate and boost
pressure. Pseudo-transient points at intermediate load condition showed significantly
increased emissions, particularly smoke number. Retarded fuel injection timing and
increased boost pressure were demonstrated to be an effective strategy to reduce

smoke emissions for these pseudo-transient operating points.
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Nomenclature

°CA =
ANOVA
ATDC
AGTDC
BGTDC
CA5
CA50
CA90
CLD
CMD
(6{0)]
CO,
CoV
DMS
DOC
DoE
DPF
DurL
DurF
DurP
EBP
ECE
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EMS
EUDC
EVC
EVO

FID
FSN

HCCl

HSDI

HRR

ID

IDL

IMEPg

IHR

ISF

IVC

IVO

LHV

LNT

LTC =
LTR =

Crank angle degree

Analysis of variance

After top-dead-centre

After gas exchange top dead centre
Before gas exchange top dead centre

5% total heat release point °CA ATDC
Mid-point of integrated heat-release rate ~ °CA ATDC
90% total heat release point °CA ATDC
Chemiluminescent detection

Count median diameter nm

Carbon monoxide

Carbon dioxide

Coefficient of variation (standard deviation / mean) %
Differential mobility analyzer

Diesel oxidation catalyst

Design of experiments

Diesel particulate filter

Duration of low temperature reactions °CA
Duration of the 1% half high temperature combustion
Duration of the 2" half high temperature combustion

Exhaust back pressure Pa
Urban driving cycle
Exhaust gas recirculation %

Engine management system

Extra-urban driving cycle

Exhaust valve close °CA ATDC
Exhaust valve open °CA ATDC
Degrees-of-freedom

Flame ionisation detection

Filter smoke number

Homogeneous charge compression ignition

High speed direct injection

Heat-release rate JI°CA
Ignition delay °CA
Ignition delay of low temperature reaction  °CA

Gross indicated mean effective pressure  Pa

Integrated heat-release rate J

Insoluble fraction

Intake valve close °CA ATDC
Intake valve open °CA ATDC
Lower heating value MJ/kg

Lean NOx trap
Low temperature diesel combustion
Low temperature reaction JI°CA



MK
MPA
NDIR
NEDC
NOx
NTC

PAH
PCCI
Pinj
PID
PLC
PM
PN
PPCI
RGF
SCR
Si
SoC
SoCH
SoCL
SOF
Sol

T
THC
UNIBUS
VGT
VNT

Modulated kinetics

Magnetopneumatic condenser microphone detection

Non-dispersive infra-red

New European driving cycle

Oxides of nitrogen (include NO, NO,)
Negative temperature coefficient
Percentage contribution

Pressure

Polycyclic aromatic hydrocarbon
Premixed charge compression ignition
Fuel injection pressure

Proportional-integral—derivative controller

Programmable logic controller
Particulate matter

Particle number

Partial premixed compression ignition
Residual gas fraction

Selective catalyst reduction

Spark ignition

Start of combustion

Start of high temperature combustion
Start of low temperature combustion
Soluble organic fraction

Start of fuel injection

Temperature

Hydrocarbons (total)

Uniform bulky combustion system
Variable geometry turbocharger
Variable nozzle turbine

%
Pa

Pa

%

°CA ATDC
°CAATDC
°CAATDC

°CAATDC
K



Co-Authorship Statement

The work presented in this thesis was conceived, conducted, and disseminated by
the doctoral candidate. The co-authors of the manuscripts that comprise part of this
thesis made contributions only as is commensurate with a thesis committee or as
experts in a specific area as it pertains to the work. The co-authors provided direction
and support. The co-authors reviewed each manuscript prior to submission for
publication and offered critical evaluations; however, the candidate was responsible

for the writing and the final content of these manuscripts.



Table of Contents

Y 2 I 2 Y O |
ACKNOWLEDGEMENTS.....cccuuiiiiiiiiiiiniiiiiiiiiiiisssisisiiimsmsssssssssstssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 1
NOMENCLATURE .....ccevuuiiiiiiiiiiiniiiiitiiirtssssissstsrssssssssssssrsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnns ]
CO-AUTHORSHIP STATEMENT ....ooiiiiitiiiiiteiiiiiteisieeniisssessisseessssssesssssseessssssesssssssssssssssesssssssssssssnes Vv
TABLE OF CONTENTS ...ceeiiiiiieiiiiiueeiiieeiiisiueessisseesssssnessssseessssssessssssesssssssesssssssesssssseessssssesssssssesssnnns Vi
LIST OF TABLES ......cuuutiiiiiteiiisnteiiiseeiissstesssssseessssssesssssseessssssesssssssesssssseessssssesssssssessssssesssssssessssssenssns X
LIST OF FIGURES ......uueiiiiiiiiiiiieeiiiineeiiistesiiseesssssessssssesssssssesssssesssssseessssssesssssssesssssseessssssessssssses Xl
CHAPTER 1 INTRODUCGTION .......cciiiiiiirinnniiiiiiiiirisssssssiinssssssssssssssmssssssssssssssssssssssssssssssssssssssssssssnns -1-
1.1 DIESEL ENGINE EMISSION LEGISLATIONS .....veuvtenteeutesueesstenseesesutesueesseensesusaesseesesnsesasessesssesnsesueessesnsesnns -2-
1.2 CONVENTIONAL DIESEL AND LOW TEMPERATURE COMBUSTION .....eeuvieurimeereenreenrenneesseeresressnessreeseeneene -3-
1.3 OBJECTIVES AND SCOPE .....euveteenttenteemeesteeteentteseesseesseesseesmeesseeseensesmeesseenseessesseenseensesanessneenseenseeneene -5-
1.4 THESIS STRUCTURE ....etteiiitieesitte s ettt e e sise e e sttt e s st e eeesibe e e smse e e s sb e e e s eaba e e s amnaeessaraeesenneaeesannneessaraeesans -6-
1.5 CONTRIBUTIONS TO THE BODY OF KNOWLEDGE.......veeuverutereteueeeesieesieeseeetesueesseeensessesaeesseensesnsesueesseenes -7-
1.6 PUBLICATIONS ARISING FROM THIS RESEARCH......eeterurerieenieeieeiesieesteeseeneesseessneenesmeesreesseeeesmeesneenseenes -8-
CHAPTER 2 LITERATURE REVIEW ......cceeueuiiiiiiiiiiiinniiiniiiiirnassssissiinisssssssssssimesssssssssssssssssssssssssssssnns -9-
2.1 DIESEL ENGINE EMISSIONS ..c..vitventieureritenteenteeteeresieesieesseesinesseesbeesnesanesanesseeseessesmeesseenseennesmenenseennens -9-
2.1.1 CO, emission and fuel CONSUMPLION .........ccovvveeeeesiiiiesieeeeiieeeeieeesciteeesieeesiea s sieeeens -10-

2.1.2 NOX formation and r@AUCLION..............ccueeeeeeiieeecieieeseeeesteeesetaeeesetaeestteaeesseaessseeeeas -10-

2.1.3 Particulate MAELEr (PIM) .......coeeeeeeeeee et eeeet e tte e e ste e e s taa e s stta e e e e sisaaessseaesssseanens -12-

2.1.4 NOX-PM trAAC-Off ...ttt ettt e ettt a e e e sttt e e e e e e ssatsaeaaaeneaans -14-

2.1.5 THC and CO formation and CONIOl .............ooeeeeeecuveeieieeeecicieeeeeeeeeeteeee e e et scisavaaaaeeea -15-

2.1.6 COMDBUSEION NOISE ...ttt ettt -16 -

2.2 DIESEL AFTERTREATIMENT SYSTEMS .uveeureeurerirerieenseeiestesieesseeseeneessseesseesnessnesmeesseensesnnesmeesmeenseensesnes -17-
2.3 MODERN DIESEL ENGINE TECHNOLOGIES .....uuvtiiiiurreeiiirieeisrieessireessnaee s s naeessnreessnaeesssnreessnnasesnnnes -19-
2.3.1 Advanced fuel iNJECtiON SYSTEMIS..........cccuveeeeeiieeeeieieeseee e et eeeete e eseteeestesaaeesseaaesseeaens -20-

D I UV 1 o YoTol o Lo [ 4o 11T [N RS -21-

2.3.3 Exhaust gas reCirCulation (EGR)...........cccueeeeeueeeeeieeeeeeeeeeeieeeeeeteeeeteaeeseveaeesaraeesaseaaens -22-

2.4 LOW TEMPERATURE DIESEL COMBUSTION ...uuviiiiirrieiirieessiteessireessnaee s st seesssneessnaeesssnreesssnnaeesnnnes -24-
2.4.1 Low temperature COMBbUSLION StrATEGIES. .........cceecvreesieeeesiieeeeiieeescieeescieeesesssaeassseeaens -26 -

2.4.2 TECANOIOGIES WIth LTC ...coveeneeeeeeee ettt e ettt a e e e ettt e e e e essatsaaaaaaeesans -32-

2.5 DIESEL ENGINE TRANSIENT OPERATION ...eeiiurireriurreeiiirieessrteessireessnaeessssraeessnreessnaeesssnneesssnnesesannnes -32-
2.5.1 Dynamic behaviour of engine sub-systems during transients ..............cccccceeevvvveescvenenn.. -33-

2.5.2 Effects of engine thermal conditions during a transient ..............ccccoeceeeevvveecvvvneesscrennnn. -34-

2.5.3 Transient combustion behaviour during LTC .............ccceeeeeeviuveeeeeeeiisiiiieeeeeescsvseivreaaaeeens -34-

2.5.4 Diesel engine combustion characteristics during mode Shifts...........cccoueevvvveeevvvveesivennnnn. -35-
2.5.5Transient EGR CONEIOL...........couoveereieeieiieieeeeeeeees et -36-



2.6 1D SIMULATION OF DIESEL TRANSIENT OPERATION ...ceeeeeriiunrrereeesasannreeeeesesannereeesessessssnnreneresssesansseeees -36-

2.7 IDENTIFICATION OF KEY KNOWLEDGE GAPS ......veuveueeueeteetesueesieeteesesseesseesnsesasesaeesseensesnsesneessesnsesnns -37-
CHAPTER 3 RESEARCH APPARATUS AND PROCEDURES .........cccottttimmniiiiiiiinnnnnnsssssininmnssssssssssnsenes -39-
3.1 TEST ENGINE SPECIFICATION ....eutetteteenteentesutesseeseesestesueesseeensesnsesseanseensesnsesssesseensesnsessesseessessnsenns -39-
3.1.1 ReSEAICh ENGINE SYSEOIMS .......eereeeiiieitiesteeeeestt ettt sttt s e et esateeieeesaee s -41 -
3.1.2 Instrumentation and dat@ ACQUISITION ..............cceccueeeeecreeeesiieeesieeeeeiieeesceaeeeeeeaeesireeeens -44 -
3.2 EMISSIONS MEASUREMENT SYSTEM ...uuvvieiiurirerinrteesiirieessreresensreessineseeessnesesennneessnnaeessaneeesennneeesonnnes -47 -
3.2.1 Gaseous emisSiONS MEASUIEMENT ........c.eeeeeeuieeeeiiieieiieeesiie e e et e e sttt se e snsee e -47 -
3.2.2 Smoke/particulate MeASUIEIMENT..........cccveeeceeecreeeieeieeeeeeeiteeesteeeiseesiseesissesesssessseeseens -49 -
3.3 EXPERIMENTAL PARAMETERS. ... .tttteteeureeuresttenteesteetesatesbeesseesuneensesseesseensessnesenesseensesnsessnesseesseennnenns -49-
3.4 1D ENGINE SIMULATION ..uuvtieiirtieieiteeesreee e st e s ssteessmeeseessabesesansaeessaneeessabaeesannneessaraeesanaeaeesannneas -53-
3.5 DESIGN OF EXPERIMENTS ....cutieuteteeteereeitesieesteerestesieesbeeenseeateeseesseenseessesmnesbeenseessesanesmnessessnseenneane -55-
3.5.1 OPerating CONGITIONS ..........eeeeueeeeeeiiiieeiteeessie e e ettt e eteaaesteeeestaeesssssaeaeesssesesssssaesssseanans -56 -
3.5.2 Analysis of varianCe (ANOVA)........c.oooe ettt ettt siee e - 56 -
CHAPTER 4 HIGH EGR DIESEL COMBUSTION.....cccuuiiiiiiimmmmnniiiiiiiiienmssisiisiimmsssssssssssmssssssssssssssenns -59-
L N (] 51U oy T PP PPN -59-
4.2 EXPERIMENTAL METHODOLOGY ...ccuveeurieutinneereesrenirenseeteeresssesseeenesasesseesseensesasessnesseessessnessnesseensesnns -60-
A3 RESULTS t.uteuteeutenteereesresetestee st esnesanesheesbeee st eme e sse e b e ea st e st e easesbe e s e easesanesbeenbe e eaneemnesbeenbeenresanennnenseens -63-
4.3. T EGR IO TOST..cconeeeeeisiiieietie ettt sttt sttt e e s st e s et e e s e e saaree e -63-
4.3.2 Particle number and $ize diStriDULION ............c.cocuvevueeseiiiiiniiiiieeeeeee e -72-
4.3.3 Effects of fuel injection parameters 0N LTC ............ueeeccuueeecceeeeeiieeesiieeescieeeeeeiesessseeeens -79-
4.3.4 Effects of POSt fUEI INJECTION .........cccceeeeeeeeeeieeeeeeeieeeeeeeeeceteee e e ee et aaae e e eeesitaaaaaaeeeans -90 -
4.4 DISCUSSION ...eeiiiieieiiititesitte s sttt e e sttt ssa e e s s e bt e s e et e e sba e e s e b bt e e s bae e e s na e e s e br e e e s eabaeeesanaeeserneessannes -95-
4.5 CONCLUSIONS. c..teuvtenreenreeeresieesseesseenesaeesmeesseesneeeseesbeeseea s e sasesbaesse e beeanesanesreesreensessanesreereennesanensnens -98-
CHAPTER 5 LOW TEMPERATURE DIESEL COMBUSTION .....cccccovutiiiiueeiiissnneniissnnessssneesssssseessssannes - 100 -
5.1 INTRODUCTION ..uvteurieutieueiereeseeuresetesseeseessesesessseeseessteseeeseesseearesseesbeenesaressnesbnenbeeenneaseenseenresnnens -100-
5.2 LOW TEMPERATURE OXIDATION OF HYDROCARBONS .....vvtirurreeeiirieesirrressinreeesreeessnneaeessnnsessssnesessnnns -100-
5.3 RESEARCH IMETHODOLOGY ..eveeiiuvrieieirinesittesiiitteseiiretesenrteesssnaeessansesesnaeessanseesssnnasesanssessnnnesessnnnns -102-
B4 RESULTS «.vieesieettete et stee st et et e st e st es e sae e sbe et e et e e s e e e n e e st e et e s be e b e e reeanesbeenb st et e emeesnee s eearesenenneens - 105 -
R 3 {=Tor Rl ) i G o - R - 105 -
5.4.2 Intake charge teMPEIQLUIE............cccecccueeeeeeeeeeeeieeee e e e eeetteea e e es sttt aa e e e e e e esssasaaaeeeaas -110-
5.4.3 FUEI INJECTHION PrESSUIE........oeeeceeeeeiee e eeee e ettt e ettt e ettt e e e ettt e e st ataaessseaassnsesansanees -114 -
R N V=TI [ =Toru (oY I o 1 T R -118-
5.5 DISCUSSION ..eetiuitieiiiriieiitiee ittt ettt s e b b e sba e s ba e e s e bb e e e s sbe e e sba e e s s bb e e e sasbae e e saraeesenneeesanns -121-
5.6 CONCLUSIONS. ...ettetiitite sttt ettt ettt e s e e s e e e s sab e e e s b e s e s b e e e s sab e e e senbaeaeesnbeeessareeesnnns -122-

DIESEL COMBUSTION ....ccceremnrerrrenncceennnenenns
6.1 INTRODUCTION ...ceeevvvviieeeeeeeeernrinneeeeeeenns



6.2 RESEARCH IMIETHODOLOGY ....vveteeeieiuuerireeesaaaunrreetesesaaneeereeeeeesssannssneeesesasansreneeessessnnseneeesssasnnnsnnneee -127 -

6.2.1 MeaSUIremMent Of RGF.......ccoooveieuiieeeesiie ettt ettt ettt saeessaeessee e

6.2.2 Engine
6.2.3 Engine

6.3 RESULTS........

OPEIALING CONAIEIONS ..c..veeeeiiiseeeiiee et eetie et e s e e st e e sstee e esisaeessssseaeeaes

[ Lo Xe (=] |12 o TSRS

6.3.1 SimUIAtEd RGF FESUILS ....ccccoeveeieeeeiieeeeeeeeeeeeeeeeeeeeeeeeeeeee et

6.3.2 Conventional dieSel COMBUSTION ............cceeeevveieeieeeiiiirieeeeeesiiieeeeeeeeesirteeeeeeeeeeessareeeees

6.3.3 Low temperature diesel COMBUSTLION .............ceeccuueeeeeiieeeiieeeesiieeeeeeeesteeeesiraeesseaaens

6.3 4 EffECHIVE EGR ...ttt ettt ettt

6.4 CONCLUSIONS

CHAPTER 7 SENSITIVITY OF LTC TO ENGINE OPERATING PARAMETERS ........ccovviiiiunmnnnnnniiiiinnnns
7. L INTRODUCTION «..etteeteeesainreeeeessaeiseeteeesesaasneeeee st eeesesansraneeeeesaannraneeeesaaannreneeesssannnnsnnneeeesesannnnnees

7.2 DESIGN OF EXPERIMENTS AND ANOVA ..ttt ettt e e e e e e e e e snnreeee s

7.2.1 5election Of tNE fOCLOIS .......ccueeeueieiieeieeeeeeeese ettt

7.2.2 OBSEIVALIONS/TESPONSES ....o.eveeeeeieeeieniesiesiesieste st eteeatetete e ssesaessestessesaeassessesseeneeneensenes

7.2.3 DOE METEROUS ..vvvvveeeeeeeeeieeeeeeieeeteee ettt ettt e e e e e ettt e s e e esseesstsassaeseessssaseeesens

T2 ANOVA . ...ttt ettt ettt e sttt

7.3 RESULTS .......

7.3.1 Fractional fACTOrIQ tEST ...........ccuueeeeeeieeeeeeeee et e ettt e eeta e st e e e ettt e e e e e taaeessasaestasaesnes

7.3.2 TAGUCKRI LG tESE FESUIL.....oc.eeeeeeeeeeeeeee ettt e et e et e ettt e ettt e e e e e taaeessesaessasannnes

7.3.3 Taguchi method for different load and speed conditions..............ccccovvvveveeeeeecivuvennannn..

7.4 DISCUSSION ..

7.5 CONCLUSIONS

CHAPTER 8 PSEUDO-TRANSIENT OPERATION OF AN LTC DIESEL ENGINE............ccocvnmrernnriiinnnnns
8.1 INTRODUCTION «..iieieeeteeeseiitreeeee e s et et e s e saaine s sbe e e e e s e s amren e e e e e s e anrnnneeeesesnnreneeeeeeeeseannneneeesssanns

8.2 RESEARCH IMIETHODOLOGY vvvuunneeeeerrrsrsuieeeeeerersssnnaeeeesssssssnnsesesssssnaesessssssssnmeeesssssssrsnmnesesssesssaneens

8.2.1 Engine

[ Lo (=] |1 o SN

8.2.2 Pseudo-transient Operating POINTS ...........ceccueeeeecereeeiieeesiieeeseteaesieaaesiteeeeeesseeessseaaens

8.2.3 Engine

8.3 RESULTS .......

EXPECIIMENLS oottt aaaas

8.3. 1 TraNSIENT WItRIN LTC c.occooeeveveeee e eeeeeteee e eetttetve e e eetiaaveaae e e e e eesssseaseeessssansens

8.3.2 Transient during combustion mode Shifting.............ccccueeecveeeeciieesiiieeeciieeeciie e esieen,

8.3.3 Effects
8.3.4 Effects
8.4 DISCUSSION ..

8.5 CONCLUSIONS

of fuel injection parameters on high-EGR pseudo-transient points...................

of fuel injection parameters on low-EGR pseudo-transient point......................

CHAPTER 9 CONCLUSIONS AND FURTHER WORK .....ccccttttiiiimiinnniiiniiiiiieieeeiieiiiiieiieieeeeiieeeeeemee

9.1 DISCUSSION O

F OVERALL RESULTS «.eetvtttuieeeeeeerertruneseeeeeetesssnnaesesesesnnaeeessesssssnnnesesesssssssnnesessssssssnnnns



9.2 CONCLUSIONS...

9.3 IMPLICATIONS FOR ENGINE DEVELOPERS....ccetitiiiiiiiiieieiieeieteeeeeeee e ee e ee e e e e e eeeeeeaeseaeaeaeaeaeaaaeaaaaasasaseeenas

9.4 FURTHER WORK

9.5 CLosING CoMMm

REFERENCES...........
APPENDICES............

BN TS ettt e e e e e e e e

APPENDIX A1 DESIGN OF INTAKE AND EXHAUST SURGE TANKS ..ceeeetiiiierieereeeraiirreeeeeeseiinreeeeeeeseesmneneeeeens

APPENDIX A2 ENGINE INSTRUMENTATION eeteeiuurrreeeeesannnreeeeessasnnrenesesssanusannreeeeesssannnneeeesssnnnnnneesesenn

APPENDIX A3 EMISSIONS MEASUREMENT EQUIPIMENT ...uuiiiiiteeeeeesiiitteeeeeessnbereeeeesesasanseeeeesesennnnseaeeessas

APPENDIX A4 RESIDUAL GAS FRACTION MEASUREMENT AND PREDICTION..cceeeieiuuererereserainrreeeeeesenneneeeeesenns



List of Tables

Table 1.1 EU emission standards for diesel passenger cars (g/Km)................evveee. -2-
Table 3.1 Engine SPecifiCations ...............uuuuiiiiiiiiiiiiiiiiiiiiiieeees -39 -
Table 3.2 Fuel injection equipment system specifications..............ccc.oooevriivinnnnnnn. -40 -
Table 3.3 Example of ANOVA routine..........cccooeeeiiiiiiiiiiei e -57 -
Table 4.1 Operating conditions for EGR test...........ccieiiiiiiiiicc e, -61-
Table 4.2 Operating conditions for fuel injection parameters test......................... -61-
Table 4.3 Operating conditions for post fuel injection test.............cccooooeiiiiinnnnnnn. -62 -
Table 5.1 Engine operating conditions.............cccoooiiiiieii i, -103 -
Table 6.1 Engine Operating Conditions (conventional diesel*)...............ccco........ -130 -
Table 6.2 Engine Operating Conditions (LTC) .......coovvceeiiiiiiiiiiiice e, -130 -
Table 7.1 Factors investigated and the other engine operating parameters....... - 146 -
Table 7.2 Aliasing in half fractional factorial design................ccccvviiiiiiiiiiiiiiinnnn. - 148 -
Table 7.3 Half fractional factorial design (2 * 3 * 3 * 3)....uuuuriimiiiiiriiiiiiiiiiiiiiiiines - 148 -
Table 7.4 Taguchi 3™ L9 deSIgN .........uuuuuuuiiiiiiiiiiiiiiiiiiiiiiieieie e - 149 -
Table 7.5 Half fractional factorial test results (1500 rpm 8 mg/cycle) ................. - 150 -
Table 7.6 ANOVA table of fractional factorial test results on THC (1500 rpm 8
MG/CYCI) . -151 -
Table 7.7 Summary of the ANOVA for the half fractional factorial test results on the
observations (1500 rpm 8 MQ/CYCle CASE)........uereieeiiiiiiiiiiiieeae e - 152 -
Table 7.8 Taguchi L9 test results (1500 rpm 8 mg/cycle)........ccooviiiiiiiieeiiennnnnnee - 1585 -
Table 7.9 ANOVA table for Taguchi L9 test results on THC (1500 rpm 8 mg/cycle,
[aTe] g R o oTe] [=To ISP - 156 -
Table 7.10 ANOVA table for Taguchi L9 test results on THC (1500 rpm 8 mg/cycle,
[oT0T0] [=T o | PP - 156 -
Table 7.11 Summary of the ANOVA for the Taguchi L9 test results on the
observations (1500 rpm 8 MQ/CYCIE) ........vuuiiiiieeiiecee e - 157 -
Table 7.12 Summary of the ANOVA for the Taguchi L9 test results on the
observations (2500 rpm 8 MQ/CYCIE) .......ovuueiiiieeiieecee e - 158 -
Table 7.13 Summary of the ANOVA for the Taguchi L9 test results on the
observations (1500 rpm 16 M/CYCIE) ......ccuuiiiiiiiiie e - 159 -
Table 7.14 Summary of the ANOVA for the Taguchi L9 test results on the
observations (2500 rpm 16 M/CYCIE) ......ccuuiiiiiiiie e - 159 -
Table 8.1 Representative transient routes ..., - 167 -

Table 8.2 Selected pseudo-transient points from load transient within LTC [1]..- 169 -

X



Table 8.3 Selected pseudo-transient points from load transient crossing combustion
(Lo Te =TSN 1 -170 -
Table 8.4 Selected pseudo-transient points from load transient crossing combustion
modes [3] with high EGR rate for conventional diesel combustion..................... -171 -

Table 8.5 Effects of fuel injection parameters over individual pseudo-transient

OPEIALING POINT. ...t -172 -
Table A2.1 Engine instrumentation list..............ooooiiiiii e, -222 -
Table A3.1 Emissions measurement equipment specifications...............c.......... - 223 -
Table A4. 1 Engine operating CONAItiONS ............uuuuuiimiiiiiiiiiiiiiiiiiiiieeieeeieeeees - 226 -

Xl



List of Figures

Figure 2.1 Local fuel-air equivalence ratio, ®, versus temperature showing contours

of high soot and NOx formation regions..............cooiiiiiiii e, - 26 -
Figure 3.1 Combustion chamber piston bowl geometry.......................o . -40 -
Figure 3.2 Schematic of gases flow in the research engine............................. -41 -
Figure 3.3 Schematic of experimental system.................cocooiiiii -43 -
Figure 3.4 1D single-cylinder research engine WAVE model........................... -54 -

Figure 4.1 Effects of EGR rate on diesel engine emissions at 8 mg/cycle fuelling

ToTo ] Lo 11110 o = -64 -

fuelling CONAItIONS. ... e e - 67 -
Figure 4.4 Effects of EGR rate on diesel engine combustion process at 16 mg/cycle
fuelling CONAItIONS. ....c. e - 68 -
Figure 4.5 Effects of EGR rate on diesel engine combustion at 8 mg/cycle fuelling

(oo ] Lo [1 110 ] o =T -70 -

Figure 4.7 Effects of EGR rate on CoV(IMEP) and THC emissions...- 71 -
Figure 4.8 1500 rpm 8 mg/cycle particle size distribution with EGR sweep.....- 73 -
Figure 4.9 1500 rpm 16 mg/cycle particle size distribution with EGR sweep...- 74 -
Figure 4.10 2500 rpm 16 mg/cycle particle size distribution with EGR sweep.- 75 -
Figure 4.11 Total particle number and volume vs. filter smoke number...- 77 -
Figure 4.12 Particulate CMD vs. EGR rate for the three operating conditions...... -78 -
Figure 4.13 Effects of Sol on 8 mg/cycle LTC heat release rate, needle lift (not to
SCAlE) AlSO SNOWN... .o - 80 -
Figure 4.14 Effects of fuel injection pressure on low load LTC heat release rate..- 81 -
Figure 4.15 Effects of fuel injection pressure and Sol on CoV(IMEP) and THC
emissions (1500 rpm 8 MQ/CYCIE)....ceueiri i e -81-
Figure 4.16 Effects of fuel injection pressure and Sol on CoV(IMEP) and THC
emissions (2500 rpm 8 MQ/CYCIE).......ouuiuiii -82 -
Figure 4.17 Effects of combustion phasing (CA50) on CoV(IMEP) and THC

emissions for 8 mg/cycle LTC conditions. ...........coouiuiiiiiiiiiiieae - 83 -

Xl



Figure 4.18 Effects of combustion phasing (CA50) on indicated thermal efficiency for

8 mg/cycle LTC conditions.........ccouiiiiiii e -84 -
Figure 4.19 Effects of Sol on intermediate load (16 mg/cycle) LTC heat release rate
F= 1 To I oY T T L= gl o YT U - 86 -
Figure 4.20 Details of cool flame reaction heat release of Figure 4.19.............. - 86 -
Figure 4.21 Effects of Sol on CoV(IMEP) and THC emissions for intermediate load
I O o7 o 11T - - 87 -
Figure 4.22 Effects of fuel injection pressure on intermediate load (16 mg/cycle) LTC
heat release rate and cylinder PresSsure. ..........oooviviiiiiiiiiii e - 87 -
Figure 4.23 Details of cool flame reaction heat release rate of Figure 4.22......... - 88 -

Figure 4.24 Effects of fuel injection pressure on CoV(IMEP) and THC emissions for

16 mg/eycle load LT C.. ... e - 88 -
Figure 4.25 Effects of combustion phasing (CA50) on CoV(IMEP) and THC
emissions for 16 mg/cycle LTC conditions. ..o, - 89 -

Figure 4.26 Effects of combustion phasing (CA50) on indicated thermal efficiency for

16 mg/cycle LTC conditions..........cc.oiiiiiiiii e -90 -
Figure 4.27 Effects of post fuel injection quantity on emissions........................ -91 -
Figure 4.28 Effects of post fuel injection quantity on emissions........................ -92 -

Figure 4.29 Effects of post fuel injection quantity engine on thermal efficiency....- 92 -

Figure 4.30 Effects of post fuel injection quantity on heat release rate............... -93-
Figure 4.31 Effects of post fuel injection timing on emissions........................... -94 -
Figure 4.32 Effects of post fuel injection timing on heat release rate................. -95-

Figure 4.33 Local fuel-air equivalence ratio, ®, versus temperature (T) showing

contours of soot and NOX formation ...........ovoeeio e, - 96 -

FEIEASE CUIVES . ...ttt et eeas - 104 -
Figure 5.2 Effects of EGR rate on LTC heat release................c..cccoiiiiinnn. - 106 -
Figure 5.3 Effects of EGR rate on LTC combustion phasing.......................... - 108 -
Figure 5.4 Effects of EGR rate on LTC stability and emissions....................... -109 -
Figure 5.5 Effects of intake manifold temperature on LTC heat release............ -111-

Figure 5.6 Effects of intake manifold temperature on LTC combustion phasing.- 112 -

Figure 5.7 Effects of intake manifold temperature on LTC combustion stability and

EIMlISSIONS . ettt ettt et e e - 113 -
Figure 5.8 Effects of fuel injection pressure on LTC heat release................... -115 -
Figure 5.9 Effects of fuel injection pressure on LTC combustion phasing......... - 116 -

Figure 5.10 Effects of fuel injection pressure on LTC combustion stability and

L L ETST o] 1= T - 117 -



Figure 5.11 Effects of Sol on LTC heatrelease...............ccocooiviiiiiiiinininn.n. - 118 -

Figure 5.12 Effects of Sol on LTC combustion phasing.........................oo..l -119 -
Figure 5.13 Effects of Sol on LTC combustion stability and emissions............ -120 -
Figure 6.1 Concept of the RGF measurement.................coooiiiiiiiiiiiieen, -128 -

Figure 6.2 CO2 concentration and absolute exhaust manifold pressure measurement
during a sKip-firing @VeNnt...... ... - 129 -
Figure 6.3 Simulation results of RGF vs. EBP for conventional and LTC diesel

(o0 ] 0] U =] (o] o T -132 -

7= -134 -
Figure 6.6 Effects of EBP on conventional diesel combustion emissions......... - 135 -
Figure 6.7 Effects of EBP on LTC heatrelease rate........................cooonn - 136 -
Figure 6.8 Effect of EBP on LTC combustion phasing................cocoiiviinnn. -138 -
Figure 6.9 Effects of EBP on combustion stability represented by CoV of
VI E P s -139 -
Figure 6.10 Effects of EBP on LTC smoke and THC emissions...................... -139 -
Figure 6.11 Effective EGR vs. external EGR on LTC emissions...................... -141 -
Figure 7.1 Plots of the THC and CO emissions over the main factors and the
interactive influence of EGR rate with other parameters................................ - 153 -
Figure 7.2 Plots of CA50 and CoV(IMEP) over the main factors and the interactive
influence of EGR rate with other parameters...................coooi - 154 -

Figure 7.3 Effects of intake oxygen concentration on LTC THC, CO emissions, and
CA50 and CoV(IMEP) (1500 rpm 8 mg/cycle, half fractional factorial test)........ - 162 -
Figure 8.1 NEDC driving-cycle vehicle speed profile................ccooiiiiiiii. - 165 -
Figure 8.2 Engine fuel injection quantity and speed profile during a NEDC urban and
extra urban driving-cycle test........ ..o - 166 -
Figure 8.3 Engine operating command parameters and performance for the pseudo-
transient operating points during a load transient within LTC mode................. -173 -
Figure 8.4 Emissions and efficiency of the pseudo-transient operating points during a
load transient within LTC mode..........ocoiiiiiiiii e -174 -
Figure 8.5 Effect of boost pressure on heat release rate for the pseudo-transient
operating points of LTC transient..............cooiiiiiii i - 175 -
Figure 8.6 Engine operating parameters and performance for the pseudo-transient

operating points during a load transient crossing combustion mode................ -177 -

XV



Figure 8.7 Emissions and efficiency of the pseudo-transient operating points during a
load transient crossing combustion mode.............coooiiii -178 -
Figure 8.8 Effect of boost pressure on engine emissions and performance for the
pseudo-transient points during a combustion mode shifting transient............. - 180 -
Figure 8.9 Effect of boost pressure on heat release rate for the pseudo-transient
points of combustion mode shifting transient..................coo, -180 -
Figure 8.10 Effect of Sol and boost pressure on the pseudo-transient point

LY 1 EST< (o] 4 1= T -182 -

delay and CASD. ... .. - 182 -
Figure 8.12 Effect of Sol and boost pressure on the pseudo-transient point indicated
thermal effiCienCy. ... ..o - 183 -
Figure 8.13 Effect of Sol and boost pressure on the pseudo-transient point heat

(Y E T = 1 (= - 184 -

transient point eMISSIONS ... ... - 185 -
Figure 8.15 Effect of fuel injection pressure and boost pressure on the pseudo-
transient point ignition delay and CA50..............coiiiiiiii i - 186 -
Figure 8.16 Effect of fuel injection pressure and boost pressure on the pseudo-
transient point indicated thermal efficiency..................co - 186 -
Figure 8.17 Effect of fuel injection pressure and boost pressure on the pseudo-
transient point heat release rate..............ooooiiiiii i - 187 -
Figure 8.18 Effect of Sol on the low EGR pseudo-transient point emissions......- 188 -

Figure 8.19 Effect of Sol on the low EGR pseudo-transient point ignition delay and

Figure 8.20 Effect of Sol on the low EGR pseudo-transient point indicated thermal
EffiCIBNCY ... - 189 -
Figure 8.21 Effect of fuel injection pressure on the low EGR pseudo-transient point
L= 01T To ] o T - 190 -
Figure 8.22 Effect of fuel injection pressure on the low EGR pseudo-transient point
ignition delay and CABD..........ouiiiiii e - 190 -
Figure 8.23 Effect of fuel injection pressure on the Low EGR pseudo-transient point
indicated thermal efficienCy............cooiiii i - 190 -
Figure 8.24 Effect of Sol and fuel injection pressure on the low EGR pseudo-transient
point heatrelease rate..........cooooiiiiiiii -191 -
Figure 8.25 Local fuel-air equivalence ratio, ®, versus temperature (T) showing

contours of soot and NOX formation ...........coooeeiii i, -193 -



Figure 9.1 Local fuel-air equivalence ratio, ®, versus temperature (T) showing

contours of soot and NOX formation ..........coooeiii e -198 -

pulsations in the intake and exhaust system...............ccooiiiiiiiiic e, - 220 -
Figure A1.2 Effects of surge tanks on the pressure pulsations in the intake and
exhaust Manifolds. ... ..o - 221 -

Figure A4.1 RGF measurement results without throttling in the exhaust system vs.

exhaust bacK PreSSUre. ... ... - 227 -
Figure A4.2 Exhaust back pressure vs. throttle diameter............................... - 228 -
Figure A4.3 RGF vs. exhaust back pressure.............c.coooiiiiiiiiiiiiiin, - 229 -

Figure A4.4 Effect of exhaust throttling on intake manifold (top), in-cylinder (middle)
and exhaust manifold (bottom) pressures (absolute) during the intake valve opening
period at 3000 rpm, 6 bar IMEP..........c.cooii - 230 -
Figure A4.5 Comparison of intake manifold pressure between engine model
prediction and measurement at 3000 rpm 6 bar IMEP condition with 12 mm orifice
diameter throttling in exhaust............... -231 -
Figure A4.6 Comparison of RGFs between model predictions and measurement
results at 3000 rPM CASES.......viviiii i -232 -
Figure A4.7 Breakup of the sources of RGF for 3000 rpm 6 bar IMEP operating
o] T 114 o 1. - 232 -

XVI



Chapter 1 Introduction

The diesel engine is one of the most efficient types of internal combustion engine,
offering good fuel economy and low carbon dioxide (CO,) emissions. Diesel engine
powered cars account for more than half of total new car registrations in the
European Union (EU) (ACEA, 2010). However, the diesel engine is also a source of
particulate matter (PM) and nitrogen oxide (NOx) emissions, both of which are
subject to legislative limits because of their adverse effects on the environment and
human health. Traditional diesel engines release less unburned hydrocarbons (THC)
and carbon monoxide (CO) than typical spark ignition engines due to their overall
lean burn characteristics. A number of technologies have been proposed for the
reduction of the PM and NOx emissions from diesel engines. Low temperature
combustion (LTC) is especially promising because, when done correctly, emissions
of NOx and PM are reduced to near-zero levels at the engine’s exhaust port. As a
result, expensive and complicated NOx and PM aftertreatment systems would not be
required. However, LTC causes reduced combustion efficiency, leading to higher fuel
consumption and increased greenhouse gas emissions, as well as significant
increases in THC and CO concentrations in the exhaust gas compared to
conventional diesel combustion (Ogawa et al., 2007). To simultaneously reduce
emissions of these species and improve the efficiency of a diesel engine operating
with LTC under real-world conditions while maintaining near-zero NOx and PM

emissions is a great technical challenge.

The power and speed demanded from automotive diesel engines varies rapidly
during a driving-cycle, either for certification or in real-world use. Engine efficiency
and emissions are generally inferior under transient operation compared to steady-
state conditions (Black et al., 2007; Galindo et al., 2001; Wijetunge et al., 1999).
Since an engine in a vehicle runs primarily in transient conditions, the engine
transient operation contributes significantly more to the total amount of emissions
over a driving-cycle than the steady-state engine operation (Hagena et al., 2006).
Hence, new engine combustion technologies need to be evaluated in both steady-
state and transient operating conditions, so that their full impact and potential can be

established.

Many techniques that are used to reduce emissions are sensitive to transient
operation. Exhaust gas recirculation (EGR), which is one of the main techniques

used to control diesel combustion temperatures and heat release rates (Ladommatos
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et al., 1998a; Ladommatos et al, 1998b; Ladommatos et al., 2000), leads to
increased complications in the combustion process and in the air-path dynamics
(Langridge et al., 2002). For example, the inertia of EGR gas flow can cause higher
or lower concentrations of EGR than desired in the combustion chamber during
transients. This fluctuation in EGR rate has a significant impact on the engine
combustion and emissions (Hagena et al., 2006; Payri et al., 2010). It is reasonable
to expect that diesel engine combustion with high EGR rates is more sensitive to

transient operation.

This thesis presents research into LTC diesel operation and the effects on
combustion and emissions when the engine is operated under air, fuel and EGR
rates encountered during transitions between LTC and conventional diesel operation
modes. Experimental work is conducted to improve understanding of the sensitivity of
LTC diesel combustion to changes in operating conditions that could be encountered
during in-vehicle engine operation, including during mode-shifts between LTC and

conventional diesel combustion.

1.1 Diesel Engine Emission Legislations

Emission legislations for engines are becoming more stringent. Table 1.1 lists the
trends of diesel passenger car emissions standards in Europe since 1992. Both NOx
and PM permitted emissions are reduced in successive stages of legislation. For the
current Euro V standard, diesel engine PM emissions face a mass reduction of 80%
and NOx emissions face a reduction of 30% from the Euro IV standard. The test
cycle has also been changed; more realistic driving-cycles have been adopted, which
means more transient operations during the engine tests and more challenges for the

engines to meet the required emission standards.

Table 1.1 EU emission standards for diesel passenger cars (g/km)

Tier Introduction Date CoO HC+NOx NOXx PM PN*
Euro | 1992.07 2.72 0.97 - 0.14 -
Euro Il 1996.01 1.00 0.90 - 0.10 -
Euro 11l 2000.01 0.64 0.56 0.50 0.05 -
Euro IV 2005.01 0.50 0.30 0.25 0.025 -
Euro V 2009.09 0.50 0.23 0.18 0.005 -
Euro VI 2014.09 0.50 0.17 0.08 0.005 6.0*10"

* Particle number in #/km

Particle number has also attracted increasing attention. Even with low PM mass
emissions, a very large number of nano-particles are still being released from the

engines, which are considered by some to be harmful for the human health (Choe et



al., 2008; Oberdorster et al., 1994; Oberdorster et al., 2002). A total particle number
limit of 6*10"'#/km has been introduced for the Euro VI legislation (EU, 2007).

1.2 Conventional Diesel and Low Temperature Combustion

There are three main combustion phases for a conventional diesel engine: ignition
delay; premixed combustion; and mixing controlled combustion (Heywood, 1988).
Ignition delay is the period between the start of fuel injection into the combustion
chamber and the start of combustion. It is determined by the physical and chemical
properties of the fuel and charge gas (comprising a mixture of air, EGR and residual
burned gas) in the combustion chamber, such as fuel droplet break-up and
atomization, air motion, air temperature, oxygen concentration, cylinder wall
temperature and fuel properties. The combustion of the flammable fuel-air mixture
formed during this period is the premixed combustion. In this stage, the combustion
is fast and the heat release rate is high. After this stage, the remaining fuel that has
not yet burned and the fuel subsequently injected will burn after a process of liquid
fuel atomization, vaporization, mixing of fuel vapour with air, and pre-flame chemical

reactions. It is primarily controlled by the fuel-air mixing process.

Hsu (2002) divides the mixing controlled combustion phase into a diffusion burning
period and a post-burning period. The post-burning period starts by the end of the
fuel injection. In this period, the reducing cylinder pressure in the expansion stroke
results in a slower combustion rate. If the temperature in this stage is too low to
support the oxidation of PM, THC and CO, these emissions will be emitted from the
engine. The low temperature during this phase is also considered to be the main
cause of bulk quenching (Han et al., 2009; Mendez et al., 2009).

EGR is often used as a method to reduce NOx emissions. It consists of introducing
exhaust gas back into the combustion chamber and it has the effect of slowing
reactions and reducing the combustion temperatures. Traditionally, EGR is used to
reduce NOx emissions, although it normally also increases PM emissions. However,
when increasing the EGR rate to very high levels (i.e. > 50%), a very significant
reduction in both PM and NOx can be achieved simultaneously. Low combustion
temperatures and long ignition delays are the main contributors to the reductions in
these emissions (Bobba et al., 2009; Yun et al., 2008).

Local equivalence ratio and flame temperature are the main control variables to the
engine-out PM and NOx emissions. Diesel combustion concepts, such as

homogeneous charge compression ignition (HCCI), premixed charge compression
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ignition (PCCI), and partial premixed compression ignition (PPCI) and low
temperature combustion (LTC) have been studied by different researchers e.g.
including (Aronsson et al., 2009; Beatrice et al., 2007b; Hasegawa et al., 2003;
Laguitton et al., 2007; Ogawa et al., 2007; Simescu et al., 2003; Yao et al., 2009) to
achieve low NOx and PM emissions. LTC follows a broad approach similar as other
of these combustion concepts listed above, i.e. to reduce the combustion
temperatures through improved fuel-air mixing. The distinctive aspect of LTC,
however, is that it employs conventional diesel combustion system with high levels of
EGR, which reduces the combustion temperature to the soot formation temperature
lower limit. Timing of the combustion process is controlled by the fuel injection event.
Even for fuel-rich operating conditions, smoke formation can be suppressed very
effectively by the low temperatures. Details of these combustion regimes will be

discussed in Chapter 2.

LTC provides significant diesel engine emissions reduction at low and intermediate
engine loads. This combustion regime effectively suppresses both the NOx and PM
favoured formation conditions by keeping local temperatures below the levels
required to form either NOx or PM. However, the low oxygen concentrations caused
by high EGR rates restrict the fuel injection quantity permitted (Ogawa et al., 2007),
which in turn limits the engine load. To run the engine at LTC mode for low to
medium engine loads and conventional diesel combustion for high load engine
operation could be a strategy to meet both the future emissions regulations and the
engine performance requirements (Wang, 2007). To successfully accomplish this
strategy, the transition between LTC and conventional diesel combustion (‘mode
shifting’) needs to be carefully managed. There is a current lack of fundamental
understanding of the engine conditions that might be encountered during such a

transition.

Engine transients, such as start-up and rapid changes in speeds and loads, are a
very significant cause of pollutant emissions from direct injection diesel engines
(Hagena et al., 2006). The interactions between EGR and other sub-systems such as
air-exchange and fuel injection systems during transients are complex. The
deviations of fuel-air ratio and EGR rate from their equivalent steady-state operation
conditions affect the combustion behaviour, influencing emissions, fuel consumption
and performance (Hagena et al., 2006; Wijetunge et al., 1999). In particular, engines
equipped with turbochargers typically suffer from an inherent “turbo-lag” effect as the

engine speed and load are rapidly changed. Turbo-lag results in a relatively lower
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level of trapped air charge in the cylinder for a transient operation from low to high
load or speed conditions compared to their equivalent steady-state operation
conditions. This effect is exacerbated in the presence of an EGR system, which adds
an extra level of complexity to the response of the air-exchange process to engine
transients. The mismatch of the fuel delivery and inducted air mass causes an
overshoot of equivalence ratio (Galindo et al., 2001; Hagena et al., 2006). Due to the
unsteady air exchange processes, the optimised EGR rate during transient operation
is different from the steady-state conditions and is difficult to control. Hence, the
cycle-by-cycle air-fuel-ratio and EGR rate changes cause a deterioration in engine

emissions (Yokomura et al., 2004).

1.3 Objectives and Scope

The overall objective of the research reported in this thesis was to improve the
understanding of diesel combustion and emissions behaviour during high EGR
operating conditions in a high speed direct injection (HSDI) single cylinder research
diesel engine. Specific interest was placed on the low temperature diesel combustion
(LTC) characteristics expected during steady-state and transient operation. The
research uses a single-cylinder research engine to investigate the following specific

objectives:

1) to understand the engine combustion behaviour and emissions characteristics

under LTC mode realised through introducing of high levels of EGR;

2) to improve the understanding of LTC, specifically to identify the distinctive features

of LTC compared to conventional diesel combustion;

3) to investigate the LTC sensitivity to engine fuel injection strategies and air-path
parameters. The key parameters being investigated are EGR rate, intake charge
temperature, fuel injection quantity, fuel injection pressure and timing, exhaust back

pressure and engine speed;

4) to investigate the diesel engine combustion behaviour during transient operation

conditions within LTC mode identified by a 1D engine transient simulation model; and

5) to investigate diesel engine combustion behaviour during engine combustion

mode shifting between LTC and conventional diesel combustion.

These objectives were expected to provide a better understanding of the diesel LTC
behaviour and emissions, especially during transient operation conditions. From this
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study, improved operation modes have been found to optimise the LTC process, with
the goal of reducing the influence of the transients on the engine efficiency and

emissions.

1.4 Thesis Structure

The thesis is structured as follows: Chapter 1 has provided the background and
motivations for the research. Chapter 2 gives a review of the modern diesel engine
combustion and emissions control techniques, and the current state of the
understanding of the diesel engine combustion and pollutant formation mechanisms.
It reviews the techniques to achieve LTC with high rates of EGR, and diesel engine
transient operation characteristics. In Chapter 3, the experimental system setup and

engine 1D modelling are described.

Chapter 4 presents the implementation of LTC on the research engine by
introduction of high rates of EGR. The influence of fuel injection parameters on LTC
combustion and emissions are evaluated. The effects of EGR rate on particle size

distribution and numbers are also introduced.

Chapter 5 explains some of the characteristics of LTC. The low temperature
reactions and negative temperature coefficient (NTC) phenomena are observed with
variations of engine operating parameters. Their correlation with the main

combustion and emissions are also evaluated.

Chapter 6 discusses the influence of exhaust back pressure on LTC combustion. The
residual gas fraction rise caused by increased exhaust back pressure lead to
increased effective EGR rate and temperature. The influences of these factors on

LTC combustion and emissions are investigated.

Chapter 7 introduces the LTC sensitivity to the small variations of the engine
operating parameters, such as EGR rate, intake charge temperature, fuel injection
quantity and engine speed. Design of experiments and statistical analysis of
variables are implemented in the study to elucidate the sensitivity of LTC to the

variations of these parameters.

Chapter 8 evaluates the engine combustion and emissions during simulated transient
operating conditions with different engine combustion control strategies. The selected
in-transient operating points are studied experimentally in detail to identify the

potential transient control strategies which could reduce transient emissions and
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improve transient performance for LTC engines. Fuel injection parameters and boost
pressure are evaluated on the in-transient operating points in emissions and

efficiency.

Finally, Chapter 9 summarizes the research, providing the main conclusions from the

research and presents suggestions for future work.

1.5 Contributions to the Body of Knowledge

The major contributions to knowledge resulting from this research are listed below:

1) EGR has been found to be the most critical control parameter for a stable LTC
diesel combustion. Improvement in EGR rate control accuracy is essential for the

practical implementation of LTC.

2) There is a linear relation between LTC combustion stability and combustion
phasing, with more advanced combustion increasing combustion stability when there

is no fuel impingement occurring.

3) Fuel injection timing has the most significant influence on LTC combustion and
emissions. Fuel injection pressure shows marginal effects on LTC combustion. Post

fuel injection was shown to have generally detrimental effects on LTC emissions.

4) EGR rate affects PM emissions in terms of filter smoke number (FSN), particle
number (PN) and size distribution. An increase in EGR rate from zero to high level
(i.e. for LTC, > ~50%) reduces the total PN per cycle. However, the lowest total PN is
found at the intermediate EGR rate condition where the smoke number is at the
peak. The count median diameter of the particle size distribution is increased for

intermediate EGR rate conditions and is reduced in the LTC mode.

5) Exhaust back pressure increases the trapped residual gas fraction, increasing the
‘effective’ EGR rate; this has a discernable influence on LTC combustion and
emissions which is similar, but not identical, to the effect of an equivalent increase in
EGR.

6) Transient simulation of a diesel engine is used to identify the critical operating
points which have significant influences on engine performance and emissions during
a transient process. The chosen ‘pseudo-transient points’ are experimentally studied

on the single-cylinder research engine running under steady-state condition.



7) Retarding the fuel injection timing effectively delays the combustion phasing. This
is used to reduce smoke emissions for the pseudo-transient points which normally
have high smoke emissions. An increase in boost pressure at the same time reduces

the fuel consumption penalty caused by the late combustion.

8) The low temperature reactions and negative temperature coefficient (NTC) phases

of the LTC process are influenced by the composition and temperature of the charge.

1.6 Publications Arising from this Research

This research has led to the following publications:

S. Cong, G. P. McTaggart-Cowan and C. P. Garner, The Effects of Exhaust Back
Pressure on Conventional and Low Temperature Diesel Combustion, IMechE part D:

J. Automobile Engineering, accepted.

S. Cong, G. P. McTaggart-Cowan and C. P. Garner, Effects of Fuel Injection
Parameters on Low Temperature Diesel Combustion Stability, SAE 2010-01-0611

S. Cong, G. P. McTaggart-Cowan and C. P. Garner, The Effects of Exhaust Back
Pressure on Conventional and Low Temperature Diesel Combustion, Internal
Combustion Engines: Performance, Fuel Economy and Emissions Conference,

Institution of Mechanical Engineers, December 2009, London.

S. Cong, G. P. McTaggart-Cowan and C. P. Garner, Measurement of Residual Gas
Fraction in a Single Cylinder HSDI Diesel Engine through Skip-firing, SAE 2009-01-
1961.



Chapter 2 Literature Review

Understanding pollutant formation mechanisms in diesel engines provides an
opportunity for engine developers to control emissions by optimising the combustion
process. In-cylinder conditions such as charge temperature, EGR rate and fuel-air
distribution are critical parameters that substantially influence the combustion event.
Therefore, knowledge of their influence on emissions is essential in minimising
engine-out emissions. The engine operating parameters which most influence diesel
combustion and their implementations for pollutant formation and consumption will be

discussed in this chapter.

A number of advanced diesel engine technologies have been developed or are under
development to help meet the future stringent emission legislations while satisfying
the increasing demands for high performance and low fuel consumption. These
technologies include sophisticated fuel injection systems and air exchange systems,
which control the fuel mixing and charge composition and temperature during engine
operation. These technologies can be used to optimise the combustion process,
reducing both the fuel consumption and emissions. Exhaust gas after-treatment
systems are effective on reducing tail-pipe emissions. However, for the more
stringent future emission legislation, a significant reduction in engine-out emissions is
of significant value since it helps reduce the demands on exhaust aftertreatment

systems, and hence efficiency, cost, size and durability.

This chapter focuses on reviewing current and near-future technologies that aim to
significantly reduce engine-out emissions from diesel engines, with a focus on LTC
techniques. This chapter will also identify where there are gaps in the current state of
knowledge relating to high-EGR diesel combustion in light duty diesel engines during

both steady-state and transient operation.

2.1 Diesel Engine Emissions

The regulated pollutants in the exhaust of internal combustion engines consist of
oxides of nitrogen (mainly NO and NO,, commonly referred to as NOx), particulate
matter (PM, mainly comprising solid carbon with absorbed hydrocarbon compounds),
carbon monoxide (CO) and unburned hydrocarbons (THC). In addition, internal
combustion engines are also a significant source of carbon dioxide (CO,) emissions,

and hence are attracting increasing attention due to their contribution to global CO,
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levels. Engine noise is another concern for diesel engines due to its effect on vehicle

refinement and comfort.

2.1.1 CO, emission and fuel consumption

CO, is a gas that has been identified by climate scientists as the main contributor to
climate change (EU, 2006; IPCC, 2007). After power generation, road transport is the
second biggest source of man-made greenhouse gas emissions in the EU. It
contributes about one quarter of the EU's total man-made emissions of carbon
dioxide (CO,), and it is one of the few sectors where emissions are still rising rapidly.
As a result, the European Parliament has enacted legislation to require automotive
manufacturers to meet fleet-average CO, emissions of 120 g/km by 2015 and 95
g/km by 2020 (EU, 2009).

Along with CO, emissions, the consumption of liquid hydrocarbons for transportation
applications is also increasing. Since the fossil fuel (from which most diesel fuel is
made) is a finite resource whose amount and stability of supply is unknown, there is
a need for ever-increasing efficiency. Therefore, the reduction in fuel consumption of
engines is an important fundamental goal as directly helping with reduced

greenhouse gases.

The diesel engine has a lower fuel consumption and hence lower CO, emissions
than a similar power gasoline engine due to its higher compression ratio and throttle-
less design. Any improvement in engine efficiency will lead to a reduction in CO,
emissions and fuel consumption. However, in general, steps that improve engine
efficiency will tend to increase emissions; as a result, meeting both CO, and air

pollutant emissions standards at the same time poses a significant challenge.

2.1.2 NOx formation and reduction

NOx is one of the principal pollutants emitted by combustion processes (Kuo, 2005).
They damage human health and the environment severely (APIS, 2010); thus,
government agencies are passing stringent laws to control the emissions of these
pollutants. Understanding the NOx formation mechanism is essential when
developing combustion strategies to control the amount of NOx generated from

combustion.
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The formation of NOx is a complex process that involves many elementary chemical
reactions. The primary pollutant, directly emitted, is nitric oxide (NO), together with a
small proportion of nitrogen dioxide (NO,). NO is oxidised by ozone in the
atmosphere, on a time scale of tens of minutes, to give NO,. In rural air, away from
sources of NO, most of the nitrogen oxides in the atmosphere are in the form of
NO,.The major NOx formation routes in internal combustion engines are categorized
below (Kuo, 2005):

1) Thermal NO route, also known as the Zel'dovich mechanism;
2) Prompt NO route, also known as the Fenimore NO mechanism;

3) Fuel-bound nitrogen route.

Thermal NO mechanism (Zel’dovich mechanism)

In a diesel engine, NOx formation is driven primarily by the oxidation of atmospheric

nitrogen via the extended Zel'dovich mechanism (Heywood, 1988):

O+ N, NO+N (2-1)
N+O,< NO+O (2-2)
N+OH< NO+H (2-3)

This NO formation mechanism is highly temperature dependent due to the large
activation energies required to generate free N atoms (i.e. to break the triple bond of
N,, the dissociation energy is 946 kJ/mol). The reaction rates become high when
temperatures exceed 1900 K and the NO remains during cooling since the reverse

reaction rate is very slow.

The main controlling factors for the thermal NO formation are: the temperature of the
mixture; the concentration of oxygen; and the time in the high temperature
environment. These factors are reached in the post flame zones in the combustion
chamber. Thus, NO formation in the post flame gases is almost always dominant
(Heywood, 1988; Kitamura et al., 2005). A combustion process with the post flame
gases fuel-air equivalence ratio near unit (~0.8-1.0) has the highest temperature and
the peak initial NO formation rate (Dec, 1997; Kuo, 2005).

Prompt NO mechanism (Fenimore mechanism)

Fenimore (Kuo, 2005) discovered that some NO was promptly produced in the flame

zone of laminar premixed flames long before there would be time to form NO by the
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thermal mechanism. Prompt NO in hydrocarbon flames is formed primarily by a
reaction sequence that is indicated by the rapid reaction of hydrocarbon radicals (i.e.
CH, CH,, C,, C,H, C) with molecular nitrogen, leading to formation of amines or
hydrocyanic acid (HCN) that subsequently reacts to form NO. Therefore, the prompt
NO mechanism is of significant importance with hydrocarbon fuels when the thermal
mechanism is greatly reduced, especially under fuel rich conditions where

temperatures are so low that the first step of the thermal mechanism does not occur.

At low temperatures (i.e. T < 2000K), and with rich (® > 1.0) mixtures, the prompt NO
mechanism dominates the rate of NO formation (Kuo, 2005). Under this low
temperature condition, the thermal NO formation rate is insignificant. A diesel engine
operating in LTC mode features a low combustion temperature and a lower overall
air-fuel-ratio. Both these effects tend to favour prompt NO formation as the dominant
mechanism; thus, in this combustion regime the prompt NO needs to be taken into

consideration for LTC emissions analysis.

NO production from fuel-bound nitrogen

Fuel-bound nitrogen is another potential source of NO during combustion (Kuo,
2005). The conversion of fuel-bound nitrogen into NO is strongly dependent on the
local combustion environment (e.g. temperature and fuel-air ratio) and on the initial
level of nitrogen compounds in the fuel-air mixture. The fuel nitrogen reaction is
initiated by a rapid conversion of the fuel nitrogen compounds to hydrogen cyanide
(HCN) and ammonia (NH;). The oxidation of HCN and NH; into NO is favoured by
fuel-rich conditions. However, the fuel bound NO formation in typical diesel engines
is insignificant since standard diesel fuel contains only very small quantities of
nitrogen. The NOx recycled from the previous cycle through EGR system may play
another role on the engine out emissions. However, in a steady-stage operating

condition, this part of NOx will not be emitted.

2.1.3 Particulate matter (PM)

The PM emitted from a conventional diesel engine is a combination of an insoluble
fraction (ISF) and a soluble organic fraction (SOF). Carbonaceous particles (soot) are
the main component in ISF; it typically consists of approximately eight carbon atoms

per hydrogen atom (Xi et al., 2006). The fraction of soot in PM emissions from diesel
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engines vary, but is typically higher than 50% (Tan et al., 2004; Tree et al., 2007),

even with the most modern (advanced) engine systems.

The soot formation processes include five commonly identified steps: pyrolysis;
nucleation; coalescence; surface growth; and coagulation and agglomeration (Smith,
1981; Tree et al., 2007). The decomposition and atomic rearrangement of a fuel
molecule into smaller hydrocarbon molecules occurs primarily in a region with both a
shortage of oxygen and relatively high temperatures (> 750K) (Aizawa et al., 2008).
In this region, the fuel molecules begin to decompose and form cyclic PAHs. Then,
with increased temperature, the radical additions of small hydrocarbons to larger
aromatic molecules occur. This nucleation process is heavily dependent on the
abstraction of hydrogen atoms from the precursors. Since the abstraction of
hydrogen atoms is an endothermic reaction, the nucleation process is temperature
dependent (1300K — 1600K) (Tree et al., 2007). Surface growth is the process of
adding mass to the surface of a nucleated soot particle. During surface growth, the
hot reactive surface of the soot particles accepts gas-phase hydrocarbons. This
leads to an increase in soot mass, while the number of particles remains constant
(Kitamura et al., 2002). Coagulation and agglomeration are processes for particle
combination. During coagulation, two roughly spherically shaped particles combine to
form a single spherically shaped particle. Agglomeration occurs when individual
particles stick together to form groups of particles. The primary particles retain their

original shapes during this process (Tree et al., 2007).

Soot oxidation which leads to the consumption of previously formed particles and
precursors, can take place at any time when both soot and oxidising species are
present at temperatures above 1300K (Dec, 1997). Temperature, pressure and local
equivalence ratio have fundamental effects on the soot formation and oxidation rates.
High temperature enhances both soot formation and oxidation. It is found that soot
oxidation will cease when the temperature falls below 1300K and the soot formation
favoured temperature is over 1500K (Tree et al., 2007). Combustion with a high local
equivalence ratio at high temperatures favours every stage of soot formation; it is the
main contributor for soot formation in a diesel engine. High pressure is another
accelerator for the soot formation. An increase in combustion pressure (p) increases
soot formation at a rate which could be as high as proportional to p? (Tree et al.,
2007).

In conventional diesel combustion, both the soot formation and oxidation during

combustion process are substantial. The engine-out soot emissions are a result of
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combination of these two reactions (Bockhorn et al., 2002). Enhanced fuel mixing
can significantly reduce the fuel-air equivalence ratio and reduce the soot formation
rate. A longer ignition delay and a higher intensity of premixed combustion can both
reduce the local fuel-air equivalence ratios, leading to lower soot formation rate (Crua
et al., 2003; Tree et al., 2007). Temperature has a complex effect on soot formation
and oxidation and is dependent on fuel-air equivalence ratio. Higher charge
temperatures and sufficient oxidizers in the later part of the combustion process can
improve the soot oxidation and significantly reduce the engine-out soot emissions
(Tree et al., 2007). However, combustion under these conditions leads to significantly
increased post-flame thermal NO formation as describe in Section 2.1.2. A reduction
in combustion temperatures to below the soot formation temperature thresholds at
specific fuel-air equivalence ratios can reduce the soot formed and reduce the soot

oxidation demands to lower engine-out soot emissions.

2.1.4 NOx-PM trade-off

According to the mechanisms of NOx and PM formation, technologies which can
reduce NOx emissions usually have negative effects on PM emissions, and vice
versa. Decreased combustion temperatures with, for example, EGR or retarded fuel
injection can effectively reduce NOx formation. However, the lower combustion
temperatures in the later part of the combustion process result in slow PM oxidation
reactions and the slower combustion process reduces the time for oxidising the PM.
By advancing the fuel injection timing, the PM can be reduced due to increased
premixed combustion and longer oxidation duration in the cycle (Lee et al., 2004).
Increased fuel injection pressure is an effective method to reduce the PM formation
due to the enhanced fuel-air mixing and reduced local equivalence ratios. However,
fast premixed combustion and accelerated overall combustion processes result in
higher overall combustion temperatures and increased NOx formation (Fang et al.,
2010; Fischer et al., 2009).

To reduce PM and NOx emissions simultaneously, different methods can to be
considered. One of the options is to manage very lean and homogeneous fuel-air
mixture combustion (e.g. homogeneous charge compressions ignition, HCCI); or to
restrict the combustion temperature below the threshold, which is favoured by soot
and NOx formation (e.g. low temperature combustion, LTC) (Neely et al., 2005).
Another way is to use separate techniques to control the two emissions. For

example, an intermediate temperature combustion process could effectively
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suppress NO formation. Techniques to reduce PM without significantly impacting
NOx could include improving fuel-air mixing (i.e. high swirl ratio) (Henein et al., 2006)
to reduce PM formation or increasing the turbulence of the combustion during later
stage of the combustion process (i.e. post fuel injection) (Bobba et al., 2010; Chen,
2000; Yun et al., 2005a) to enhance the PM oxidation can all reduce the engine-out

PM emissions.

2.1.5 THC and CO formation and control

Total hydrocarbons (THC) are the consequence of local flame extinction of the
hydrocarbon fuel combustion. THC are composed of either volatile components of
diesel fuel which have not participated in the combustion or hydrocarbons which are
formed during combustion but which are not completely converted into carbon or
hydrogen oxides. Formation of THC are mainly due to two main effects: flame
extinction by strain; and flame extinction at walls and crevices (Warnatz et al., 1999).
Bulk and wall flame quenching are the sources of THC emissions in a diesel
combustion process. Improper fuel-air mixing reinforces the quenching effects and
leads to increased THC emissions. Over-mixing causes leaner mixture than the
flammable fuel-air mixture. This leads to termination of flame propagation in the
zone. Local under-mixing of fuel results in an over-rich mixture during the combustion
period, which leads to an oxygen deficit combustion and formation of THC (Heywood,
1988; Mendez et al., 2009).

Like THCs, emissions of carbon monoxide (CO) are primarily a result of incomplete
combustion. CO is almost exclusively generated by oxygen-deficient combustion of
hydrocarbons. CO emissions from internal combustion engines are controlled
primarily by the fuel-air equivalence ratio (Heywood, 1988). Typical diesel engines
have insignificant CO emissions due to their overall lean combustion. However, at
locally rich regions in the combustion chamber, CO formation can occur since there
is insufficient oxygen to oxidise it. For some new combustion concepts such as high
EGR diesel combustion, the oxygen-fuel ratio is sometimes too low to achieve

complete combustion, and hence CO emissions become substantial.

THC and CO are intermediate products of diesel engine combustion, and, given a

high enough in-cylinder temperature and oxygen concentration and sufficient mixing,

most of these species should be oxidised before they are emitted from the engine. As

a result, they are not a significant concern for traditional diesel engine combustion.

However, combustion strategies that reduce the in-cylinder temperature or
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equivalence ratio, for example HCCI or LTC, may not be able to fully oxidise all these

species.

For the high EGR operation of diesel engines, a significant quantity of THC is formed
due to bulk quenching and wall quenching (Mendez et al., 2009). High intake charge
dilution (high rate of EGR) leads to reduced oxygen-fuel ratios and lower combustion
temperatures. These increase bulk quenching and result in high rates of combustion
by-product emissions. In high-EGR combustion, fuel injection timing is normally
advanced to increase the fuel mixing time and maintain the combustion phasing for
high EGR operation of diesel engines. However, this earlier injection leads to greater
fuel jet penetration, resulting in fuel vapour approaching the walls of the combustion
chamber. The cooling due to the proximity of the walls may be sufficient to quench
the combustion reactions before completion. Lower global in-cylinder temperatures
will exacerbate this effect and will also make it more difficult for these species to be
oxidised later in the combustion process. Incomplete combustion of the fuel-air
mixture trapped in the crevice volume is also one of the sources of THC and CO
(Ekoto et al., 2009; Heywood, 1988).

The fuel in the sac volume of injector nozzle is another potential source of partially
oxidised fuels (Koci et al., 2009). Oxidation of this sac fuel is low during combustion
and it leaves the sac in the later part of the combustion process in the expansion
stroke. The low oxygen concentration and reducing temperature under high EGR rate
operating conditions make it even more difficult for the oxidation of any fuel vapour
emitted from the nozzle sac (Ekoto et al., 2009; Mendez et al., 2009).

2.1.6 Combustion noise

Diesel engines have higher combustion noise compared to equivalent spark ignited
(SI) engines due to their higher compression ratio and rapid initial combustion
processes. It is one of the concerns for the application of direct injection diesel
engine on vehicles because of its impact on vehicle refinement (Costa et al., 2009).
Diesel combustion noise is generally caused by the initial rapid combustion of
premixed fuel-air mixture in the cylinder. This large pressure gradient results in the
so-called “diesel knock”, which is a very strong excitation source that forces the in-
cylinder charge to oscillate. In addition, the maximum cylinder pressure rise rate is
the constraint parameter for diesel engine operation (Beatrice et al., 2007a; Yun et
al., 2008).
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The intensity of the premixed combustion has a dominant effect on both the cylinder
peak pressure and the pressure rise rate. As mentioned in Chapter 1, the ignition
delay influences the premixed combustion stage by affecting the availability of
flammable fuel-air mixture (Heywood, 1988; Hsu, 2002). Longer ignition delays often
result in a higher premixed combustion rate due to the longer time available for fuel
and air to mix to a combustible stoichiometry. Technologies such as pilot fuel
injection and retarded fuel injection are effective in reducing the ignition delay and

promoting smoother overall combustion processes (Badami et al., 2003).

2.2 Diesel Aftertreatment Systems

Most diesel engine manufactures recognise that in-cylinder combustion control will
not ensure that their engines meet the stringent new emissions regulations. As a
result, it has become necessary to employ aftertreatment equipment to remove
pollutants from the exhaust stream. These techniques have focused on reducing
emissions of PM, NOx, THC and CO.

Diesel particulate filter (DPF)

The DPF is a device designed to remove the carbonaceous component of PM from
the exhaust gas of a diesel engine. These filters have a cellular structure where the
exhaust gases flow through the pores of the cell walls. Soot particles are too large to
flow through the pores, and they are trapped on the ceramic walls. Periodically the
filter is regenerated to consume (oxidise) the soot into CO, and clean the filter. It can
remove up to 98% per cent of the particles by mass in the exhaust gas (Williams et
al., 2008). However, the loading of PM within the DPF increases the exhaust back
pressure (a Ap from 5 kPa to 60 kPa depends on soot load and exhaust flow rate)

(Boger et al., 2008) which leads to increased pumping work for the engine.

Complex regeneration strategies are needed for removing the particles filtered by the
DPF. Most current DPFs use ‘active’ regeneration techniques that force the DPF into
a regime where the collected soot is oxidized. Exhaust manifold fuel injection, post
fuel injection and retarded fuel injection are used to increase the exhaust
temperature and to introduce reactive oxidizers (e.g. NO,) for promoting trapped PM
oxidation within the DPF (Florchinger et al., 2004; Gardner et al., 2009; Zhan et al.,
2006). ‘Passive’ regeneration, which can be achieved without needing to adjust the
combustion process, is promising but tends to be limited to lower PM loadings. It also

normally requires more expensive catalyst loads and specific vehicle duty cycles.
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New techniques that are under development would use external energy resources,
such as electric-discharge generated plasmas or microwave energy resources, to
regenerate the DPF without interacting with the diesel combustion processes
(Williams et al., 2009). While these technologies are attracting more interests due to
their flexibility in DPF regeneration control, they are not currently commercially
available. Johnson Matthey Company has introduced catalysed DPF systems, which

can reduce PM by over 85% and THC and CO by over 90% passively.

Diesel oxidation catalysts (DOCs)

In the exhaust streams, the THC and CO emissions can be removed by catalysed
oxidations through a DOC. On the catalyst bed, the emissions react with oxygen in
the exhaust and produce CO, and water. More specifically, a regular DOC can
reduce the PM by up to 30%, hydrocarbon based soluble organic fraction (SOF) by
around 70%, and THC and CO by over 80% content of diesel exhaust by simple
oxidation. However, during converting the THC and CO, NO, is formed as a by-
product (Johnson, 2008; MECA, 2001). Also, the DOC is an important tool in
preparing the exhaust stream to have the ‘right’ composition and temperature before
entering the DPF. For example, the NO, formed in the DOC can react with the soot
trapped in the DPF and produce NO and CO, Hence, most DPFs are built in

combination with a DOC upstream.

One of the main challenges for DOCs is that a reasonable exhaust temperature
(typically 200-250°C) (Han et al., 2008) is needed for the catalyst to light off to get an
acceptable THC and CO conversion rate. For techniques such as low temperature
diesel combustion, low exhaust temperatures may introduce difficulty in the
implementation of DOC systems. New DOC systems are under development to cope
with the lower diesel exhaust gas temperatures as low as 150°C (Holroyd, 2008;
Johnson, 2009; Johnson, 2010).

Lean NOx trap (LNT)

An LNT stores NOx under lean conditions and reduces it under rich conditions using

precious metals such as Barium and Platinum plated on the surface of the substrate.

It uses CO and THC as reductants to convert the NOx into N,, CO, and water during

fuel-rich operation. It has a deNOx efficiency of up to 70-80%. The trapping capacity

depends on the deactivation level of the device and the operating point of the engine.

LNT operation and durability is subject to catalyst deactivations due to the high
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exhaust temperature and sulphur content in the fuel (Theis et al., 2010; Xu et al.,
2008).

Selective catalytic reduction (SCR)

Selective catalytic reduction (SCR) systems use a wash-coated or homogeneous
extruded catalyst and a chemical reagent to convert NOx to molecular nitrogen and
oxygen in the exhaust stream (Muench et al., 2008; Tao et al., 2004). In mobile
source applications, an aqueous urea solution is usually the preferred reductant
(Tennison et al., 2004). The SCR system can reduce NOx emissions by 75 to 90%,
(Johnson, 2009; MECA, 2001). Estimation of NOx concentration in the exhaust gas,
precise control of urea injection to ensure that there is just enough NH; to reduce the
NOx and good distribution within the catalyst are the main challenges for the

application of SCR technology.

2.3 Modern Diesel Engine Technologies

To take advantage of diesel engines’ high efficiency and to simultaneously reduce its
drawbacks, technologies have been developed to achieve cleaner and more efficient
diesel combustion strategies. For example, fuel injection systems have been
improved significantly from the traditional in-line pump-pipe-injector systems to
electrically controlled systems such as common rail fuel injection systems and
electric unit injector systems. Complete flexibility in fuel injection pressure, timing,
and rate control at varying operating conditions permits optimization of the diesel
engine combustion control for higher efficiency and lower emissions. To enhance the
air-exchange process, variable geometry turbochargers (VGT) and variable nozzle
turbines (VNT) have been developed to optimize boost pressures over the engine
load-speed map. These technologies allow better control over fuel-air ratios over a
wider range of engine operating conditions than traditional fixed geometry
turbochargers could achieve. Electrically controlled EGR systems have also been
developed to control the diesel engine combustion process and to reduce the
combustion temperature. With improved EGR rate and temperature control accuracy,
these systems can reduce NOx emissions while retaining a robust combustion

process.
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2.3.1 Advanced fuel injection systems

High pressure fuel injection and multiple-injection are the main features of the
advanced fuel injection systems such as common rail systems and electric unit
injectors. High-pressure fuel injection has been investigated and recognized as an
essential tool for lowering emissions, especially PM. Multiple-injection with high
pressure has been attempted to further reduce NOx and PM. These flexible fuel
injection systems improve the fuel-air mixing and generate more uniform fuel
distribution and controllable ignition delay. These features are effective for reducing
the engine fuel consumption and emissions (Park et al., 2004). It is also one of the
important enablers for new combustion systems such as HCCI and LTC, since these
combustion systems need more flexible fuel injection strategies to control the

combustion processes.

High pressure fuel injection forms finer droplets and produces locally leaner mixtures
(Minami et al., 1990). It improves the fuel-air mixing in the combustion chamber,
which reduces the local fuel rich zones and hence PM formation rates. For global
high fuel-air ratio combustion, the high-pressure injection enables better air utilization
and thus improved combustion efficiency. It also increases the injection rate and
reduces combustion duration which permits more retarded injection timing for a given
combustion phasing. This lowers peak cylinder pressures and NOx emissions without
a significant loss in engine thermal efficiency (Bauer et al., 2007). It can also shift the
NOx-PM trade-off towards lower PM; however, in general injection pressure does not
‘break’ the inherent trade-off relation (Hountalas et al., 2003; Morgan et al., 2003;
Woods et al., 2000).

Multiple-injection strategies, where the injector is opened and closed more than once
during the cycle, offer many potential benefits for diesel engine combustion. Bauer et
al. (2007) suggested a range of multiple injection strategies across the engine
operating map. The split injections can be controlled separately both on timing and
injection quantity to control engine combustion processes for high efficiency and low
emissions (Ehleskog et al., 2007). However, the injection event usually imparts
pressure fluctuations in the high pressure fuel pipe upstream of the injector. These
pressure pulsations influence the subsequent fuel injection events substantially
(Michailidis et al., 2010).

Pilot fuel injection has a significant effect on the reduction of combustion noise

(Badami et al., 2003). It reduces the ignition delay of the main injection, which affects
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engine performance and emissions strongly at some operating conditions (Carlucci et
al., 2003). The reduced ignition delay produces a low intensity of premixed diesel
combustion and thus a lower pressure rise rate and lower peak cylinder pressure.
However, pilot injection itself has a negative effect on PM emissions, since it reduces
the ignition delay for the main fuel injection and leads to more locally fuel-rich
combustion points in the main combustion event (Eastwood et al., 2007; Zhang,
1999).

Another form of multiple-injection is post injection, where a small volume of fuel is
injected into the cylinder late in the combustion, creating extra turbulence and flow
energy. With the improved late-cycle mixing and combustion of this volume of fuel,
the combustion in the after burn period (Hsu, 2002) is improved. Also, PM oxidation
is enhanced without increasing NOx emissions since NOx formation mainly occurs
earlier in the combustion at higher temperatures (Desantes et al., 2007; Park et al.,
2004). Research has shown that the timing of the post injection has a more
significant influence on PM reduction than the mass of fuel injection (Yun et al.,
2007). However, the optimisation for the number of injections, relative injection timing
and relative injection quantities increase the complexity and cost for the application of
multiple fuel injection strategies. The multiple fuel injection strategies could increase

the injector wear as well.

2.3.2 Turbocharging

The principal objective of a diesel turbocharger system is to increase the engine
power density. The turbocharger increases the mass of air in the cylinder and
consequently allows more fuel to be burned at a given fuel-air equivalence ratio. The

main motivations for engine turbocharging (Taylor, 1985) include:

1

) Increasing the maximum power/torque output of a given engine;
2) Maintaining sea-level power at higher altitudes;
)

)

3
4

Reducing the size of an engine required for a given duty; and

Improving fuel economy for engines used mostly at or near full load.

When a basic turbocharger with a fixed geometry is used to provide boost for an
engine, a compromise must be made between maximum power and a suitable
shaped torque-speed curve. For example, if a turbocharger is matched with a four
stroke automotive engine to get higher torque at low engine speed, the turbocharger

would likely over-speed at higher engine speeds at high load. To avoid this risk, an
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exhaust waste gate can be used to by-pass some of the exhaust gas around the
turbocharger turbine at high speeds, thus reducing turbine speed and also avoiding
excessive intake manifold pressure (over-boost). A drawback of the waste-gate is
that the by-passed gas reduces the enthalpy extracted from the exhaust stream, and
hence the overall efficiency of the turbocharger at high speeds. The use of a variable
geometry turbocharger removes this inherent compromise by providing a wider range
of control (Hiereth et al., 2006; Watson et al., 1984). The exhaust back pressure

caused by the turbocharger can also be reduced for the VGT systems.

Currently, variable geometry turbocharging systems are not only used to increase the
power density of an engine but also to control the engine combustion processes. A
variable boost system allows flexible control, and thus optimisation of the boost
pressure for different load and speed conditions. In addition to the original power and
fuel economy goals of variable boost systems, these systems have been proven to
also reduce emissions and improve engine transient response (Arnold et al., 2002;
Filipi et al., 2001). The implementation of EGR systems in diesel engine applications
introduces extra requirements for the VGT/VNT system, as it needs to
simultaneously maintain the exhaust back pressure for the desired exhaust gas flow
in the EGR system while also trying to maximize the air-handling system response

during engine transient operation (Buchwald et al., 2006).

2.3.3 Exhaust gas recirculation (EGR)

EGR has been used to control automotive spark-ignition engine combustion
behaviour for decades (Heywood, 1988). EGR reduces NOx formation in both diesel
and gasoline-fuelled spark ignition combustion processes. However, in diesels, it
increases engine-out PM emissions in conventional diesel combustion (Heywood,
1988). Achieving high levels of EGR (> 50% depending on operating conditions) can
lead to the low temperature combustion regime, where PM emissions are reduced to
levels even lower than those with no EGR. When high EGR is combined with other
technologies such as high pressure fuel injection and high swirl ratio which can
improve the in-cylinder charge mixing, diesel engines can achieve very low engine-
out NOx and PM emissions (Henein et al., 2006). How the EGR and other
technologies can be used to control the combustion and emissions under LTC will be
discussed in Section 2.4. However, a review of the fundamental mechanisms of how

EGR influences diesel combustion is required.
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The main mechanisms by which EGR influences diesel engine combustion and
emissions (Ladommatos et al.,, 1998a; Ladommatos et al., 1998b; Ladommatos et
al., 2000; Ladommatos et al., 1998c; Nitu et al., 2002) are:

1) Reduction in the in-cylinder oxygen concentration. The oxidation rate of fuel is
decreased by the reduced oxygen concentration. The slower combustion process
reduces the local peak combustion temperature, reducing the NO formation rate.
However, the lower oxygen concentration also leads to increased smoke, THC and

CO emissions.

2) Increase in charge temperature (in cases where the EGR is not cooled to the
same temperature as the charge air). The increase in intake charge temperature
reduces its density, resulting in a lower mass of charge inducted for a given intake
pressure. This effect is referred to as a thermal throttling effect, and will lead to
increased PM emissions. The hot exhaust gas increases the intake charge
temperature, which leads to a reduced ignition delay, and hence increased smoke
emissions compared with the cooled EGR condition. The hot EGR also increases the
NOXx emissions compared to cooled EGR due to the general high charge temperature
during the combustion process. However, the NOx emissions are reduced by the

thermal throttling effect due to the reduced intake oxygen concentration.

3) The change in composition of the charge (replacement of O, with CO, and H,O)
results in an increase in the specific heat capacity of the charge and hence lower
temperatures. However, this has been shown to be secondary to the effect of lower

O, concentrations.

4) The direct (chemical) participation of the CO, and H,O in the reactions has shown
to be minimal. Although both CO, and H,O will dissociate into their constituent atoms
at the temperatures found in the reaction zone, their contribution to the overall

combustion event has been shown to be minimal.

All these mechanisms lead to reduced combustion temperature which is the most
important factor for the emissions formation processes. The low combustion
temperature suppresses thermal NO formation; if sufficient dilution is present, even
the PM formation processes can be inhibited (i.e. < ~1600K) (Kuo, 2005). However,
the lower temperature does not as significantly reduce the rate of prompt NO

formation route, which will become the dominant NO mechanism in LTC mode. The
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lower temperature in the reaction zone will also inhibit oxidation process of THC and

CO and may lead to earlier bulk and wall quenching of the reactions.

Precise control of the EGR rate and temperature is important to retain the benefits of
EGR for clean and high efficiency diesel combustion. Electrically controlled EGR
valves have taken the place of vacuum driven EGR systems. These improve the
EGR rate control response and accuracy in both steady-state and transient operating
conditions (Yokomura et al., 2004). Jointly controlled EGR and VGT systems have
been shown to reduce cyclic variations in EGR rate (Shirakawa et al., 2001;
Nieuwstadt et al., 2000). The temperature of the EGR is usually managed by a
dedicated cooling system controlled by the engine management system; cooling of
the EGR helps to maintain a more robust diesel combustion process (Ladommatos et
al., 1998b; Tomazic et al., 2002). However, the increased cooling requirements

cause increased engine cooling load.

The deviation of EGR gas distribution in different cylinders in multi-cylinder engines
also has significant impact on engine emissions since imbalanced EGR distribution
leads to non-optimized combustion (Green, 2000; Maiboom et al., 2009). Thus,
advanced simulation and experimental technologies have been employed to optimise
the EGR system design and control (Page et al., 2002; Siewert et al., 2001).
However, when high levels of EGR are being used, the combustion would be

expected to be more sensitive to the variations in EGR rate control and distribution.

2.4 Low Temperature Diesel Combustion

A number of low temperature combustion strategies have been developed, such as
homogeneous charge compression ignition (HCCI), premixed charge compression
ignition (PCCI), partial premixed compression ignition combustion (PPCI), modulated
kinetics (MK) and smokeless fuel-rich combustion. In all these systems, the flame
temperature is decreased to reduce the NOx emissions through the use of high
levels of EGR. For PM reduction, either different fuel injection strategies can be used
to increase the fuel mixing time and intensity, or the EGR rate is further increased to
attain combustion temperatures which are so low that PM formation is suppressed.
Kazuhiro Akihama et al. (2001) have developed the classic local equivalence ratio —
flame temperature (®-T) map for diesel engine NOx and soot formation through
combustion kinetics modelling. Needy et al. (2005) extended the conceptual model
with a more comprehensive understanding of the LTC regimes as shown in Figure
21.
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The differences between conventional diesel combustion and low temperature
combustion are based on the engine emissions. When both the engine-out NOx and
PM emissions were reduced to ultra low levels (i.e. NOx in several ppm, filter smoke
number similar to that of the non-EGR combustion conditions) the combustion can be
considered to be in the low temperature combustion regime. Control of the local
flame temperature and equivalence ratio can have a significant influence on the NO
and soot emissions formation. By using flexible fuel injection strategies, air-exchange
systems and EGR, the local combustion temperature and fuel-air mixture can be

shifted into the zones where NO and soot are unlikely to form.

Among the different combustion strategies, LTC has a wider local equivalence ratio
range and a lower combustion temperature range than HCCI and PCCI have. Both
HCCI and PCCI feature more extensive pre-mixing than LTC, which leads directly to
the lower equivalence ratios; however, they tend to use less EGR, resulting in higher
combustion temperatures. These characteristics of LTC help to suppress the NO and
soot formation effectively. Furthermore, the wider operational equivalence ratio range
allows an easier combustion control in terms of start of combustion phasing and
combustion stability. However, there are still significant obstacles for the LTC

combustion regimes to overcome before their wider implementation:

1) The limitation of their use to the low load and low speed range of the engine
operating map;

2) High incidence of incomplete combustion;

3) Higher THC, CO emissions and fuel consumption compared with conventional
diesel combustion;

4) Reduced combustion stability; and

5) Increased difficulties in engine transient control.
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Figure 2.1 Local fuel-air equivalence ratio, ®, versus temperature showing contours of high

soot and NOx formation regions as well as boundaries of regions within which conventional
diesel, PCCI, LTC, and HCCI combustion occur (Akihama et al., 2001; Neely et al., 2005)
(Reprinted with permission from SAE Paper No. 2005-01-1091 © 2005 SAE International)

2.4.1 Low temperature combustion strategies

For the different LTC strategies outlined in the preceding section, the main principle
is to reduce the combustion temperature through the application of EGR, and to
prolong the ignition delay and thus to realize a smokeless NOx-free combustion. One
technique, referred to a partially-premixed compression ignition combustion (PPCI)
which used a very early direct injection (or port fuel injection) so that part of the fuel
will mix with the air and form a lean premixed charge in the cylinder. A subsequent
fuel injection which auto-ignites can be used to control the ignition of all the fuel
(Hasegawa et al., 2003; Simescu et al., 2002). If all the fuel is fully premixed before
the compression ignited combustion, this combustion strategy is referred to as
homogeneous charge compression ignition (HCCI) (Thring, 1989; Zhao et al., 2003).
An alternative realisation of low-temperature combustion is Nissan’s Modulate
Kinetics combustion (MK) (Kimura et al., 2001; Kimura et al., 1999). In this method, a
single, late, fuel injection is used along with a reduced compression ratio (of 16:1),
where the lower temperature delays ignition until after the injection event has
completed. High swirl ratio is used to improve the fuel-air mixing and reduce the heat
lost from heat transfer to the cylinder walls. For these combustion strategies, soot
formation is suppressed by the improved fuel-air mixing due to the prolonged ignition
delay. Smokeless fuel-rich combustion is obtained through increasing the EGR rate
to reduce the intake oxygen concentration until the global equivalence ratio is near

stoichiometric or even fuel-rich (Ogawa et al., 2007). This type of LTC restricts the
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combustion temperature below that for growth of PAH into spherical particles, thus
preventing the formation of soot particles even under fuel-rich conditions (Akihama et
al., 2001).

For the HCCI, PPClI and the smokeless fuel-rich diesel combustion regimes
introduced in the preceding paragraph, a distinctive cool flame reaction phenomenon
was exhibited before the main heat release events. A cool flame is the product of a
limited exothermic reaction that is associated with a partial conversion of the fuel
which takes place at 700K to 900K. The heat released in the reaction can be used for
vaporizing the liquid fuel and the amount of heat released is dependent on

temperature (Yamada et al., 2006).
These low temperature combustion approaches are now described in more detail:
Homogeneous charge compression ignition (HCCI)

The concept of HCCI is to combine the advantages of spark ignition engines (such as
premixed charge and very low soot emissions) and compression ignition engines
(high compression ratio, no throttling and high thermal efficiency) and to create a new
combustion strategy. This can be used on both gasoline and diesel engines (Thring,
1989; Zhao et al, 2003), aiming at reduced emissions and increased engine
efficiency. For diesel HCCI combustion, port fuel injection, early multiple fuel injection
strategies (Gray et al., 1997; Risberg et al., 2005; Su et al., 2003) can be used to
prepare the premixed charge. The combustion of the lean premixed charge can
effectively suppress the soot formation as illustrated in Figure 2.1. The combustion
temperatures can also be reduced due to the lean homogeneous charge, reducing

NOx emissions.

The ignition control of the homogeneous charge and the rapid combustion process
after ignition are the main concerns for a diesel HCCI engine. Due to the high
ignitability of diesel fuel, the early ignition at HCCI operation may occur, leading to
non-HCCI operation of the engine. Misfire may also occur in the lean premixed fuel-
air mixture due to the difficulty in forming sustainable ignitable kernels in the
combustion chamber (Kawano et al., 2005). The rapid combustion process may
cause knock in the combustion (Andreae et al., 2007). Thus, alternative combustion

strategies have been studied to overcome these drawbacks.
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Partial premixed compression ignition diesel combustion (PPCI)

Concept of PPCI has been introduced to take advantage of low emissions from
homogeneous charge combustion while avoiding the difficulties in combustion
control. An early direct injection forms a lean premixed charge which experiences low
temperature reactions until a later fuel injection occurs to ignite the remainder of the
fuel. The subsequent combustion event is then a combination of premixed and non-
premixed combustion The uniform bulky combustion system (UNIBUS) (Hasegawa et
al., 2003) is one embodiment of this approach. The timing and mass of the early
injection are optimized to avoid high temperature reaction until the second injection
occurs. The later fuel is injected into the products of the ongoing low temperature
reaction resulting in a short combustion duration and lower combustion temperatures

compared to the conventional diesel combustion.

Researchers have investigated the addition of port fuel injection on a direct injection
diesel engine (Simescu et al.,, 2002). Similar to the UNIBUS system, port fuel
injection is used to produce the premixed part of the charge in the combustion
chamber. There are three stages of the combustion process: a low temperature ‘cool-
flame’ reaction of the inducted fuel; premixed combustion of the inducted fuel; and
diffusion combustion of the directly-injected fuel. The PFI fuel-air equivalence ratio,
direct fuel injection timing and EGR temperature are key parameters which can
influence the fuel consumption and emissions. Like the early direct fuel injection
option, it is important to avoid high temperature reactions of the inducted fuel before

the direct injection event to preserve the low NOx and PM emissions.

The simultaneous reduction in NOx and PM emissions is possible in a diesel engine
employing a PPCI strategy, as discussed in the examples in the preceding
paragraphs. It is attainable with advanced injection timings and high EGR rates.

However, PPCI combustion has the following problems:

1) The advanced fuel injection timing results in fuel impingement on the cylinder
liner, which causes lubrication oil dilution and high THC and CO emissions;
2) High fuel consumption derived from lower combustion efficiency; and

3) A narrower operating region compared with conventional diesel combustion.

To overcome these drawbacks, different approaches have been investigated by
researchers. Narrow spray angle injectors (Lechner et al., 2005; Lee et al., 2006;

Walter et al., 2002) and optimized combustion chambers (Walter et al., 2002) were
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tested to optimise the fuel distribution and combustion process. However, the narrow
spray angle led to unfavoured fuel distribution for the higher load conventional diesel
operation with late fuel injection and resulted in compromises in combustion and

emissions between the LTC and conventional combustion modes.

For small bore diesel engines, such as passenger vehicle diesel engines, the
advanced fuel injection timing causes severe wall fuel impingement on the liner
compared to larger bore heavy duty engines (Lechner et al., 2005; Lee et al., 2006;
Walter et al., 2002). Thus, for this reason, PPCI combustion is currently considered

to be more promising for the larger bore mid- to heavy-duty diesel engines.

Modulated Kinetics combustion system (MK)

The MK system, developed by Nissan employs high EGR rates and retarded fuel
injection to achieve premixed low temperature diesel combustion (Kimura et al.,
2001; Kimura et al., 1999). It introduces EGR to decrease the intake charge oxygen
concentration, which reduces the combustion temperature and suppresses NOx
formation. To reduce PM formation from the low oxygen combustion, the fuel
injection is retarded to increase ignition delay. The very late fuel injection with lower
in-cylinder pressure and temperature during the expansion stroke makes the ignition
delay longer than the injection duration. The late fuel injection strategy also avoids
the fuel impingement that occurs in PPCI combustion as discussed previously.
Kimura et al. (1999) claimed that the deterioration in engine efficiency and THC
emissions is improved by increased swirl ratios (up to 9). High swirl ratios improved
the fuel-air mixing and led to lower peak combustion temperatures. This lower
temperature gradient between the combustion products and the combustion chamber
walls with the high swirl ratios around the walls reduced the cooling losses of the

engine.

The three essential conditions for accomplishing MK combustion are the use of high
EGR rates, the complete injection of all the fuel prior to ignition and the use of high
swirl ratios. The researchers identified two main obstacles to extend the MK
combustion system operating range beyond relatively low loads: shortened ignition
delay by the higher temperature of EGR and prolonged injection duration by the
greater quantity of fuel injection. Cooling of the EGR gas and a reduction in
compression ratio can decrease the charge temperature and extend the ignition

delay. High pressure fuel injection or larger injector nozzle holes can be used to
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increase the fuel injection rate, thus allowing a reduction in the injection duration
(Kimura et al., 2001).

The high swirl ratio in the MK system is an obstacle for its wide application since it is
difficult for a high swirl ratio system to maintain high engine intake volumetric
efficiency. The high swirl ratio configuration for low load engine operation (MK) may
sacrifice the high load performance of the engine unless the swirl ratio can be varied

as a function of load.

Post fuel injection realized low temperature combustion

Both the PPCI and MK systems reduce the PM formation through prolonged ignition
delay and improved fuel-air mixing. Post fuel injection has also been shown to be an
effective way to reduce the diesel engine PM emissions without a penalty in NOx
emissions in conventional diesel combustion (Benajes et al., 2001; Molina et al.,
2002). Post injection achieves very favourable emissions in the high EGR diesel
combustion regime, since it improves late-cycle mixing and enhances the PM
oxidation processes. With a small quantity of fuel injected in the post injection pulse,
reduced soot emissions have been achieved (Yun et al., 2007; Yun et al., 2005b).
However, the post fuel combustion in the expansion stroke contributes less to the

engine torque, and hence leads to reduced engine efficiency.

The dwell time between the main injection and post injection was shown to be very
important since the additional mixing at the appropriate time during the late-cycle
period played a dominant role in reducing the PM emissions. Simulations suggested
that optimal combustion required that the post injection fuel avoid fuel-rich regions
formed from the main injection (Yun et al., 2005b). The dwell time had a negligible
effect on NOx emissions but a significant influence on PM emissions. For example,
with a short dwell time, the post injection occurred before the start of main
combustion, similar to a PPCI combustion regime. The decrease in PM emissions
may have been due to the optimisation of the phasing of combustion rather than from

the improvement in the mixing during the late-cycle period or longer dwell times.

The THC emissions increased when the dwell time was prolonged. This indicates
that the temperature during the expansion stroke was too low to support a complete
combustion of the post-injected fuel. Also, fuel injected in the later combustion phase

did not have enough time to burn completely before the exhaust valves opened. With
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high EGR operating conditions, the low oxygen concentration would be another

restriction for post injection fuel combustion.

Smokeless fuel-rich diesel combustion

Smokeless rich diesel combustion has been shown to achieve a near smokeless and
NOx-free combustion by using a large amount of cooled EGR under a near
stoichiometric and even in a fuel-rich operating condition (Akihama et al., 2001;
Ogawa et al., 2007). The mechanism of PM suppression is by the combustion taking
place at very low temperature rather than the improvement of fuel-air mixing for PPCI
and MK systems. So, even fuel-rich regions are at such that, at low temperatures PM

is not formed.

Akihama et al. (2001) established an ®-T map as shown in Figure 2.1 by zero
dimensional kinetics modelling using a detailed soot formation model. It shows soot
formation tendencies as a function of ® and T. They compared conventional (52%
EGR) and smokeless fuel-rich combustion (58% EGR) processes at 2000rpm low

load operation conditions through 3D-CFD simulation and found that:

1) The higher EGR rate shifts the combustion to a lower temperature zone on
the ®-T map;

2) The combustion temperature plays a dominant role on the soot suppression
mechanism, but the fuel-air mixing has insignificant effect on the soot

formation when the combustion temperature is low enough.

Ogawa et al. (2007) studied the effects of a wide range of EGR levels on combustion
of a naturally aspirated 1.0 litre single cylinder direct injection diesel engine. The low
temperature combustion regime was realized by ultra high EGR rate (up to 62%, with
an oxygen concentration of 9%). As the EGR rate increased, exhaust gas emissions
and thermal efficiency varied with the intake oxygen content rather than with the
excess air ratio. This agrees with the results found by Alriksson et al. (2006), i.e. the
higher charge air pressure increased the oxygen availability for the combustion at a
constant EGR rate, which extended the smokeless NOx-free combustion range.
Advancing or retarding the injection timing reduced the smoke emissions, but
advancing the injection timing had the advantages of maintaining high thermal
efficiency and preventing misfire. The increase in smoke when the EGR rate was
lower than needed to achieve LTC could be suppressed by increasing the injection

pressure. With decreased compression ratios, the smoke emissions decreased under
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high EGR conditions, and the range of smokeless operations was extended to a
wider EGR and IMEP range. However, these low compression ratios also reduced

the indicated thermal efficiency (Alriksson et al., 2006).

Smokeless fuel rich diesel combustion achieved lower PM emissions than non-EGR
combustion. Importantly, the composition of the PM emissions was also changed due
to the significant variations in the combustion reactions and the temperatures at
which the combustion occurred. The SOF fractions in the PM were increased
significantly, as the PM reductions were primarily due to a reduction in soot formation
(Ogawa et al., 2007). This suggests that a significant reduction in PM by a DOC

could be achieved if one is fitted to the engine (Lehtoranta et al., 2007).

2.4.2 Technologies with LTC

The principle of LTC is to reduce diesel engine emissions through a reduction in the
combustion temperature, since temperature is an essential factor for controlling the
emissions formation. Various technologies have been investigated to reduce the
temperature through reduction of the oxygen concentration, improvement in fuel-air
mixing, and the optimisation of the combustion process, including EGR, fuel injection
strategies, swirl ratio, and boost pressure. All these technologies have been
introduced in Section 2.3. Of these, EGR is the most important technology to achieve
the low temperature combustion regimes as introduced in the preceding section. The
reduction in combustion temperature is the key contributor for the reductions in PM
and NOx emissions and the EGR is the most effective method to reduce the

combustion temperature.

2.5 Diesel Engine Transient Operation

For an automotive engine, most of its operation occurs under transient operating
conditions where the speed and load vary continuously. As a result, engine transient
operation contributes disproportionately to emissions and fuel consumption
compared to steady-state engine operations (Black et al., 2007; Burton et al., 2009;
Galindo et al., 2001; Hagena et al., 2006). Researchers have studied the diesel
engine transient behaviour in different ways to understand what and how engine
operation parameters influence emissions and fuel consumption during load and
speed transients (Benajes et al., 2002; Payri et al., 2002). The response times of the
engine’s fuel system, boost systems and EGR systems are the main reasons for

deviations between engine transient and steady-state operation. The different inertias
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and response behaviour among the engine sub-systems during transient processes
result in non-optimized EGR rates, air-fuel-ratios (AFR) and combustion processes. It
is a challenge to preserve the combustion characteristics of steady-state operating

conditions during transient operation.

The engine’s thermal inertia is another source of engine combustion behaviour
variations during transient operation. During an engine transient, the thermal
conditions of the engine are different from the conditions of the equivalent steady-
state conditions. The changing combustion chamber wall temperatures influence the
fuel vaporisation and charge temperature, which in turn influence the engine

combustion and emissions (Chang et al., 2006; Rakopoulos et al., 2009b).

2.5.1 Dynamic behaviour of engine sub-systems during transients

The delay in response of air exchange systems during engine transient operation
leads to deviations in engine combustion processes and emissions from steady-state
conditions. The "turbo-lag" is a result of slow turbocharger response to engine
acceleration due to a lack of exhaust energy to accelerate the turbine at early stages
of the transient event and the inherent gas and mechanical inertias (Serrano et al.,
2009a; Serrano et al,, 2009b). Due to the insufficient boost pressure during the
acceleration transients, the amount of injected fuel has to be limited to avoid

excessive smoke levels. This results in a reduced engine transient torque.

The EGR system amplifies the turbo-lag effects (Galindo et al., 2001). The
subtraction of exhaust gas flow from the exhaust manifold by EGR reduces the
enthalpy in the exhaust gas for driving the turbine and prolongs the low boost period.
EGR systems also have an even slower response to transient operation than the
turbocharger (Hagena et al., 2006). Delays in EGR valve position change and the
existing exhaust gas in the EGR system lead to unpredictable EGR rates for the early
part of a transient event. The overshoot effect of the EGR rate controller during
transient operation also degrades the engine emissions. Combined with the turbo-lag
effect, EGR fluctuations cause smoke ‘spikes’ in the initial stages of transient

accelerations (Galindo et al., 2001; Hagena et al., 2006).

The response of the fuel injection system and hence the mass of fuel injected in any
cycle, can be increased much more quickly than the trapped air mass. Even with the
engine controller restricting fuel mass on the basis of fuel-air ratio, there are still

significant fuel-air ratio deviations between the transient points and steady-state
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points. However, after the boost pressure reaches the steady-state value, the boost
pressure controller will over-shoot, which causes the boost pressure to be higher
than the steady-state map value; this leads to lower fuel-air equivalence ratio and
subsequently higher NOx emissions (Wijetunge et al., 1999). Unlike injection mass or
timing, the fuel injection pressure cannot respond instantaneously to the operation
condition changes (Wijetunge et al., 1999), since the fuel system (particularly the fuel
rail) acts as a hydraulic accumulator. The insufficient fuel pressure variation rate
influences the injection duration and the mixing, and hence, the combustion
behaviour. However, it should be predictable and can be accounted for in the engine

control algorithm.

2.5.2 Effects of engine thermal conditions during a transient

The combustion chamber wall temperature is a important factor which influences the
low temperature combustion process (Chang et al., 2006; Wilhelmsson et al., 2005).
It cannot change instantaneously and the slowly changing wall temperature following
a load transient will affect the combustion events during the transient. The diesel
HCCI combustion phasing has been found to be heavily dependent on wall
temperature during a transient operation. Even for a conventional diesel combustion
process, the THC emissions were found to significantly increase during engine
transient operation due to the temperature differences between the steady-state and

transient operation points (Wijetunge et al., 1999).

Low combustion chamber wall temperatures can increase the ignition delay due to
less heat transfer to the fuel-air mixture. During an acceleration process of a diesel
engine, the lower wall temperature combined with lower boost pressure derived from
turbo-lag result in a ‘harsher’ combustion and increased combustion noise compared
with steady-state operations (Dhaenens et al., 2001). The longer ignition delay
derived from the ‘cold’ combustion chamber walls contributes to the increased

premixed combustion intensity.

2.5.3 Transient combustion behaviour during LTC

The dynamic characteristics of engine sub-systems have a significant influence on
the combustion process and emissions of diesel engines. The transient operation of
engines using conventional diesel combustion strategies have been studied widely.

However, the transient combustion behaviour of diesel engines using LTC has
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received little attention. LTC is expected to be more sensitive to the engine operating
parameters compared with conventional diesel combustion since it employs large
variations in operating parameters such as very high EGR rates and very advanced
or retarded injection timings. Any further fluctuations of these parameters may cause
unstable combustion processes. The combustion processes themselves are also
much more sensitive to these parameters than in conventional diesel combustion.
There are no studies were found by the author that have quantified or even

conclusively demonstrated these effects.

2.5.4 Diesel engine combustion characteristics during mode shifts

As introduced above, new combustion modes such as LTC are being developed to
meet the stringent emission regulations implemented for diesel engines. However,
these combustion modes have limited operational load and speed ranges. A
combination of conventional diesel combustion at higher loads, along with the new
combustion techniques at low load, may provide a realistic route to meet the
emissions regulations while maintaining engine performance (Hasegawa et al., 2003;
Kimura et al., 2001). Managing the transition between these very different
combustion modes will be a challenging control task that has not been extensively

discussed in the literature to date.

Studies have been conducted on the control of diesel engine combustion during
combustion mode shifting (Narayanaswamy et al., 2006; Wang, 2007). These
researchers studied the control strategies and algorithms for engine control during
combustion mode shifting. However, they did not investigate the combustion
behaviour of the diesel engine during these events. A research method of cycle-by-
cycle transient combustion analysis has been developed and implemented to study
conventional diesel engine transient behaviour (Assanis et al., 2000; Galindo et al.,
2001). However, the candidate has not found any published reports of these
techniques having been applied to diesel engine transient study during combustion

mode shifting.

Several studies have investigated the diesel engine combustion mode shifting at

fixed engine operating conditions. Busch et al. (2007) studied the process from

conventional diesel combustion to low temperature combustion at a fixed engine

operating condition. Emissions of NO were found to increase for the initial cycles of

the mode shift, primarily due to the transport delay of the EGR system resulting in a

low intake CO, concentration which led to increases in NO emissions. With higher
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fuel injection pressures for both conventional and LTC modes, the first several cycles
of a mode shift encountered further NO emission increases. Beatrice et al. (2007a)
investigated the combustion mode shifts between LTC and PPCI combustion modes
with constant fuel injection quantity (i.e. constant desired engine load). The
adjustment of the EGR circuit to the new conditions with high EGR rate was slower
than in the reverse direction. The fuel injection strategy changed quickly to the
desired regime, but the delay of the EGR system caused increased NOx emissions.
While informative, neither of these studies effectively represents real world transient
operation of the engine, where the desired speed and load of the engine are
changing at the same time as the engine operating parameters, especially fuel

injection quantity, EGR rate and boost pressure.

2.5.5 Transient EGR control

For conventional diesel combustion, during transient operation the EGR valve is
conventionally either closed (Wijetunge et al., 1999) or restricted to small openings
(Yokomura et al., 2004). These methods are used to reduce the smoke ‘spikes’
caused by the turbo-lag phenomena. The existence of EGR in the system increases
the delay in the air-exchange system and makes the control of the overall
equivalence ratio more complicated. The non-optimized fuel-air equivalence ratio or
EGR rate for these transient operations causes poor engine performance and
emissions; however, the reduction in EGR rate during transient operation contributes
to increased NOx emissions (Kang et al., 2005; Yokomura et al., 2004). To overcome
these difficulties, Yokomura et al. (2004) developed a closed loop EGR control
system. Compared with the open loop EGR control that has the EGR valve closed
during a load ramp, the closed loop controller enabled a reduction of 40% in NOx at
an equivalent low PM emission level. However, the transient NOx level was still

higher than the equivalent steady-state operating conditions.

2.6 1D Simulation of Diesel Transient Operation

1D engine simulation is a powerful tool for engine performance simulation, air
exchange and turbocharger matching etc. It has the advantage of simulating engine
performance and gas dynamics with an acceptable level of accuracy relatively
quickly (Albrecht et al., 2005; Gurney, 2001; He, 2005; Narayanaswamy et al., 2006).
The engine model is useful for engine development and optimization, subsystems

matching and integration.
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For simulation of diesel transient operation, the in-cylinder combustion and heat
transfer, the gas exchange process and transient thermal inertia of the engine
structures need to be considered simultaneously in order to fully understand the
engine combustion behaviour (Chang et al., 2006). A predictive ignition model and
modified Woschni heat transfer model can be incorporated in many 1D engine
simulation codes with empirical correlations for burn rate and combustion efficiency
to improve its accuracy. Navratil et al. (2004) and Lefebvre et al. (2005) studied
transient simulation of turbocharged gasoline engines using extrapolated maps of the
combustion process and heat transfer as functions of load and speed. This method
resulted in improved accuracy in predictions of the engine transient operating
parameters. However, accurately modelling the engine combustion and emissions

behaviour is impossible for current 1D engine simulation codes.

2.7 Identification of Key Knowledge Gaps

Understanding the sensitivity of the high EGR diesel combustion to engine operating
parameters is crucial for the implementation of LTC in automotive diesel engines.
From the published literature, it is expected that LTC will be more sensitive to the
variations in parameters such as EGR rate, intake temperature and fuel injection
strategies since the engine runs at near stoichiometric conditions. However, the
relationship between the parameters’ variations and the engine combustion
performance is not currently clearly understood. Further research into combustion
stability, engine emissions and fuel consumption are therefore required to identify the

sensitivity of LTC combustion to the engine operating parameters.

Diesel combustion within the LTC modes is expected to be very sensitive to the
transient dynamics and interactions of the engine sub-systems such as fuel injection,
boost and EGR systems. The engine operating parameters during transients within
conventional combustion modes show significant differences compared with those
during steady-state operation (e.g. boost pressure and EGR rate). These deviations
in the parameters influence engine performance and emissions significantly. Engine
parameters, such as EGR rate and fuel injection parameters, need to be varied over
wider ranges in LTC compared to conventional diesel combustion mode; as a result,
transient response is expected to be slower while the combustion is likely to be more
sensitive to the corresponding variability in operating parameters. No studies
investigating engine transient behaviour within LTC have been found in the published

literature to-date.
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The implementation of dual-mode combustion systems (i.e. LTC for low to
intermediate load and conventional diesel combustion for high load) on a diesel
engine is a promising, cost-effective way for the engine to meet stringent emission
legislations while also meeting engine performance demand. The knowledge of
diesel combustion behaviour during the combustion mode shifting within driving-cycle
tests is important to allow the engines to meet the stringent future emission
legislation. However, the details of diesel engine combustion characteristics during
mode shifts between LTC and conventional diesel combustion have not been found

in the literature to-date.

The distinctive cool flame main combustion heat release phenomenon has been
reported for HCCI and PPCI combustion regimes. However, details about the low
temperature part of the heat release process are still not clear. An experimental study
of the effects of engine operating parameters on the low temperature heat release
process could be beneficial for improving the understanding of these early pre-
combustion reactions in the LTC combustion regime. The experimental results could
also be used to interpret the kinetics of low temperature diesel reactions, which is

critical for ignition delay modelling and prediction.

In this chapter, the literature has been surveyed in the area of diesel engine LTC
combustion and transient operation. The key knowledge gaps have been identified.
The next chapter will introduce the engine experimental system setup and the
research apparatus for the study, which were used to contribute to the understanding

of LTC and during combustion regime shifting.
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Chapter 3 Research Apparatus and Procedures

3.1 Test Engine Specification

An AVL5402 single-cylinder research engine was used for this study. It is a single
cylinder version of a four-cylinder automotive high-speed direct injection (HSDI)
diesel engine. By avoiding any interactions among the cylinders for a multi-cylinder
engine, the single cylinder configuration has increased operational flexibility and
enabled the analysis to concentrate on the events in one cylinder; this will be
particularly beneficial when working near the combustion limits. With 1* order
balancers, the single-cylinder engine mechanical dynamics are very similar to those
of a multi-cylinder engine in terms of mechanical dynamics. Details of the engine are
listed in Table 3.1.

Table 3.1 Engine specifications

Engine Single cylinder 4-stroke
Fuelling Direct injection, diesel
Bore/Stroke/Connecting rod length 85/90/148mm
Compression ratio 17.1:1
Swept volume 510.7 cm®
Chamber geometry Re-entrant bowl
Fuel injection system Common rail CP3 (BOSCH)
Injector holes 5x0.18 mm x 142° x 0°
Intake ports Tangential and Swirl Inlet Port
Valves 2 intake, 2 exhaust
Nominal swirl ratio 1.78
Engine management system AVL-RPEMS™ + ETK7 (BOSCH)
Intake valves open 8 °CABGTDC
Intake valves close 226 °CA AGTDC
Exhaust valves open 128 °CA ATDC
Exhaust valves close 18 °CA AGTDC

The research engine featured an advanced common rail fuel system and four valves
per cylinder. The fuel injection system was capable of injecting the fuel at a range of
injection pressures up to 1400 bar, along with up to four injections per combustion
event. The specifications of the fuel system are summarized in Table 3.2. The engine
control system was a prototype ETAS engine control unit. An open loop fuel injection
control strategy designed by AVL was loaded in the ETAS system to allow
independent control of fuel injection parameters. The injection parameters for each

injection event such as the injection pressure, timing, and quantity could be modified
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and logged independently through the INCA software which is used to communicate
with the ETAS system.

Table 3.2 Fuel injection equipment system specifications

Injector type CP3VCO
Maximum injection pressure 1400 bar
Nozzle type DSLA 142P
Number of nozzle holes 5
Hole diameter 0.18 mm
Included spray angle 142°
Needle lift 0.20 mm
Steady fuel flow rate @ 0.2 mm lift 375 ml/30 sec
Minimum energize duration 100 ps
Minimum dwell between injections 200 ps

The combustion chamber was a re-entrant w shape formed by the piston and a flat
flame face. It is a typical type of geometry used in passenger car high speed direct

injection diesel engines. The combustion bowl geometry is shown in Figure 3.1.

PLS &
@408

17.9

KH=47,8+0.015

Figure 3.1 Combustion chamber piston bowl geometry

The AVL single cylinder engine compact test bed consisted of an AMK DW motoring
dynamometer with rated power of 38 kW, which was a liquid-cooled three-phase
asynchronous motor that can both supply and absorb torque. With a stand-alone
EMCON 400 system, the engine speed and torque could be controlled
independently. The engine speed could be controlled within £0.5 rpm for the desired
speed; however, the torque/power readings from the EMCON were unstable

especially at low load opera