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Abstract

Maorivated by tightening emis«ion standareds for stall nanwal gas driven cogeneration gas
engines<, this thesiz explores an alternative working process that extends the provailing
lean-burn eperation with Miller evele and cooled exhanust gas recirenlation (EGRY. The
comnbination of rhese well-established means s expected to iimprove the trade-off hetween
engine efficiency, NOg amissions and indicated mean effecrive pressure (IMEP) of 2 natu-

rally aspirated gas engine,

Preliminary expoeriments on the combustion of varving mixrure composition uneder ¢uies-
cent flow conditions were conducrerd using a constant volune combastion chamber, [val-
naring the measured pressure trace reveals how relative air-fuel ratio, exhanst sas concen-
tration, pressure atwd temperature of the unburnt zone affect uninar burning veloceity and
temperature of the e zone. Subseguently. the effect of replacing a part of exeess air
with exhaust gas on the performance of the baseline engine {Otto valve timing) was studicd.
Aftor first trials centrod on the trade-off hetweon ongine efficiency and NOy siissions at

cotstant INEDP. the potential to inerease IMIZEP at constant NOy emissions was adsessod,

A representative comparison between both approaches to realise a Miller working evele,
namely early amd late intake valve closing. is a core olement of this work, The effective
cotnpression ratio of the haseline engine, as oriteria for comparability, was mmaintained
constant by adjusting the goometrical compression ratio. To this end, a method was applied
that acconnts for the effects of gas dynamics, sneh as raw effect and roverse flow. A dotailed
mielel of the test bed engine was built using one-dinensional engine simnlation software,
The modol predicts realistic engine behaviour and enabled analvsing the influence of intake
valve closing on engine performance. Fimdamental differences berween early and late Aliller
cvelr could he explored and configrrations of same expan=ion/compression ratio for exper-
nmental engine testing determined. Using the satme piston design for both conficurations,
ensires ldentical sguish and area to volue ratio, thus faveuring comparability, 3D CFD
sas exchange caleulations were conduetetd to sain a deeper insight into the influence of
Intake valve closing on chargn morion and homegenisation. The munerical results help
explaining different comwbusrion characteristios of hotl Aliller confipurarions i experi-

mental engine testing.

Comprehensive series of measuremments were carried our in engine operation with Aliller
valve fiming and varving BGR rate. The main focns was pit on the potenrial that the
working process offers in lmproving the trade-off between engine officiency and NOy emis-

sions ar constant [NEDR of the baseline engine’s reference aperating point.






Resumen

Debido  al  endurecimiento  de lox estdndares e emisiones  para sistemas e
microcagencracitnt con maror o combustion interna de gas natural, esta tosis estuedia un
procesa de trabajo alternative que oxtiende la operacidn con mezelas pobre con ciclo e
Miller ¥ recireulacion de gases de escape refrigerados (EGR). Se espera que la eombinacion
ide extos medios mejore o] conflicto de objetivos entre la eficiencia del motor, las canisiones

de NOy v la presion media indicada ([AEP) de un motor de gas de aspiracion narural,

Se llevaron a cabo experimentos preliminares sobre la combmstion de mezclas variables hajo
cotdicinmes de flujo quedas utilizands una cdmara de eombustion de volumen constante,
[] analisis e la curva de presidn mmestra oomo el dosado. la concentracién de BEGR. Ta
prosicn v ola temperatura de la zona no quemada afectan a la velocidad do combustion
laminar v la temperatura de la zona gueinada. Posteriorinente. se estudio el ofocto de EGR
refrigerado sobre ol comportamiento del motor de serie (¢iclo Otto} que sélo apera con con
mezelas pobres, Mientrad primeros ohigayes se contraron en ol conflicto entre la oficiencia
ilel motor v las emisiones de NOy a INMEDP constante. después se evalud ol potencial de

ammentar INDEP a N0y constantes.

Uta comparacion representativa entre aanbos enfoguoes para realizar un ciclo de de Miller,
e decir. con momenros de aparrira de la valvuala de admision mas avanzados o retrasados,
ex Ul clemento central de exta tesiz, La relacion de compresion ofectiva del motor de serie
se mantuvo constante ajustaido la relacidn de compresion geométrica, como criterio de
cotnparabilidad. Con este fin, seaplicd un mevo método para caleular la relacion de
cotpresion efectiva que considera los ofectos de la dindmica del gas, tales como el ofecto
del ran v el flujo inverso, Para simular ol comportamienta del niotor ¥ analizar la influencia
del morento de olerre de la valvula de admisién al rendimionro del niotor, un mesdelo
detallade del baneo de ensayvos fue dizefiado uzando nn programa de simmlacion 1D, Lsto
permitics detenninar las diferencias fundamentales entre ambas estrategias Ailler v olegir
configuraciones de misma relacién de expatsion /compresion para realizar ensavos de motor,
L] hecho que e utilizd ol misimo disetio de piston para ambas configuraciones, favoreee la
compatibilidad de remltados. Se vealizaren caliulos CEFD (Computatiomal Fluid Dynamies)
en 3D del cambio de pases para analizar la infliuecia del momeonto de cierre de la vdlvala
de achimizién al movitniento de carga v oal grado de homogeneizacion de la mezelas Los
resitltacdos nncricos avicdan a explicar lax diferentes caracteristicas de combustion e

ambas confignraciones de Miller en los ensavos experimentales,

Finalmente =¢ realizaron series de ensavos con eonfiguracian  Miller variando la tasa de
EGR. Se prostd especial arencion en deterininar el potencial e mejorar ol conflicte de
ohjotivos entre la eficiencia del motor ¥ las cmixiones de NOy & [AMERP constante del puntao

de reforoncia del nurer de serie.






Kurzfassung

Vor dem Hintergrune zukinfrig scharforer Fiissiotsgrenzwerte fiir evdgasbetricbene Klein-
Blockheizkraftworke wurde im Rahien dieser Arbeit cin alternatives Brennverfahren un-
torsuecht, das den weit verbreiteten homogenen Magerbetrich v Miller-Stouerzeiten undd
eeliihlte Abgasriickfiihrune (AGRY orweitert., Dic Kombination dieser otabliorten EFinzel-
mafnahinen goll s Entsehdrfung des Zielkonflikts zwischen Wirkungsgrad, NOg-Lmissio-

nen und Airteldrmck bel geinfschansaungenden Gasmotoren beitragen.

Fiir cine isolierte Betrachtung des Einfhisses der Gemischzisannnensetzung anf die Ver-
brennune unter stromnnngsherithigten Bedingungen wurden Versnehe mit einer Verbren-
mmesbombe durcheefithrt, Dureh Analvse des gemessenen Druckverlanfs konnten Rick-
schltisee anf die laminare Brenngeschwindigkeit une die Temperatur der verbrannten Zone
i Abhangigkeir von Luftverhaltnis, Abgaskonzentration. Driuck und Temperatur der un-
verbrannten Zone gexogen worden. Im ndachsren Schritt wurde die Answirkune gekublrer
AGR anf dax Betriebsverhalten des magerberrichenon Serienmotors {Otto-Stenorzeiten)
analysiort. Dabel wurde ein Teil dor fiberschiisigen Luft durch Absas ersetzt mit dean Zicl
die Wartnekapagitat des Gemisehs anzuheben, Wahrend sunachst unter Beibehaltung des
edizierten Mitteldriceks der Folkus anf dewn Ziclkonflikt zwischen Wirkungsgrad und NOy-
Emix<ionen lag, wrde nachfolgend das Potonzial s NOeneutralen Anhobung des Alittel-

drieks bowoertet.

Dor reprasentative Vereleich zwischen den beiden Ansatzen, iiber die ein Miller-Arbeits-
progess realisiert woerden kann, frihes and spates Binlassachliefien, bildet eier der Kern-
punkte dieser Arbeir. Dabel wurde unter Bertcksichtigung gasdynamischer Bffekre, wic
Rickstromen und Nachladeetfekt, das offekrive Vordichrungsverhaltnis mit ciner geeighoe-
ten Alethode entsprechend der Serienkonfignration angeglichen, indemn das geomctrische
Verdichmngsverhdltnis angehoben wurde, Die Erstellung cines Meodells des Versuchstrapgers
fur die cludimensionale Motorprozessrechnung ertoglichte den Linfhuss des Einlassven-
tilsehliefiens anf den Motorbetrieh realitdrsnah nachzubilden. Ferner konnten grundlesende
Unterschiede beider Ailler-Strategion belouchtet und Konfigurationen zur Umnsetzung 2un
ausgofithrren AMotor bestimmt werden, Diese verfiigen ither das gleiche Expansions-I<om-
prossions-Verhalrnis, =odass ein einheithicher Kolben fur die experiimentellen Untersuchun-
gen, die zundchst im homegenen Magerbetriel orfolgton. vorwendet werden konnte, Mig-
liche Unterschiede in der Verbronnung sind daher allein der veranderten Srencrzeiten ge-

schuldet, was Lrgebnisse von SD-CEFD-Berechnungen der Zvlinderinnenstromung belegeon.

Im nachsren Schritt erfolgten Untersuchungen im Motorhbetrieh mit den bestinunaten AMiller-
Konfigurationen und variierender AGR-Rare. Dabel wurden inshoesondere das Potenzial
sowie die Grenzen sur Verbosserung des Ziclkonflikts zwischen Wirkungsorad nnd NOy-
Fanissionen bel konstantem inciziertom Mitteldrwek im Vereleich zuim Serienbrennverfah-

rem helemehtet.
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1 Introduction

Growing encrgy demand coupled with rising impertance of redicing groenhonse cmissions
worldwicle increase the need for highly efficirnt energy svstetns that convert primary fuels
into the enerey form desived. In 2010, CO emitted from fossil fuel eombistion was rospeo-
sible for about 05 % of the global anthropogenic srecnhouse gas emissions {AGHG). With
25 %, electricity and heat production pose the majority of the AGIHG. closely followed by
agricultire. forestry, other land use {21 %) and the industry sector (21 %) 63 . The redue-
tion of the annual CO cindssions to avold a climare change is therefore of ubinost interest.,
In 2011, for instance, the European Union released the low-carbon roadimmap that claims a
80-93 % CO, reduction by 2050 relative to 1990 levels 2], LEven more ambitious are the
targors defined by the United Nations Framoework Convention on Climare Change in 2015,
One of it main objectives is to provent the global average temperature from inereasing by

2 °C respective to pro-industrial lovels 16:].

1.1 Background and Motivation

The simultaneons nxe of heat and power allows eogenerarion syxtoms, al<o known ax com-
hined heat and power units {CHP), to achiove overall efficiencies of over 90 %, In Denmark,
Finland, Rus=ia and Latvia, 30-30 % of the senerated electrical power was achieved thromgh
cogeneration nnits in 2008 67]. Mewtly, natural gas (NGY % wsed as fuel, which held< a
clear advantaee regarding CObs emissions over other fossil energy carriers including poetrol.
Diesel or coal, solely due ta its tolecular strucetnre. Figure 1-1 {(left) shows the inereasing
net olectrical energy generated by NG-operatod cogeneration plants wirh an eloctrical

power outpur {Pa) up to 1 MWy in Gernany hetween 2004 and 2011 The target of the
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German govermuent is to further enhanee the overall generated Py from cogeneration up
to 110 TWh until 2020 and 120 TWh until 2025, respectively 21, This would correspeond

to 20.1 % 22] of the toral German net electrical energy generation in 2016,

The emission legislations imposed differ significantly worldwide, even within certain comn-
tries such as Switzerland or Japaw, depending on elecrrical power gencrated or thermal
eneresy input reguired. In Germany. cogencration manufacturers in the sinall power range
arient themselves to eindssion srandarids aceording to TA Luft 2002 {Technical Instrucrion
on Air Quality Conrrol) 19, It obliges large gas engines with a thermal inpur of 1 AW
and above to meot dry NOy amissions as low as 500 mp /iy at 3 % O {approx, 200 ppm.
The significant rise of installod svstenis over the past vears loads to progrossively stringent
etission standards, In 2018, a Farope-wide tightening will take place that applies to NG
driven cogrneration engines with a generated olectrical power of Pg = 30 kW and less 3.
The NO, limit of 240 me/kWh at 0% O, 1= related to thermal energy input (higher heating
value HHY) and amounts approximately to the half of the present value given by TA Luft

2002 {i.c. approx. 100 ppm).

In the stnall power sector of 30 kWa ael less. natirally aspirated gas engines usually op-
erate with external mixture formmation that prepares either a lean or a stofchiomnetric air-
fuel mixture. The latter reguires a three-wav-catalyst (TWCY in order to reduce tail pipe
emissions such as hvdrocarbens (HC), carbon monoxide {CO) and nitrogen oxide (NOy).
In Iean-burn operation. an oxidation caralvst converts HE and CO emissions, while low
cotnbnistion temperature ensures low raw NOy etnissions. This is nor only realised throngh
lear mixture bt alse by retarded ignition timing. leading to a thenmodyvnanically nnfa-
vourable combustion phasing {CAS0), Since combnstion remperatures and thus wall heat
lewssews drep with leaning. rhe engine still reaches relatively high thernnal eofficiency. ver it

operatis with relarive air-fuel ratios beveone the efficlency optinnum.,

Figure 1-1 {right) shows schematically the challenge that namrally aspirated lean-burn
cogoneration engines are facing when the ajn is to comply with future endssion limits.
Despite heing capable of meeting then through further nixture dilution, thermal efficieney
decreasex as a result of prolemged combustion atd increasing evele-hy-cyvele variations, The
falling fuel fraction leads to lower indicated ecan effective pressure (INEP) that, in rar.
rodiees engine power at constant engine specid. The relative losses caused by friction in-
cremse, ths deteriorating the engine's brake efficiency. For this reason, developors of nat-
urally aspirared cogeneration eneines are forcod ro aceount for alternative means that en-
sure low NO; emissions and hish engine officiency without los<es in engine power. The
approach taken i this work combines lean-burn aperation. Millor evele and cooled exhanust
oax recirculation (EGI) for a naturally aspirated gas engine. which is henceforth deaoted

ax Lean-Miller-IEGR working process.
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Figure 1-1; Net electrical energy generated through natural gas operating cogeneration units of an electrical
power cutput of Pa < 1 MWo. between 2004 and 2014 in Germany {left) according to |146); [rade-off be-

tween engine efficiency, enpine power and NOx emissions (schematically) (right)

AMiller evele, realised by cithor advancing or retarding the intake valve cloxing and adjusted
colnpression ratio. increases the ratio herween expansion and compression work. Therimal
efficiency inereases but the meodifiod valve thuing ditnini<hes charging efficinrney, thus cans-
g losses I engine power at samne relarive air-fuel ratio. This could be counteracred by
rining the ehgine with a richer mixture but raw NOx emissions would inerease drastically
flue to rising combustion temperatures. [n order to enhance engine powoer without inereas-
g raw NO, the mixture’s heat capacity needs to he inereased. While rurbocharsed ongines
manage this by simply enbancing the mass of the in-evlinder charge. this work follows an
alternative mixture confieurarion based on exhaust zas recireulation (BGR) where some of
the oxeess-air 1= direetly replaced by exhiaust gas. Due to the high amount of HaO and CO,
exliaust gas has & significantly higher heat capacity than air. Therefore, substituting a part
of oxcess air holds out the prospect of allowing the engine to senerate power amd NO
ernissions of the baseline configrration, while the Miller evele 13 expocted to ensure high
enoine officiency. Alternatively. the engine conld operate at same engine poswer ancd offi-

clency bt lower NOy ewfssions.

The Lean-Miller-19GR working process was investigated as a part of a rescarch project that
mvolved partners from industry, suelr as the manufacturer of the cogeneration engine wsed
i this work, SenerToc Kratt-Wirme-Energiesvstome Ginbll From the manufacturer’s per-
specrive, holding cngine power and engine specd constant was essential, leading to an al-
mest constant friction mean effoetive pressure (FALEP) and a linear correlation between
engine brake power and indicated mean offective pressure INMEDP. The trade-off doscribed
in Figure 1-1 {right} can therefore be <een ax one betwoeen indicated fuel consumption
(ISFC) and NO, emissions at constant INEP. For this reason. it was expedient o carry

out the majority of the trials at the [MNED of the reference oporating point,

1.2 Objective

The core objective of this work i to analvse the Lean-Miller-IEGR working process a< an



4| 1 Introduction

alrernative to the provailing lean-buarn concept with Orto valve timing regarding fuel con-
sutnption. combustion process, gas exchange charactoris=tios and exhaust gas cmissions for
A narrally aspirated sas engine, In order 1o meet this objective, the following sub-ohjec-

tives woere defined:

o [xperimental =tuedy on the influence of exhanst gas concentration aned air-fuel
ratin on laminar barning velocity and combustion temporature,

o Stiudy of EGR in lean-burn operation with conventional Otto valve timing to
pither improve the ISFC-NOy trade-off ar constant INEP or to fiercase [MER at
cotstant NOyg epnissions.,

o  Doetermination of & ethod that allows caleularing the effocrive compression ratio
of different engine configurations by considering the effeers of gas dynamies.

o [waluation of the funcdameontal differences botweon early and late Ailler valve
timing of borth same offective compression ratio and expansion/compression ratio
in lean-burn engine operation.

o Analysix of the effect of cooled BGR on englue operation with carly and late Miller
valve timing with particudar focus om the ISEFC-NOx trade-off at constant INEP

commpared to the conventional Ofto setup of the haseline engine,

1.3 Methodology

The thesis presented is divided into eight chapters. The second chapter covers a comproe-
hiensive literature study. including the fundamentals of combustion, exhaust gas emissions
andl lean-burn aperation. Miller evele and exhaust gas recirenlation (EGR), as major means

of this work, are explored more in detail.

In Chapter 3. relevant parameters for studving the Lean-Aliller-ILGR working process are
addrossed and results of 0D caleulations assuming an ideal gas oxchange analysed., With
respect to actual cengiue operation, a method to determine the effective compression ratio

m due consideration of gas dynamic offecrs 8 prosenteod.

Chapter 1 detalls the experitnental and nunerical setup used 1 this work, including a
cottant volutne comnbisrtion chamber (CVCCT and two single-evlinder test bed engines.
The resulrs from engine I primarily served to validare a detailed 1D CFD {Compurarional
Fluid Dynamies) engine model eveated in this thesis, while engine 1 was ised for experi-
mental trials (Chapter 7). Detailod CAD data of the intake amd oxhanst port ax well as

the comdntion climber alloweed creating a gas exchange 3D CFD maodel

Chapter 3 claborates on a 1D CFD shwdy of varving Miller valve timing at constant effec-
tive compression ratio. Afrer analysing air-diluted engine operation, the effect of EGR as
a xecomdd diluent is evaluated. Baxed on the results, carly and late Alillor conficurations
that not only exhibit the same effective compression ratio bur al=o the same oxpan-

sionLfeotiprossion ratio are sclected for subsequent engine trials,
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The realisation of the determmined early and late Miller configurarions is =ubject of Chapter
G, It involves the simulation-assisted design of the valve train and the inorease of rhe

cotnpression ratio by modifying piston geometry,

At the begiuning of Chapter 7, experimental results from the CVCC are presented. The
fluence of mixture dilution. either achirved throvgh air or additional cxhanst gas, is
analvsed with particular artention on laminar burning velocity and combistion rompera-
ture. After, the effect of cooled EGR on engine operation with baselinie valve timing is
stidieed ar alimost constant intake port temporature to avoid that thermal mfluences could
distort the interpretation of the results, While the first analy<is focuses on the 15SFC-N0)
trado-off at constant INEDRP. the second shews the potontial to incerease INER at constant
NOy ewndssions, Subsecuiently) eugine testing with carly awnd late Miller valve timing aned
with increased compression ratio in air-dilured engine aperarion is explored. Characteristic
cottibntion paratctors are evaluated nsing dara from 3D CFD calenlations, Eventually,
the influence of EGR for both Miller desigts 14 stwdied and compared to the lean operated

hascline engine.

Chapter 8 summarises the finding< of thiz work amd suesosts actions to take in the furure
dlevelopmoent of the working process.

The results presented stom fromn @ publicly funded research project. whose results were

partly published before in  101-106].
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2 Fundamentals and State of the Art

Efficiency and emissions of an inrernal conbustion engine (1C18) are mainly driven by the
cottthbistion it=elf. It 12 therefore erucial for the onteome of the alternative working process
mvestigated in this work. Aftor briefly describing the fundamentals of combustion and
formation of the inost iinportant emissions. the single means applied in this work, 1.0 lean-
burn aperation, Miller evele and exhaust gas recirculation (BGR), are subject of this chap-

tor.

2.1 Combustion

The combustion process describes the exothermic conversion of chemically bonded cenerey
inte heat. In complete combustion, a hyvdrocarbon fuel CoHy reacts with oxveen (s to forim

carbon dioxide COs and water vapour Ha() as deseribed by the following chemical equation:
; AN ey ar . Y . R AN o
Colty+ (o + Z) (O, +3.773 o) = 2CO; + T 1H O+ 3773 (++ Z) Ny (2-1)

Alr, ax oxygen source, pritnarily contains nitrogen No (No/ Oy = 0.7905,/0.2085 {(volhuerric))
ane 1~ therefore found to a large extent i the exhaust gas, For a combustion witlh exeess
alr, exhaust gas alko inchides O, whereas a lack of (3 results in nnburnt hyvdrocarbons and
CO. The relative air-fuel ratio A or its inverse. the fuel-air cquivalence ratio ¢, are com-
menly used parameters to desceribe the ratio of moles of Oy available for combastion 7,
and the fuel-dependent nmnber of meles of (3 required for a stoichiomoetric combustion

T )0 wtnichy OF VIOO VOISA:

- T p
h=¢l= —2— (2-2)

T ety feh
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Stoichicmetric combustion takes place at A = 1.0, while X > 1.0 and A < 1.0 defines combus-
tion of lean and rich mixtures, respectively. The relative air-fuel ratio strongly intluences
both combnstion temperature and the laninar burning velociry, thus affecting engine per-
formance amd emissions spnificantly, For engine ovele analv<ds and sinmmlarion, the inirial
cotbistion temperature is deseribed by the adiabatic flame romperature calenlated by
applying the first law of thermodynamios 29, 169]. It resulrs from a complete combustion
with no shaft work or heat transfer to the surroundings aml represents the maximum
temperatire of a combnstion process ar constant prossare ot constant volmne, Fipure 2-1
{loft) =hows the adiabatic flame temperarre ar cotstant pressure as function of the fuel-
Alr equivalonce ratio for different fuels ar standard coneitions for tomperature and prossure,
Since there i3 nore dissociation, oo endothermic reactions. for hydrocarbon-air mixtures

on the lean side, peaking of adiabatic flame remperature oceur for ricl mixtures 77).

When dizenssing the influenee of mixnure comnpositinon on flame propagation of a premixed
cottthition within a reciprocating combiwtion eneine. it i3 important to distinguish be-
twren laminar and turbulent burning velocity, The laminar burning velocity ;s defined
ax the veloeity, ar which unhurnt gas of the promixed mixture propagartes through the
flame fromt and s transforined ro products under laminar flow conditions 37, 156 . The
laminar hurning velocity, in literature also often termed as laminar flame speed or volocity
118], enly depends on compesition, temperature and pressure of the mixture. It can be
determined experimentally using constant volimne combustion chambers (CVCC) or lami-
nar flow burners, oceasionally equipped with optical wetrology, Alternatively, munerical
coces, containing comprelensive reaction kinetic mechanisins, allow for irs caleulation
124]. The influence of mixture dilution achicved either through air or exhaust gas on
laaninar burning velocity of alr-methane or air-exhaust-gas-methane mixtures was subjoect
af several works, all peinting out that increasing dilntion slows down combustion 14, 24
34,50, 83, 1220 124, 176]. Witt and Grichel  176] compared mumerical results obtained
using GRI-Mech 3.0 mechanixin to experitental work of orhors for lean air-methane mix-
tures and derivedd the empirical correlations given by L. (2-3)

s;=¢ pt (2-3)
whore p stand for pressure and ¢ and o are coofficients that depend on the temperature of
the nnburnt zone and the relative air-fuel ratio (see Annex A1), Lamnle 74] extonded
thix correlation by the findings of Liao ot al. 79, who studied the offect of volumotric
rexidial gas comcentrations py oup to 30 % on both lean and rich  combustion
(0.7 < ¢ <1.2) of natural gas with a vohunetric methane fracrion of 96,16 %:

s = p {54825 P - LIORS g+ 0.0952) (2-4)
In spark-ignited [CE. flame kernel growth i initially detormined by a laminar burning

volocity, As thoe flame front fnercases in size. it becomes =ensitive to the eddies of the

turbmlent flow ficld inside the combustion chammber 117]. The eddies wrinkle and distort
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tho flame front, leading to a turbulent combustion with a largor flame arca shown in Fipure
2-1 {right).
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Figure 2-1: Adiabatic flame temperature over fuel-air equivalence ratio of different fuels according to |77]

(left) and shape of a turbulent flame front according to |124] (right)

According to the approach of Damkahler 30, the flame front propagares with a turbulent

burning velocity s that 14 related to the turhbulent area A, the laninar burning velocity

spannl its area A
A

It (2"3)

S¢ = §;.
Damkohler sugeests to caleulate the turbulent birning veloeity as the sum of the laminar

burning velocity and the root mean square of the turbulent fluctuation velocity w0’
S =8 + (2-6)

Equation (2-6) describes the proportional behaviour hetween the turbulent burning veloe-
ity and the turbulent fluctuation velocity. This is true until the time reguired for chemical
redctions to ocenr gain iimportance, thus reducing tle fierease in turbulent burning velocity
'115]. Nevertheless. burning velocity in engine operation still reaches values several times

higher than the laminar hburning velocity 37

2.2 Exhaust Gas Emissions

Equation (2-1) represents a very simplified approach to describe the combustion procoss,
sinee, i fact, nmmerots reactions take place. These result o interuediate produers that
either take part in further reactions or remain in the exhaust gas as conseguence of incom-
plete combustion caused by insufficient aount of s melecules or reactions thar take place
too slow to achiove chemical equilibrium. As a result, the exhansr gas contains far more
cotponents than caleulated from ideal combmstion, inchwding pollutants such as carbon
monexide (COYL nitrogen oxide (NOG) unburnt hyvedrocarbons (1) aned partienlates. While

the last = negligible for gas engines due ro oxternal mixture proparation 8%], NOy, HC and
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CO cmisgions highly depend on the relative air-fuel ratio A ax shown in Figure 2-2.
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Figure 2-2: NOx, HC and CC emissions over air-fuel ratio of a gas engine based on [3]

Although pellurants form merely a small part of the exhaust gax (approximately 1 % for a
petrol engine). they pose a threat to human health and the environment 88 . The emitted
COs 1% not condidered ax a pollutant, in =pite of its contriburion to global warming 83|
This arises from the fact that it represents 1o dircet threat to Inunan’s health and oceurs
m the course of complete oxidarion of any hydrocarbon. Hence, it can only be reduced by
either naproving engine fuel consmnption or using an alternative combustible of a lower
ratio betwern COs and lower heating value (LIV) 88]. In the tollowing, the formation of
the main exhaust gas components of gas engines 3 deseribed. For a more detailed expla-

nation on engine omissions, the author refors to literature 27, 88, 90, 96, 164]

2.2.1 Nitrogen Oxides NO,

Nitrogen oxides (NO) react in the atmospliere with water vapour and solar radiation to
cal=e ground ozone and a part of acid rain 29]. In stoichiometric or moderate lean hurn
aperation, the emitted NOy is mainly composed of nitric oxide (NO) that entirely oxidises
to nitrogen dioxide NChunder ambiont concitions, The four widely accepted mechanisins
to describe the NO formation, namely thermal, prompt, fuel and No0O mechanizm. are

briefly addrossed in the follescing:

Thermal NO

Thermal XO is formed behined the flame front in the hot burnt gas mainly from atinosypheric
nitrogen 90]. Zeldovich deseribed a 2-xtep reaction mechanism for the first time in 16
which Lavoie extended i 1970, It shows that free oxygen radicals aned high (41 concentra-

tion are vital to the oxidation process, following to

k ;
O+ Ny e NO+ N (2-7)
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k L .‘

N+ Oy e NO + O (2-8)
k :

N+ Ol €S NO + 1 (2-9)

where kq to kg are the experimentally deterinined rate constants of the forward and reverse
reactions. The forward reaction plavs a prodominant role over the reverse reaction due to
lewwor tempoerature in the later part of the commbustion. The reactions take place very slowly,
caling a “froezing” of the NO concentrarion. In literature, different values are fonmd for
the forward rate constant, all showing that reaction (2-7) is significantly <lower than (2-8)
and (2-9). Due ro the triple bond of the No melecule, reaction (2-7) requires 2 high activa-
tion energy and only proceeds gquickly ar high temperatures. It i thorefore ermedal for
therinal NO fornation. whose name sugeests it4 high temperatire dependeney. A temper-
arnre rise from 2000 to 2500 K, for example. increases the amonnt of NO by a factor of

approximnarely 50 s8]

Prompt NO

The prompt NOr mechanisi, postulated by Frnimore in 19749, describes rapid XO formation
in the flame front 00 . Owing to its low activation energy, it occurs at temperatures of
abour 1000 K 88|, The mechanism i« el more complex than the one of thermal NQ), ax
it ix coupled to the CIH radical that undergoes varions reactions. The CH radical reacts
with N ta form hvdrogen evanide (HON) and N, and eventually exidises to NOL However,
ethyne (CoHs), as precursor of the CH radical, i only formed n the flame front under rich

corclitions, thus prompt N plays 2 miner role in homogenons lean combustion.

NO formed via Nitrous Oxide

NO froan nitrous oxide NoO mechani=in gains in impertance for lean mixtures. whore ther-
mal NO decreases due to lower combustion tomperature. Furthertnore, lean eonditions
suppress the formation of CH radicals and, i1 turn., the one of prompt XL The mechanisn
eecurs at high pressures, as< in the case of lean Otto or wodern Diesel engines, and is hardly
affectod by low temperatures, It is presitnably the main source of NG HOCT engine

aperation under lean conditions 85 .

NO from Fuel Nitrogen

Thi% reaction mechani=m is negligible for engine operation with hvdrocarbon fuels bhutr plays
a rolevant rele for coal or coal-derived fuels that contain a considerable ameunt (0.5 — 2.0
Y by weight) of chemically bonded nitrogen 90]. The nirrogen-containing componnds evap-
orate during the gasification to convert over nmltipls reactions to precursors of NO for-
marion such as HCN awd NH; 58]

Reactions to NO,
The NO fraction found in the exhanst gas of [CE i< nsually predominant to that of N,
However, at low combustion temperatures. prevailing in combustion of highly diluted mix-

tures, the ratio between NOs and NO can incercase notably due to following reactions:
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NO + [0y & N0y 4+ (3 (2-10)
NO + Ofl & NOy + i (2-11)
NO+ Oy & NOy + O (2-12)

While reaction (2-10) gives the conversion from NO to NO, ar low temperatures and high
[0, concentrarions, reaction (2-11) accounts for the decomposition of NCb ar high tem-
peratures, The main NO souree for low combustion temperarure working processes is likely
found in reaction (2-12). It deseribes the NCh conversion at low temperature, which cannot
react again to NOy owing to the slow combustion and the lack of oxveen caused by poor
hemogenization 8. [Hrnee, not only low temperatures but also high oxveen levels support
high NO2fNO ratios 110)].

2.2.2 Carbon Monoxide CO

The eommbustion of hvdrocarbons i3 accompanicd by the formarion of carbon monoxdde CO|
which 14 favoured by high tomperature and prossure. It is oxidised 1o COs relatively late
in the combustion process and represents abour 45 % of the fuel's heat release 8X]. While
tho concentration of O radicals promotes the oxidarion, dissociation of COs increases the

theral decay of the oxidation products of reaction (2-13) 36).

OO+ i & Oty + 1 (2-13)

In rich eotmbustion, both nnbuarnt fuel cansed by the lack of oxyvgen and pronounced disso-
clation as high temperatures contribute te high CO emissions 249, Dissociation ix also the
somree for COY erissions uncder stolchiomerric and lean conditions. for which theoretically,
CO would entirely oxidise to O For very lean mixtures, low combustion temperatures
and incomplere combustion close ta the evlinder walls reduce the temperature-dependent
reaction rate of reaction (2-13). As a result of the slower exidation of CO to COs, the C'O

fraction increases 3% .

2.2.3 Hydrocarbons HC and Formaldehyde HCHO

Hydrocarbons {11CY ariginate from arcas that caunot be reached by the flame, leading to
comthition that takes place ineompletely or not at all, HC consist of munerons specios, of
which some react in the atmosphere with NOs to form smeg in the presence of sunlight 26,
20 . Peak HC emissions occur under cold conditions that hinder their exidarion and, in the
case of lguid fuels, thelr evaporarion process. With the mixture type heing decisive for
their formarion, nete that the following description 1= confined to convenrional Otro cugines
running with hormogenoous mixtures 27, 88 . The main source of HC emixsions are crovices,
followed by flame and wall quenching effects as zecondary sources. Crevicos are NArrow
regions conteeted to the main combustion chamber that the mixture can enter or escapoe

but the flane cannot propagate into <inee it is extinguished by the cold walls, The crovice
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volume, including piston top-land. spark plug thread, valve scar and head gasket crovice,
nstally amonntx to 1 to 2% of the clearance volume, The pas density in the croviees is
several Times higher than that in the bulk, as the cold evlinder walls cool it down rapidly,
For this reason, the affected mass i significantly hisher than the volinme initially indicates.
Cheng 27] argues that erevices cause 38 % of [1C emissions in potrel operation, with the
piston-ring-liner region representing the predominant erevice IO souree, For lean-burn gas
engines, Baner and Wachtmeister 8] found the creviee region to he responsible for 70 to
O of HO emissions. Lean mixtures close to their burn litnit are furtherinore affected by
flame quenching effecrs, extinguishing the flame prematurely before it reaches the cvlinder
wall &, 27 . Another [ zource i wall quenching that describes the effect where a flame
extinguishes howtly before the evlinder wall, resulting in a thin laver of anburnt air-fucl
mixture adjacent tothe wall 27]. Aest of the unburnt fuel fraction diffuses into the flame
and converts to products rapidly, thus contributing only little o HC emissions 96]. An-
othor simall HC source that gainsg relevanen for aging engines roprosents exlaust valve

leakago 27 .

Next ro HC emissions. Baner and Wachimeistor analysed in 8] alzo the formarion of Fer-
maldehyde (ITCTO) i lean-burn gas combustion. TCTO s an intermediate product of the
methane oxicdation proces< that occurs in the eold flame region ar tomperatures of 400 to
S00 K and oxidises quickly at 1200 K and above |, The authors claim incomplere ¢om-
bustion and parrial burning to be decisive for HOCHO cmissions and thus sharing the same
sotrees as O cmissions, Emissions from the piston top-land crevice vohune showed differ-
ing behaviour for varying ignition timing and air-fuel ratio. whereas a strong correlation

hetwoen both [TCHO and HC caused from other sources became evident 8].

For petrol operation. HC and HCHO emissions emerge from ail layers, lguid fuel and
deposits, which, however, are either negligibly snall or non-existent for lean narural gas

aperation 96].

2.3 Homogeneous Lean-burn Operation

The majority of starionary gas engines operate with lean air-fuel mixture o profir from
levw combuistion temperarmres that lead to low raw NOy emisqions, prolong engine lifetime
due 1o leower thermal load and benefit efficiency partly caused by rodueed wall hoat losses,
A further advantage arises from the highor ratio of the specific heat capacities p, which is.
beside the connpression rario r, the only parameter that deterimines the therinal efficiency

1, of the air-standard Otto cvele:

—_

Ty = 1- =3 (2-11)

The air-stawdard cvele assmnes a cotstant ratio of the speeific heat capacities and is net

to bho confused with the itdeal engine cvele, whicli indeed features the consideratrion of the
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toperature-dependent mixtire propoerties and furthermers dissociation, The fdeal engine's
efficlency 7., ax funcetion of the relarive air-fuel ratio A and the compression ratio is shown
in Figure 2-3 {left). Inercasing A from 1.0 to L6 for a compression ratio of r, = 13.0 lifts
therinal efficiency fronn 3003 1o 54,3 %, while a stolchiometric operated engine would require
A compression ratio over 18:1 to achiove the ame benefit. In response to the higher tem-
perature level at the el of the compresdion stroke, howoever. knocking tendency, peak
combustion pressure awd NOyg emissions would increase. Depending on the application.
either one of these effects restrict the compression ratio. Leaning, on the other hand. is
pritarily lmited by inereasing eombustion instability  120], whose root canse is spatial
mixture inhomegeneity as reported by Gorenflo A7 . Bosides, inerrasing mixture dilution
pralong= burning delay and burn duration as a result of falling uninar burning velocitio

a< =hewn in Fipare 2-3 fright).
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Figure 2-3: Efficiency of the ideal engine over compression ratio for varying relative air-fuel ratio (left);

Laminar burning velocity over fuel-air equivalence ratio (right) |24]

Mixture density and temperature. residual gas fraction and flow conditions in the spark
region govern the inflanmmarion process within the prechamber [68 and, in turn, the for-
marion of the flame jets to induce the main combustion. Fresh mixture enters the un-
seavenged prechamber during rhe compression stroke. cansing a reduction of the residual
gas fraction. This first leads either to a lower or constant tempoerature. in the case mixing
halarces the tomperature rise cansed by the compression as reported in 129], In the further
conrse of the compression stroke. hothh mixture temperature and pres<ire inceroase while
density decrcases. Turbulent kinetic energy (TKE) inside the prechamber also rises over
crank angle until it praks shortly before TDC 1000 129 . From thix it follows thar very
early ignitien titnings lead to unfaveurable ignition concditions and reduce the officacy of
the prechamber due to sialler flame jet size. while retarded combustion has the opposing
efferct, However, oprimal ignition condirions are difficult to generalise since the prechamber
design, defined by, amongst otlers, the volmne, the number of orifiees and their orienta-

tion. ix often specifically adjusted to the engine’s specificarions,

Prechainber spark plugs arve frecqiently ised in small leat-hurt cogoneration engines to
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cvercome thoe disadvantages of extended bnrn durations and higher oyele-hy-cyvele varia-
tions. The prechamber decouples the flow conditions at the vicinity of the spark from the
ones of the main combustion chamber., Afrer the oxhaust and intake stroke, the prechamber
ix only filleel with exhaust gas from the foriner evele, In the course of the comprossion
stroke, air-fuel mixture enters the prechamber throngh tangentially arranged orifices, lead-
ing ter goad howogenisarion with the exhaust gas, Due to a high degree of turbuletcee within
the preclunber, a stable awd rapid inflammarion takes place. cansing a fast heat release
ane significant pressure rise. The pressure difference to the main combustion chamber
procices flate jers thar penetrate into the main combustion chamber with a pressure
difforence of 1 to 3 bar for prochamhbor volumes hetween Lo 2 % of the volume at TDC
165]. The intense and wide mixture inflammation as well ax additional turbulenee gener-
ateed i the main combustion chamber decrease hurning delay and evele-by-cvele variarions
3. 650 63], allowing small gas engines to operare at A = 1.5 — 1.7. Sinee large gas engines
rit 4t lower engine speceds than these in the simall power range. they experience lowoer wall
hemt losses due to the smaller surface area 1o volume ratio {A/V). In response to highor
process tomperatire as woell ad prolonged time for NOy formation, the relarive air-fuel ratio
to achicve acceptable NOy emissions increases. The increased burn duration due to leaning
awd longer flame distance Hnit the we of uiscavenged prechiamber spark phugs to eyvlinder
hore diameters of smaller than 250 mm 3] Therefore. large gas engines are comipped with
seavenged prechatibers thar henefir from a nearly stoichiometric air-fuel mixture realised
through fuel injection into the prechamber during compression stroke. The increased mix-
ture strength intensifics the flaine jets significantly and facilitates the ignition of very lean

mixtures in the main commbistion chamber of A = 2.0 _'GE:].

Figure 2-4 {loft) shows the cumnlated released heat over crank angle at constant relative
air-fuel ratio of A = 1.4 and a constant ignition timing of 4 naturally aspirated gas engine
aperated with standard and nuscavenged prechamber spark plug 151]. Combustion initi-
ateed by the prochamber takes place notably fasteor, indicated by a shorter burn duration of
1.2 °CA and advanced combustion phasing of about 10 °CA. For trials at MDBT spark
timing (maxinnmum brake terquel. the misfire lmit is shifted slightly. while combustion

stability i substantially improved as COVigee plotted over A in Figure 2-4 {right) ~hows.

With the ignition concept beitg decisive for cotnbustion stability, alternarive approaclhn,
nelueding, laser, plasina, microwave, corona or perforinance gas ignition (1PG1) wore and
are studied by others 9]0 A therongh review of prechamber initiated combustion is given
in 160]. Anothor innovative concept s hot surface ignition ([1SI). which is also subject of
rosearch work at Karlsruhe UAS 139]. Further means to improve the lean-burn capability
of an cngine aiim at intensifving charee motion. leading to accelerated combustion atd

higher combustion stahility 68, 120, 132].
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Fipure 2-4: Cumulative heat release (left) and COVimer (right) over relative air-fuel ratic at MBI spark tim-
ing |151]

High lrvels of mixture dilution through air can improve the engine's thertnal efficlency but
decreasing fuel concentratinm requires a larger in-eviinder mass for achioving the satne
IAE, Part load applicarions manage this by shaply de-throttling, while turbocharged
engines enhatce in-cvlinder filling b ereasing boost pressuve. [ the case of a naturally
aspiratecl engine, leating ik detrimental to INEDRP. Consequently, thermal officiency might

mprowve but at the expense of hrake efficiency due to rhe lewer [NER/PALED ratio.

2.4 Miller Cycle

The intake valve of 2 conventional engine closes shortly after hortom dead centre (BDC),
in order ro take advantage of gas dynamic effects that faveur engine breathing. Closing the
intake valve earlier or later, on the other hatd, might be attractive for mulriple reasons as

it can:

- Ierease cngine efficiency

- rechuee NO)y emissions

- witigate the knocking tendencey

- roduee puinping work in part load operation
- nmprove afterrreannent

- recdhee the engine’s thermal Tovad

- Increase ratod power

2.4.1 Background and Denomination of Miller Cycle

Early and late intake valve closing (IVC) {see Figure 2-3) was firstly deseribed in the
patents atd publications of Ralph Miller 91-91 ) released from 1947 to 1957, and ix ac-
cordingly often denoted ax Miller cvele. Miller incereasod the charging pressure and w<ed an
mtorcosler to provide sufficient mass of in-cvlinder charge at favourable thermodynamic
cotditions. For carly 1V the trappod charge within the evlinder expands afrer closing the

take valve hotore BDC, Le, during the intake stroke. leacding to similar pressure but lower
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temperarure ar the boginning of the compression than that of ordinary superchargod com-
bustion engines 92]. A similar effect is achicved for late 1VC, however, as opposed 1o an

intermediate expansion. a part of the mixture is discharged during the comprossion =stroke,

ol
o
i, %,
a
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Figure 2-5: Early (left) and late (right) intake walve closing |93]

The process, also naaned “Jow terpperatuare supercharging’, allows the engine to operate at
higher power without inereasing therinal load on engine components. A mechanical devien
ix used to vary intake valve timing in engine operation with respect to engine load. In 91
Miller discusses resulrs of this working process i large gas engines and a Diesel engine,
The latter oporates with IVC for highest chareing efficioncy — 1o IVC aftor BDC — from
Lhalf-lead down to ensiure reliable ignirion conditions. For higher loads, intake valve closing
Is advanced and hoost prossire increased o maintain the comprossion end pressure con-
stant. At same thermal load. the benefit in brake mean offective pressure (BAEDR) over a
comventional supercharged cngine amounts to 22,1 % and 303 %, respeetively.  Contrary
to the Diesel engine, the gax engines, discussed in 94], operated at constant air-fuel ratio
and varving early intake valve closing, regardless of engine load, As a result of the consist-
ently higher expansion to compression ratio. decreasing exhanst heat losses enable an mddi-
cated efficiency up to 50 % Latest IVC of abeut 53 “CA hefore bottewn dead contre BBDC
I set ar 85 % lead. while in full load the engine needs to slightly advance IVC to avond
knocking at maxinnun hoost pressire, Decreasing hoost pressive ard adsvancing [VO allow
the engine to operare at lower load. Sinee the regulation of load occurs at constant afr-fuel
ratio, it 18 similar to that of nowadays auromotive Otro engines eouipped with anthrottled
lewacl contrel by the means of variable valve timing 37 . In 93], Miller addrosses the benefit
of applving carly or late intake valve cloxing also for a naturally aspirated cngine. In re-
sporse to a roduced effective compression ratio, knuocking tendeney decreases while 1nain-
taining a high expansion ratin.

Orvoroxpan=ion i= one of the major features of the Ailler cvele. Tty hasic idea goes back 10
the work of James Atkinson. who patented a d-stroke gas engine with a specific crank train

design in 1887 (see Figure 2-6G). Its key compenent is an additional linkage (). connecting
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the connecting rod (C), the crankshaft (F} awd a further linkage (H) with one another.
While the erankshaft experiences a continuons retational motion, the linkage (1), which is
artacheed on the other end to a fixed centre, rotates back and forth, This entails expansion
and exhanst strokes that are longer than the intake and compression strokes 2] Very
recent work shows that weight and friction pese the main challenges when realising such
an engine configuration 114].

J. ATEINSON.

GAS ENGINE. .
No. 367,406, Patented Aup, 2, 1887,

Figure 2-6: Cut-view through Atkinson's extended expansion engine |2]

A working process with an extendod expansion realized over the crank train ix named after
its inventor Atkinson cvele, This term is, heswever, often used to describe late intake valve
closing even if Atkinson never wentioned to acdjust the valve ovent, Henee, it is somehow
nnclear why lare intake valve closing is associated with Atkinson cvele in literarure, A
possible explanation is given in L1, presuming that a paper of Luria et al. 817, published
in 1982, is the origin of this discrepancy. The anthors in 81] introduce the name ‘Otfo-
Athinson engine for a configurarion that retards intake valve closing in correspondence 1o

the load.

Table 2-1 shows the different definitions that have been established over the years to de-
seribe IVC before or after BDC ax early/lare Miller, Miller/ Arkinsen valve timing or cvele

ar carly flate IV

1able 2-1: Dencmination of Miller cycle found in literature

Miller with IVC before BDC Miller with IVC after BDC Source
. . [41, 45, 46, 51, 126, 131, 141,

Early Miller Late Miller 153, 154]
Miller valve timing / cycle Atkinson valve timing / cycle [40, 56, 61, 127, 136, 142, 166,

168, 178, 179]

Early IVC Late IVC [37, 38, 54, 95, 175]
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2.4.2 Cycle Parameters and Geometrical Relations

The air-=tancdard (tto cvele opens and closes the intake and exhanst valve at bottom dead
centre {BDCY and top dead centre (TDC). respectively. Consequently. compression and
expansion oceur over the whele piston stroke from BDC 1o TDC and viee versa. Advancing
ar retarding intake valve closing {IVCY, reduens the effective compression ratio, thus low-
ering the pressure level at the end of the compression stroke, as shown in Fieure 2-7 {left).
IVC before BDC leads to an intermediate cxpansion from IVC ro BDC with a starr of the
compression stroke below ambiont pressure. Retarded IVC, on the other haned, features a
oan exchange that takes place bevond BDOC, where mixture exits the evlinder isobarically
until meeting IVC. Onee the intake valve has closed {at 1)), both early and late Miller
show cohorent prossure traces, The effective compression ratio and engine efficiency de-
ctease To the same exrent for hoth valve timings. For this reason, this work no longoer

distinguishes between carly awd late Miller approachos in idealised ovele consdderations,

Miller
Conventional
3 3

o o

e " —

E Q_E paml:l:nt.ld =y 6

pamb-s!nt s pambient 1
1
Vine ‘*"'mu:- Vaoe Ve Vhitier Vane
e Vaolume —= Volume —e=

Figure 2-7: Air-standard Otto and Miller cycle at same geometrical compression ratio [141]

Culess the offective compression ratio s adjusted to ity initial value. the evele experiences
A loss in engine efficieney. The drawback. highliphted as shaded area, becomes ¢lear when
siuperimposing the high-pressure phase of both Miller and Orto evele in Figure 2-7 (right).
It assimues that thermodynamic ambient conditions of the Miller oyvele equal the ones insice
the evlinder of the Orto confipuration ar the volume Miller closes its intake valve, Ax a
romult of the <ame mass, the <ame heat 4 added to the evele. leading to coherent pressure
traces until Miller evele opens the oxhanust valve at BDC and ga< exchange oceurs at a
higher prossure level. The hatehed arca below displays the loss in work that oceurs withoat

adjusting the offoctive compres=ion ratio a< [IVC ix modified.

Arsuming equal ambient conditions for hoth eyeles, Ieads to a mass of in-evliwder charge
that 1= propertional ro the velume ar IVC {see Figure 2-8). At constant rolative air-fuel
ratio, the added heat G enly depends on the charging efficiency. The charging efficiency

describes the ratio hetween the actual in-evlinder mass aned the theorotical in-evlinder mass
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whoen assming that the displacomeont volnine is filled with mixture under ambient coni-
tions 37]. The isobaric gas exchange at ambient pressure lovel of the air-standard engine
evele leads to highest charging officiency for IVC ar BDC (Lo ideal Otto eveled With Vi,
ancl Vogyye- being the volmnes at BDC and TDC, respectively, the compression ratio r, and
expansion ratio r, of the ideal Otto cvele solely depend on evlinder geometry, Both param-
etors mateh each other atd can also be denoted as geometrical compression amd geometrical

expansion ratio r,, as given in [Bq. (2-15):

Ve
Te=Te¢= Tyoe = 77— (2'].3)
' Vo

The comnpression of the air-standard Miller ¢vele. on the other hand. effeerively commences
during the compression stroke ar the vohune for which IVC acours, Vyoe - To achieve
sate tomperatire and pressure at the end of the compres<ion stroke. the effective com-
prossion ratio is to be adjustod. To this end, Ve 18 reduced. bocoming Voo ap,. o that

the compros<ion ratio r, 40, follows to:

Vv ditice
Tk = 77 : : (2‘ lb)
Voo vt e

Ve 18 altered by the <ame value as Ve and henee reramoed 1o Vg . shifting the
ordinate of Miller cvele correspondingly. sharpens the understanding of the geometrical
relatioms {sec Figure 2-8, left}. Sinee exhanst valve opening (L5VO) still ocours at BDC, the
CNPALRION TAtIo 7y - 18 atalogonsly defined to the Otto evele ever the ratio between hoth

dead volumes given by Eq. (2-17):

Visie atitinr
Ty atiiter = V¥ = r.l‘.'a g A (2‘ ].f)
T Ml

The ratio between the expansion ratio and the compression ratio s also kuown as expan-
sion/comprossion ratio ECH or Miller degree 1], heing a characteristic parameter of
Miller valve timing 57, 81]:

' Ty ity rn‘.la o Aty Te
BCR = = - =L = (2-18)
T ar M T atither TC r(f ’

v

For the Otte evele it applies that £OR = 1.0 ax r, = r,,, = r,. while Miller evele reaclioes

ECR = 1O with 7, pu,= Ty asit e 2 T agine- Lhe henefit i engine officiency cawsed by
FOR = 1.0, shown ax grern arca. arises from the increased ratio of expansion to compres-
sion work. This can be emmphasised by reforring the eveles to the specific volume v shown
in Fignre 2-8 {right). Although samne specitiec hears g are added to borh eveles) the Miller
confipiration vields a henefic (depicted ax green region) o specific work caused by an
extonded expatsion. Nevertheless, overall evele work suffers since the loss i expansion
work entweighs the benefiv in compression work due to less heat  added {see Figure 2-8,
left).
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Figure 2-8: Ideal Otto and Miller cycle in the p-V diagram referred to absolute (left} and specific volume
(right) (schematically)

The compression ratio, ad a driving parameter for engine efficiency {cf, Eq. (2-11)), is lIm-
ited {n actual englue operation by peak combustion pressure, NOy emissions or knocking
cothition. While these restrict the expansion ratio of an engine confipuration that opor-
ares with Orto valve timing, the Miller evele enables an expansion ratie that i« higher than
the offective eotnprossion ratio. As a result. engine officiency ereases without excoeding
tho eritical parametors that litndt the effective compression ratio. Howoever, the falling in-
evlinder mass that reduces engine power at same air-fuel ratio for 4 naturally aspirated

[CE poses the major challenge to also experience a benefit in brake efficiency.

2.4.3 Miller Cycle in Research and Field Operation

The reason ro iinplement Miller cvele varies with respect to the application. the I[CE type
Al the paraticter to he optimised. In stationary gas and Diesel engines the major nieoti-
vation 1s to iinpronwve the trade-off hetween NOy emissions and brake specific fitel cotsmm)s-
tiom (BSFC). For aureniotive Orto engines, on the other hand, the focus lies on lowering
fuel consiumption or kuocking tendeney. Depending on the ICE type (narrally aspiratecd
or turbocharged), operation mode (full or part load) and valve train design (fixed or vari-
abile valve timing, operating parameters {air-fuel ratio, charging pressure’ and engine de-
<ign {compression ratio. gas path, turbocharger) need to be modificd to realise an efficient
Miller evele, The modifications to be made and their effects differ from one anothier and
might improve the target variable but at the =ame time deteriorare another one. In this
contexr. the ensning secrions give an overview of the ditffereat applications in which Miller

evele i fownwd in literature,

2.4.3.1 Miller Cycle for Stationary Gas Engines
The loss in charging efficiency 1= likely the reason why Miller valve timing is ravely applied
to naturally aspirated gas engines, The nse of a turbocharger and intercooler would allesw

cotponsating rhe losses in charging efficieney and lead to lswer initial process tomperature
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but same prossure. However, the tailpipe prossure pulsations hinder the uske of turho-
chargers in single-cvlinder engines, while using a supercharger i< viable, but would sigmifi-

cantly erease syaten costs,

Naturally Axpirated Stationary Gas Engines

Mikalsen ot al. 84 conducted a theorerical and nmumerical study en AMiller cvele for a small
naturally aspirated cogoneration Orto engine with a displacement volume of 117 cm® Start-
ing from the datum confipnration with a relatively low comnpression rario of 6:1 and an
engine speed of 3000 rev/min, the geometrical compression ratio wasx inereased for a con-
stant mean piston velocity by adjusting both piston stroke and engine speed. 30 CFD
calenlations of the high-pressure loop were carriod out with sroichiommoetrie mixture and
ignition timings for oprimum engine efficiency. Expansion/compression ratios up to 1.6
wore analvsed. ncreasing indicated efficleney by over 13 % at the expense of losses n
engine power of approximatoly 30 %, In the case of a lean-bhurn engines, losses in powoer
catl be compensated by reducing the relative air-fuel ratio A, The rising engine-our NO
erissions require eithor engine after-treatinent or the increase of the mixture’s heat capace-
ity ax presented in 103, 105 . The authors condnetod 4 numerical and experimental study
for a naturally aspirated lean-burn cogeneration engine with the target to optimise the
Intake parh design for highost charging efficicney. Compared to the baseline configuration.
early Miller valve timine decreased NOj emnissions by 30 % for same eleetrical efficicney

and pewver 103

The alternative to optitising the intake path is to start from a large engine size that allows
for sufficient {n-evlinder charge despite Ailler valve titing, To the author’s knowledge.
Yamunar Ca., Ltd. is the only manufacturer that follews this approach on narurally aspi-
rated cogeneration engines, for which low peowoer densities are accoprahble. The rated power
output range= from 3 KW up to 25 KW in lean-burn, and anonnts to 35 KW in sroichio-
metric aperation, The smallest confipuration 14 a J-evlhinder engine with a displacoment

volume of 900 e and a evlinder bore of 68 nim 99 .

Turhaochareed Stationary Gas Ensines

Saite et al. 131] realized Miller valve timing for a rurbocharged interconled 237 litre 6-
evlinder gas cugine, operating with a prechiaimber spark plug. The baseline intake valve
closing of 46 °CA after bottomn dead centre (ABDCY) was retarded to 80 and 100 CA
ABDC, respectively. leading to a lower effective compression rario ar same charging pros-
sure. NOy emissions decrease thanlks to reducod peak cotnbustion tewperature ancd pressure
while BMED % maintained ar 109 bar hy adjusting charging prossure. Both ALller config-
nurations improved the rrade-off berween BSEFC and NOy emnissions, enabling for lowest
ernissions within that work. Owing to the reduced temperature and pressure level. a de-
creasing knocking tendeney offers porential to further inerease the geometrical compression
ratio from 13.1 to 15,0 for [IVC = 80 °CA ABDC. Figure 2-9 plots brake thormal efficiency
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against relarive air-fuel ratio A for the baseline engine (r,,, = 13.1) and late iller config-
uration (r,,, = 15.0} ar constant BMEP = 109 bar. It can be seen that the required charp-

ing pressure 1= higher for AMiller eyele ar same A due to the reverse flow that rakes place
during the connpression stroke. The Miller configuration inereases efficiency up ro 1 %-
point ¢lose to the knock limit and therefore at relatively high NOy emissions, while the

parential to roduee NOy mnfssions for same brake thormal officioney decroasos,

(a) Baseline Otto Cycle (b) LIVC Miller Cycle
Expansion Ratio=13.1, |VC=46deg. aBDC i s —
BMEP=1.09MPa, Temperature at Exit of |/C=318K BHEPf,"_D(?E?,fp‘;” Tﬁeﬁ}'é’,gﬁj& B S aﬁ[’éﬂ;m,(
! : : T
== _ Knock Limit
i ; : ] =7
> 38f OO SN RO SIS S 117 5 1
- , L?ich { ;
o ; imit PP ;
© Knock Limit ,w""\,«: L
e s 2007300 , 7.
&0 200
et roxoz=0p) 150
| .
E i : i 4
= —o—|T=5 | Intake ).
® N2 H o iy | Menifold | 2407 ;
- ! ] = 5 Pressure | ; |
o Intake Manifold - --0—IT=9 | kPa(abs) | 70O /i
=) Pressure kPa(abs) p— S T /
|240}_‘,_._ s i i . A i
1.9 2 21 2216 1.7 1.8 1.9 2 2.1 2o
A A

Figure 2-9: Comparison between Otto (left) and late Miller cycle (right) at n = 1500 rev/min [131]

Fukuzwa et al. 16 and Ende ot al. 41 deseribe the development of lean-burn Miller ¢vele
eax engines that operate in a power ranpe from 280 to 1100 KW and ar ongine spoeeds of
12000 1500 and 1800 rev/min. The displacement volinne amounts to 4.1 litre/cvlinder and
the no. of cvlinders varies between 6, 12 and 16, Enconraged by the lack of mass-produced
turhochargers that give sufficient bhoost pressure at low flow rates by the titne the work
was perfored, the authers doveloped a new turhbocharger specifically for the valve timing
seleetecl. The anuthors found that a Miller configuration with a geomoerrical comprossion
ratio of 7, , = 15.0 holds a clear advanrage e efficiency over conventional lean-burn or
stolchiomerrie operating engines. However, aftertreatiment with selective catalvtic recue-

tion {SCRY ix required to achiove NOy emissions of 130 ppan ancd below,

Witlferr et al. 178, 179 analvsed early and late Miller valve timing for a single-cvlinder
rescarcl eneine with a displaceent volue of 477 litves, a compression ratio of 131 and
A consrant engine speed of 1300 rev/min, Early Miller valve timing reduces thermal load
of the combustion chammber. allowing for higher eneine power due to lowor kuocking ton-
dency. At same engine power, realised by adjusting chareing pressure, thormal load of the
cortbustion chamber and NOyg emissions decrease significantly. Fuel consuption, on the
contrary, increases due to higher HO emnissions and ovele-by-cvele variations. Bosidex, rising
exhaust gas temperature augiments the therinal load of the nurbocharger. Late Ailler ¢vele

shows the opposing tremd. where lower fuel consmnption is achieved at the expense of MOk
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emssiens. The authors argne that the benefit in officiency arises roportedly from fewer

Fuchs et al, 43 address the ongoing development of a turbocharged and interconled large-
bore namral gas engine of the 1-2 MW segment that already operates with late Millor
eyl Omne of the kevs 1o higher engine power and officiency ar constant NOy emissions of
250 mg/mn? (at 5 % Os) amd below. wax the incorporation of a secend turbocharger stage
that enables pressure ratios higher than 5 bar. To keep the peak temperature of the un-
burnt zone, which served as indicator for knocking tendency, constant, intake valve closing
needed to be further retarded. Together with an adjusted geomerrical comnpression ratio
BMEP increases froan 20 to 22 bar. Depeneing on intake manifold design. the roeverse flow
that takes place during the compression stroke deteriorates the temperarnwe distribution
within the inrake manifold. As redult, gignificant variations in temperarre aed combustion
eeeur across the evlinders and it further retarding of VO, Early Ailler valve timing, on
the ather hand, experiences no reverse flow diring the compression stroke aned allows the
engine to operate at samme peak temperarure of the nuburnt zone but a pressure level that
Is about 8 bar highor than that of the late Aliller confignration, Compared to the datmm
configuration. BAED increases up to 24 bar and engine efficiency enhances by 0.3 1o 1.0 %-
paints at same NOy eindssions, The henefit i< partly attributable to a new prechamber spark
Ignition syv<tem that allows the engine 1o aperate with advanced combustion phasing and

lrnwer ovele-by-cvele variations in peak comnbustion pressure and INIEP.

Behrens et al. Y] realised early Miller valve timing for a slow muning (1000 rev/min) 16-
cvlinder gas engine of 3.0 AW gencrated hrake power. Starting from the hascline compres-
sionn ratio of 10:1 that i unsuseeptible to knocking, an inerease to 12:1 leads 1o a =similar
methane munber requircd as the one of the bascline engine ar same IMIEP. The Miller
configuration increases engine efficiency from <101 te 2.3 % at BAEP = 16 bar and Nk

emissions below 500 myg/my® (TA-Luft).

Miller evele cotnbined with two-stage trboclharging is also implemented in the largest gax
engines of 10 MW and above. Bockhoff et al. deseribe in 12] the continuous development
of the largest MAN gas engine thar achieves a brake efficiency over 51 %  ar
BAIEDPR = 22.5 bar. According to Trapp et al. 161]. the 20-cvlinder Jenbacher JY920 engine

aperates oven at higher BAMEDR of 24 bar and reaches an electrical efficiency of 50,0 %,

2.4.3.2 Miller Cycle in Petrol Engines

In the antonotive sector, (rto engines mostly operate with stoichiomerric mixrure and are
thorofore quantity-controlled, often realised using throttle valve, The losses in part load
operation. mainly arising during the pumping loop. can be decreased by implomenring
variable valve timing. The mass of air i= then controlled by adjusting intake valve closing
anel throtrling (if <till reguired] in correspotidence with the required load. The effect of 1VC

i part load operation ix shown in Figure 2-100 It can be clearly seen that advancing or



2.1 Ailley Cyele |25

rotarding 1VC leads to a smaller pumping loop, thus reducing the prnping losses,
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Figure 2-10: Comparison of different part load strategies using variable valve timing {according te [40])

With respect to possible rated engine power, it is of vital iimportance whoether the engine
aperates naturally aspirated or super-/rurbocharged. Engines for transient operating con-
ditions are wsually equipped with cam switching {(primarily two-stage) or fully variable
valve train systems. The larter provides the highest depree of flexibility and {2 therefore

already mcorporated in a large number of series produetion engines 52 .

Naturally Aspirated Petrol Enpines

Miller evele is mostly found in naturally aspirated Otto engines of hybrid elecetrical velieles,
for which the reduced hrake torgue catsed by worsened engine hroathing can be increased
again biv engaging an electrical motor, Examples for recontly introdiead models are Loxus
RXASM, Tovota Prins and AMercedes S 400 hvbrid. all fearuring hipgh comnpression ratios
between 11.7 and 130 39 realised through lare Miller cyele eomnbined with an EGR sys-
tem. For the Moercedes 5100 hybrid engine (3 272 [£35)) retarding intake valve ¢losing by
30 °CA as woll ax modifving the evlinder head to increase in-evlinder charse morion, ena-
bles an inerease of the compression ratio from 10.7 1o 11.7 3% . The brake torque of the
Ailler configuration is lower than that of the baseline engine up ro speads of approximarely
700 rev/min. For engine spoeds above. the rising ram offeet ecourring for late intake valve
closing lift< the brake torgue to higher values than the baxeline engine. Besides, the elee-
trical moror overcorpensates for the losses in brake torgue over the whole engine spond
ratge. In conjunetion with a high expansion ratio and vediced punping losses, fucl cot-

smmption can be reduced by 9 % at BALP = 2 har and 1 = 2000 rev/min.

Likewixze to hyhrid engines, late Aillor valve timing and high compression ratios rocontly
cained popularity to purely ICE driven vehicles. In 2011, Mazda prosented the Skyvactiv-G
[l . . ) .

engine that operates with late [VO, reducing puanping losses by 20 % and allowing for a

compression ratio of 111 to achieve high engine officiency 8. In 2014, Daiharsu. Mazda
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and Tovota introduesd naturally aspirared engines that operate with AMiller evele with the
aim of lowering knocking tendeney (Daihats} and reducing pumping losses {Mazda and
Tovora), The Miller valve timings cnable engine designs with high compression vatios that

range from 115 and 13.5 64].

Ries et al. [40] studied the influence of different valve timing strategies (IVC at -88 ©0 0
anel 75 YCA ABDC) as wmean to lower pumping losses in part load operation for a single-
evlinder  engine  {bore/stroke = 77/8% mm)  operaring  at  constant  INEP = 2.8 bar,
n = 2000 rev/min and CASO = 8 “CA ATDC. Starting from neutral valve timing (1VC at
BDCY, the pumping mean effective pressure (PMEP) can be reduced by abour 9 % for late
awdd 49 % for carly Mliller valve timing. The lower oross IMEDP (IMEP,) required to keop
IAMER constant rodwees the wall heat lossos, Because the modified valve tiimings alter
charge motion (will be addressed in 2.-01), botl comfipurations experience disadvantages n
combustion delay and duration due tooa redneed level of turbulence, This offecet aecours to
a higher extent for early Miller valve timing, yer it holds with a plus of 1.4 % -poinrs in
edicated efficioney a larger advantage over the neutral confinrarion than the late Adiller

strategy (0.8 Y-points).

Turhochareed Perrol Engines

The fact that in 2015 and 2016 munerous car manufactires released turbocharged engines
aperating with Miller cvele, underlines its potential to improve engine efficiency 17, 15.
G-1. Next to reduced losses in part load. it enables lower knocking tendeney in full loacd
aperation, owing to a decreased temperature level of in-evlinder charge. Flierl or al. 11,
for example. applicd a fully variable intake valve train to a narurally aspirated 2.0 litre
{3rto engine, for which intake valve lift and spread were varied during engine operation for
three different exhaust valve spreads. Redneed pnmping work of 35 % in part lead opera-

tion (BAMEDP = 2 bar. n = 2000 rov/min} causes savings in BSFC of 13 %.

Eliner et al. 0] analy=ed the potential to reduce the losses in part load operation by
varving intake valve closing for a 1.4 litre four-evlinder turbocharged Otto ongine with
direet injection. In low part load at BMEDP = 1 bar and n = 2000 rev/min, carly IVC de-
ereases BSEC by 12 % and late INC vy 7 % compared to baseline valve timing. The authers
claitn that early IVC i superior to late IVC due to lower friction losses with deereasing
valve lift and the highor benetit in dethirottling, Beside the reduced pruanping losses, closing
IVC before or after BDC lowers the effective compression ratio, decreasing in-evlinder
pressure ated temperature during the compression stroke. a2 shown in Figure 2-11. The
merease of boost prossure through the turbocharger cotnpensates for the lack of mass cansed
by meclifiod valve tining. Together with an intercooler that onsures low ixture tempera-
tures, the high-prossure loop bogins, for borh early and late IVC, ar same mass but lowor
charge ramperature and prossure, As a result of decreasing knocking tendency, the ongine
can operate with more favourable combustion phasing in full load operation. At

BAIEDP = 29 bar and n = 1500 rev/mnin (low end rorguel. it could he advanced by 4 °CA
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for early 1VC and 2-3 *CA for late 1IVC, BSFC doereases by 12 % ar BMEP = 23 har ane
n = 3000 rov/min {rated engine power), caused by earlier CAS0 and less enriching required
for component protection. The benefit is again smaller for late [V, arising from the reverse

flow into the intake secrion that leads to higher mixture temperarre,

In-cylinder pressure
In-cylinder pressure

-Early IVC -80 °CA
0 -4 Baseline IVC 0 °CA
Late IVC +80 °CA

In-cylinder temperature
In-cylinder temperature

360 450 540 °CA 720 630 660 690 720 750 °CA 810
Crank angle Crank angle

Figure 2-11: Influence of IVC on in-cylinder pressure (top) and temperature (bottom) in knock-limited full

load operation |40|

Schutting ot al. 141] econducted a study on knocking eombustion for a gasoline engine
aperating with stoichiometric mixture that shows the potential of advancing CASU (termed
as MFB 30%) by applving Miller evele swithout mentioning whether [VC oceurs before or
after BDC {see Figure 2-12). Kuocking combustion forces the baseline engine with a con-

pression ratio of v, = 15 to operate at late combustion phasing of CAS0 = 15 “CA, for

which it reaches higher efficioney than the configuration with Ailler valyve timing. When
meteasing relative Foost pressure to 0.1 bar. both engine setups reach similar efficiency in
spite of different CASO of 10 °CA for Miller and 18 CA for the baseline valve timing. With
rising hoost prossure. both confignrations need to retard CA0 to avoid knocking combus-
tion. While the baseline requires for @ boost pressure of (L2 bhar a combustion phasing
heveoned 20 "CA ATDC, the Miller setup s able 1o operate with a boost pressure of (L] har
ar CAS0 = 1R "CA. leading to an increaxe in indicated efficiency of approximarely 0.7 %-
points. The authors metition that a part of the benefir must he aseribed to lower pumping

loss=es, a< the hoost prossure was provided extornally.
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Figure 2-12: Indicated efficiency (left) and combustion phasing (right) as function of boost pressure [141]

According o 17, 18], Volkswagen and Audi also make use of the petential of Miller valve
timing to reduce the kuocking tendeney that allows for engine designs with high compres-

sionL ratios, as secin in recenrly launched passengoer cars.

2.4.3.3 Miller Cycle in Diesel Engines
[arly Miller ovele was widely introduced in Diesel marine applications to improve the
BSFC-NO, trade-off 37], whereas for passenger vehicles, external EGR appears to be more

promising method unless throttling is required for hot aftertreatinent.

In '15%], a 6 litre marine Diesel engine was equipped with two-stage turbocharging and
Miller valve timing, incercasing rated engine power from 360 to 6410 kKW while N Oy emissions

decrease by A0 % at slightly betrer fuel consumption,

Schurting ot al. 1412] carried out a eomprehensive munerical and experitnental study on a
single-cvlinder rescarch engine (automotive application} that reveals that medifving intake
valve cloxing reduces NOy emissions by 36 % for almost same ISFC (at IMLEP = 12 bar.
n = 2000 rev/min). Larly Miller outperforms late Miller valve timing due to the lower
temperarire lovel, Nevortheless, in a comparizon to bazeline valve thiming combined swith
external KGR, early Maller valve timing holds dizadvantages in terins of particulates, NO
and CO emissions at same ISFC. Theiil et al. 153] also compared Miller valve timing to
conventional valve tiining with cooled EGR for a 12,4 litre heavv-duty engine running at
1200 rev/min. The early Ailler configuration decreases fuel consunption by 3 % in full
load and 3.2 % i part load operation compared with the baseline engine at same NO
emissions of & g/kWh, The henefit in fuel consumption with extornal EGR amounts to 5 %
anel acdditiomally allows reducing NO, dew to 7 g/kWh ar full lead. The reason to still
mcorporate Miller cvele into Diesel engines, as opposed to cooled EGR, lies i lowoer costs,

complexity and engine wear 153 .

SCR o sywroms, as a widely wsod means to reduce NOy emissions of Dicsel engines, roguire
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exhiaust gas remperatures of 200 °C' to achiove sufficient conversion rates  153]. At low
loaels, thix can be managed through air or exhanst flaps that redhee the engine’s charging
efficiency. The decreasing in-evlinder mass leads to higher combustion and exhanst gas
temperatures. The increasing pranping less i siinilar to part load Otto operation realised
thromgh air throteling, Applyving Miller valve fiming not only lewers the pumping losses by
20% but also reduces NO, emissions due to its cooling effect. The reduced temperature
and pressure level ar the beginning of combustion. however, are detrimental to the engine’s

cold start behaviour 133

2.43.4 Summary

The findings from the literature survey presented shew the munerons effecrs Ailler evele
exerts, While stationary gas engines, whether naturally aspirated or turbocharged. feature
permanent Miller valve thiming, the antonotive sector profits from variable valve timing.
The erucial advanrage of turbo- or supercharged to natwrally aspirated engines is the pos-
sibility of partly outsourcing the compression into the intake port. In conjunetion with an
mterenoler. sance in-cvlinder pressure at lower tomperatire of the nnbrnt zone and thoere-
fore higher knock resistance can be achieved 15]. Table 2-2 simnmarizes the applications in

which Miller ¢vele 15 inplemented, inclnding the respective motivation.

1able 2-2; Gverview for the use of Miller cycle

Fuel Application Induction type A Load Motivation

Improve efficiency, Improve
BSFC-NOx trade-off

Improve BSFC-NOx trade-off, re-
Gas Stationary Turbocharged >1 Full load duce knocking, lower thermal
load

Gas Stationary Naturally aspirated | >1/1 Full load

Reduce Pumping losses, reduce
knocking, improve efficiency

Lower part Reduce Pumping losses, reduce

Petrol | Automotive | Naturally aspirated 1 Part / full load

Petrol | Automotive | Turbo-/supercharged 1

load knocking, improve efficiency
Diesel Automptlve, Turbocharged >1 Part load Reduce Pumping losses, improve
maritime aftertreatment

2.4.4 Influence of Valve Timing on In-cylinder Flow

Literature proves that mrake valve riming strongly influences charge morion, thus being
decisive for the combustion process 23010046, 95, 127, 136, 142, 178, 179 . In-cylinder flow
chicfly consists of large flow stricture such as swirl and tumnible and <mall seade Turbulence,
sSwirl dexeribes the rotational merion within the cyvlinder about its long axix, while tumble
ix the vorrex morion porpendicular to the eylinder axis 29, Although swirl can decay
slishtly during engine cvele due to inreractions with the cvlinder wall, it flow striucture
mostly persists until combustion begins 23], Thix i partienlarly true for rotationally syii-

metrical combiustion chaibers. Tumble. on the other hand, brealks up into small scale
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turbulmmee almost entively as the piston approaches TDC during the compression stroke
3.
The velocity of a turbilent flonv w0 can be separated into a wean 7 2wl a flnetuating

component '
w et} = @ (nt) + 4 fat) (2-19)

The root mean square of ' deseribes the magnitude of the turbulent fluetnations, also
known as the turbulence intenxity., With the assmnption of i=otropic homogeneous turhi-
lemee. the values of all three directions of # are the same and the specific turbulent kinetic

ererey {TIKLE) of the turbulent fluctuations & can be written as follows:
et ? (2-20)

since exporitnental analysis of engine flow behaviour is fairly complex as well as cost and
titme expensive, 3D CEFD (Computational Fluid Dymamices) simulation is mestly uzed in-

stead.

The works condnered in 127, 136 report that hoth early and late Miller valve timing
decrease the turhulent kinetic cnergy compared to the baseline that closes at BDC or
shortly afrer. The offoet ix larger for early Miller evele, pritmarily cansed by a lower tumble
lesvnl due tooa reduced masimun valve lift and a lomger dissipation thoe, Borh works
wdentify intake valve masking as effective means to increase turbulences for early Miller even

hearond valnes of the late Miller valve timing.

Wilfert et al. 1780 179 analysed the influence of different valve lift curves on charge
motien for =ame mass of in-evlinder achioved by adjusting charging pressure. Figure 2-13
shows left the investigated valve lift ciaves and right the traces of TRE calenlated using
S CFD simulation. The baseline and late Miller (referred to as Atkinson) configuration
reach their maxinnun in TIKE between 110 and 130 "CA, while both early Millor setups
peal significantly carlior. The Miller 2 design shovws the highest TKLS at the beginning of
the intake stroke as it shows the largest mass flow. Howoever, the short opening diration
avoli taking advantage of the initial benefit., Miller 1 roveals the highost peoak in TKLE of
all confignrations that oconrs around 100 °CA. Afrer the peak. TKE decreases across all
valve tinings due to viscous dissipation. The Miller =traregies, Miller 1, Artkinson 1 and
Atkinzon 2 reach similar values ar TDC. while Miller 2 and the baseline configuration
exhibit & lower turbulence level, A high turbulence level can compensate for drawhbacks in
cotnbistion as in rhe following explained for the Miller L confipuration: The reduesd process
temperature level catsed by the Miller 1 valve timing is detrimental to botl burning delay
andl laminar burning velocity, An increase of TIKE, on the other hand, promotes a turbulent
flatie front that inereases the turbulent burning velocity inside the evlinder. As a rosulr.
the Aliller 1 setup achicves a similar rate of heat release as the baseline confipuration de-

H])iTi". lower DProcess ‘rempcratm‘os.
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Fipure 2-13: Valve lift curves investipated (left) and turbulent kinetic energy aver crank angle at same

charge mass [right) according to [179]

Schurting ot al. 142] analysed turbulence and velocity inside the cylinder of a Diesel engine
pguipped with nentral aned Ailler valve thining of constant maxinnnn valve lift. Late Miller
(IVC = 75 °CA ABDC) and neutral {(IVC ar BDCY valve thining showed similar TKL and
flow velocity, while rarly Aliller cvele (IVC = 35 °CA BBDC) was derrituenral to cither

pEraneters.

2.4.5 Effective Compression Ratio

A formmnlated I Section 2412, the effective compression ratio of an dealised engine cvele

catl be expressed by the ratio hetween the voline at IVC and TDC:

Vi

e = (2-21)

Vorne
Unlike the air-standard Otto cvele. which exhibits 1VC at BDC, the actual Orto engine
closes the intake valve after BDU to take advantage of the offects of gas dynamies regarding
charging efficiency. An arriving pressure wave shortly hefore the intake valve closes, for
example. can ~egnificantly incrcase the nixtare flow wto the evlinder even beyoud BBC
{i.c. during the cotnpression stroke). In the case of a naturally aspirated engine, this effecr,
al<o known ax ram effect 11, 37], can be maximised through a specific design of the gas
parth. leading to highest charging officiency for a given engine speed. Ax the amplirudes of
the intake pressure pulsations inerease wirh engine speecd, intake valve timing needs to be
retarded to achieve highest charging efficiency. However, decreasing the engine speed for
the same intake valve closing again, would lead to a reverse flow during the comprossion
stroke due to smaller aplitudes of the prossure pulkation on the intake <ide, Givon that
the offective compres<ion ratio correlates with the charging efficlency at constanr goomet-

rical compressinn ratio. engine speod plays an iimportant role. Froin these considerations,
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it hecomes clear rhat the offeetive compression ratio id more senxitive to decrcasing engine
speces for late Miller valve timing as these nor only reduce the ram offeet but also canse a
pronounced roverse flow, For early Miller, on the orher hand, the offoctive compression
ratio diminishes more with increasing engine <peeds, owing to the reduced time for the
mixture to be aspirated 61 . Furthermore, it ix not pessible to take advanrage of a pro-

nouneed ram effeer for <uch an intake valve closing.

Varions works address the influence of intake valve closing on the effective compression
ratio gquantiratively without or enly vaguely explaining its definition 35, 55, 75, L31. 137].
Orhers simply apply the definition of the ideal cevele given by Eq. (2-21) 31, 98, 16X
Heswever, basod on the findings in literature, it i of vital iinportancee to consider the offeets
of gas dyvnamies when determining the effective compression ratio of an actual engine cvele

r, g ol 70 Different authors have assessed 7, through a variety of methods that mosely

CgF
centre on finding a so-called effective BDCY volume Vi g that replaces Vi of
[Eq. (2-21), leading to:

Ve (2-22)

C i
Vo

A prevalent approach {¢f. 34, 69, 70, 97, 118]) to determine Vi, - mtroduced by He et
al. 3], ix based on a polvtropic change of stare starting from [VC. Applying a linear fir
to the compression process i the log(pl-log(V) diagram (see Figure 2-11, left), gives a
cotstant polvtropic exponrnt n. The effective vohune is then found ar the evlinder vohune
whore the extrapolated prossure reaches the mean pressure value of the intake manifold
{termed as IMP within the diagram). Zhang et al. used a similar method  1R80], vet the
polytropic exponent i3 determined from the mmeasired pressure signal aned the volone he-
tween lgnition timing and VO The pressure at BDC serves a8 threshold for backward

caleulation.

Keehler et al. 70] also analysed alternative reference values to determine Vg, - meluding
the mean intake pressure over the whole cvele (720 °CAY and the one during the span the
intake valve is open (from IV to IVCY The resules shown in Figure 2-11 {right) ax func-
tion of IVC were obtained from 1D CFD caleulations of a motarcd four-evlinder Diesel
engine ar an engine specd of 4000 rev/min. It further depicts the in-evlinder peak pressure
Py, AL Appropriate mdicator when comparing different methods for derermining 7, as
shown by the anthors in 70]. It is interesting to note that the correlation berween r, 4
Al P 18 significantly stronger whon using the mean intake pressure of the ontive cyvele,
This = particularly true for IVC after BDC as both parameters, 7, , 5 and p..., peak at
same 1V, The values of 7, calculated from the mean pressure during intake valve open-
ng are consistently higher due to the lower pressure lovel ax the ixture is aspiratecd. Both

the mean intake pressure over the entire cvele and the one from [VO to IVC approach one
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another with shortening inrake valve opening. Thoerefore, the difference betweon hoth ap-

preaches is redueed as IVC iR advancod,

18 _
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Figure 2-14: Palytrepic calculation to the volume in the effective BDC [53] (left) and effective compression
ratio as function of intake valve closing for different reference values in motored engine aperation based on
[70] (right)

The anthors in 70| further analysed an approach to calenlato r ever the relationship

oeff
brtween comnpression ad charging pressure for a natural gas engine operaring with Ailler
cveln ix rather briefly deseribed by Endo A1) and Fuknzawa 6], Baxed on the informarion
given in A1, 48], it 15 assnmed that 7,y Is calenlated in motored engine operation by
applving an entropic change of srate ax formulated in Eq. (2-213)

1
P ) (2-23)

rr —
i
p!_. irpad

where g, Is the pealt compression pressure. g, the hoost pressure and p tle ratio of the

specific heat capacity of the mixture.

Lobbert 80] analysed part load operation using a fully variable valve train as alternative
to a conventional rhrottle for a four-cvlinder antomotive engine. In order to acceount for
the decreasing initial pressure of the cyele dotined at Ve the author defines V0 poar
the intersecrion of prossure trace during exhanst and comprossion stroke as <hown in Fipure
2-15 (left).

Saunders ot al. 13] suggest an adiabaric compression from 1 bar to the measired peak
pressure level inomotored operation However, the result ropresents rathoer an estimated

than an aceurately determined value.

Fignre 2-15 (right) shows a selection of the aforementioned approaches to determine 7,
i merored engine operation at constant engine speed for varving intake valve closing 70].

The shift of the maximmn in 7, 5 relative to that of pa.,, when assuming Ve p = Vi
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emphasizes the lack of accuracy whon applving Eq. (2-21) to real engine oporation. Con-
versely, the methods of He and Endo and Fukizawa shew el stronger correlarion he-

tWrell P, all 7

oo
A Ap = 7.5 bar
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Figure 2-15: Approach of Lobbert to determine r, . according to [80] (left); Effective compression ratie cal-
culated by applying different approaches and pm.. over IVC in simulated motored engine operation based on
[70] (right)

2.5 External Exhaust Gas Recirculation

External exhaust gas recirenlation (EGR) poses an established means to dilute the air-fuel
mixture. It is found in varions applicarions with different intentions. depending on the fuel
and mixture strategy, a5 seel in Table 2-3. The ameunt of exhaust gas recveled s usually
given by the EGIRU rate xees. 1t is the rario hetwoeen the mass flow of exhiaust gas recireu-
lated ma gy aand the toral ass flow aspirated. consisting of exhaust gas moggp, alr m,,;,. and

fuel m_, i

e

My

XpGn = - - (2-21)
NS + m_,l"r.l.r i+ m,;,-
The EGIR rate {= mostly defined tass related. but alzo vohunetrie definitions are found in

litoratnre.

stoichiomnetric operated Otto engines benefit frowm the lower O fraction of the exhaust gas-
Alr mixture that requires less throttling, thus reducing pumping losses in part load apera-
tion 76. 167]. While this ix particularly true for naturally aspirared engines, BGR also afims
at redieing process temperatures of <super- or turbocharged confipnrarions that operate at
high IMEP. The metivation behind this ix either to lower the knocking tendency 123 or
to rednee the ameonnt of extra fuel injected for cooling in high part or full Ioad operation
171]. A enee popular approach, still followed by Daimler 135], 14 to apply EGR to an Otto
engine with «tratificd lean mixture to reduce NOyg emissions. For the same reason. BGR.
Iias become a stancdard measure for Diesel engines in auromotive applicarions, in which

mereasing oot formation reprosents one of the liimiting facrors for it use bovonel part Load.
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High injecrion prossures combined with a particulate trap can overcome thiz isdue to some
extent as realised i large engines for rail applications 171]. To comply with Eure VI

standards, however, additional SCR systemns are needed for passenger cars as it is also the

case for en-highway heavy dury vehicles 155].

1able 2-3: Gverview for the use of exhaust pgas recirculation
Fuel Application Mixture Iy Load Prevalence | Motivation |Source
Petrol | Automotive | Homogenous Part load Series Ffae,\jgf:,e [167]
Petrol | Automotive | Homogenous | 1 Part / full load Series Redupe [123]
knocking
Petrol | Automotive | Homogenous | 1 Part / full load Series Re.duge [171]
enriching
Petrol | Automotive Stratified >1 Lower part load Rare series | Reduce NOx | [135]
Diesel | Automotive Stratified >1 Part load Series Reduce NOx [1]
Diesel | Automotive Stratified >1 | High load with SCR Series Reduce NOx | [155]
Diesel Ralil Stratified >1 Full load Series Reduce NOx | [174]
Gas Stationary | Homogenous | > 1 Full load Research | Reduce NOx | [107]
Gas Automotive, Homogenous | 1 Full load Series, Redu_ce [138]
stationary research knocking

Unlike Diesel engines, natural gas engines omit practically no soot due tooirs premized
hemogenous lean air-fuel mixture 83, 107]. It is therefore a promising approach to lower
NO emissions in full load operation of starionary gas engines. which, to date. has not vt
left fhe rxperimental stage. BGIR Is also gaining importance to stolchionotric air-gas mix-

tures due to lower combustion temperatures that hinder knocking combustion.

2.5.1 Efficacy of EGR

Apart from redueed prnping losses during part load. EGIR i primarily applied to lowor
cotnbustion temperature by inereasing the abzolite heat capacity of the mixture given by
the product of mass and specific heat capacity. From an isochoric eonnbustion formulated
in [Lq. (2-29)

0 m-c, AT (2-25)

it follesws that rising oither the mass meor the specific heat capacity ¢, reduces the townpoer-
arure rise 47T caused by rhe combustion for the same heat added to the eyele €2 In stoi-
chiotnetric operation, this s primarily achioved thanks to a rising in-cvlinder mass as ex-
haust gas (seen as inert] s reciveulated. In the case of lean mixtures, Winuner et al. suggest
that the reduced combustion temperature arizes from the so-called mass and/or caloric
effect 1720 173 . The mass effect deseribes the ncreasing <teichiometric mass of the non-
premixed mixture that preferably ipnites at locally stolchiomeotric or even understoichio-
metric conditions of A = 0.3 — L) ax for Diesel engines 118]. The caloric effect originates

from the high HoO and COs fractions of the exhaust gas, exhibiting higher specific lieat
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capacities than the wmain components of air, No and O as shown fn Figure 2-16 {lofr},
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Fipure 2-16: Specific heat capacity (left) and the ratio of the specific heat capacities (right) of methane
(CHa), nitrogen {N2), oxygen (02), carbon dioxide (CQ2) and water {H20) as function of temperature (ideal

gas, results from calculation using EES V10)

The spocific heat capacity is caleulated from the ratio of the molar heat capacity and the
melar mass, The melar heat capacity increases with the mumber of atoms per molecule due
to the additional deoprees of freedon that aceonmnodate therinal encrgy. Furthermore, the
stoieture of the molecule plays an impeortant role as the comparizon hetween C0r and Ho()
demonstrates, Both triatomic species reveal the same degrees of freedom {8), however, the
linear melecular stricture of COs has contribution frow twe rotational and four vibrational
deprecs, while HoO exhibits three rotational and three vibrational degrees, Sinee the vibra-
tional mechanizis are predominant above room tomperature, COq reveals a higher melar
specific heat capacity than HoO [111]. Nevertheless, the spocific heat capacity of HyO) ix
higher due to its <tnaller molar ness, Sitee the melar mass exert2 na inflience on the heat
capacity ratio p;, COs shows a lower value than HO aver the temperature range depicted
in Fignre 2-16 {risht). It is lower for both species compared 1o these of No and Os, thus
pexing challenges in maintaining the engine's efficiency when adding BGR to lean mixtures.
It applied to stoichimnetric mixtures. howoever, BGR even favours mixture comnposition in

terins of ideal engine efficiency 31, 80, 1-14)].

While the mass effeet i predominant in Diesel combustion, gas engines only profit from
tho caloric effeet due ro the external mixrure preparation that caise< 2 homogenous charee
composition {see Figure 2-17, left). Results from 0D calenlations in Figure 2-17 {right)
indicare that the Diosel engine’s potential to reduce NOy einissions is superior to the one
of gas engines ar same DGR rate, owing 1o the large mass offect. The gas engine exhibirs
A larger caloric effect due to the higher H/C ratio, producing exhaunst gas with a4 higher
fraction of Ho() and therefore higher specific heat capacity., The gas engine exporionces
smaller losses inideal engine officiency, presiably arising from a lower teinperature leael

and lesser nfluence of altered mixture composition,
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Figure 2-17: Caloric and mass effect of EGR schematically [left); NOx emissions and ideal efficiency loss

against Oz concentration for Diesel and natural gas engine (0D calculation) (right) [173]

In actual engine operation. addifional drawbacks regarding the inflannnation and combis-
tion duration energe when applving 2GR, The lewer fraction of reactive (O prolongs the
ignition delay and inereases the activarion encrgy to provoke inflammation 173]. Chemi-
huninescence imaging of 4 combustion inside a rapid cotnpression expansion machine slhews
the influenee of EGR on the formation of O raclicals 113]. The trials were conducted at
sate initial thermodvnamic conditions, & constant mass of merhane aned same ignition
timing. The exhanst gas was formed synthetically by assnming a concentration of 20 %
COy and 80 % No. Figure 2-18 {left) depicts the Ol signal and the pressure trace for
mixture compositions of A = 1.1 with an EGR rate of 10 % and A = 1.0 with an BGR rate
of 20 % . The leaner mixture reaches 2 ms after ignition almost the same pressure level hut
a notably higher OH signal. Coupled with a wider and more intense combustion, as illus-
trated by the plots, this indicates a <horter ignition delay for the lewer KGR rate. The O11
signal of the A = L1/xwes = 10 % mixture shows a pronounced combustion 4 mx after
ignition (=hortly before peaking). The richer mixture, on the contrary, appears to be exrin-
onishoed ar the =ame point of time a2 the low O signal and the O disrribution indicate,
The carlier end of conbustion iz prosutnably the reason for the advanceed and lower peaking

in the pressure signal of the A = 1O/ X = 20 % mixture.

Noext to an extended ignition delay, EGRU atfects the laminar burning velocity 34, 79, 173 .
Fignre 2-18 (right) shows the calculared laminar hurning velocity ever the relative air-fuel
ratio for varyving KGR rates, ereasing the EGR rate at same ralative air-fuel ratio, roduces
laminar burning velocity significantly, while it decreases tather modorately when sibwti-
turing enly & part of excess air with rxhanst gas, indicated by the curve of constant mass.
Sinee No 1= the main commponent of botl air and exhaust gas, its fraction remaing similar

andl the wpocies responsible for the altored laaninar burning velocity are o, COs and Ha().
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Stidies that address the influence of cach compenent on the combustion of premixed me-
thane-air mixtures separately, reveal that increasing (s concentration leads to higher lam-
inar burning velocity, while adeing Ho(Y aned COs catses oppesing behavionr. The autlors
uniformly aseribe these trends mainly ro thermal offects rather than to kinetic or diffusion
effects 25, 32, 33, 87|, From this it can be concluded thar the lowering effect of LGR on

laminar brning velociry primarily arises from the fnercasing heat capacity.
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Figure 2-18: Pressure and OH signal over time for 10 and 20 % EGR and same mass of CHa (left) [113];
Effect of EGR and relative air-fuel ratio en laminar burning velocity for CHa (right) [173]

LEGR decreased ideal engine efficiency, exrends burn duration aned rerards combustion phas-
ing unless ignition timing is adjusted. The oconrring drawhbacks can be connteracrod or
even envereompensated by advancing combustion phasing for both Dimsel 880 172] and NG
engines 162, 163 while producing same NOy emissions. Due to the reaxons explained. this
1% anly conducive upen 4 cortain EGR rate. Dicsel engines acdditionally face a challenge
with oot a+ the EGR rate inereases [1], while suffering eombustion stability is the lmiring

factor in stoichiometric petrol operation 76].

At same thermodynamic cotditions, exhaust gas reveals only a slightly lower density than
alr. Therofore, substituting a part of air with exhaust gas witheur changing the mixture’s
tomperature, leads to in-cvlinder charge of similar mass but higher heat capacity, A highoer
EGR rate and/or lower air-fuel ratio incresses the fraction of OO and HO Stoichiometric
caleulations show that the exhaust gas of a Clle-air combustion at A = 1.3, for instance,
has a mole fraction of 13.1 % Ha0). A mixture with the same wmass of fuel but an EGR rate
of 200% increases the HoQ) fraction up to 16.4 %, while simplv reducing the air-fuel ratie
down to A = L3 results to 15.0% of HoO) within the exhaust gas. These considerations
assune that exhanst gas can be recivetdatoed at the same temperature as the ClL-air mix-
ture. Practically. thixz can be challenging due to condensation of the exhaust gas. whicl for
an exhanst gas of a A = 1.3 combustion of methane would ocomr ar approximately 50 “C
aned an absolute pressure of 1.1 har. In the case of naturally aspirated engines, the lxrease
of the mixture temperature should be aveided o orvder 1o guarantee similar wixture density
and therefore same charging efficiencey. Otherwise. the roquired EGR rate to lower com-

bustion temperatiure inereases and engine power suffers.
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2.5.2 Exhaust Gas Recirculation in Natural Gas Operation

A munber of comparisons between both mixture stravegios lean-burn and stoichiometric
with EGR can be found i literanre 13, 34, 39]. Exhaust pas as additional diluent of a
lean air-fuel mixture was meraly subject of research projects 160 78, 107, 113, 121, 1500
162, 163, 172, 173 .

Wimer ot al. 172, 173] and Pizzivani o al. 121] studied the effocr of BGR for large lean-
burn gas engines munerically, coneluding that NOyx emissions can be reduced <ionificantly
at slight exponde of cngine efficieney. Both see potential to inerease engine efficiency
throueh a highor comnpression ratio conpled with further measures to Iowoer knocking ten-
deney. Pizeirant ot al suggest wsing EGR itself, while Winnuer ot al. recomnmend to mple-

ment Miller valve titning or to optitndse combustion chamber geometry.

In 173], the authors conducted experiments on the effect of EGR wing a singlo-evlinder
rosearch engine (6.2 litre) with xeavenged prechaiber i stoichiomotrie and leat-burn op-
erarion. Substituring a part of excoss air with exhaust gas for a constant mass of charge,
wan found 1o reduee NOy emissions by 35 % at an EGR rate of 10 %, This required ad-
vancine ignition tining o as to keep the combustion phasing CASO, which was enly viable
for LGR rates up to 10 % . Losses from imperfect combistion. non-ideal combastion or wall
heat transfer romain practically the saine, whereas the changed charge compesition reducees

efficiency of the ideal engine. thus leading to lower thermal efficiency.

Len et al. 78] carried ont a numerical sty on a dedicated EGR svstem that recyeles the
ertire exhaust gas of one evlinder to a separate intake manifold that feeds the rest of the
evlinders of the natural gas engine (338 cm®/evlinder). A separate air-fuel supply allows
the dedicated oylinder to operate rich without BGR, resulting in an exhaust gas of high Hs
and CO fraction. The very hish laminar burting velocities of hoth species lower the draw-
backs it burn duration wually cansed by BGR, while still ensuring low ecombustion toenn-
perature thanks to the COg and HoO fraction, The overall stoichiometric operated engine
reaches a henefic in efficiency of 3.1 %W-peoints caused by a higher degree of constant com-

busrion and emnits ouly the half of the NOy emissions,

Tuchalamoff and Kauert 1620 163 studied the effect of EGR for a single-evlinder 1.83 litre
researcln engine with both seavenged and nnseavenged prechamber spark phigs. KGR tem-
prrane was regilated to that of the air-fuel mixture of 30 °C. leading to a low water
concentration in the exbaust gas. With increasing BGR rare. Nk emissions and mean
pffective prossure wore maintained constant by following two strategiod. namelyv adjusting
the fuel quantity (1) or the ignirion timing (23, starting tfrom a relative air-fuel rario of
A = L7 EGR lengthens the combustion process for botlh stratecies when it i< initiated
through an nnscavenged prechambor spark plug and i< therefore detritnental to the engine’s
efficiency, particularly for strategy L {zee Figure 2-149). Enviching the mixture for an cngine

confipuration n=ing a scavenged prechamber, on the othier hand, reduces hurn duration
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minerly for EGR rates up ro 10 %. Shorter burn duration together with lower losses from
incomplete combustion, indicared by reduced HC and CO emdssions, improve ongine offi-
cleney by 0.5 Y-peints, Advancing ignition timing allows the engine to operare at signifi-

cantly carlier CA30. leading to a benefit in efficiency of 1.3 % -points,

Unscavenged prechamber Scavenged prechamber
40 —=
7 CA90 == _ 7 7 Scavenged
T 20 b——mmm === 7" J CAO - | prechamber
o caso | | T = — T o= __
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Figure 2-19: Mass fraction burnt and efficiency over EGR rate for open chamber spark ignition and scav-

enged prechamber (according to [163])

In 107], Nellen and Boulenchos eompare air-diluted (A = 1.6-1.77) engine operation to
lean-burn with additional EGR (A = 1.2-1.3. xuus = L1325 %) for & 0.96 litre turbocharged
stationary gas engine, running ar 1500 rev/min. At BAEPR = 12 har. engine operation with
EGR shows lower OO and HO emissions amnd a plus in engine efficvicney of approximately
0.3 %-points at NOy emissions of 250 mg/my. The aurhors do not disenss whether the
nuprovelnent 1+ solely cansed hy the lower imperfoet combistion losses or also. for example,

throueh an earlier combastion phasing.

With respect to possible stolchiometric conceprs for siall cogeneration gas engines. kuock-
mg combustien would become the Hiniting factor for rising the compression ratio, Bocause
cotiibnistion temperarure is also one of the driving paramcters for knocking combmstion,
LEGR provides a significant petential ro reduce knocking tendeney, Numerows studies prove
that LGR extends the knock margin of natural gas engines in both lean 162, 163, 172 and
stolchiometric operation 39, 38, 107, 108, 135, 173, 180, 181 . The falling combustion tem-
perarures allow engines to operate at higher compression ratios and/or higher INER. Beside
higher compression rarios and/or INERP, wall heat losses decrease, particularly in stoichio-

metric aperation 38, 13%].

2.6 Summary and Conclusions

The literature review presentod in this chaptor explores the fundaimentals and work of
others on lean-burn cotnbustion, Miller evele and EGR. Slowoer eombustion awcd poor co-
bustion <tability po<e one of the challenges lean-burn gas ongines are facing when comply-

ng with furure cission regulations through further mixture dilution by means of oxeess
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alr. For naturally aspirated engines, the main is$ue is the decreasing INERP rhat inereases
the FAMEP/IMLEP ratio at constant engine speed and evenrually reduces engine brake effi-
ciencey., Miller evele and EGIL ax alternative means could overcome this fssue. Much re-
search on cach topic has been done and mmerons series production engines alreacdy take
advantage hy applying ar least one measre, A significant munber of recently introduceed
Dassenger cars are equipped with naturally aspirated or murbocharged petrol engines that
conple stoichiometric operation with Miller cvele and cooled EGR G4]. Similar approachoes
were taken for turbocharged gas engines diseussed in 38, IR0, 181] and a Diesel engine in
174]. The motivation behind the respective works to realise Miller evele is mniformly to
achiove high engine efficieney. while the prrpose of cooled LGR i either to avold knocking
1 the case of potrol amed gas engines or to rediee NOxy emidssions of the lean operated Diesel
ergine. However, to the author's knowledge. the combinarion of both Aliller evele and BGR
for a naturally aspirated lean-burn gas engine has not heen stidied bofore. Based on the
literature review, the following offects are subwtantial when realizing the Lean-Miller-EGR.

working process:

o Aliller evelr improves the efficiency of the ideal cngine bw inereasing the expan-
sion/cotmpression ratio realised through an 1VC before or after BDC and an ad-
justed geotnetrical compression ratio. Miller evele increases the ratio hetween the
expansion aed compression work but everall evele work sufters due to lower chare-
g efficiency.

o Doth carly and late Ailler approaches leacd to the same ontcome at same effective
compressionl atd expatsior/compression ratio in the ideal engine cvele, Nonethe-
less, the offects of gas dynamics in actual engine operarion make it mnch more
complex to determine the offoetive compression ratio. A suitable metlod i esson-
tial for drawing a direct comparison betweer early aned late Miller evele in actual
engine operation, which. to the authors knowledpge, was ot vet conducted by
otliers,

o DBeside the higher exparsion/compression ratio. Miller valve timing tavours engine
efficiency by reducing the pumping losses (e to a smaller mass flow, Since late
Miller experiences a reverse flow in the beginning of the compression stroke. it
holds a disadvantage in pumping work over carly Miller valve timing,

o In acdition to the differences in gas exchange, VO also influences in-evlinder
charge motion and ronds to cause a higher turbulence level for late dillor cyele.
Charee motien = decisive for combustion duration and stability. particularly for
highly diluted mixtures, and regardless of the tvpe of dilient.

o Adding exhanst gax ax seeond diluent to the air-fuel mixture inereases the specific
heat capacity thanks to the rising HaO aned COs fraction. To exploir the full po-
tential of this approach, it is vital to cool the exhaust gas before recircularing i

<o te avold losses in charsing eofficiency.
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In resporse to the increasing heat capacity of the mixture, ecommbustion tempera-
ture falls and lowers NOy etnissions but entails Iesses in ideal engine efficiency,
Furthermere, increasing burning delay and <lower laminar burning velocity re-
(uire advaneed {gnition timines to maintain CAS0, In fact. to experience an ad-
vattage by introducing EGR., the engine necds to aperate at even wore advanced
CA30, leading o either =ame efficiency hut lowoer NOy emissions or higher effi-

ciency bur same NOy emissions,



3 Working Process Studied and Governing Param-

eters

Realising the Lean-Miller-EGR working process involves significant changes in mixture
compaosition, valve timing and geowetrical comprossion ratio. This chaptor disciisses the
definition of mixture composition for air and EGIR dilnted mixtures, a basie study eon Lean-
Miller-LGR working process and a mmethod for determining the effective compression ratio

i due considerarion of the effects of pas dynamices.

3.1 Definition of Mixture Dilution

The relative air-fuel ratio A, defined in Section 2.1 by L. (2-2), i caleulated froam the ratio
of moles of air-oxveen within the evlinder and those required for a stolchiometric combis-
tion. With the addition of EGROA can no longer be used to quantify mixture dilurion. For
bettor nnderstanding of the dependrney botween EGR rare and relative air-fuel ratio. the
dilution ratio D i introduced

D — Ryie T WEGH

Ty feowliedieh

whore m. and e are the nnber of moles of air and EGR. acdded to the evlinder and

Tl seieh 18 The munber of moles of air necessary for a stoichiometric combustion,

Figure 3 shows the influence of D and s {given by Eq. (2-241)) on A quantitarively {lefr)
anel illnstrates the composition of & mixture with a dilution ratio of D = 140 over an BEGR
rate from ) ro 20 % schematically {right). If mixture dilution is =olely achioved by air. the

relarive air-fuel ratio marches with the dilution ratio A = D = LAO, With increasing BGR

173
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fraction bur constant dilution ratio D = 140 {1}, exeess air i3 replacod by exhanst gas. The
decreasing ancunt of (s leads to lower relative air—fuel ratios of A = 128 {2y and A = 1.12

(3 for BGR rares of xies = 10 and 20 %, respeetively,

1.70
o 1.60—
a)
ie) I A A Ay A L L
C 1.50—
cC = <
2 4 Air & 3
= 2z
8 1.40Q &
} \4
Natural Gas
1.30 | | |
0 5 10 15 20 0 10 20
EGR rate Xcgg [%0] EGR rate Xggg [%0]

Figure 3-1: Relative air-fuel ratio of the combustion A as function of the dilution ratic and EGR rate {left)

and influence of the EGR rate on the mixture's mole fraction at constant dilution ratio schematically {right)

3.2 0D Study of Lean-Miller-EGR Working Process

The target of thisz section is to study the characteristios of lean-burn operation. Ailler eyele
and LGR as well as thelr combianation from a theoretical standpoint using the engine pro-
cesy simulation software AVL BOOST [4]. EBach configuration is analysed with respoct to
therinal engine efficiency 77, produced eycle work W and peak combustion temperature
T, by first asswming isochoric combustion and adiabatic evlinder walls in 3.2.1. 7., is
nsedd ax indicator for NOy emissions diwe to their significant temperature dependency, To
analyse how realistic heat reloase profiles ad wall heat losses affect engine performance. a
further stucdy was conducted, in which Vibe parameters were varied and wall hear losses

considered (seo Section 3.2.2).

All calenlations were conducted nsing methane a= fuel and initiated ar same temporature
ancl pressure of Ty = 203,15 K and pp = L0 bar. An engine <otup characterised by a rela-

tive air-fuel ratio of A = 1.5 and a compression ratio of 7,

= 13.0 1% a commonly 1xed
setring for a series operating point of a narurally aspirated stationary gas engine aned 15

thits serving as a referetnce for comparison,

3.2.1 Isochoric Combustion and Adiabatic Cylinder Walls

Contrary to the air-<tandard cyele, the 0D engine model aceounts for the temperature-
driven change of the mixture’™s thermochemical properties (¢, ¢ = A7)} It i~ furthermore

snbjeet to assunptions that are similar but not necessarily idenrical to thar of the ideal
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engine 88, 175]:

- Izochorie combustion occurs at TDC {unless mentioned otherwise).

- Combuastion takes place uncder consideration of dissociation until meeting the
chemical equilibrim.

- Lossex due to wall heat and friction are neglocted, leading toan isentropic
compression aid expansion of the mixture.

- Isochorie gax exchange takes place with valve timings at BDC (nnless men-
tioned otherwise).

- Perfeet gas exchange oeours {1.e 1o rexidual gas).

To evaluate the influewee of rhe single means that form the Lean-Miller-EGR working
process on the mest fmportant paramcters #,,, W; and T, relative air-fuel ratio A (lean-
burn). expansion/compression ratio £CR {Miller evele) and EGR rate (exhaust gas recir-
culation) are varied. While the indicated work results from the product hetween fuel cnerpy
added and thermal efficioney, the paraineters governing peal cornbunstion tempoerature in

this study are:

- Fuel energy added ro the evele (given by relative air-fuel ratio or dilurion ratio)

- Temperature at the beginning of combustion (deterined by compression ratio
and combistion phasing)

- In-ewlinder volmne at which the hear i3 released (nflucnced over compression
ratio aned combustion phasing)

- Gas properties of the mixrure (specified by dilution ratio and EGR rate)
The major facrors that influenee the ideal engine’s thermal officiency are:

- Gas properties of the mixmre {affected by dilution ratio and BEGR rate)
- Geowetrical constraiuts (speciticd by compression ratio and expansion/conn-
prossion ratio)

- Crank angle of heat release {variad over combustion phasing)

The effect of mixture dilution through air and geometrical constraints are diseissed for
lean-burn operation and Miller cvele assuming an igochoric combustion at TDC. Subse-
quently. a part of excess air s suhstituted with EGR for hoth combustion at TDC and for
varving ¢rank angle, Fventually, the most promising configurations are eotthineed to com-
pare Lean-Ailler-IEGIL working process to the roefercnce comfignration i lean-hurn apera-

tiot.

Lean-hurn eperation for Otto Cyele

The prrpose of this <ection i< to show how leaning and adjusting the compres<ion ratio
affect n,,, Wi and T, of the ideal engine rather than to evaluare their potential to improve
the rrade-off hetween the three respective paramerers {(see Figure 3-2). Sinee an air-diluted

mixture = used for calenlations, A corresponds to the dilution ratio D, Engine efficiency
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enhanees by diluting the mixture due to a higher ratio of the specific heat capacities y.
Beeneing fuel quantity, in turt. inereases the exeess mass ancd the absolute heat capacity
available to absorb the heat during combistion, leading to lower peak combustion teinper-
arures. The hrnefits achicved occur ar the expense of indicated work ax less fuel energy is
acdded to the evele, To compensate this throngh enbatced efficiency, the compression rario
can he augtented. As a rosudt of a combmistion that net only srart= at a higher temperarure
lewvel bt also accurs ina <maller Ve, peak combiistion temperature inereases ar same A.
The amonnt of heat added to the evele romains nearly the same. while indicared work
mcreases hecawse of improved engine efficiency, The increase to the highest compression

ratio investigateed fn this sty of r,, = 18 caunot componsate for the losses in work at

A = L7 hur saffices for a mixture of A = 1.6, Thernal engine efficieney inereases by more
than -1.5 % -points at a peak combustion temperature that remains 12 I helow the vefer-
enee. With respect to experimental engine operation. however, the chamee of knocking
wonld inerease significantly duae to it< dependency on the pressure and temperature histo-
rics ax woll as on combustion speed. Besides, nereasing wall hoar lossod as 2 rosult of an
aungmented AV ratio, longer burn duration and higher COV would lower engine efficiency.
Alternative ignition systems or inereasing the degree of turbulence can connteract the
drawhacks of leaning, however, suel efforrs are not considered herein ax the foens ik pur
on Miller evele and EGR. Therefore, further considerations on leaning are nat =subject of

this  chapter  and  the  dilntion  ratio i~ set constaut to D= 1.0
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Figure 3-2: Peak combustion temperature, normalised indicated work and thermal efficiency over the geo-

metrical compression ratio rg,, for varying relative air-fuel ratios A

Miller Cyvele in Lean-burn Operation

For introducing Miller evele inte rhe simularion enviromuent, the inlet valve closes, as
oppos=cd to the Otto cvele, during the cotpression stroke atter BDC. Meanwhile, the svs-
ten loses mass. which occurs as isobaric change becaunse of the assmuptinon of an idealised
oax oxchange, This leads ro same initial pressure and teinperatire conditions ar [V as at
BDC. A comparison in Figure 3-3 exemplarily shows the p-V diagram of two cveles for an
expansion/compression ratio {defined hy E¢. (2-18)) of ECR = 1.0 {Otte) and ECR = 1.2
{Aliller) ar constant air-fuel ratio of A = 1.5 ane constant effective compression ratio of

T, 11¢r = 130, The onset of the effective comprossion stroke i retarded as 2CH Incereases,
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[n order to maintain the etfective compression ratio re e, defined in By, (2-21), the geo-
metrical compression ratio is adjnsted by modifving Ve {of. Figure 2-8, left} Conse-
gquently, the thermodynamic conditions at the end of rhe compression stroke and after the
irochorie combiustion are identical for a constanr effective compression ratio, The lower fucl
ererey added and the increased expansion cotnpression ratio KCR lead to a lower pressure

lesrel ar the end of the expansion stroke.
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Figure 3-3: p-V diagram of Otto and Miller cycle at constant relative air-fuel ratio of A = 1.5 and effective

compression ratie r. o = 13.0

Figure 3-4 displays T, W; and n, az a function of the effective compression ratio

r, e for different expansion/compression ratios at A = D = 1.3, Peak combustion tei-

e I ;

peranire ereases with rising eoffecrive compression ratio as obzerved in the prior section.

Fngine efficiency improves despite ncreased losses in charging efficiency that lower engine
& . SINE . £

power, At the referencn effective compression ratio of r, 1 = L3.0, thermal officiency {n-

creases from g, = 33.8 % to 553 % for BCR = 1.1 and to 36.5 %4 for FCR = 1.2,
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Fipure 3-4: Peak combustion temperature, normalised indicated work and thermal efficiency over the effec-

tive compression ratio r. . for varying expansion/compression ratios ECK at constant relative air-fuel ratio
A=15

The henefit in efficicney can be aseribed to the higher ratio berwoeen evelr vohuue work

sained from the expansion stroke and rhat rogquired for the comprossion srroke. ereasing
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from 3.60 te 378 ancd 388 respectively. However, the falling heat added to the ovele with
nereasing £CR ar constant A s detrimental to indicated work, as losses of 7.4 and 13.8 %
(quantifv. It ¢an be scen that the benefit in efficiency bocomes smaller with both rising
effrcetive compression rario and expansion/comprossion rario sinee the eyvele approachos irs

thearetical optitmum,

Exlimst Gas Recireulation for Otto Cyvele

Mixture connpesition is decisive for engine officiency ax the results from lean-hurn aperation
clearly roveal. Adding EGR ax a sccond diluent offors an additional degron of freedom to
alter mixrure composition. The impact cansed by dilution either solely through excess air
or in combination with exhaust gas is analyvsed in deprh for an isocheric combustion. As
the initial temperature of the evele was defined wirth T, = 293,15 K. acdeding exhaust gas
would lead to water condonsation, The exhaust gas was therefore assined to have a gase-
ols phiase at cvele onset, heing only a minor orror due to the steep tomperature rise of the
wixtnre in the course of the comnpression stroke. Figure 3-3 shows the contour plot of
thormal officiency as funetion of dilution ratio awd EGR rate for a geometriceal compression
ratio of 7, , = 130, The nnpact of mixture dilution on g, clearly decreases for higher
dilution raties, rogardless of whoethor anly air or air combined with exhanst gas serves ax
diluent. When replacing air with exhaust gas of an air-dilated mixrre ar a dilution ratio
of D = 1.5 (O 1) to sot an EGR rate of s = 20 % (OF 2). g, decreases by 0.56 %-
points, while for 1D = 1.3 (OP 3). the same EGR rate causes a drop of 1.21 %-points
(01 1), Beside the higher sensitivity of ideal engine efficicney to mixture composition at
lesw dilutiem ratios. the larger effect for the lower dilution ratio can be ascribod to the
mereasing HaO and COq concentration. On the one hal, it lowers officicney becanse of
roduced ., but on the other hacd, it decreases commbustion teamperature as the ensuing

analysis shesws,
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Figure 3-5: | hermal efficiency as function of dilution ratio and EGR rate for isochoric combustion at 1DC

and a geometrical compression ratio of rg,, = 13.0

The finding« in literature proved that subsrititing a part of rxeess alr with exhaust gas i=

an effootive means to advance CAM) withont increasing NOy emissions. Therefore, ir is
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reasonable to vary C'Ad0 when analysing the influence of BGR on T, Wy and 77, In
actual engine operation, wall heat losses and non-isochoric combustion {addrossed in Sec-
tion 3.2.2) lead to a thermodynamic officioney optimmmn of abonr CAJ0 = 8 to 10 “CA
ATDC, While large gas engines meet the optinnmun eombustion phasing regarding eneine
efficioney 15, 88, 172], the demand of low raw NOy emissions roguire small lean-hurn gas
engines to retard CAM)L Accordingly. the reference operating point iz altered to 4 more
realistic value of CASD = 18 *CA ATDC. Releaxing the same heat in oa laroer voluno,
rocdueos peak combustion temporature from 7., = 2439 K 1o 2389 K, while normalized
indicated work drops by 83 % and thennal efficiency decreases from N, = 38 10
SRR

Figure 3-6 depicts T, W and 57, over CABD for different LGR rates at constant dilution
ratio of D = 1.5 {{.o. constant mass of fuel). It can be seen that rising EGR rares redues
prak combustion temperarure thanks to highor specifie heat capacity, On the one hand,
thix 14 detrimental to engine efficieney and indicated work at =ame CAM), bur on the other
haned, the reduced temperature enables carlior comnbustion phasing. For CALD of sawme
thermal efficiency, peak combustion temperature remains below the reference operaring
point. Alternatively. the engine can operate at the peak combustion temperatre of the
reference operating point but higher efficiency and  ilicated power. KGR rates of
X = 10 %/ 20 %, for instance, allow the cvele to operate at combustion phasings of
145 °CA /9.6 °CA ATDC. increasing both indicated work by 2.0 / 4.6 % and therinal

efficiency by 1.2 / 2.3 %-points compared to the reference operating point,

. 2500 — 12 _ 62 : : ‘
o i s i Tof2%3.15K g | T %er=0%
L S 11 Po= 1P | 558 e 2 el
——— i e - GR —
3 | Jk\\ < 8 ] +4‘5 %- c‘)ints S \
£ 2350 ' 8 10 == 3 P T 5 Y4 T ==s 42,5 %-points
g‘ |0 Same T, S . N 3 N
| "~ A z £ RN
8 2275—\@ Reference E 0.9 D=1.5 3 5 50 €
= 7| operating point S 1|Tgeo = 13.0 = ) X
& 2200 T i T i T T 0.8 T i T ‘ T T 46 T T ‘ T
0 6 12 18 24 0 6 12 18 24 0 6 12 18 24
Combustion phasing [°CA] Combustion phasing [°CA] Combustion phasing [°CA]

Fipure 3-6: Peak combustion temperature, normalised indicated work and thermal efficiency over combus-
tion phasing for varying EGR rates at constant dilution ratic D = 1.5 and peometrical compression ratio of
Fgew = 13.0

Lean-Ailler-BEGR Working Process

After analysing the influences of the <ingle means on ideal ongine behaviour individually,

all measures were combined to form the Lean-Miller-IEGR working process. The dilution

ratio anel offective compression ratio are kopt comstant at I = 1.5 awd r = 13.0. The

CfF
expansion/compression ratio of the reference amounts to HOR = 10 and gives thar the

effrctive compression ratio equals the goomoetrical compression ratio (r, ;¢ =7, = 13.0].
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Based on findings in litorature 107, 162, 163], an EGR rato of xues = 20% appeoars 1o
callde the best compromise between advanced comnbustion phasing ar same NOy emissions
{or vice versa), prolonged burn duration and losses in ideal engine efficiency. For this

reason, a mixture setting of D = 1.5 / s = 20 % was selected 1o analyse the influence

of expansion/compressinn ratios of HCR = 105 and 1.1,

Figure 3-7 shows rhat hoth inereasing KGR rate and ECR reduee indicated work ar same
cotnbustion phasing, While £CR = LO5 merely comnpensates the penalty in efficlency due
to lower y, increasing the expansion/compression ratio to HCR = 110 Ieads toa benefit of
0.6 % -poinrs compared to the reference operating point. The lower trmperature lovel
cated by EGI allows acdvancing eombustion phading. Engine officiency and indicated work
mecrease, however, enly HOR = 10D reaches the indicarod work of thoe referenee operaring
point without exereding 1= peak combustion temperature. In fact, for a combustion phasing
of CA30 = 11.2 °CA, peak combustion temperature decrcases by 9 K, while therimal offi-

cieney inereases from 19,4 to 52.8 %
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Figure 3-7: Peak combustion temperature, normalised indicated work and thermal efficiency over combus-
tion phasing for varying expansion/compression ratios ECR and EGR rates at constant dilution ratio

D = 1.5 and effective compression ratie -y = 13.0

The sty roveals a substantial potential to improve eugine eofficiency at lower combustion
toemperarure and same cvele work, With respect to engine experiiments, following assuinp-

tions will affecr the working process considerably:

o Defining isochoric cotnbistion assiumes cotstant burn dhration, This is clearly nor
the case with the adedition of EGR <ince it prolongs ignitien delay and reduaces
Laaninar burning veloeity, Furtherimore, meelifving 1V 12 expectod to alter charpe
marion and therefore influence the turbulence lovel.

e Indicated work was acdjusted by advancing the cornbusrion phasing. Nevertlioless.
it might be expediont to increase the amount of fuel instead or to combine heth
1OANITeS.

o Thoe effecrs of sas dynamicx lead to a non-linear hohaviour berween evlindoer mass

anel [VC. Ax a result, higher expansion /eompression ratios conld be feasible,
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o  Wall heat lowses will clearly affect engine efficioney, in particular for increasing

seometrical compression ratios ag it is the case for higher 12CR.

3.2.2 Role of Combustion and Wall Heat Losses

Mixture composition and geometrical constraints are the key paramerers that need 1o be
changod in order to realise the Lean-Miller-IEGR working process, Afrer analysing hoth by
Aasuning an ikochorie connbustion within at adiabatie system. the influcnee of cotnbustion
phasing, burn duration and wall heat losses on [SEC are subject of this seetion. For this
reason, combnstion 18 e loneer assiuneed to bo isechorie bt defined through a mere real-
Istie heat release usitg a Vihe funetion. The cumulative normalised heat over erank angle

wfoj can boe wrirten as

_ m+1
H(a) = l—e_a(aAZ;%C) (3-2)

whoere o stands for a constant deseribing the ameount of heat that is reloased; e the start
of combustion. dasp the burn duration aned we the form parameter. The last governs the
shape of the combustion and was set 1o e = 1.3 for thi~ study. By assining ¢ = G908,

094 % of the fucl is burnt at the end of combustiom.

The evele analysis bocomes mere representative by also considering the wall heat losses.
While heat rransfer caused by radiation i3 nsually neglected in Orto engines. convective
wall lieat losses are deternined via Newton's approach. It considers mean charge temper-
ature, evlinder wall temperature, wall area and wall heat transfor coefficient 4. A provailing
melel to calenlate 4 was postulated by Wosehni 177], defining Eq. (3-3) and (3-4), and

extended by Huber G0], introducing Eq. (3-3).

) . A . [0 g
ho= 130D oy, M T (0w (3-3)
1 VaThe
W=ty + ———— ., 1) -4
§ (»'2 p“_(' I e il m ( )
1"'_;'['(' 113202 o -
=t | 12— ) 1aer™ (3-3)
The paraineters are:
£ 0 Cylinder bore diameter Lo+ Mean piston velocity
p. . In-cxlinder pressure (fired cngine] Vg1 Displacement volume

p,, + In-cxlinder pressure {inotored engine}  Vyp¢-: Cylinder volume ar [VC

T, it AMean in-cvlinder temperature Pt In-cvlinder pres<ure at 1IVC
w : Characteristic velocity Tyt In-evlinder temperature at 1VC
O Conmtant {depending on swirl and en- C5: Condtant (depending on engine type

olne $peed) and coubustion chamber)
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The characteristic velocity w comprises the mean piston velocity and a combustion term
that acconunts for the inercasing wall hoar transter during combustion hased on the prossure
difforoence bhetween fired and motored engine oporation. Under Iew load, the term in
LEq. (3-4) tends 1o caleulare values that are too low. To overcome this issue. Eq. (3-3)
consicders the evlinder volue as function of cranle angle and IMEDRP. For calculation of rhe

heat transfor cootficient. simply the higher value of hoth is used 88].

Differentiating L. (3-2) by rthe erank angle a, gives the nermalised rate of heat release
plotted in Figure 3-8 {loft) at CALD) = 8 "CA ATDC for all burn durations investigared.
The constant form parameter 1 leads 1o a stretehed shape of & ower peak ax combustion
duration increases. Its influence on ISFC aver combustion phasing ar A = 1.0 and a poeo-

metrical eompression ratio of 7,

= 13.0 i~ shown Figure 3-8 (right) for two cases: In
case 1, the combustion chamber i treated as adiabatic svstem, while case 2 considors wall

heat Iodses asstming 2 coustant wall temperatures of 180 °C.
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Figure 3-8: Normalised rate of heat release at CA50 = 8 "CA A1C {left) and indicated specific fuel con-
sumptien over combustion phasing for varying burn duration for neglected and considered wall heat |osses

{right) (0D calculation)

For case 1. lowest [SEC 14 found at a combnstion phasing of CA30 at TDC cotbined with
the shortest burn duration. It increases with lengrhening burn duration that escerts the
largest influence on ISFC at TDC due to the mereasing proportion of heat released during
the compression stroke. Evidently. this effect decreases as combustion phasing is retarded.
leading to a smaller sensitivity of ISEC to combustion durarion, while its dependeoney on
CAS0 hecones stronger. Owverall, [SFC ix more sensitive to CAJ) than to burn duration.
i particular for late combustion phasing for the investigated range. Alrering CAS0 from
TDC to 20 °CA ATDC, increazes ISFC from [3L8 1o 1495 g/KWh and frem 1391 to
1516 g/kWh for burn durations of 30 °CA and 70 *CA. respectively. When considering
wall heat lossex it case 2, 15FC incereases by more than 20 g/ cWh aned <hifts the optitum
to abour 8/4 *CA ATDC for a combustion duration of 30 / 70 *CA, as illustrated in Figure

3-8 (right]. The offser 1o TDC stoms from inereasing wall heat losses at very low ASV
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ratios, For eombustion phasings hevoud the [SEC optinnun, burn durarion and combustion
phasing slhow same tretds as the calewlations without wall heat transter. The potential to
mprove engine officiencey through a mere favonrable combustion phasing ix primarily piven
for late CAJ0, where combustion duration plavs a smaller role. For example. reducing the
burn duration frean 70 te 30 °CA at CADD = 20 °CA ATDC, decreases [SFC from 16641
to 163.9 /KW To achirve the saine savings throngh a nore favourable combustion phas-

g, it ouly needs te be advanceed by 2.7 °CA to CA30 = 17.3 CA.

After disenssing the dependency of ISFC on heth combistion phasing and dararion, the
influetice of engine parameters relevant for realising Lean-Miller-Working process (1.0, pis-
ton surface arca, expansion/compression ratio and EGR rare) are roviewed at constant fuel
maxs and zame burn duration of 30 “CA. The purpose of this analvsis is to assess the
mfhirnee of the rospective parameters on engine performanes rather than to evaluate the
potenrial of the working process to iimprove the ISEC-NOx trade-off at consrant [N,

Figure 3-9 shows peak combmstion tomperature 7., IMEP, ISFC and wall hoat Losses (),
normaliserd to the fuel energy added of several configurations with a constant offective

copression ratio of r, o = 130,
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Figure 3-9: Peak combustion temperature, IMEP, ISFC and wall heat losses nermalised to the heat added to

the cycle over CAB0 for a constant effective compression ratio r- jy = 13.0 and burn duration of 50 "CA

starting from a conventional setup of an Otto engine (configuration A}, the piston surface
area s reduced by 5% 1o form configuration B. The motivarion behind this step is that
realising Miller evele at a later point of this work will inchude decreasing the piston hoswl
size. In the caxe given. the A/V ratio decreases by 1% from configuration A to B, leading

to slightly higher pealt temperatire by virtue of lower wall heat losses, which in turn.,
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merease INEP and reduce [SFC) As combustion phaxing is retardod. the differonces in
Ty W anel gy 21ed Qo between A and B diminish becawse of the decreasing ditference
of the AJV ratios. [nereasing ZCR from 1.0 to L1 (B to C), angments the AV ratio hy
3% and reduces charging efficiency. Peak combustion temperature rises as a resmlt of a
leswer dilution ratio that iz required to keep the amonnt of fuel constant. T, falls with
rotarding CASO with a slightly lower slope for ECR = 1.1 compared to FCR = 1.0, The
fact that a higher reduction of wall heat lessed ocenrs for £CR = 1.1 can be ascribed to
the more pronowteed decrease of the A/V rario with retarded CAM, For this reason, the
benefit in ISFC inereases from 0.6 g/kWh at CASO = 8 °CA ATDC o 1.1 g/kWh at
CAZN =20 °CA ATDC. Finally, in confignration D excess air 18 partly replaced with ex-
haust gas to set an EGR rate of xios = 15 %, Prak combustion temperature decreases Ty
approximately 22 K. thus reducing the wall hieat losses rather inoderately. Saffering ideal
engine efficiency from a lower ratio of the specific hoat capacities leads to higher ISFC and
leswer INIIE],

The smdy performed indicates that wall hear losses are eriucial for the lator engine perfor-
manee. Hewever, its importance sipnificantly decreases with lare C'AS0, which 14 the ox-
peeted operaring range for the investigated working process to achiove w NOy emissions,
Due to the exponential rise of thermal NOb wirh temperature. the diminishing effect on
prak combistion remperature cansed by EGRL 1 oxpected to lowoer NOy emidssions, None-
theloss) the decrease s too small to reduce wall heat losses to an exrent that would com-
pensate the losses in ideal officiency. It can therefore be concluded that mixture composition

and combustion phasing are the key factors dereninining engine efficicncy.

3.3 Determination of the Effective Compression Ratio in Actual
Engine Operation

Unlike the 0D calenlations cotducted thus far, the gas exchange of an actual engine un-
derlies offeets of gas dynamics, This demnands a reliable approach ro determine the effective
compression ratio for a reprosentative comparison between early anc late Miller evele, The
majority of methods fowd in literature {see Section 2.-1.5) snbwtitute the geometrical with
an offective BDC volume. A backward caleulation starting from IVC) ax shown in 33
proved to give plansible results. As apposed taa constant polvtropic exponent n, consid-

ering A variable value for 1o over crank angle = expected 1o vield to more aceurate results.

It i crucial whether the effective compression ratio is detoermined in fired or motored op-
eration a8 the higher temperanire lovel cansed by the comnbustion influences gas exchange
significantly. This hecomes ever more relevant for very lare [IVC, owing to the reverse flow
dluring the compression stroke that heatrs up the mixture in rthe intake port. The extont of
thix effeer depends on the temperature of the outflowing mixrure. which. in turn. is drivon

by the engine settings such as A or ignition timing. Frow this it follows. thar selected thoe
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3.3 Detenmination of rhe Effective Compression Rario in Actual Engine .
Operation

operating point influences the effective compression ratio. Therefore, ir iv expedient to
define a veforencn setring for which the effective cotnpression ratio is to be determined when

cownparing different engine confisurations.

Figure 3-10 illustrates the method applicd in this thesds to determine rhe offective com-
pression ratio for a naturally single-evlinder gas engine operating wirh nearly filling opti-
mised valve timing. A steep prossure rise can be ohsorved aromd BDC as result of an
arriving pressure wave shortly prior to IVC, It leads tooa mixture flow inteo the evlinder
even hevond BDC (known a ram effecr}, and subseguently followed by a roverse flow,
eneing ar [VC, Drawing a polyvtropic process starting from IVO rowards BDC, helps ta
visualise both gas dyriamic effecrs, yer its actual purpose 1 to determine Vi, found at
ANIENT Prossire Powe U8 P, 42 target vahies s only valid for engine operation at
cotstant engine speed where neither throttling nor hoosting seours, 45 1t iS5 the case in this

work. Otherwise, the author snggests a calenlation to the wmean inrake port pressure,

Vepc geo Vebc eff

In-cylinder pressure ‘n = const.
----- Polytropic change : :
ytrop g - >
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Figure 3-10: p-V diagram of the reference operating point {1D CFD calculation)

A proneunced ram offect leads to a high pressure level at IVC (pH.(,, V¢ ) that canxes a
polytropic curve that exceeds the ambient pressure pos 2t BDC. For this reason, the pol-
VIropic curve i+ to he oxtrapolated to deternine a fictive evlinder vohuine that is required
to achiove the same pressure level at 1V without the offects of gax dimamics. The vohune

Ve g Tound at the so-called effective BDC, can be caleulated as follows:

1
Proe \" (3-6)

rren ![.l

Visne = Vive

The change of the polvtropic exponent e between [VC and BDC was taken inro account,



36| 3 Working Process Stidiod and Geverning Paramoetors

while beyeond BDC i was assmmed to be constant. Sinee @ varies marginally around BDC,
only @ minor error 4 expected, Kventually, the effeetive compression ratio considering the
offects of gas dynamics 7, |, can be caleulated according to Eq. (3-7):
1
Vo ( }}“.{.)n
e\ - (3-7)

T .
Vo

Y/

When it applies that Ve = Ve 1t becomes evident that the effective compression
ratio can be even higher rhan its geometrical definition. Nete that only [VC after BDC
recpuires the polytropic caleulation to fmd Vi p ax shown for an engine confignrarion
with relatively late [VC in Figure 3-11 {left). The reverse flow annihilates the prossure rise
catt<rd Ty the ram offeet, leading to a palvtropic curve that mects ambiont pressure at a
cvlinder vohune lowor than Ve <o that no extrapolation is required. Closing rhe intake
valve hefore BDC, on the other hand, avoids effects of sas dynamies to rake place during
the compression stroke awd Vi s found where the pressare trace mtersects ambiont

pressure duritg the compressiotl stroke {see Figure 3-11, right).

—— Cylinder pressure
Pve 77T e Polytropic change

—— Cylinder pressure

=
3 B End of ram effect
g
=1 : L o o D e N e .
% ) VBD.C ff VBDC Pamb
g IvC / :
. :
5 N .
g BN Reverse flow: Vape eff Vepc
=3 e © Ram : :
o . > ./ effect
= e /

T Damb _________ .T'T -

Cylinder volume [cm?] Cylinder volume [cm?]

Figure 3-11: Determination of the effective compression ratio of an engine configuration with late (left} and

early (right) intake valve closing

It becomes clear that a geometrical definition of the offective compression ratio is not
expoclient, The same applies to the expansion/compression ratio detined for the idealised
engine cvele in Eqp. (2-18). In erder to acconnt for the offeets of gas dynamics, an eoffective
expansionfcompression ratio FOR, g 1x introduced:

r

et

BOR, = -
oo

Since the exhanst valve oponing EVO i< not altered in this work, the munerator from the

former exXpros<ion remains constant.,



4 Experimental Setup and Numerical Tools Used

Thix chapter covers the experimental ocquipinent and munerieal models that were usod in
this work. For fundanentals of fludd dyvnamies and numerical solving please refor to porti-

nent literature, oo, 28, 88

4.1 Constant Volume Combustion Chamber

The laminar burning velocity i of high interest when analysing different mixtare compo-
sitinns since it strongly influences the rate of heat release during the eyvele and therefore
engine officioncey and its emissions. To determine the laminar burning velocity of various
mixture compositions, experittnents 1=ing a cotstant voliine combustion charber (CVOC)

wore carricd our at the Universidad de Valladolid {(UVa), Spain.

4.1.1 Specifications and Metrology

The CVOC ix made of stainless steel and foatures a spherical shape witl an inner diameter
of 2000 mu, corresponding to a 119 litre volune, It s connected to several gas bottles and
an air compressor on the intake and a vacuum pump on the outlet side (see Figure 4-1),
Four piozoresistive sensors of differont pressure range amd a thermoconple, with its tip
Ieatod inside the contre of CVOC, are wseed, to measure the initial conditions of pressure
and remporatire. The CVOC i thoroughly insulated and equipped with an electrical heater

on the hottom that facilitates setting initial mixture temperatures up to 630 K can bo set.
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Computer
Po
Oscilloscope
Piezoresistive -l;l}lgr?:lr
{><l' pressure 9 Spark
{><]— Syringe B To
(H20 addition)
Charge
D <I amplifier sal
',‘{' Thermocouple
&
Pressure A \ /
transducer v \ A
~ AY v
~ N\
AR AN “\
; Lkl Lid
Air compressor 7 HF e
I|{Base e \ |
/ Combustion \
Mixture chamber N Mixture
intake exhaust
> :
co Hz CHs CO, N2
Electircal heater
Safety closet
Vacuum pump Heat exchanger

Figure 4-1; Schematic layout of the censtant volume cembustion chamber

Two prolonged electrodes forin the spark gap in the centre of the CVOC, favouring a
nniform flame propagation with a spherical <shape. The pressure signal over tiime is meas-
ured v thie means of a Kistler 7063A prossure transdneor, eonnieeted to an oscilloscope for

data recording.

4.1.2 Chamber Pressure Analysis Code

The dara measured 1= evaluated 1sing a proprierary two-zone combistion analysis model,
developed in a former work 62] which divides the gas within the CVCC into hurnt and
unburnt fraction. It enables analyvsing the combnstion of various fuels, including dual fuel
mixtures, vet the possibility of adding exhaust gas to the fresh mixture necded to be inte-
oratod @< 4 part of this work., The model considers exhanst sas of the initial mixture as
prodicts of perfeet combustion COs, Noo O, Ho() and Ar., while for comlmstion itself i
solves 12 equilibrium equations of the major species, The thertnochemical propertios; taken
from NIST-JANAF rables, acconnt for the temperature dependency of the specific heat

capacitied, The caleulation model assunes following behavionr:

o (ombuwtion commences in the centre of the vessel, leading to a flame front rhat
propagates sphorically wirh neglieible thickness.

o The pressure during combustion i= nniferm throughont the whole vessel,

o The CVCOC i~ an adiabatic sy«tein. neaning that ne heat is lest throagh the walls,

o [deal gax hehavionr i+ assiumeed,

o  (ax in the nnbwrnt zone 1= isentropically comnpressed as combustion proceads.

The first law of thernodynamices for non-stationary open systeins 1+ applied to burne and
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unhurnt zowe to deseribe their change of internal energy, Afrer adding mass conservation

aned volume equarion, the laminar burning velocity s; results to e, (4-1)

diry, /it

s = (4-1)

:!'7 Py

where the mass burning rare diy, Jdt 12 caleulated from pressure data, the flame area A,
of the laminar flame front i deterinined for the bhurnt velhne by assiming spherical flame
shape and p 1% the density of the unburnr zone, For the derivation of L. (4-1) andd & more
detailed description of the prossre analyvsis model and the experitnental setup, the anthors

refer to the Annex A2 and to former work conducred at Uva 620 73, 125, 156, 157).

4.2 Test Bed Engine

The [CE used in this thesis, represents the core component of the cogenerarion unit Dachs
a.0 G from Sener’Tec. Trials with two different engines of the same type and specifications
were carriod out: Engine T was insralled at the project partner’s and engine I at the Karls-
rithe UAS facilifies. Engine T was prinwary used at the heginning of the rescarch work in
order to build a 1D CEFD madel that allows designing new components to realise the Lean-
Miller-IGR working process amd to carry ont first trials with odified valve timing and
adjusted compression ratio (see Chaprer & amd Section 7.3.1). All ether engine tests were

performed using engine II that was put into operation in the course of the projeet.

4.2.1 Gas Path and Specifications of the Test Bed Engine

The naturally aspirated engine, illnstrared in Figure 4-2 {left), runs withour a throttle at
a constant speed of 1= 2450 rev/mmin, generating 3.5 KW of electric power in its reference
aperating point [ROP). Under warm engine operaring conditions, rhis corresponds to an
Indicated wean effective pressire of about IMERP = 6,30 har. Electric power i3 controlled
by adjinsting the fuel wmass flow ar constant ignition timing of 8 °CA BTDC. The air-NG
mixture is proparcd i a venturi mixer. located above the intake of rhe gas path shown in
Fienre 4-2 {risht). The gas path design on the intake side is faivly complex. containing
several plomns that damp the prossure pulsations in the venturi mixer can=ed hy the
single-evlineder engine, Another plenum, pesitioned between flate arrester and air-filter,
has rthe paapose of reducing the pressure drop a< mixnwe s Inducted and increase charging
efficiency. The cogeneration unir is encap=ulated 1o ensure low noise cinissions aned thor-
cugh insulation, leading to relarive high casing temperatures of approsximately 85 “C The
mixture heats wup as it flows through the gas path with an approximate length of 2000 nun.
reaching teniperarires shortly before the intake valve of about The. = 75 “C. Onee the
exhaust valve opons after combustion. the bnt mixture oscapes tho evlinder and flows
through an oxidation catalyst. followed by a heat exchanger aned a muftler. To investigato

the impact of exhansr gas on the gencrally lean oporating baseline engine, an EGR. system,
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mainly condisting of antomorive components, was incorporated. The exhaust gas is fod
bhack into the intake system just before the inrake port and the EGR rate i regulated

thromgh an EGR valve,

Heat exchanger

e \ EGR
S X cooler
Heat exchanger L]

o

Valve cover l
.

Flame
arrester

—Air filter

Figure 4-2: Test bed engine (left}; CAD model of the gas path beginning after venturi mixer (right)

The engine comprises of a menobloe evlinder head with a heron combustion chamber and
an overhead camshaft actuating two valves over a flat tapped as shown in the curting viesy
of the evlinder head in Table 4-1. The monobloc desien forms both head and eylitcder in
one unit. thereby avolding the wse of prone cvlinder head gaskets, The geometrical cotn-

prossion ratio amonnts to r,

= 13.20 anel the displacement volume to 378 ¢, The intake
port 14 desiened as swirl port, leading to a prononneed motion as mixture is aspirated. A
sauish ratio of O, = 0L.G3 combined with a clearance distance of 1.7 inn additionally in-
tensify chiarge motion as the piston approaches TDC during the compression stroke, An
nnseavenged preclnber spark plug. arranged 27 7 ro the lomgitidinal axix. ignires the loan
alr-NG nixture of au relative air-fuel ratio of A = 1.5 — L6 and ewsnures stable and fast
combustion. It is connected to the main combustion chanber via b orifices with a diam-
etor of 1.2 nun, One Is oriented in the centre and 1 tangentiallv to produce a highly
turbulent flow ax the mixture enters the prochamber. The ratio botween the prechamber
volune and Ve amounts to 1339 %, Further engine data are listed in Table 4-1, where
valve opening and closing evonts refor to valve clearance corresponding to delivery cornddi-
tions ar roown temperature. For the given intake path desion and eneine specd. intake valve

clowing 1= =et to achieve highest charging efficiency.
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1 able 4-1: Engine specifications and cutting view of the cylinder head (through the intake valve)

61

Engine SenerTec Dachs G5.5 / swirl port
Fuel Natural Gas (NG)
Mixture preparation External (naturally aspirated)
Cylinder 1

Nominal speed 2450 rev/min

Stroke 91 mm

Bore 90 mm
Displacement volume 578 cm3

Number of valves 2
(geometrical 13.20:1

Csq 0.63

IVO (room temperature) 20°CA BTDC

IVC (room temperature) 50°CA ABDC

EVO (room temperature) 35°CA BBDC

EVC (room temperature) 16°CA ATDC

4.2.2 Test Bed and Measurement Metrology

A conditioning unit that mainly comprises a roots blower and an intercooler enables con-
trolling the temperature and pressure of the air entering the cogencration unit by adjusting
the coolant temperature and the blower speed through s frequency converter, The coolant
tomperature entering the evlinder block was controlled 1o 38 C using a throe-wayv valve
fremm Sietnens that mixes hot coolant thar exits the eogeneration unit with cold water from
the bottomn of heat storage tank. Nunerous abmolute statie pressure trausdicers and ther-
macouples wore pesitionoed along the pas path to monitor the thermodynamic conditions of
the wixture. The same alwolute pressure level across all setsors was ersired by calibraring
them to the value of a high-preci<ion bareaeter at the beginning of every measuring day,
A piezoclectric prossure senux=or of type 6125C110 and a 3018A charge amplitior hoth from
Kiztler were used to mensure n-cviinder pressure. The sersor was mounted flush with the
evlinder heael in order to avoeid pipe oscillations. The engine was equipped with low-prossure
mddication in the intake aned exhaust port nsing Kistler piezoresistive pressure transdicers
of type 400703 and 40754, positioned approximately 100 man bhefore the intake and 60 mn
after the exhanst valve, respectively. This allows for an accurare validation of 1D CFD
model and for a better analvsi< of the sas exchange procesx. Both v and high pressure
signals were acquireed in increments of 0.1 “CA using an AVL Indimodnl 622 indicaring
syxtomn, Bosides detecting direct indicating parainetors =<uch ax pealk presire ot pressire
rise. it determines indirecr parameters inchiuding [MNEP or its coofficient of variation

COVigp over a predefined munber of 200 consecutive eveles. Charactoristic connbustion
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paramoerers such as burning delay IT-CAJS {crank angle fren ignition thaing (IT) to 3 %
mass fraction burne. combustion phasing CAS0 (50 % mass fraction hurnt) and burn du-
ration CAS-CAY (crank angle from 3 to 90 % mass fraction burnt) are calenlated based
on the net rate heat release dQ) /da obrained from the first law of thermodynamies as
deseribed in 1. (4-2):

el () y dyv 1 oy
_n___’ N —_— 1 —_ 4_.-
b tlo. + y-1 tlo (4-2)

da  y-1 '

The ratie of the specific hear capacities was defined with p = 1358 for the comprossion
and y = L.30 for the expansion stroke, For a detailed cderivation of this tethod, the reacder

is reforred to literature 57 .

Knocking detection was condueted by analysing the in-cvlinder pressure signal. The signal
of every evele was high-pass filtered with a cut-off freguency of 4 kllz and subseqguently
rectified to determnine the peak value of the superimposed oseillations. If a evele exceeded
the prodefined threshold, knocking combustion was detected. The threshold value used in
literature varies depending em engine specification. application and allesved kuocking in-
tensity LOY]. Schoeffler ot al. 13%] and Riztinger 128] analy=ed knocking in natural gas
operarion awl applied values of 0.5 aned 0,17 bar. respoctively, Test heed trials with the
ergine wsed in this work proved that a conservative throshold of 0.25 bar suffices for de-

fining the kuock margin,

The air mass flow was monitored wsing a4 hot-fikn air-mass meter model HEM 5 from
BOSCH, calibrated to measure mass flows of the expected range. A Bronkhorst F-1003-
leswAp thermnal imass flowr meter for NG owas nsed for monitoring fuel consiunptrion. Engine-
oul clissions were measured uxing an exhanst sas analvser ABDB AO2000. which detor-
mines the concentrations of GOk, CO and Os under dey and of NO, NOs and CsHg ander
wet conditions. The exhaust gas was drawn from the exhaust port and transterred to the
analyser via a heated sample line, The oxddarion caralvst that is located shortly after the
exhiaust port was replaced by a dummy component of same geometry bat withont catalvtic
coating to aveld erroneons raw engine-nur cindssions catsed by possible back flowe out of
the catalyst. Knowing the single exhanust oas compotoents, enables caleulating the relative
air-fuel ratio A of the combustion quite acoirately ated deterinining the composition of the
exlianst gas that i fed back into the intake section. Intake port tempoerature was measured
using a type K thermocouple with a diameter of 1.5 nun, whose tip i located right aboswe
the intake valve, The Namral sas composition of engine I was monitored using an Inficon
AMicro GO Fusion Gax Analyvser. During all trials carried out with ongine I1, only minor

variations of the single species fractions were registered, as Table 4-2 roveals.



1.2 Test Bed Engine

|63

1able 4-2; Mean measured gas compeosition, lower heating value and density at standard cenditions for tem-

perature and pressure of all measuring days cenducted at Karlsruhe UAS (engine I}

Unit Mean Min Max
Methane Vol.-% 93.00 92.31 93.85
Ethane Vol.-% 4519 3.766 5.129
Nitrogen Vol.-% 0.996 0.718 1.675
Carbon dioxide Vol.-% 0.818 0.555 0.968
Propane Vol.-% 0.491 0.013 0.614
iso-Butane Vol.-% 0.083 0.000 0.129
n-Butane Vol.-% 0.066 0.047 0.092
iso-Pentane Vol.-% 0.016 0.000 0.059
n-Pentane Vol.-% 0.011 0.000 0.021
n-Hexane Vol.-% 0.003 0.000 0.007
LHV MJ/kg 47.90 47.36 48.29
PN kg/mn3 0.771 0.762 0.777

Test bed engine [ of the project parther SenerToe swwas operatod enly in lean-hurn operarion

withour EGR. It i equipped with highly precise thormal mass flow metor ABB Sensytlose

FAIT700-P. Together with the indicated prossure traces. the exact mass flows are of vital

mportance for validaring the 113 CFD meadel. Further relevant differences hetween the two

toest beds meeed are siven in Table 4-5.

1able 4-3: Major differences between test bed engine | and 1l

Measured variable SenerTec - Engine |

Karlsruhe UAS - Engine Il

Air mass flow flow FMT700-P

Thermal mass flowmeter ABB Sensy-

model HFM 5

Hot-film air-mass meter BOSCH

Fuel mass flow EXBGZ DEO5

Volumetric flowmeter ELSTER

F-103

Thermal mass flowmeter Bronkhorst

In-cylinder pressure Kistler 6145A

Kistler 6125C11

Gas composition

Monthly obtained from municipal utilities

Hourly natural gas analysis

A detailed overview of the test bed setup of engine L {Karlsrube UAS), including all meas-

uring points, i~ found in the Annex A3,

Differences in narural gas conmiposition, overall engine operating honrs and componeont di-

mension within the mannfacturing tolerances lead to slight differences in the reforence
aperating points, To sef an INEP of 6.3 bar at CA30 = I8R5 “CA ATDC {—/- 0.3}, en-

gine I operates at A = 15T and gencrates N amissions of 1.1 g/kWh, Engine [T operates

lightly richer at A = 1.500 thus leading to higher NOk emissions of 101 o/ W
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4.2.3 Data Analysis

While the indicating system and the LabView praphic wser inrerface of the test bonch
calenlare numeros values emline, dara snceh as imperfeer combustion losses, wall heart
losses, effective comnpression ratio, residual gas concentration or in-cvlinder temperatiure
traces are dererinined in post-processing. The weork flow in Figure 4-3 involves the use of
three tools inclhwding a proprictary MATLADR routine and conunercial software such as
AVL BURN and AVL BOOST.

Experiment Matlab — Gas exchange o NgIVC I
EVOto IVC 2 | \ In-cylinder |

- I-.|C, C?O ( . ) o — D — _pressure
- Mair, Mg Mecr - Residual gas g \.\ ~__

Gas composition concentration i S

. . = e
- Effective compression > It
) ratio < Polytropic process . N
g .
2 Exhaust - Gas exchange losses Cylinder volume
s - Fuel conversion ratio Burnt
3 urn
E i Intake ) LHV g zone
P \ //|vc\/ v AVL BURN - Combustion ‘é
Y (IVC to EVO) 5 ——
c = 3
1S Unburnt™ ~ __
Crank angle - Temperature trace of zone i
burnt and unburnt zone Cylinder volume

g - Wall heat losses °
g Ve - ROHR, § S Eeal engine
o o
— o ~
2 AVL BOOST - Ideal cycle 5 .
£ S Ideal engine ~
E - ISFCideal _5 + imp. comb.
= - AISFC oy < K‘

Cylinder volume

Cylinder volume

Figure 4-3: Post-processing workflow for analysing measured operating points

The proprictary MATLADB routine enables evaluating the gas exchange. i.o. between EVO
and [V, the effeetive compression ratio and the fuel conversion efficiency. Data needed as
Imput are engine specifications sich as displacement volume, geometrical compression ratio.
valve Ift curves amd flow coefficients of the intake and exhaust in either flow direcrion.
Furthermore, the routine reguires measured engine data incbuling in-evlinder. intake and
exliaust prossure trace. air and NG omass flow and exhaust gax cinissions. Fuel onerey that
iloew not gor convoerted into heat during combustion together with the resicdual gax fraction
necd to be conxidered for ebraining the correet energy balance in combnstion analysiz 88)].
Precise mixture composition and fuel encrgy added to the evele are al<o needed for calen-
lating the theoretical efficicney. given by the ideal engine, and losses from inperfeer com-

bstion.

Residnal pas concentration

The MATLADB rowrine calculates the residual gas fraction from the pressure difference
between intake and exhaust port during valve overlap assuming perfeet mixing. The anal-

valx % initialised ar IV, for which the residnal gas mass i3 caleulated wing the produer of
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the respective evlinder volume atd the density of the redidual gas obtained from the ther-
medytiamic conditions measured in the exhanst porr, The further course of the analysis
reciiires only acconnting for the mass that exits via the exhaust port as the entive residual
eas i the intake porr is aspirated during the intake stroke. Residual sas enters the intake
port due to either the high pressure difference to the cvlinder at IVO or a reverse flow
during. the compression stroke. For the latter case. a homogenons mixture coanposition
consisting of residual ga=, air and fuel 1% assumed, A detailed explanarion of this approach.

pestulared by Bargende and Spicher of al., is given in 7. 71 .

LEffective Compression Ratio

For detennining the offective compression ratio, through the moethod presented in Section
3.3, the temperature-dependent gas propertied aned rhe wall hear losses during the poly-
trople backward caleulation ueed to be considered. For this reasor, the thernechomical

propertios of the single spocies were assigned to the nusdel,

Fuel Conversion Rario

The use of an oxidation catalyvst allows the engine to operate at low tail-our CO and O
emissions in the field, vot analy«ing their raw emissions can help to gain a hetter under-
standing of the combiustion process. More precisely, rhey enable determining the fuel con-
vorsion ratio FCR. also known as combustion efficiency 37, of the combustion process. Tt
is defined in Eq. (4-3)

pen =1 dut ;

. . (4-3)
where ¢ stands for the theoretieal specific heat released and g, represents the specitic
hirat that could not be converted due to incomplete and nperfect comnbastion. Starting
from the simplest way to deseribe the combnstion of a haydrocarbon, given by L. (2-1).
G e 1% Obtained from the product of the munber of moles of fuel ny,: added to the cyvele

e

and the lower heating value LIV 2 q o= wp LIV Under rich conditions. the lack
of oxveen avoids the whaole fuel to be buarnt, reducing the fuel conversion ratio as <hewn in
Figure 4-4 {left). Additional losses occur even when assuming the combustion reaclies
chomical equilibrium. The influenee is well-prononnced wader rich conditions, whereas it is
negligibly smnall for lean combustion. Under actual englue operating condirions, immpoerfect
cottthistion losses furthor decresse the fuel conversion ratio, arising from heterogenoois
mixture composition and insufficient thne to reach the chemical equilibritnn. In order to
acconnt for the losses from meomplete and iwmperfect combustion. rhe mole fractions (@) of
COLHC s andd soet () are multiplied with their LAV and divided by the melar mass of

the exhanust pas M

f..'f'}.l *

o=l LUV + ag, - LUVE, + e, LV ey, +ac - LIV - (4-4)

J'Illu’r.:r'.".'

Merker 88] asswumes HC emissions to consist solely of CsHg, hewever, engine experiments



66| 4 Experimental Setup and Nwnerical Tools Useod

with natwral gas showed that CHy poses with 83 to 90 % the main HC sourcee and was
therefore 1sed insteacd, The He concentration was caleulated 1ising the water shift reaction

L], while soor conld e omitred.

Coanbustion Analysis

The wall hieat lostes of seleeted operating peints were analysed by applyving the approach
of Wesehni (explained in Section 3.2.2) nsing the AVL utility BURN that focuses on ana-
lvsing the high-pressure phase of the in-evlinder pressure trace {Le. from [VC o EVO) [4).
It allorws for the caleulation of the pross rate of heat release ROMR,, which is not to he
confused with net rate of heat release ROHR, obtained from [Eq. (4-2). Further outpur
traced are, amongst others, mean temperature of burnt aned unburnt zone. Aleasurcments
of the evlinder head temperatire conduetod prior to this work servod for setting the wall
temperatures as function of combustion phasing and IMLEP (sce Fipure 4-4) right ). Linear

mterpolation was 1sed when analysing operating points of 1MEDP s in-between.,

— 1.0 200 O
o 6.9 bar\.’\ n = 2450 rev/min %'
2 6.6 bar T~ 3
o S~ —— ©
= 0.9+ S~ =190 g
= y Lack of oxygen (theoretical loss) 6.3 bar T — - e
- A N P R T e e et 2
g / Incomplete combustion (chemical eq.) 6.0 bar\— )
z 0.8 T~ —180 2
8 Imperfect combustion (actual process) IMEP = 5.7 bar TTre—e— — %‘J
T 2 N N TR £
%07 I I I I I T T — 170 &
0.8 0.9 1.0 11 1.2 13 14 5 8 11 14 17 20

Relative air-fuel ratio A [-] Crank angle [°CA]

Figure 4-4: Conversion ratio over relative air-fuel ratic (left) according to [88] and measured cylinder head

temperature over of test bed engine over CAS0 for varying IMEP (right)

[deal Eneine Efficicncy and Imperfeer Comnbustion Dosses

For analysing different engine setups from a theoretical stand of point, the officicncy of the
ideal engine 1= caleulated nsing an abstracted AVL BOOST model. Contrary to the defini-
tion of perfoet in-evlinder filling stated in Section 3.2, the influence of real engine charee

was faken into aceount. The following assurmptions are made for the caleularion:

e The relarive air-fuel rarin equals that of the actual engine process.

e  The caleulated temperatire and prossure ar the beginning of the high pressure
phase corresponds to the values of the actual engine cyele.

o Maus of in-evlinder charge corrosponds to actual engine eyele,

o T'he residnal gas fraction ix the ame as the one of the actual engine ovele.

Aftor the indicated specific fuel consmmption of the ideal engine ISEC.o0 was calenlated
for the listed cowditions. the caleulation was repeated with a reduced LY to consider the
fuel convorsion ratio of the actal ovele. Forning the difference betwoen the [SEC obtained

from reduced LIV and ISFC.., vields the losses from mperfoer combustion AISEC. ..
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4.2.4 EGR System and EGR Rate Model

Exhaust gas is extracred from the outler of the heat exchanger. where its temperature
ameunts to aromnd 160 “C and the prossare level i< «till high enough to cnable EGR rares
up to 25 %. The temperature of the exhaust gas recirenlared depends on coolant tempera-
tnre of the BGR cooler. designed as shell and tnhe heat exchanger. A process thermostat,
tvpe DCSO-KAO from ThernolITAAKE, allows the coolant™s temperature to be varied over
A widle range. Its minitmuon temperature i lmited to 58 7Cto preveont that the exhaust gas
conedonsates insicde the EGIR conler, leading to temperatures of the recirenlated exhanst gas
of aronwd Trir = 75 °C at EGR rares of xups = 20 %, A [P controller thar was integrarod
inter the test hed wser interface onsures constant BGR tempoerature with a deviation of
+ /- 0.3 °CL Possible condensarion alzo motivated to feed the exhanst gas close to the intake
port. The fact that the air-fuel-exhaust gas mixtire can lvanogenise only over a short
distance before it enters the combustion chamber, encouraged to conduet 3D CEFD <imnla-
tiots. The rosults prove that a pronounced chiarge motion takes place as the mixture flows

through the swirl port into the evlinder, leading to a sufficlent mixture homogenisation,

While the mass flows of air and natural gas are fairly casy to moniter. measuring the GR
mass flow v far more complex for several reasons <ieh ax pressure pulsations, low 1nass
flowws, low accoptable prosare drops and the risk of corrosion caused by the ageressive
condensate from rhe exhianst gas, Theretore, the EGR rate i often detormined by the ratio
of COy concentration of the air-fuel-exhaust gas mixture and the exhaust gas 390, 55, 113].
To obtain a representative result. the mixture extracted from the intake section for meas-
uring must bhe homeogencons. However, because of the short mixing length combined with
small installation space of the engine 1sed, this method s inapplicable. Instead, an 15GR
moclel was developed and impleanented into the test bed interface. The measured valies
reguiredd for calculating the EGR rate are shown in Figare 4-2.
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Figure 4-5: Abstracted pas path of the bed engine setup (values in brackets are calculated)

The approach raken to determine the EGR rate {defined by B, (2-241)) assunes a constant

reference volume flow of the mixture V, ;in the intake port for a consrant engine specd in
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nnthrottled engine operation. The reference vohume flow is first caleulated for ongine oper-
arion nnder warn comditions withont EGR by the s of the volume flow of air 7,5, and
NG I'/I\v(;._ where fuel i sitmplified to only conrain methane, Both 7, and V,\-{,- arc calenlated
from the measured mass flows of air m,,;, and fuel 7oy, as well as the temperarure T

Al starie prossure p I the Intake port. Since V18 assumaed to retwain constant, the

i

change in V. amd Vi, can be entirely ascribed to volume flow of BGR Vi, following
to [5q. (4-3):

Vf'.‘{ = Vr'r_,l" - Vm:r - V:\'{rl (4-3)
The mass flow of the exhaust gas recireulated mnggp follows form the product of its volune

flowy 7 pgep and density Pyt
My =Vicn  Pron (4-6)

The den=ity of the exhanst gas i the sun of cach compenent’™ parrial donxity, which can
he caleulated from irs temperatire and partial pressure. According ro Dalton’s law, the

prossure of an ideal gas mixture, hore neasiured ar the intake pert .

intnia)

nquals to the s

of 1ts component’s partial pressure g, 13

n
Vintetr = z pi (4_7)
i=1

The partial pressure of a species follows from the product of mole fraction @ and the

abmolute pressure:
pi = pfn-‘rn':'f. Ry (4—5)

The mass flows of fuel and air and the eoncentrations from the exhaust pas analvsis enable
the caleulation of the mele fraction of cach component by applving stoichiomerry., Sinee
exhaust gas contains w=ually less than 1% emissions, the model assmmes that it consises

enly of Ho(O), Og, COy and No. The denxity of the exhaust gas p,.,,, results then to:
'OJ-.'{.'H = prJZ + 'OHZrJ + pf”g + pNz (4—9)

To caleulate the respeetive partial densities as funetion of temporature {50 — 160 “C') and
pressure {09 — 1.2 bar), high-erder polvnomial regrossions were derived using Eugineering
Eqguation Solver (EES). The Temperature of the exhaust gas recveled short before iv is
added e the intake port Ty and the static pressure of the intake port p. . - were uxed
A% Inpur data.

Engine rrials proved that the sensitivity of the referonce volume flowe to CASD and 1AEDP
s simall. Besidex, 1D CFD caleulations nsing a detailed engine mocdel proved this a valid
approach for nunthrotrled aperation at constant engine «peed. leading to a maximum error

levwer than 0.5 % -points for an LGR rare of xus = 25 9.
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4.3 1D CFD Engine Model

11 CFD {Compnrarional Fluid Dynamics] engine simulation has hecome an establishied
nmunerical tool in nowadays engine development. Given the capability of accurately calen-
laring engine flow behavionr and perforimance, it was nsed in thiz work nor only to analyvse
Lean-ALliller-EGR working process but also 1o find engine confignrations for later engine
testing, To thix ewd, a detailed 1D CEFD engine model of the cogeneration engine was
created nsing the ‘Virtue! Engine Stmafation Tool” AVL BOOST. It was adjusted to the
reference aperating point (INEP = 6.35 har, A = 1537 CAM ~ 18 °CA ATDC) and vali-
dareed for woveral operating points of varving [IMLEP. CASUO and A, The gas parh of the rest
hed engine was meadelled in detail aceording ro CAD dara. The swirl coefficients of the
intake and the flow coofficients of the intake and exhaust ports were determined i either

flow direetions on a flow benell (ee Annex A ).

The build-up process of the 1D CFD medel in Figure 4-6 shows a cotnparison between the
meared and simulated p-V o diagram of the reference operating point. It further reveals
the deviation 8 of characteristic rngine operating paraimeters suel as indicatod mean offec-
tive pressure (INMEDRY, indicated specifie fuel consunption (ISFC). NOy amissions (in ppr}
and mean mixture mass flow (m). While the simulated and measnred mass flows arve in
goond asrecinont, the model tends to slightly everprodier [NEP. causing mildly loweor [SEC

and higher NOy erissions.

Test bed engine Numerical model
Input data

R10 26R12yp; R6

28 J5

* Normalised rate
of heat release

* Engine geometry

*  Component wall

temperature
pcylinder
measured
40
E IMEP = 6.35 bar
& 32 n = 2450 rev/min
g | —_— Simul_ation
ﬁ 7 — Bxperiment pcylinder
EL | SIMEP = 0.6 % calculated
g 167 SISEC = 1.4 0y || e
é l SNOX =82%
g 8- 5rh = 0.0003 %
E -
0 T [ T T T T T i T I . I .

0 100 200 300 400 500 600 700
Cylinder volume [cm?]

Figure 4-6: Build-up and validation process of the 1D CFD model
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The combustion proceds was realised by etnploving a nermalised two-zone prose tate of
hear release (ROIHRg) doduced from the measured in-evlinder pressure trace of the reference
operating point, It divides the oevlinder volume into burnt and anburnt zone ax the caleu-
larion of NO emissions based on the work of Pattas and Hafner [112 reguires. The maodel
ntilises a super-extoended Zeldovich mechanisi that comprises =ix reactions. Reactions 1 to
3 stand for the therinal NO formation corresponding to g, (2-7) to (2-9), while reactions
4ty 6 aceonnt for NO caused by Nitrous Oxide mechaniszn {cf. 2.2,1). The model assumes
that NO formation rakes place in the gas volne behind the flame front, The final rate of
NO production/decomponition ix caleulated by a differential equation (1. (4-10))

d(NO)

~ 2’(1—ﬁ2)‘

. r 4
dt 1+ﬂ

F1 5 7 (4-10)
r +l"3 rs +I"6

where r; (1= 1..6) are the reaction rates and £ relares the actual NO concentration to the
equilibrium concentration. A dotailed doseription of the NO model is given in 112] It is
worth mentioning that the shiimlation neglects the reaction froon XNO to NOk, particularly
GeCUITing At low romperatures. Heswwover, bocause of the fact that the entire NO eventually
converts to NOp under ambient conditions. spocific NOy emissions in g/kWh are caleulated
nsing the molar mass of NOoo The caleulation of the NOy reguires modifving software-
mtepgrated adjustiment parameters, Those were adapted for operating points of varving
IMEP. A and CASO shown in Figure 4-7 {loft).

— 1000 : 16
S _|—-0—- Simulation EVC [\MEP = 6.35 bar Ive | _
é 800 | & Experiment :|n=2450 rev/min L ol1a 8
8 1 Noise indicates LT g
£ 600 : valve closing 12 @

S 1 N : L o
o] : Pl o
123 400 Reference \ : - w”“ S0 5
o operating point N : M Pl 2
T 200 / \‘ M 108 O
g / | — — Simulation =
2 g : — Experiment |

0 I I T — ‘ 0.6
1 2 3 4 5 -360 -300 -240 -180 -120

Operating point [-] Crank angle [°CA]

Figure 4-7: Measured and simulated NOx emissions (normalised to reference operating point in ppm} (left)

and in-cylinder pressure trace over crank angle between EVC and IVC (right)

Valve clearance not anly changes over engine lifetitne but alzo depends on engine operating
cotditions due toits sensitivity to tenperature, particularly on the exhanst =ide. It nerably
mfluences the prossure trace in the intake and exhaust port and affects the pas exchange
ax results from 1D CFD calenlations show, When comparing an engine confignrarion wich
a valve cloarance in factory settings {exhaust /intake (1.6,/0.3 mm) to ene without valve
clomrance at same normalised ROHR, and constant A, 1MEP varies berween 6038 and
6.00 bar. A fairly realistic valve clearance during engine operation can be determined by

analvsing the in-evlinder pressure sisnal with respect to a siddon noise oceurring as the



1.1 3D CFD Aodel for Gas Exchange Calenlation |71

valves Impinge upon the valve seat (see Figure 4-7, right). Given the exact valve closing
timing while assuming that the valve train components do not deforn as the engine i

running. the valve clearancee can be readily inferred froam the static valve lift curve,

The measured and caleulated intake {loft) and exhaust {right) pressure trace of the refer-
enee eperating point in Figure 4-8 shows that the model caleulates bhoth prossure traces
very well in spite of a highly complex gas path (of. Figure 4-2), On the intake side. only a
<light shift of the amplitudes over the evele oconrs after the intake valve closes (IVC), The
prediction of the exhaust pressure i alzo sarisfving although the geometry of the heat
exchanger, comtaining of 0 helix pipes of differing lengths, was challenging to appreximate
nto the 1D CFD maodel.

1.05 + + 1.30

] n = 2450 rev/min TDC L
% 1.00— 124 g
2, y L o
o 2
5 0.95+ —1.18 3
g L g
[} =
S 0.90 F112 o
£ i L 3
5 g
£ 0.85 Experiment —1.06 X

1 : — — Simulation ' . = r

-360 -180 0 180 360 -360 -180 0 180 360

Crank angle [°CA] Crank angle [°CA]

Figure 4-8: Measured and calculated intake (left) and exhaust (right) pressure trace over crank angle of the

reference operating point (n — 2450 rev/min)

Engine sertings of the 1D CFD model. such as compression ratio or valve timing, need 1o
be madifiod when studving the Lean-Aliller-1EGR working process. This would evidently
mfluence comlbnstion process paramceters as well as systemn wall temperatures in actual
engine operation. Nevertheless, the creatod 1D model 1 expected to give sufficiontly acceu-
rate predictions for condueting a preparatory study, despite being subject to the following

key asswmmnptrions:

o A comstant nermalised ROHRg profile {comst, CASO) ix ewployed.

o  Tomperanre levels of all components. iclading evlinder wall, piston and evlinder
Lhead, remain unchanged,

o Wall heat lnsses are caleulated according to the approach of Woschni deseribed
in Section 3.2.2.

e Lonses from lmperfect combustion wore acensunted for ax the ROHRe was derived.
Na additional losses are considerad as mixture composition 3 varied.

o MNP andl valve clearance are constant.

4.4 3D CFD Model for Gas Exchange Calculation

In order to analyvse the charge motion for the valve tinings studied, 3D CFD caleulations



72 4 Experimental Setup and Nwnerical Tools Useod

are carricd outr using the commercial software AVL FIRE. The fluid domain, ereated from
CAD dara, cousizts of intake and oxhawst port, combustion chamber and prechamber, It
i diseretised inro a grid of finite volumes to form the original shape that allows solving the
cotservation equations in any cell and enables the analysis of the global flow conditiomns.
The calulation begins towards the end of the exhaust stroke, namely ar 40 °CA BTDC,
aned endx afrer compression at TDC, resulting in four caleulation inrervals <hown, with
their respective mesh, in Figure 4-9.

Exhaust stroke Valve overlap Intake stroke Comrpession stroke
-40 °CAto IVO IVO to EVC EVC to IVC IVC to BDC

Figure 4-9; Meshes of the four calculation intervals

Valve lift curves and piston position over crank angle. caleulated from geometrical rela-
tions. govern mesh moverient, The creatod meshes) activated depending on the current
titme step. resnlt to a wminiimun and maximim munber of cells of 221,000 and 765,000,
rospectively, ar a cell size of 2 m. The mesh resohition was inereased for sections of high
flow velocitios wieh as the area betwoen intake valve and seat, the prechamboer and its
orifices. The inirial awd bomuwdary conditions for the intake and exhaust port, mean tew-
perarire aned pressure over crank angle. are taken from test bed measarements. Caleulared
cvlinder temperarure and pressure level from LD CFD are assigned s indtial evlinder con-
ditions. Component wall tomperatures wore set equal to these in the 1D CFD medel, Tur-
bulenee 1% caleulated using the implemented k-¢f model, which was specifically developedd
for engine caleulation, thus being mere robust and more acenrate than the prevailing k-
model 83, 152]. More detailed information on the 30D CEFD calenlation medel is given in
134).



5 1D-Study of Lean-Miller-EGR Working Process

The idealised gas exchange assiuned i the studies o Section 3.2 leads to the fact that only
the abaolure offset to IVC respeetive to BDC affect evele parameters, It is therefore not
possible 1o differentiate between early and late Ailler evele, The detailed 1D-CED miodel
of tost bed engine Loon the other hand. allows <iimilating a far more realistic engine he-
haviour. including the prediction gas dynamic effects. The model was therefore used to
carry ot a stidy that pritnarvily aims at understanding the differences between both carly
anel late AMiller evele aned finding comparable configurations for engine testing. It also shows
the potential and challenges of the Lean-Miller-IEGR working process to fmmprove the [SFOC-
NOg trade-off ar constant INIEP. To ensure comparability of the different AMiller configu-
rations= To rhe baseline engine, the effective compression ratio was kept constant. All cal-
culations woere carried out at constant engine speed of 1= 2450 rev/min and a constant
normalised ROIR, profile, leadineg to a fixed combustion phasing of CAS0 = 185 “CA
ATDC. Thix avoids thar nfluences of differing combustion characteristios distort the com-
parisom of varving configurations and puts the foous on analysing the effects of gas dvnam-
1w, Motivated by different definitions of the offective compression ratio, the last seetion

cowipares the method applied to these in lterature {(of, Section 2.-1.5).

5.1 Implementation of Miller Cycle into the Model

[eleal early and late Miller evele 1s defined by IVC before or after BDO. respectively, The
former leads ro nixture expansion hetwoeen IVC and BDC, while the lattor catses A roverse
flow of in-cvlinder charge into the intake <oction aftor the pisten passes BDC. Both effects

are characteristic for cach approach but emly the ideal definition of early Miller 1TV 1x <till

73
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applicable nnder actual engine operating conditions. Configurations for which in-evlinder
charge neither expands oduring the intake stroke nor netably flows back ince the intake
section hefore the intake valve closes, correspond, to the author’s definition, to the behav-

irr of the conventional Otro eyele aned are therefore not investigated.

The Miller valve lift curves are designed by modifying IV of the series valve lift curve,
while maintaining its peak valve lift to achieve high charging officiency, Taking over the
opening and closing ramp of the bazeline, ensires similar closing speed of the valves as well
Ax #ame seusitivity of the opriing and closing evenrs to valve clearance, Intake valve open-
ing {1V and exhaust valve closing {EVC) remain anchanged, to achieve same valve
overlap and, henee, similar resicual gas fraction of the in-evlinder charge that significanrly
influences charging efficiency, engine officiency and emis<ions 37, 1007, Figure 3-1 {left)
deplcts the array of investigated intake valve Ift curves) inelnding that of the baxeline
engine, The modification of IVC under the defined eonstraints alters the shape of the valve
lifr, leading to higher/lower valve speeds and aceelerations for early/late Ailler valve thin-
ings, It affeets the roquired valve «pring force to avoid a lift-off herween valve cam and
tappet, which was the lhniting factor for further advancing [VC, Static valve train calen-
larions proved that the earliost IVC that still cowplies with the limir {given by the valve
spritg spocifications) amounts to -10 °CA BBDC. To keep the effective compression ratio
of the baseline engine, calculated to r, = 13,27, the geometrical compression ratio 7, ,
wan adjusted for varving valve timing {see table in Figure 5-1, right by veducing V- at
constant pixton stroke. The maximum deviation of the effective compression ratio Ar,
across all investigated configurations amounts to +/- 0.025. Becawse of vet nrknown piston
design, the piston area remaited constant as the geometrical compression ratio was in-

creaqed, thus likely overpredicting wall heat losses.

9.0 . IvVC lgeo ECRest Ar; o
1 | B0C Baselne | pcamsoc) M 0
7.5
= . - _ -10° 1525 1.149 -0.011
E 1 Early Miller \\Late Miller
= 6.0 ] -5° 14.85 1.120 -0.001
E is 1 +44 13.20 0.995 0
s : IVC = 50-96°CA +50°  13.25 0996  0.025
o ] after BDC
X 3.0 IVC = 5-10°CA ; +60° 1345 1.012  0.020
g i before BDC !

‘ ] Valve +70° 1375 1.035  0.019
1.5+ : clearance
. ] 1 +80° 1420 1.068  0.019
0.0 LB L B B ' \ +90° 1480 1116 -0.005
300 360 420 480 540 600 660 | 720
Crank angle [°CA]

+96° 1525 1.151 -0.020

Figure 5-1: Intake valve lift curve of the baseline and Miller configurations (left); IVC, geometrical compres-

sion ratio, expansion /compression ratio and the deviation of the effective compression ratio {right)

The highest goometrical compression ratio of all cases; determined for IVC = 96 ane -

W "CA ABDC, wmonnts to r,, = 15,25, leading to the highest expansion/compression
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ratios of LOR, ;= 1.15 {—/- 0.001) analy=ed in this study. The small difference in expan-
sion/comprossion ratio of AECR, = 0.002 between hoth extrome valve timings, stoms

from minor deviation in the effective compression ratios.

5.2 Miller Cycle in Lean-burn Operation

Engine comfigurations with the valve lift curves from Figure 5-1 {lefr) are first analysed at
constant relative air-fuel ratio of A = 1.37 without EGR. Along with a constant normalizecd
ROILR, profile. this enables an olated analysis of the inflnence of IVC at same 7, 5 The
resiclual gas fraction was found to be negligible across all configuration by virtue of taking

ever the valve overlap of the baseline engine,

Figure 5-2 displays selected shinulation data axs function of intake valve closiug thning [IVC,
Charging efficiency docreases with advancing or retarding [V either due to shorter intake
valve opening duration (early Miller) or tixture that is forced to flow back into the intake
secrion during the compression stroke (late Miller), INEDRP decreases in response to the
lower mass of -eylinder charge at sawme A, while [ISFC improves ewing to ncreased ECR, g
For the earliest and latest Aliller configuration (ECR, = 1.15), eompression werk

W

“cnpriseion 18 Tedueed by about 13 Y compared to the baseline engine. The angmented
ECR, g expands the mixture t a lower pressure and temperature level Combined with a
smialler mas= flow, the enthalpy flow out of the engine decrcases. A smnaller in-evlineder
charee additionally favours gas exchange as reflected ina lower punping work. Miller evele
nproves therinal efficiency, vet the engine cannot exploit the benefit due to the worsened
IAEP/FAER ratio that, in furn, inereases brake specitic fuel consmmption BSEC, Despite
A constant effective compression ratio. the peak combustion temperature 7., and prossure
P decrease due ro falling mass of fuel. As a result of a lower pressure and tfemperature
hixtory. hath INERP and NOy emissions drop. However, the wall heat Tosses normalized to
the added fuel energy (ua increase with ECR, p due to the rising A/V ratio. A major
difference between hoth valve timing strategios 14 observed for mixture temmperature in the
intake port Thes. For the near-optimal intake valve closing regarding charging officiency
of the haseline, 0.6 % of the maximum in-evlinder charge flows hack inteo the intake pert
during the compression stroke. Minor changes in 1VC have a significant effoct on T
Retarding the baseline value from VO =11 to 50 "CA ABDC, for instance, leads 1o an
merease of T by LG K The mass affeeted by the reverse flow rizes netably as [V s
further rotarded. vet the gradient of T diminishies bevond 70 °CA ABDC. This can be
explained by a constant defined intake port wall temperature of S0 °C that cools mixtures
with temperatures above, While early Miller cvele experiences no roverse flow, the propet-
tion of mass that flows out of the eylinder fnto rhe Intake port {nereases tomore than 13 %
for most retarded Miller valve timing, leading to a tomperature difference in the intake

port of alimest 15 *C



=1
=

a 1D-5tudy of Lean-Miller-IRGR Working Process

0.80 T O 6.5
= i Otto cycle 44| o A1.00 o L
= N 9&«1.01
3 075 @Q\ _ 1.04 5.6 62 _
o . =
2 | o ECRyy = 1.00: \Qm 5.47 \\, I S
© 070 12ﬁj"~— Baseline 1.12 55 : 543 % 59 &
> .
c — 5.4 - s
= 0.65 I:f \) n \) 56
g "% 15 : 1.15 o ol 53 \> '
= ks . : —— L
© ~aat] Early Miller +Late Miller-| g 52 ——
0.60 T T i T T i T T T f T T 5.3
208.0 253
| ° 252 |
— |
= 2065 206 251 O 251 ©
= | 205.0 L s
=< 205 E e 20 <
2 205.0 F——— %’— 249.2 249 =2
o 204 2037 249 / ° Q
Q i L
n
2 203.57'!#203 . 248 247 @
7 202 r
202.0 — 245
-225 : : : . 25
g 234 L -
o= 233.4 — o 2.0 S
= -235 [a] 233 24 (=%S
5 i 232.2 22.9 22.90 3 o
2 232
¢ -245 — O™ 22 23 3
§ g 231 / + %
22.7 =
3 255 230 o/?/- 22 5
i . L
-265 —— 21
38.5 160
120
4 © 111.1 L
375 37 105 135
T 7 90 H )
= 365 o gy 35S A 0l 110 @
g B j 35 X s 67.9 W L l__'g
355 ——— 3 | g 60 o/( 85
i —— L
33 oo °
345 - : : ‘ 60
2200 ° 190
| ‘ ‘ % I £
[oX
2190 284 1834 ] 180y, 170 2
i . L 1%}
T I:Hj*zlsa 3 125 \ 5
g 2180 e —| 122 150 9
2 4 2182 }:' 120 = 'qé)
2170 2181 O e 115 \) 130 o
i 2180.2 - O b
2180 — 110
2160 T T ‘ ‘ T ‘ T T ‘ T ‘ ‘ T 110
-20 0 20 40 60 80 100 -20 0 20 40 60 80 100

IVC [°CA ABDC] IVC [°CA ABDC]

Figure 5-2: Charging efficiency, IMEP, ISFC, BSFC, Womprcsson, normalised Quwatt, Prmaxe Tontske, Th max and NOx

emissions over |VC for baseline and Miller cenfigurations (A = 1.57, n = 2450 rev/min)

A dircet comparizon between early and late Miller ovele (IVC

=-10°/96 *CA ABDC) of
KA eXPAlRIoNn/compression ratio of ECR, p = 1.15 highlights the key differences hetwoeen
bhoth valve tfiming strategios that achieve the same mass of in-cvlinder charge. The oot
catse of lowor [SEC for early Ailler ovele boeories obvious when analvsing the p-V o diagraim

of both Miller configurations (see Figure 3-3, left). Borh eveles show an alinost coberont
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in-evlinder prossure while the valves are closed, This emphasises the applicability of the
presented method to determine the effective compression ratio. The first differences he-
tween both p-Voplots ecowr after the exhaust stroke, namely ar 1VO. where the higher
slope of the carly Mliller valve lift curve canses a larger effective tlow area at the beginning
of the intake streke. This recduces the frictional pressure losses hetwoeen valve seat aned dise
when the mixture i inducted. An arriving prossure wave short before IVO further enhances
the benefit {see Figure 3-3, right ], which, howeser, it 1= not to be considered as character-
istic: of either cyeles, sincee the pressure pulsations in anthrottled engine operarion for a

given [V and engine specd primarily depend on intake path geownetry.
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Figure 5-3: p-V diagram (left} and intake pressure and temperature over crank angle {right) for early and
late Miller cycle of same compression expansion ratie (ECR.;; = 1.15, [DC at 0/360/720 "CA, L = 1.57)

[n fact, the main differences between both engine setups can be olbwserved shortly before/af-
tor the compression stroke cormences: YWhile carly Miller exhibits an intermediate expan-
sion, a prononunced ram effect takes place for late dliller evele. The ram effeet 15 followed
by a notable reverse flow that canses acdirional piston work without generaring any henefit,
The loss that occurs in this context is known as loss from mperteet compression W, .-
It 1~ caleulated, similar to r, 4 {see Section 3.3), by a polytropic caleulation starting from
IV towards BDC, with the erceial distinetion thar the polytropic process ends at BDC
ane 1167 at ambiont pressure. The area envelopod by the prossure trace aned the polytropic
enrve visualizes the loss due to imperfect compression 133, 1700 173]. The aforcmentioned
similarities between the merhod to determine 7,y and the losses i compression lead 1o a
palytrapie curve that almost matches with the pressure trace of early Miller. Therefore.
the polytropie change to determine W, 05, 1% net shown, The losses in compres-
son W, e DIaYs an important role when splitting IMEDP into its components gross in-
dicated tmean effective pressure INISP, and pumping mean offective prossure PATER, These
ari calenlatoed from the pressure-vohnme integral of the compression and expansion stroke
ax woll as the exhaust and intake <troke, respectively, and eventually divided by the dis-

placement volume Vg (see Table 3-17. As a resilt of balaneing froin BDC to BDC, PAMEDR
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of both Ailler cveles are ahmeost identieal. The logses i connpression are entirely ascribed
to 1ATEPR,, leadding to a deficit of (L4 bar compared to carly Miller cvele, Sinee W inp s
peenrs during pas exchange, literature suggests to impute it to PAER when analysing high
and low pressure loop of confignrations with [VC afrer BDC' 80, 95]. In order to maintain
the balance of worle, the same amount must be added to IMEDR,, leading to gross resulrs
that are more representative, ISFC,, for example, decreases with the corrected balancing
method for the given late Miller configurarion by 0.6 g/kWh. Nore that only lare Miller
cvele requires this balancing method. since neither the early Miller nor the haseline setups
experience a considerable revorse flow during the compression stroke.

1able 5-1: IMEP; and PMEP for different balancing methods (ECR,; = 1.15, A = 1.57} (combustien 1DC
at 0/720 "CA)

Early Late

Parameter (all in bar) | Formula Equation Miller Miller
IMTT? [N, + PRI (5-1) 5.47 5.43
BN T

IFP: (BDC 0 BDC} | = U AN +f gl ) (5-2) 5.91 5.87
d \Jo hETH
1 i

PR (DO 10 B3O —J podl (5-3) -0.44 -0.44
¥a Jini
1 B R

IMTE (= W, tons) — < J pdl + J pdV =W, 00 1> (5-4) 5.91 5.91
¥a \Jo Rt '
1 Al

PMED (- W, i) 1_< f pdl W, ) (5-5) -0.44 | -0.48
d \Jlai

To mnderstand why T sy P 2l NOy enissions are similar for both confisurarions de-
spite markedly Iower T for ecarly Miller, in-evlinder temperature, pressure aled mass
flow into the evlinder over crank angle during the gas exchange are further analyvsed (see
Figure 5-4). Starting from identical [VO. a small amount of exhaust gas enters the intake
port ax a result of the prossure difference o the ovlinder shortly bhefore the mixture i
aspirated. The mass flow of borh Miller designs peaks around the middle of the inrake
strolke and decreases risht after. The intake valve of carly Miller is alveady closing again,
catsing a sharp decrease of mass tlow that ends ar IVC. For late Aillor evele, on the other
hand, the mass flow inro the combustion chamber continnes until the piston passes ap-
proximarely 20 °CA ABDC. Subsequently, the roverse flony takes place, reducing the nass
of in-cvlinder charge by more than 13 % and resulting to the same mass of charge ar [VC
ax early Miller evele. Since the tomperature of the mass that exirs the ovlinder during the
compression stroke varies over the compression =troke from 2390 to 450 K, These of late

Miller increaxes notablv., Consoquently, tlie in-evlinder charge aspiratod reveals a comsist-
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ently higher tomperature during the intake stroke. Both configurations <how similar pros-
SUTe A mixtire is aspirated until the piston reaches about 300 *CA, ar which the onset of
the intermediate expatsion becomes visible, It catses a temperature drop of 3 K, whereas
the remperature of late Miller increases consistently. Temperature awd pressure of both
cveles approach cach other during the compression stroke amd meet ar aliost identical
values ar IVC of late Miller valve timing. This arises from the methed applicd to maintain
the offective compression ratio constant as it beeomes clear when adding the polvtropic

process for late Miller to Figure -4 {hottom righr)
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Figure 5-4: Intake valve lift curve (top left), mass flow {bottom left), in-cylinder temperature (top right)

and pressure {bottom right} over crank angle for early and late Miller vale timings of ECK.;= 1.15

5.3 Miller Cycle in Lean-burn Operation with EGR

In an atternpt to take advantage of the lower 1SFC achioved throngh Miller ovele eoffec-
tively, losses in INLEP with respoct to the reference oporating point need to he compensatodd
withont inercasing NOy einissions, Therefore. EGR 1% added as second diluenr to the air-
fuel mixture. fortning the Lean-Miller-EGR working process. Replacing a part of the oxeess
alr with exlianst gas in order to inerease the heat capacity of the mixture i+ expecred to
enable engine operation at higher INEDP but xame NO, emissions, Literature suggests 162,
163, 173 that the effect on the rate of heat release of a lean-burn comnbustion is little for
EGR rates up to xues = 10 % when adjnsting the amount of fuel and/or advancing the
Ignition timing. Since only small EGR rates are oxpected to be necessary to lift [MLEP o
its bazeline value, using a constant norinalised ROHR, profile decined to be an acceptable

assunption. For this purpose. the mase of fuel and the added EGR rate were adjustod nntil
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meeting hoth thresheld values of INMEP = 6.35 bar and of 1.2 g/kWh in indicated specific
NO emissions. The addition of EGR affect the thermodynamic properties of the in-evlinder
charge and the pressure pilsations within the inrake port bhut calenlarions showed that the

mfluence on the effecrive compression ratio r, 18 marginal.

It i clear from theoretical consideration that it is condnceive to add rhe oxhanst gas at the
leswest temperature possible {in due consideration of condensation) for obtaining higheost
mixture den<ity., However, increasing system costs and complexity when emploving an
EGR. conler. encouraged to assess engine operation if the exhaust gas is only cooled by the
exhanust gax heat exchanger of the CHP unir as first approach (semi-cooled EGR). For the
secorcl approach., ongine operation 1sing an adelitional EGR conler was analvsed. With
respect 1o the capabilities of the EGR cooler used in experiinents, EGR temperature is
controlled to Thoe = 80 °C (cooled EGR). Figure 3-3 {left) depicts BSFC of all cvele con-
fignrations studied ax fanction of FCR, g ar constant MO emissions and INEP for senn-
cooled and cooled EGRL Expansion/compression ratios higher 111 combined with lw EGR.
rates improve BSEFC, rogardloss of the IVC strategy emploved and EGR remperature. As
with the resulrs in lean-burn aperarion at A = 1.57, early AMiller holds an advantagoe in
BSFC ewver late Miller valve tiining due to 4 more favourable gas exchange. Both valve
tining stratogies require simfilar EGR rates s to comply with the threshold NOy emnission
lewvel {sec Fignre 3-2, right ). The higher density at lower BGR temperature of The = 80 °C
evidently roduces the required EGR rate. As a rosults of more tavourable mixture propertios
{i.c. higher 9), the penalty in ideal engine officiency decreases. leading to a lower BSFC.
The largest benefit of 2.7 /KW 1= predicted for engine operation with early Miller valve
timing and cooled EGR. While cooled EGR improves engine efficieney over the entire
ECUR, i range, the semi-cooled approach causes higher fuel conxunption for ECR, g lower
thar 1.07 {late Miller). In thix case, the drawback in ideal engine officiency cansed by less

favourable mixture properties enrweighs the benefit from mereasig ECR, 4.

247 12
NO, = 1.2 g/kWh o~ Ter=160°C
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— 246 Late Miller—~e— - o / . X L9
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Figure 5-5: BSFC (left) and EGR rate (right) over £CR,; for cooled and semi-cooled EGR at constant NO«
emissions (n = 2450 rev/min, IMEP = 6.35 bar, NOx = 1.2 g /kWh)

One mifght expeet that the LGR rare increase consistently witlh the expan<ion/compression

ratio rather than decreaxing again after the maximmun of xien = 9.7 %W (Thew = 80 °C) and
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105 % (The = 160 °C) at ECR, = 107, To sharpen the understanding of this trend, the

interaction between dilution ratio D, mass of in-evlinder charge s, EGR rate x5 and

the speeific heat capacity ¢ of the rxhaust gas for varying ECR, i reviewed. Figure 5-6
shows the respective parameters for lare Miller valve timing at an LGR temperature of
Thiiw = 80 °CL The falling mass of fn-eylinder charge with increasing ZCR, p not only re-
(quires lewoer dilution ratiox to keep IMNEDR constant, it also recheeos the absolute heat ca-
pacity that absorbs the released heat during cennbustion. The dilution ratio D decreases
with increasing ECR g loading to higher HoOr anel CO» fractions in the exhanst gas that
inerease itd oo, However, «inee the influence of enhanced fuel energy outweighs the rising
specific heat capacity regarding combustion temperatire. anether offoct must caise the
mflection point of the EGR rate. For that purpose, it i worthwhile ro note that the detor-
mination of the specifie NOk emissions nvolves the measured NOy fraction In ppm and the
enginc-ont mass flow ax well as the tnolar masses of NO and the exhanst gas. Because the
maolar mass of rhe exhaust gas varies only slightly within the investigated oporated range
aldd rhat of NOo Is constant. the NOx fraction and engine-out mass flow mainly gevern the
mdicated specitic NOy emissions. Both mereasing ECR, pand EGR rate. mdead. reduee the
eigiie-our asd flow, Tl cnabling the engine to emit higher NOy o ppin at constant Nk
in g/kWh. For ECR, ;= 107, the rduction of the exhaust gas mass tlow outweighs the

merease of NOy fraction and. in rurn, the EGR rate can be redueed again,
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Figure 5-6: Dilution ratio D and mass of in-cylinder charge Mo (left); EGR rate xecr and specific heat ca-
pacity ¢ of the exhaust gas at 1500 K (right) over ECR, tor late Miller valve timing at Tror = 80 °C
(IMEP = 6.35 bar)

The interaction between vohmuetric NOyg emissions (ppin) aned engine-our mase flow ar
constant spocific NOg emissions {g/kWh) bhecomes clear whon comparing characteristic en-
gine values of the baseline ongine and the Lean-Ailler-EGR working  procoss of
ECR, = 115 with cooled EGR at constant INEDP of G.35 bar {sec Figure 5-7, left]. Both
Miller setups= reach higher peak combustion touperatures that increase NOy emissions in
ppul The nereasing NOy fraction <till leads to constant <pecific NOg emnissions in g/kWh
owing to the reduced engine-our mass flow, Ax a result of the enhanced T, and a higher
A/V ratio, the Miller configurations experience higher wall heat losses (Jee Higher (Jras

corthined witlh increasing losses i deal engine officiency catsed by BGRL alinost caneel



52| 2 1D-5tudy of Lean-Miller-ISGR Working Procoss

out the benefit m 1SEC, through enhancing ECR, o Nevertheless, Miller eyele combined
with cooled EGR «till improves [SEFC ar constant INEP and FAEDR, leading to lowor BSFC
cownparcd to the bazeline enpgine. The analyvsiz of the 3 configpurations at 1MEP = 645 har
in the p-V diagram in Figure 3-7 {right) illusrrates that both Aliller valve timings favour
gas oxchange with roduced PAER by 13.71 % for early and 3.1 % for late Miller IVC. For
this reasen, boath valve timing strategios require lower 1MED, to achieve the same INEP
ax the baxeline, The potential ix lower for late Miller valve timing due to the reverse flow
that canses a W, 0. Therefore, borh fuel consumption and EGR rate inerease for meet-

ing the threshold valiues in NOy eindssions aned INED compared with ecarly Miller.
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Figure 5-7: Normalised NOx emissions in ppm, Ta.. engine-out mass flow, ISFC, PMEP, BSFC and Qy.n for

baseline and both Miller configurations with ceoled EGR (left); p-V diagram of baseline and early/late Mil-
ler cycle with cooled EGR at same IMEP and NOx emissions in g/kWh (right)

The findings dicate that BECR, = 115, realised through intake valve closings of
IVC = -10 °CA or 96 °CA ABDC and a compressiom ratio of r,,,

= 15.20. lead to highest
engine officiency for both Miller strategies. The setups are selected for a direct comparison,
which ix one of the main objoctives of this thesis, In the romainder of this work, the re-

spective configurations are simply terined as carly and late Ailler evele.

5.4 Comparison of Different Methods to Assess the Effective

Compression Ratio

The applied method to hold 7,y eonstant leads to early and late Miller confignrations with
alimeost identical pressure traces while the valves are cloxed. Figure 3-8 shows how the
offective compression ratio of the baseline and barh Miller confipuration varies when ap-
plying differont approaches from literature. 1t can be seen that the linearization, presenteod
by e et al. 53], starting from the start of commbustiomn (SOCY to IV for the baxeline and
late Ailler, ancd fron SOC to BDC for the early Miller configuration. leads to similar values

for all 3 comfigurations. As a result of considering data of the late compression phase, i.o.
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ar high temperature, the averaged polyrropic exponent s rather low. Consequently, Vi
ancl therefore 7,y reach higher values compared to a polyvtropic backward calenlation of
variable n, in particular for confipurations with late INC. Applyving the approach of Fuku-

zawa 6], given by LEq. (2-23), leads to lower absolure values in 7, The deviation he-

P
twren the selocted Aliller and baseline configurations inereases but is rodueed hetween the
carly and late Miller setup. The difference mereases when Vi s defined ar the inter-
section of the prossure trace during exhaust and cotnpression stroke, as suggested by Lob-
hert 80] for part load operation. The method leads to acceeprable values for engine =otups
with different valve tiimings of samoe gomuetrical compression ratio, vor confignrations of
nnegual geomerrical compression ratiox show notable deviations of up to 0.8, The definition
of the effoetive comprossion ratio of the ideal eyele, defined in Ee. (2-21), leads to msuffi-
cient results botween the selected mngine setups. again emphasising the necessity of ac-

counting for offocts of gas dytiamics when deternnining the effective eompression ratio.

16
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13.63 13.72
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Effective compression ratio [-]
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Figure 5-8: Effective compression ratio determined through different methods for Miller {r,,, = 15.25) and
baseline configuration (rg,, = 13.20) at A = 1.57

The impact of the applied method to determine 7, |, 5 becomes even more significant when
first caleulating the value of the haseline a< a thresheld, and then the according geometrical
cotnpression ratios for the given Miller valve timnings using different methods. The peak in-
evlinder prossure aed tenperature i motored engine operation are ene of the indicators
that arc used by Koehlor of al. 70] to assess suitability of different methods for determining
T, o omee i this work the different approaches are evaluared in fired engine operation.
the level of pressure aned temperature ar the start of combustion psoe and T, occurring
ar 3 °CA BTDC, are used instead. Figure 3-9 depiets a table that lists puee aned the p-v
diagrams of all configurations ar A = 1.37. The approach of this work reveals the stronegest
correlation between 7, , g and puce across all engine setups. Both early and late Miller reach
slightly lower puse than the baxeline configuration, Lare Miller <shows a highoer difference to
of 13.23

the baseline of -0.31 bar than carly Miller, partly caused by a slightly lower r, 4



51 2 1D-5tudy of Lean-Miller-ISGR Working Procoss

{ef. table in Figure 5-1, rvight). Contrary to the approach of this work, Fukuzawa's moethod

6] calculates Ty that lead to a slightly higher peoe than the baseline and shows the
smallest difference of 0.04 bar betwoeen hothe Miller confienrations hut larger deviation to
the baseline. As the authors suggested. the geomoerrical comprossion ratio was adjusted in
metored operarion first by asswming 4 ratio of the specific heat capacitios of y = 138
suhsecquently, the determined Miller serups were analyvsed in fired operation. The lineari-
sation, =hown by He ot al. 33], also sgives satisfyving results, however, the difference hetwoen

the caleulared 7

o f both Ailler valve timings increases. While baseline and early Miller
exchibit very simiilar g, they hoth show a deviation of abeur 005 bar to late Miller, The
error further inereases when applving the approach of Loebbert [79 due to itx sensitiviry
to pressure pulsations on the intake and exhaust side, The geoinetrical definition suggests

vl ceometrical comprossion ratios of 12 and 21.95 that lead to differences in peoe = 25

har.
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Figure 5-9: p-V diagram of the baseline and the Miller configurations selected at same effective compression

ratio by applying different methods (A = 1.57)

Noxt to puae, Teoe 15 an inferesting paramoetor to investigate as it hax sisnificant influence
on the aninar burning velocity., The deviation hetwoeon hoth pece and T of the investi-
eated confignrations relative 1o the baseline engine 1% illustrated in Figure 3-110. The tem-
perarire. given i K is less atfected by varving geometrical compression ratios than pres-
sure. The deviation of both parameters correlates well with the exception of the geomoeotrical

cowpresston rarios of r, . = 15.15 and 13.23. In both cases, puse I lower than the haxeline,

vot a higher T 1= roached due o redueed wall heat losses during the compression stroke.

While the A/V ratio Increases for both r,,, = 15,15 and 15.25. the pressure history from

IVC to SOC is below thar of the baseline. thus reducing the wall heat transfer coefficient
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{of. L. (3-4)). For all romaining cases, inereasing or docreasing the geomoetrical compres-

sion ratio nniformly leads to higher or lower temperature and pressure ar SOC
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Figure 5-10; Deviation in pressure and temperature at SOC of the baseline and the Miller configurations at

same effective caompression ratio defined by different methods

The configurations derermined by applying the method of this work (presented in Section
3.3) show the siallest deviarions i peoe and Tege compared to the baseline engine. The
approaches sugeested Iny He and Fulagawa also deliver aceeptable results, whereas the one
of Labhert deterines non-comparable confiprirations with respect to thermodynamic con-
ditions at SOC. The definition given for the ideal engiune cvele leads to the largest error

anel s clearly not applicable to actual engine operation.

5.5 Summary and Conclusions of the 1D Study

The aim of the 1D study deseribed in this chaprer was to assess the differences hetween
carly and late Miller valve fiming, to evalnate the potential of the Lean-Miller-15GR. work-
g process to improve the ISFC-NOk trade-off ar constant IMNEDR and to select tweo config-
urations for upcoming engine tosting. Starting from the baseline confieuration. the valve
thnitgs wore varied while the offective commpression ratio was kept constant by adjusting
the geometrical compression ratio, The major assaunprion of thiz study was the constant
normalised ROLR, profile, derived frow the measured in-cvlinder pressure trace of the
cogeneration engine's reference operating point. The key findings can he siumnarised as

followms:

e The developed methed to determmine the effective compression ratio, presentedd
in sSection 3.3, Ieads to early and late Miller valve thinings thart show very similar

prossure traces during the span all valves of hoth eveles are closed, Comparod
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to other approaches, the prosented method leads to thermodynamic eonditions
ar SO that are wost siimilar to those of the bhaseline engine.

The erucial difference between carly and late Miller valve timing ocours shortly
hefore BDC, where early Miller experiences an intermediate expansion. Late
Miller evele cattsest a reverse flow after BDC that also leads to lodses in cotnpres-
sion work, heing the main reazon why late Miller shows drawhacks in [ISFC for
all investigated configurations at same ECR, g

Inereasing rhe expansionfcompression ratio at constaut relative air-fuel ratio o
ECR, p= 115, reduces ISFC by 3.8 and 2.5 g/kWh for carly and late Miller
valve timing, respoctively. The lossed in Ioswoer charging efficiency decrease INEP
of barh Ailler configurations. causing a lower INEP/FAEP ratio and, in rurn,
higher BSEC.

The simultaneous addition of fucl and moderate BGR rates (xes <0 L0 %) allows
bath Miller configurarions to increase INEP to 6.35 bar withour excecding the
spocific NOy enissions of the baseline engine. A comparison of two EGR temn-
perarure levels, namely Thge = 80 °C aned 160 °C, shows that the lower KGR
tomperature is loss detreimental to ISFC. For engine operation at T = 80 °C,
BSEC improves for carly and late Aliller valve timing by 2.7 amd 1.1 g/kWh,
respectively, The decreasing mass flow of both Ailler evelos enables higher NO,
einission i ppin but constant specific NOyg emissions.

Two comparable configurations of same effecrive compres<ion ratio and expan-
siont/ compression ratio woere found. which are to he manufactured for experi-

mental engine trials,
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This chapter addressos the design of the components roguired to realise the Miller engine
cotfigurations determined in Chapter 3, including the modificarion of valve timing and

piston design.

6.1 Valve Cam Design

The cast iron camshaft of the baseline conficurarion was replaced with an asscimbled eanm-
shaft prototype that ensires identical valve opening and closing events, In fact. the only
difference hetworn bhoth is that the prototype camshaft allows for a simple replacement of
the intake valve cam. The valve cam is made of heat-treated alloy steel A12CrN ol and irs
running surtace was plasta-nitrided with the aim to guarantee sufficient durability. For
desipning the cams that canse the seloeted valve timings. carly Miller (IVC = -10 "CA
ABDCY) and late Miller (1VC = 96 *CA ABDC). the commercial software AVL EXCITE
Timing Drive was used. It approximates the valve rrain as multibody model by dividing
Its components Into a seties of mass peints and/or rigid hodies, These are conmected by
spring and damping cloments {exhibiting stiffness and damping characreristies of cach com-
ponrmt) ax well a2 joints and bearings. Rotarional camshaft specd. specific geotnetries and
the baseline cam profile were assigned to the model, whose builld-up process s illustratecd
in Figure 6-1. The mode] caleulares the dynamic systean behaviour. including lift. velociry.
acecleration and the foree of the single valve train compononts over cam angle. Further-
maore, the oceurring Hoertzian prossure between cam and tappet. one of the decisive paraim-

etors in cam design regarding durability, can be determined. Peaking occurs at the highest



bl G Realisation of the Working Process

catn lift due 1o the maxiimum valve spring foreoe coupled with the smallest valve cam enr-

vature,
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Figure 6-1: Simulaticn-assisted valve train design using multibody approach

Exceoding the linit in Hertzian pressure. given by the value of the baseline engine. would
lead to pitting of the camn and the transmission components, thius creasing the risk of
damaging the engine  147]. 1t i+ even of higher importance to keep the valve closing velocity
corstant due to its substantial impact on wear of the valve sear and the valve sear ring
#2]. Besides, the minimum valve cam curvature, preseribed by the camshaft manufacturer,
needed to be complicd with in order to avoid a shear-off of the cam. Lare Ailler valve
titning could be readily realised by adding marerial to the cam profile, leading to a smaller
valve lift pradient. velocity, acecleration amwd component stress. For early Aliller ¢vele, on
the contrary. the increasing valve velocity reguired considerable maocdifications of the valve
train and the evlinder head to achieve mechanical Ioad that was acceptable for engine

testing (wee Figure 6-2].

Baseline — — Early Miller
30 —----- - Base circle Late Miller Convex
tappet

Protrusion

y-coordinate [mm]

Recess in

20 10 0 10 20 cylinder head

x-coordinate [mm]

Figure 6-2: Cam profile of the baseline, early and late Mille valve timing (left); convex tapped to realise

early Miller (centre); assembled valve train of early Miller configuration (right}

The calenlated stress boetweoen cam atd follower markedly decreases b designing a concave
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cain profile that reguires & convex tappetr. 1t is of vital iimportance to prevent the tappet
fronn rotating during engine operation, ax it conuld cause severe damage to the engine oth-
erwise. To thix end, it was cquipped with a protrusion thar is gnided throngh & recess,

which was machined inro the eylinder head.

6.2 Piston Design

To ensure same offective compression ratio for the selected valve timings, a new piston was
designed with a geometrical compression ratio of r,, , = 15.25. Table 6-1 lists the charac-
teristic paramcters of the piston, which exhibics the <ame clearance volume 1o the evlinder
head ar TDC as the baselitie pistor, The A/V ratio, given at TDC) inereases for the new
piston design from 052 to 0360 however., at & rolatively late comnbustion phasing of
CAIN= 19 °CA ATDC, ar which the engine wsually aperates. borh valnes decrease to 0,27

and .28, respecetively (see Figare 6-3, left).

1able 6-1; Specifications of the baseline and Miller piston

Description Unit Baseline Miller
Geo. comp. ratio rgeo - 13.2 15.25
Piston bowl area mm? 4287 4217
AJV ratio (TDC) mm-! 0.32 0.36
Piston clearance mm 1.7 1.7
Squish ratio (7, - 0.63

@=52.0

C

Internal investigations conducted by the cogeneration engine manufacturer showed that

Piston bowl shape -

Piston design -

tho piston howl area ix one of the driving parameters with respect to NOky formation and
was thoerefore kopt comstant., The report also suggosts that reducing piston bowl depth at
the expense of squish area ik boneficial ro burn duration ar late cotnbustion phasing due ro

shorter flame travel distance  LE3]. Based on these findings, a wider piston bowl of lower
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dlepth but wimilar area was desipned. Sharper howl edgos should provoke the charge motion
to decay into turbulences and partly compensate for the stnaller squish ratio, The stoeper
valve lift pradient for early Miller valve timing macde it necessary to machine a valve pocket
inte the piston, in order o aveld collision of hoth components as the intake valve opers.
The valve pocker may favour the macroscopic flow 1o hreak up. but lterature repores valve

pockets to only have a small effect on turbulence  182].

meish oceurs at the ened of the compression stroke as the piston face approaches the ovl-
inder roof. The volurme in the seuish region. depicted as shaded area in Figure 6-3 {right).
ix displaced into the piztem bowl and thereby promoting the generation of turbulence 10
166]. The velocity at which the mixture exits the squish region, tormed as the squish ve-
locity, quantifies the squish mtensity, The theoretical squish velocity ey, of a heron com-
hustion chawber can he caleulared according to L. (6-1)

Vs

s (ﬁ)z_l N \
P 45 |\ By n'i)cylz ) (6-1)
—4 z+ 1"3

where v, 1s the fustantancons piston velecity, Lp the piston bowl disineter. £, the evlindoer
bore, Vp the piston bowl volnmne and z the distance hetween squish surface and evlinder
roof. Despite neglecting the influencee of gas inertia. friction. blow-hy amd heat transfer. the
approach vields fairly aceurate rosults compared to that ebrained from measurements 37 .
of the baseline piston to he higher than that of the Aliller

Figure 6-3 {centre) illustrates o,

piston unril meeting BDC, where hoth values decerease down to zoro.
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Figure 6-3: A/V ratio (left) and theoretical squish velocity (centre) over crank angle for the baseline and

Miller piston; Geometrical relations for calculating the theoretical squish velocity {right) |57|

It ix expected thar the higher thesretical sepuish velocity of the bascline gencratos a higher
turbulence level. Work of erlers confirm inereasing squish to reduce cotbustion duration
10, 115 However, their trials focused on oprimal combustion phasing in terms of engine
efficiency. For thit reason, shorter combustion duration it expocted at carly combasrion
phasing, while the shortened flaine rravel distance could ourweigh higher turbulence level

with retarding combustion phaxing ax the findings in - L113] indicate.
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Thix section didcusses experimental data obtained from the constant vohuane cotnbustion
chaiber (CVOC) and engine testing with different valve rimings and compression rarios.
Fven minor changes to an enghie may iimpact its perforinance markedly <o that it would
be difficult to tully wnderstand single offects of the Lean-Miller-IEGR worldng process by
realising it within one step. For this parpose. an iterative testing procedure was followed.,
where EGR and Miller cvele were first studied separately for an =olated examination. awl
subsequently both combined, ax depicted in Figure 7-1. Preliminary trials were performed
to analvse the effect of substituting a part of exeess alr with oxhaust gas on cotbustion.
particularly on the laminar burning velocity, nsing the CVCC, After. engine trials on engine
IT were carried out for varving EGR rares to stiwdy ity offects on the baselineg engine's
performance. At the same time, mulriple AMiller confignrations, consisting of a modificd
intake valve closing and a higher seometrical compressicn ratio, wore analvsed in lean-burn
aperation on test bed engine I {(for which the 1D-CEFD model was validated). The target of
the trials wax to select an early and late Miller valve riiming of same offective compression
rafio aldl expansion/eomprossion ratio awd thar enable a representative comparison of hoth
strategies. Transferring the confipurations found for engine I to engine 1 required 2 reoval-
narion of the effective compression ratio due 1o tolerances in the manufacturing process of
engine components, Subsequently, a detailed comparizon between carly and late Aliller
cvele was drawn for varyving mixture settings. Results from 3D CEFD calenlations aided the
wterpretation of differing combustion characteristics. In the next s<tep. the Lean-Aliller-
EGR. working process was <twdied in depth and compared to the lean operated baseline
configuration. The pritmary  focus was  placed  on onelne  operation  at constant

IAEP = 6.35 har (+/- 001 bar) correspaneding to the roforence operating point ROP. For

01
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engine 11, RO ix found ar a relative air-fuel ratio of A = 130 awd a conustant ignition
thuing Il = -8 °CA ATDC, leading to a combustion phasing of CAJ0= 19 °CA ATDC
ancl indicated specific N Oy enissions of approsdmately L4 g/kWh, Note that these settings
will serve as a reference when comparing ditferent engine confienrarion in the further comrse
of this work., The deviation to the NO emissions caleulated from the LD miodel of nearly
20% has rwo reazons: First, the ID-CFD merel was adapred to engine [ that operates at
slightlv lower NOy emissions; secomd, the NOx model of the 1D CFD model in the ROP

with an error of about 8 % (of, Figure 4-7, left).

EGR Miller
CcvccC Engine |
4 h 4
71 Aqalysis of mixure composition o 1D-crD | 7.3.1 Development of two comparable
i Burn!ng delayl (Chapter 5)I early and late Miller Valve timings
- Burning velocity L

- Combustion temperature |

- Combustion pressure Engine Il
Engine Il 7.3.1 Reevaluation of Miller
configurations determined
7.2 EGR for Otto cycle at +
- Constant IMEP
- NO,/ISFC trade-off 7.3.2 Comparison of early/late Miller A2 1
- Combustion analysis - NO,/ISFC trade-off
3D-CFD [« - Combustion analysis inlcuding results from 3D CFD
- Constant NOy
- Potential to advance CA50 . 7.3.3 Comparison of early/late Miller A2 1 + EGR
- Potential toincrease IMEP - NO,/ISFC trade-off
- Combustion analysis
- Engine Operation at knock margin - Knocking tendency

v

7.4.1 Comparison of Miller and Otto cycle A2 1
- NO,/ISFC trade-of
- Combustion analysis

7.4.2 Comparison of early/late Miller A2 1 +EGR
- NO,/ISFC trade-of

- Combustion analysis

- Comparison of selected operating points

\ 4

Figure 7-1: Work flow of experimental investigations

All engine trials were carried out in unthrortled operation at constant engine spocd of
2450 rev /min. Pressure and temperature of the air entering the cogeneration unit were
kopt constant ar g, = 995 mbar and T, = 35 °C to ensure reproducible inlet boundary
cottditions of the systemn, The ontler bomdary conditions, given by the ambient conditions.
varied only slightly over the conrse of all condneted trials, Every measurctnont was re-
corcled rhree titnes. For direct comparisons of selocted oporating point=. the average value
Is 1mecl. Thermodvnamic zoro-point correction to detormine the ahbsolhate pressure lovel trace
of the m-ovlinder prossure was appliod by assuming a constant polvtropic exponent of

n = 1.438 over a predefined erank angle range botween 80 and 60 *CA IFTDC.
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7.1 Analysis of Combustion in a Constant Volume Combustion
Chamber

Literarre research shows that burning velociry is vory susceptible to mixture composition.
Most worle centres on comparisons hetwoeen either air-diluted mixtures or stoichiometric
mixtures lilured with BGR. In experimental studies. exhaust gas is often simulated using
svnthoric gas, comprised of No and CO, of different ratios such as No/COy of 0.813/0.183
122] and 0.83/0.17 34] for «toichiomarric or 0.88/0.12 79] for hath stoichiometric and lean
mixrires. The motivation behind thiz procedure is to either provent Ho() condensation
thanks to initial condirions below the dow peint 79 or the nocessity of an additional
colbustion to form real oxhaust gas 34]. Ponnusamy et al. 122] supported their definition
by highlighting the averaged maolar specific heat capacity over the temperatures range in-
vestigated (300 to 2100 K, being similar to the one of oxhanst gas resulting fronn ideal

co1bn=tion.

Figure 7-2 shows the moelar {left) and specifie {right) heat capacity of exhaust gas over
temperature defined by different No/COs ration wsed i literature and nnder the assunption
of an ideal combustion (5 species) for a stoichiomerric and a lean mixture with an BGR
rate of 20 %, Svuthetic EGR defined by Ponnusamy et al. 122] or Doosje 34] exhibits a
siimilar melar heat capacity ax the one of exhanst gas from ideal stoichionetric cotnbistion
with xs = 20 % BGR, leading to maxiunun errors for the range shown of 2.2 and 1.1 %,
respectively, While C0)s i the predeminant cotponent for the molar heat capacity, HaO)
gains 1 hinportance for the mass related definition due to its wer melar mass compared
with C(. The crror to the multicomponent definition, considered in this work. then in-

creases to 8.3 amd 0.8 %, respectively.
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Figure 7-2: Molar (left) and specific (right} heat capacity of exhaust gas over temperature

Doosje 34] reportedly found the differences on laminar burning velocity caused b using
svithetic instead of real exhanst gas to be small. The fiudings relate to stoichiomerric
combustion at xugs = 20 Y0 the agreement could differ when adding EGR to lean mixtures.
Froan this it follews that usiig real exhanst gas s conducive a2 it accounts for the water

vapour and thereby lmproves validity of the resulrs,
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7.1.1 Testing Procedure

The majority of trials was conducted {following the workflow in Figure 7-3) ar the same
number of moles by setting a consrant initial temperanwe of 7)) = 123,13 K and initial
prossure of g = 3.73 bar. The nitial conditions wore dotermined by an ikentropic change
of state starring fromn 293,13 K and 1.0 bar. The dilntion rario was varied from D = 1.3 1o
D = L8 in fnerements of U1, Starting from an air-diluted mixture, a part of tho exeess air
waxr sihbstituted with exhatst gas for cach dilution ratio up to xes = 20 %, Aftor overy
trial. the COVC was scavenged with compresqod air for a duration of 3 minutes to guar-
antee a4 rosidual gas froo chamber, It wad then evacnated dewn 1o an absolute pressure
level of 20 mbar and refilled first with Cly awed afrer with dry compressod air. The corre-
sponding partial pressures of cach mixture were caleulatod asswning ideal gas beliavieur.
After a delay time of 5 minutes that proved to be sutficient to achicve a well-homeosenised
mixture, allowing for reproducible results 73, 156], the mixture was ignited. Experiments
inclucling EGR. required an adeitional working step. To provide exhanst gas compenents
inclieling HoOr aned COo within the vessel. first & stoichiometric combustion was coneducred.
After a waiting tite of 3 winutes, the desived partial pressure to obtain the reguired €Ok
amd HoOr fraction from the former cotnbusrion was adjiusted using the vacnun puap. Sub-
secuently, Clly aned air were added. ineluding the missing excess parts of No, O and Ar of

the exhaust gas afrer the sroichiomoerrie combustion.

. . Addition of . .
Scavenging Evacuation Ll cH N Ignition (after Scavenging
(5 min) (30 mbar) i AirA 5 min) (5 min)

Evacuation of N Agd ition of Ignition (after
- CH4 —>
(po calculated) - Air 5 min)

Figure 7-3: Procedure of experiments with different mixtures using the censtant volume combustion cham-

ber {CVCC)

In the case of EGR, the fuel of the stoichiometric combustion was assitned to be entirely
burnt. An alternative method that does not require an additional combnms=tion is to add the
exliaust gas cotmponents individually, Heweover, cxperiments showed that adding reproduce-
ible amounts of water was not possible without further medificarions en the oxperimental

mstallation.

7.1.2 Results of Varying Mixture Composition

Fignre 7-4 shows pressure vorsnus fime for all dilution ratios investigared without exhaast
gas (D = A) and with varving ECGR rates at constant ignition timing t.. = 0 . Under the
premise of constant inftial coneitions., the mass of fuel falls for higher dilution ratios. Peak
and slope of combustion prossure decrease and peaking is retardecd. The similar eoffoet ix

ohsorved when exhanst gas is added for constant dilution ratiosx. Specific heat capacity
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mereased with the EGR rate, requlting in lewer pregsure rise with a lowoer pressare peak
anel retarded combustion. The sensitiviry of the combastion to EGR decreases for higher

dilution rario as a result of lower specific heat capacity of the exbiaist pas.
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Fipure 7-4: Pressure against time for different dilutien ratios D without EGR {D = A} and for different dilu-
tien ratios (D = 1.3-1.7) of varying EGR rates (right)

The measured pressure traces were evaluated using the MATLAB-based rourine described
in Section 11,2, Figure 7-3 shows the calculated hurning velocity s against the temperature
of the unburnt zeone T, for varving mixture compositions. The first part of the plotted
traces between the initial temperature and approxiwately 475 K s futile for analvsing
burning velocity due to instability of the values. Burning velocity decreases with both
mereasing dilution ratio and EGIR rate. The lower peak in eombustion pressire, as a roesult
of loaning or adding EGR. correlates with the maximum temperature of the unburnt zone,
thi narrowing the evaluarion window of the laminar burning velocity, For this reasomn,
only dilution ratios of = 1.3 to 1.5 with EGR and D = 1.6 without EGR are plotted in
Figure 7-3. Onee burning velocity reaches it maximum., it declines rapidly unril the com-
bustion 1= completed. The gradient of this range decreases wirh both highor dilution ratio
and LGR rate, enhancing the time that rhe flame front dwellx in the vicinity of the wall,

thus promotring the chance of flane quenching.
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Figure 7-5: Burning velocity over temperature of unburnt zone for different dilution raties and for constant

dilution ratios of D = 1.3-1.6 of varying EGR rates

Figure 7-6 {left) depicts the mixture’s initial specitic hear capacity ¢, {before ignition)
agaitst the LGR rate for various dilution ratios D, For a cotstant D, i.c constant mass of
fuel. the specifie heat capacity enhances with inereasing EGR rates. The effecr s wore
marked for lower dilution ratios and higher EGR rates due to the ncereased COs and Hot)
fractiom of the exhaust gas.
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Figure 7-6: Specific heat capacity ¢ of the mixture before start of combustien {left) and burning delay

(right} as function of EGR rate for different dilution ratios

When dilution ratio inereases ar sate BGR rate. ¢, of the mixture becomes sialler cansed
by lowoer 'Ly fraction (of. Figure 2-16), This. in turn. leads to a larger excoss fraction that
abhorks the hoat during combustion and extends the burning delav. here dofined as the

time reguired unril 5 % of the mass fraction is burnt (see Figure 7-6, right). The difforence
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hetwoon dilution ratios of same BGR rate deercases for higher exhanst gas fraction. since

exhaust gas of richer mixture exhibits higher specific heat capacity,

Decreasing burning velocity is one of the major drawbacks when roducing combustion tem-
perature throngh mixture dilution. Figure 7-7 {left) depicts burning velocity as funcetion of
the EGR rate and the temperature of the burnt zone T, for various dilution rarios ar
cotnstant temperature of the unburnt zone of T, = 325 K ane therefore ar very similar
pressure ranging from 8,335 and £.70 bhar. Burning velocity and eombustion teanperature
ilecroase with rising EGR rate at constant dilution ratio. This can be cxplained by the
decroaxing O and inereasing HoO) and Oy concentration ax literature roports 25, 32, 33,
87 . As expocted, the lowest dilution ratio D = 1.3 reaches the highest values in tempera-
ture of the burnt zone (T, = 2250 K) and laninar burning velocity (s;= 0.325 m/x). For
A mixture comnposition of D = 1.6 and no EGR, for instance, both values drop down to
Ty = 2044 K and s;= 0,132 m/s. Replacing air with exhaust gas, reduces combustion te-
perature while burning velocity falls markedly. The EGR rate required for same tempora-
ture of the barnt zene, inereases for lower dilntion ratios, At a dilntion ratio of D = 1.,
the laminar burning veloeity peaks ar ;= 0,255 m/s for & burnt zone temperature of
Ty, = 2175 K andd an EGR rate of approximately s = 3 % . When further lowering the
dilution ratio dewn to 1D = 1.3, the LGR rate regquired to achieve the saime temperaturs
rises to nearly Xum = LU %, yor with a considerable drop in burning  velocity to

§p= 0,141 mi/fs,
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Figure 7-7: Laminar burning velocity and burnt zone temperature as function of EGR rate and dilution ratio
at constant unburnt zene temperature (left); Comparison between laminar burning velocity determined in

this work from experiments and calculated values using the correlation of Liae/Witt |79, 176] (right)

Comparing the results from the experiments to litcrature 79, 176], caleulated  from
[Eq. (2-4), shows a strong corrclation exprossed by oa coefficient of determination of
B2 =093 {see Figure 7-7, rvight). The oxperitnenral valnes of s for dilution ratios of

D= 1.2 and D = L4 withour LGR lie above the calenlared ones. The laminar hurning
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volocity deereases for higher EGR rates at constant dilution ratio reciprocally to the change
of specific heat capacity (of. Figure 7-6, left). A steeper gradient of s, can be observed with
decreasing dilution ratios due to higher specific heat capacities anf the exhanst gas, The
drop of caleulated Laminar hurning velocity over KGR rate is also stronger for lower dilution
ratios, Nonetheless, the pradient for a constant dilution ratio iz almost linear, This likely
arises from the fixed concentration of rhe single exhansr gas components) regardless of the

fresh mixture’™s composition,

It can be seen that the hishest dilntion ratio of DD = 1.6 exhibits the largest deviation. A
possibile explanation is the suffering aceuracy when defining mixtures of low dilution ratios
that require very Loy partial prossures to be set. The reason why the experiments of lower
dilution ratiod, suel as D = 1.3 and 1.4 Iead to higher latinar buming velocitios: neod a
deepor rxplanation: It s possible that the shape of the flame frout changes in the conrse of
the combmstion duc to instabilities cansed by hydrodynamie offeets 30, 66]. These load to
flame cracking, heing a precursor to a celhular flame stracture, The larter exhibite a largoer
surface than the purely lininar and spherical flame shape, thus aceelerating the combus-
tion. In that case. the code overpredicts the burning velocity as it <till asaunes a laminar
flame front (of. Eq. (4-1)).

While flaine structures can be assessed tsing oprical metrelogy, an alrernative method is
to analvse the xlope of the burning velocity as applicd by Lafuente 73], Multiple combus-
tions ar same relative afr-fuel ratio are carricd eur at different initial thermodynamic eon-
dlitions ohtained from an isentropic change of state. By superitnposing the laminar burning
velocity as funetion of the burnt zone temperature. a sudden rise of the laminar burning
voloeity hints a transition from laminar into cellular flame reeiine. The trials described in
T3] wore carried out for a stoichiometric Clgsair mixture, showing the transition regime
from laminar to cellular flamne front ranges between 3 to § bar corresponding ro a tewnpoer-
arure of the unburnt zone from of 460 and 503 K. respectively, It was also shown thar the
sensitivity o cellularity diminishes with leaning, allowing for a laminar flame front at
higher pressures. In order to evaluate the possibility of laminar flame structure within this
work. the aforcmentioned procedure was applicd to dilution ratios of 1= 130 1.4 aned 1.5
ar differing initial conditions {sce Figure 7-8). It can be seen that within the rransition
range of a stoichionetrie mixture (5 to 6 har / AGU to 305 K} a very wodest rise of the
burning velocity ocenrs, whose magnitude decreases with higher dilution ratio. This por-
tondds A change of flame strucmre. however, it effect appears to be rather small and would
dlecroase by adding BGR. Similar experiments with wmixtures containing EGR could not he

cotidneted due to condenzation of water at the lower initial temperatures reguired,
The experitnents point out that the burat zone temperature of lean mixtures can be
achioved algo for mixtures of larger fuel fraction by replacing a part of excess air with EGR.

Axa rosult. burning velociry decreases. which might be compensated by advancing ignition
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timing in engine operation. In that case, one of the crucial differences are higher tempoera-
ture and pressure levels and the motion of in-evlinder charge that leads to a combistion

with a turbulent flame front.
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Figure 7-8: Burning velocity against temperature of unburnt zone for different dilution ratios of

D =1.3 /1.4 / 1.5 of varying initial conditions and pressure over temperature of unburnt zene for D = 1.4

7.2 Lean-burn Engine Operation and EGR for Otto Cycle

First engine trials with EGR were carried our for the haseline configuration to evaluate its
effect on efficiency, emiss<dons and combistion at constant INEDR. Depending on the out-
cottie, 1t could possibly represent an alternative to both the currently followed lean-hurn
strategy and the Lean-Miller-I5GR working process, In light of & combination with Miller
valve thiming. which are expected to reguire netably lower dilution ratios for constant
IMER. the primary purpose of EGR s to reduee NOy eiissions, Alternatively. this can be
secll as mean to increase [NEP ar constant NOy emissions. which was auother ficus of the

trials cleseribedd 1o this section.

The EGR rate wax incroaseed stepwise from 0 to 23 % in incroments of Axees = 3 %, [n
ordor to avoid @ significant influence of KGR onintake port temperature T and thereby
to isolate the effect on engine characteristios to altered wixture compesition, the exhanst
gas was recircilated at constant tomperature of g = 75 °C Only in the case of LGR
rates above xues = 200 %, the required coolant temperatire would fall below its lower it
of 58 °CL cansing conden=ation of the exhanst gax. To this end. the highest investigated
ECGR rate of xugs = 23 % affected with Thew = 78 °C the intake port temperature only

slightly.
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7.2.1 Investigations at Constant IMEP

CAS0 wsweeps were conducted for cach EGR rate while 1MEDR was kopt constanr at
IAEP = 635 bhar by adjusting ienition timing and dilution ratio {(variable mass of fuel),
CAJD ranging from 6 to 10 °CA ATDC reprosents the hish eofficioncy regime, where the
engine operates at its highest NOy emissions, The lew NOy regime, on the other hand, s
found at retarded CAS0 between 16 and 20 °CA ATDC, which are detrimental to engine
efficiency. With both lew NOy and high efficiency regime heing of high interest in this
work, they were recorded in steps of ACASD = 1 °CA, whercas in-hetween only
CAJ0 = 13 °CA ATDC was taken into account.

7.2.1.1 Engine Efficiency and NO, Emissions

Figure 7-9 depicts ISFC (top left) and CASO (bartom left) over NOy amissions of difforont
EGR rates at constant INEL for the entire CASD sweop. With increasing EGR rate, the
Parete front gradually shifts towards Lowor NOy emissions and hisher 15FC, Analosons to
experiments in the CVOC, BGR ncereasingly nnfolds its offoct for higher rates. Lower NQOk
ehisions at same CADN) are observed bt at the cxpense of [SFC. While the lodses in [ISFC
can he comnpensated] through advanced CALU in the low NO, rogine. KGR s detriimental
to ISFC' in rhe high efficiency reghime, where the impact of CAS0 on ISFC 1< rather stall.
Begardloss of the BGR rate, CA30 = 8 “CA ATDC represents the efficiency oprinnun of
the engine. The influence of CASD on ISFC s rather small whether CASO 1 2 *CA advancad
to or retarded from the efficiency optinmum. Nk emissions, on the other hand. incerease

notably due ta their high sensitivicy to tewaperatiure and i turn to connbustion phasing,
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Figure 7-9: Indicated specific fuel consumption ISFC (top) and CAS0 over NOx emissions {bottom} at
IMEP = 6.35 bar and n = 2450 rev/min (enlarged illustration on the right hand side}
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A zoomoed illustration that contres en the low NOy regime, where the influence of CADD on
ISEC i« mueh higher, iz given in Fignre 7-9 {right). 1n erder to retain the ISFC of the
ROP. CASD needs o be advanced while NOg emissions wtill remain lower, The largest
improvement in NOy ar same efficiency is found for EGR rates of xues = 13 and 20 %,
rouiring a combustion phasing of 16 °CA and 17 *CA ATDC, respectively, Compared with
the ROP (NO, = 140 g/kWh, [SFC = 2067 g/kWh), ISFC and NOg emissions ameunt to
2074 g/kWh and 117 g/kWh for xi0e = 15 % and 1o 207.2 g/kKWh and 105 ¢/k\Wh for
Mien = 20 %, For even further advancod combnetion phasing with NOxy emissions similar

to those of the ROP, fucl consumprion diminishes notably, as it will be detailed in 7.2.1.3.

During engine testing. a falling prossure differonce betwoen intake and exhanst port with
mereasing BGI rate eould be detected, The prossire compensation that takes place when
the LGR valve opens indicates a dethrotrling effoct. To onsire that the improved ISFC
throush EGR majorly result frow advanced CADO rather than from redueed pumping
lesssed, the gad exchange wax analysed. The largest reduction in prmping work ar sanie
CASO amouts to approximately 0.1 g/kW in [SFC and is caused for the highest EGR.
rate. This weak impact arises from the relatively low prossure difference hetween the ex-
haust ga4 extraction {1.e. after cogencration nnit heat exchanger) and discharge point (short

hefore intake port),

Feor the interpretation of the results that follow in this section, mixture composition is
analvsed. Figure 7-10 {eft) depicts the contour plot of dilutiom rario D, relative air-fuel
ratio A amd NOy emissions for different EGR rate. The consideration of the residual gas
fraction for the determination of A and the use of different measurands when caleulating D
awd A, lead ro difforenees between both parameters for lean mixtures withont EGR. With
mereasing EGR rare at constant dilution ratio, oxcess air i replaced by exhaust gas, re-
ducing the fraction oof Oy and thorefore A, For a constant BGR rare, both A and D remain
nearly the same within the high efficiency regime due to the small offect of CASO on ISFC.
Across all BGR rates investigated for constant INEDP) A and D need to be decroased ax
CAS0 ix retarded, owing to the falling engine officiency. Sinee the engine operates with

LECGR at lower 1SFC. it exhibits a slightly higher dilution ratio at same NOy emissions.

Literature 110 110 shows that exhaust gas of lean natwral gas engines tends to exhibit
high NOo/NOy ratios due to low remperature combustion at high () concentrations. A a
result, the engine reaches the highest N0y /NOy ratio in air-diluted combustion ar low NOx
emissions (see Figure 7-10, right]. The NOo/NOy ratio of operating points of <amn NO
erissions decreases with rising KGR rate, likely due to lower (s concentration that avoids
reaction (2-12) to take place. The NOy/NOx ratio is of minor importance if the only after-
treatient i an oxidation caralvst. vet far more relevant for the conversion efficieney of
elaborate sy<teins that alm at reducing NOy tailpipe emissions of lean-burn comnbustion
such as NSC (NOg storage catalyst} or SCRO31 . While the complexity to intesrate either

of those is ner justifiable for a small cogeneration engine, SCR systoins are expectoed to
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play the instromental role in meeting future emnis<ion lmits of large gas engines 5]
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Figure 7-10: Relative air-fuel ratio and dilution ratio (left) and NO2/NOx ratio {right) over NOx emissions

The rosults in Chapter 3 and 5 <how that replacing exceoss alr with oxhanst gas redwees the

ratin of the specific heat capacitics. thus deteriorating mixture propertics in terms of the

the calenlared 1SEC .., presented in <1203, as function of the measured N Ok emissions, Note
that all calenlations were carried out assmning isochorie comnbnistion ar TDC {as shown in
Figure 4-3). Recorded data show thar initial thermedynamic conditions of the evele and
the residnal gas fraction across the operating points vary marginally, As a resulr, extornal
mixture composition, only defined by the dilution ratio and EGR rate. primarily determines
[SFC . For a given GR rate, ISFC..0 15, In line with the mixture composition. alimost
constant in the high officiency regiine. In the low NOy regime. on the other hand, the more
pronouneed changes in mixture comnposition exert a =tronger influenee en ISFCG Owing
to its higher sonsitivity to lower A, [SFCa varies particularly for higher BGI rates as the

plot of over the measured CADD in Figure 7-11 {right) shows,
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Figure 7-11: Indicated specific fuel consumption of the ideal engine over NOx emissions {left) and CA50

(right} (simulation results, isochoric combustion at 1DC assumed)

The following exainple in Table 7-1 shall clavifv that [SFC o allows inferring the disad-
vantages solely caised by unfavourable mixture composition throngh EGR: Starting from
engine operation at CA = 8 °CA ATDC without LGR. an EGR rate of xicq = 20%
decreases [SECaa from LI07 to 1423 g/kWh, Comparing the deficit of 1.7 g/k\Wh to the
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ane the actual engine exporiences in ISFC of 3.7 g/kWh, the altered mixrure composition
ix resporsible for 43 % of the lowses. Due to the richer mixture for late C'AJ0, the penalty
Mmereases to 73 % at a combustion phasing of CAL0 = 20 °CA ATDC.

1able 7-1: Comparison of ISFC and ISFC.4.. for operating points at CA50 — 8 and 20 °CA ATDC and EGR

rates of xece = 0 and 20 %

CA50 x ISFC Losses in ISFCideal Losses in | Proportion of
EGR | (actual cycle) | actual cycle | (ideal cycle) | ideal cycle | ideal losses
[°CA ATDC] | [%] [9/kWh] [9/kWh] [9/kWh] [9/kWh] [%]
0 196.4 140.7
8 -3.9 1.7 43
20 200.3 142.3
0 208.6 141.0
20 5.1 -3.7 73
20 213.7 144.7

Next to the losses i ideal engine efficicney, drawhbacks are likely cawsed by altered burn
duration and fuel conversion ratio. Furthermere. slightly lower wall hear Llosses are expocted

tlue to the lower temperature level as roduced NOy emissions indicate.

7.2.1.2 Combustion Behaviour

The results from the CVOC show thar EGR notably slows down the combustion process
nder quuescent conditions. A distinet difference in engine operation are turbnlent flow
cotiditions, Since EGR. affects the gas exchange of the rest hed engine emly marginally
witheur pereeptible itnpact on charging efficiency, it can he assumed that the turbulence
level remains similar, independent of BGR rate, The inflnence of EGIR on ignition tiining
IT, burning delay I'T-CAS (left) and burn durarion CAS-CA90 {right) a~ function of CAS0
ik illustrated in Figure 7-12. Laaninar burning velocity falls and ignitiem delay inereases
with rixing EGR rates, leading to advanced [T to keep CASO constant, For the analysis of
the burning delay, it 1+ important to conxider that the conditions n=ide the prechamber
change ax the compression stroke progresses, With delaving [T. the residual gas eoncentra-
tion within the prechamber decreases. whercas the mixnwe temnperature inside both pre-
aled main combustion chawber incereases. Furthermore. ignition coneditions fmprove i both
chambers, owing to lower dilution rariox required for engine operation at constant [IME]D
and lare CAX). Thoese three factors combined, namely lowor rosidnal gas fraction, higher
mixture remperature and lowor dilution rario, are expocted to inten=ity the flaine jets that
penetrate from the prechamber inro the main combustion chamber. thus reducing burning
delayv as CASD is retarded. For the CAM sweep without LGR, burning delay increases only
slightly. while the xlope 14 <tecper In engine operation with higher EGR rates. Thoe deceler-
aring offrct of EGI on the combistion process leads to longer burn durarion. Starting froan
CAMN =06°CA ATDC,

CAJN = L0 °CA ATDC due to nearly constant mixture dilution but improving ignition

burn  duration  decreases up to A combustion  phasing  of

conditions, As combustion phasing i+ further rerarded, burn duration incereases in =pite of
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slishtlv richer mixtures, prosumably due to long flane travel distanee eiven by the rela-

tively deep piston howl,

The offect of BGR on the combustion process in engine operation iz akin to that in the
CVOC, ver far more complex to analyse due to varving thermodyuamic conditions, turbn-
lenee level and mixoure inhomogeneity, These factors divectly influence the combustion
inxide the prechamber and therefore the strength of the flame jots, The changing conmbus-
tiom chamber geometry over crank angle bhecomes a key role for late combustion phazings

as 1t influences flame travel distance.
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Figure 7-12: Burning delay | [-CA5 and ignition timing | [ (left) as well as burn duration CAS-CAS0 (right)
as function of CAB0 for the investigated EGR rates at IMEP = 6.35 bar and n = 2450 rev/min

The exteneed burn duration for higher EGR rates corrolates with exhanst gas temperature
T. .., shown as function of NOy emissions in Figure 7-13 (left]. Regardless of BGR rate, T,
roveals its maximun for the lowest NOy emissions (e, most retarded combustion phasing).
The prolonged combustion conpled with lower nixture dilution ratios for engine oporation
with EGR, mereases exliaust eas tomperature ar constant CAS0. However. when taking
advantage of LGR by advancing CAS0. exhaist gas temporatiure decreases. An EGR rate
of xpen = 20% allows the engine to operate at CAS0 = 13 “CA ATDC while achieving
NOi levels similar to those of the ROP. Despite the lenpger burn duration, exhanst gas
temperarure fall by 30 K relative to the RO, thius ereasing the deinand on the oxidation
catalyst with respect to its light-off temmporature. While CO converts readily to COs even
for low exhaust gax temperatures. the reduction of HC omix<ions could be challenging due
to higher temperatures reguired for their conversion 88]. Higher oxhatust gas temperatires
at same CASD for engine operation with 2GR promote the conversion of HC and CO in
the lare part of the expans<ion «troke. As a result of a more complete combustion. losses in
[SFC frean imperfeet combistion AISFCoom, decroase (sec Figure 7-13) righr). In fact,
AISFCeomp diminishes within the high efficicncy regime by wmore than 1 og/kWh, when add-
g an EGR rate of s = 20 %, The benefit decreases significantly i the low NOy reghme,

where EGR cnables the engine to emit less NOy for AISFCom =itilar to those of the ROP.
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Figure 7-13. Exhaust gas temperature T.. (left) and losses from imperfect combustion AISFCeome (right) at
IMEP = 6.35 bar and n = 2450 rev/min

Combustion stahility, often applicd to define the lean-burn limir 68], plays a major role in
lean-burn eperation. High eycle-by-cvele variations are detriimental ro engine officiency and
can lead to munerons eveles of carly CASD that incerease NOy endssions. To assess cotbis-
tiom stability, the cocfficient of variation in indicatod mean effective prossure COV g and
the standard deviarion of CASD o v of 200 conseentive cyveles are analvsed {see Fipaee
7-11). Lowest COVigp and o v oceur in the high efficiency reghime, where the nest fa-
vourable conditions for combustion due teo high tomperature and short flame travel dis-
Both COVgp amd Oc sz inerease amd beeome mueh more sensitive to

but

tances are found.
LEGR for retarded CASD. ie. at low NOy amissions. Possible operation at earlier CAS0

satme NOy emissions with EGR recdiuce COV e and oc s again to some extont,

24 1.9
EGR=0% o
VEGR=5%

207,EGR =10 % L7
2 OEGR=15% <<>9 B % 3
£ 1.6 -[¢EGR =20 % AL F15 O
i LA ¥ =
= 7 V¥ 3
O 1.2+ v 1.3 3§
o L 5

PENE
087 B IMEP = 6.35 bar | | 1'%
R D § n = 2450 rev/min
0.4 \ \ \ \ \ 0.9
3 7 11 15 19 23 3 7 11 15 19 23

CA50 [°CA ATDC] CA50 [°CA ATDC]

Figure 7-14: COViver (left) and ocaso (right) over CASD for different EGR rates at IMEP = 6.35 bar and
n = 2450 rev/min

Compared to the RO, the largns’r difforence in botll COVge and o v at ame CADD s

fornd for an EGR rate of x:0: = 20 %, Analysing the ensemble pressure trace of 200 eveles
of the respective operating points shows that the variation is rather siall {ser Figure 7-15,
left]. This can be explained by the lower dilution ratio {i.o. higher fuel fraction) for engine

aperation with EGR at same CAS0. reducing the sensitivity to both oc sz and COV .

The carlier combustion phasing roquired to keep engine officiency with rhe addition of EGIR.

mcreases peak combustion pres<awe P, as shown against NOy emissions in Figure 7-15
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(right). At corsrant NOy emissions, p.. inereases by more than 7 har when operating the
engine with an EGR rate of ey = 20 % in the low NOy regime. The effect hecomes simaller
in the high efficiency regime due ro the cxponential inerease of N Oy emissions with advane-
g vombuxtion phasing. leading ro a maximm difference of wmerely 2 bar, While these
comparizons apply 1o operating peints of differing CAL0, peak comtbistion pressire i vory

similar at same combustion phasing independent of mixture compesition,
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Figure 7-15: [he ensemble af 200 pressure traces of eperating points at CAS0 = 19 “CA AIDC for engine

operation without EGR and at xece = 20 % (left) and peak combustion pressure pr.x against NOx emissions
(right)

7.2.1.3 Comparison of Selected Operating Points

A more detailed analysis of selocted operating points, including the traces of mean mixture
temperature. temperarure of the burnt woned in-cvlinder pressure and the counulared ner-
malized heat release at constant IMEDR, gives a deeper indight into rhe effect of BGR on
engine operation (sec Figure 7-16). Advancing combustion phasing of the reference oporat-
ing peint frow CAS0 = 189 (ROP) to 12.8 *CA ATDC (OQP1). allows the engine to reduce
[SFC by 7.1 g/kWh but also Increases mean in-cvlinder temperature, Conseguentlyv, wall
heat losses (s normalised to the released eneregy during the cvele inerease by 2.1 % -points.
In spite of a relatively <mall rise in peak temperature of the bhurnt zone of about 17 K, Nk
enlissions increase by (.63 g/kWh, thereby giving proof to the strong exponential depend-
ence on temperature as reported i literature 37]. Next to carlior combustion phasing. a
recduction i bhurn duration of 3 “CA 1= responsible for the lower fuel consmmption. Adding
an LGR rate of xues = 20% {OP2). prolongs combnstion, which. in turn. requires ad-
vanced ignition riming for same CA30. The peak in burnt zone temperature decreases down
to that of the RO, leading to comparable NOy emnissions. EGIR reduces mean in-cvlinder
temperature at same CA3D. however, the wall heat losses of 16.5 % -points are still rela-
tively high comnparod to the ROP. Thix originates from the carlier heat release with comn-
parable temperatires but at lower A/V ratios, Sinee burn duration of QP2 i< <lightly longer
(0.8 “C'A) than the ote of the ROP, the benefit in ISFC of 1.6 ¢/kWh altnost entirely arises

from the thormodyvnaimic more favourable combustion phasing.
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Figure 7-16; Characteristic parameters, normalised wall heat losses and mean in-cylinder temperature, in-
cylinder pressure, burnt zone temperature and normalised cumulated gross heat release over crank angle for

selceted operating points at IMEP = 6.35 bar

The prossure traces of satne CASD are vory siwnilar, regardloss of mixture composition. while
cotnparing P2 to RO shows that a mneh higher pressure level at eomparable cotmbustion
tewmperature becomes possible with the addition of EGRL Thix helds out the prospect of

operating the engine ar higher INEP but same NOy emissions.

7.2.2 Investigations at Constant NO, Emissions

Aftor studying the effeet of EGIL ar constant IMEDR, its potential to inerease INEDP without
alrering NOk emissions of the RO of 14 ¢/kWh and the half of it (0.7 g/KWh) was eval-
wated. Starting from the ROP with s = 0 %L a part of air was substituted with exhaust
gas and ignirion timing advanced until mecting the predefined value i NOy at an accuracy
of — /- 3%, Subsecuently, ignition thning was retarded and the amount of fuel increased in
steps of (1,023 kg/h, leading 1o lowoer dilution rarios. This procedure was conductod for all
LEGR rates wntil CAM exceeded 24 °CA ATDC.

Figure 7-17 shoses INEP (top) and 1SEC (bottem) against CASU for all EGR rates inves-
tigared ar NOy emissions of L g/kWh (left] and .7 g/kWh (right}. EGR allows the
engine to operare with the same amount of fual at earlier CAS0 bur constant NOy enissions.
It can be seen that for borh investigated NOyg valnes and all EGR rates. except xues = 25 %,
I[SFC follows a practically linear rrend. The enhanced intake port temmperature that dete-

riorates charging efficiency ix the reason why ISFC of xu0s = 25 % has a distinet offset to
the other operaring points. For NOy = 1.4 ¢/kWh, the highest advantage in engine eoffi-

cieney 1 fonnd at xecs = 20 % ax CASD can be advanced by 1.3 "CA. Improving ISFC by
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4.8 g/Wh awdd increasing [INER by 0.13 bar commpared to the RO Wirh rising aunount
of fuel {i.e. lower dilution rario D), ignition timing needs to he retarded to obtain CAS0
that «till comnplies with the proedefined threshold NOy emissions, [MNEP further increases
over the whole range. To reduce NOy emissions 1o half of the reference value ar sate CASD,
the engine needs to operate ar higher A, leading to an [INEP of 5,81 har, The decreasing
specific heat capacity of the exhaust gas diminishes the porential of EGR to hinder NO
formation and therefore to inerease [MEP and/or reduce ISFC. Again, xies = 20 % leads
to the highest henefiv in [SFC of -2.5 g/kWh (comparad with s = 0%) by advancing
CAJD by 2.3 °CA, For siilar 1SEC, the highest 1MEP amonnts to 6,04 bar. For an EGR
rate of xus
CAS0 = 16 CA ATDC. The relative air-fuel ratio ainounts to A = L06. which is close to

25 % and NOy emissions of 14 g/KWh an infloetion point accurs at about

the peak in NOy formation given in literature ar about A ~ 1.1 37 . llence. cotmbustion
phasing conld be advanced boyond this value mnrdl nearly stolchiomaerrie commbmstion was
reachod. It leads to the highest [IMEP of thic approach, howesoer. at the expense of
3.1 g/kWh in [SEFC,

NO, = 1.4 g/kWh NO, = 0.7 g/kWh
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Figure 7-17. IMEP (top) and ISFC (bottom) over combustion phasing CA50 for different EGR rates and
constant NOx emissions of 1.40 g/kWh (left} and 0.70 g/kWh {right) at n = 2450 rev/min

Further analysis shall prove the reason of the aforementioned infloction point. In this con-
toxt, it ik lmportant to highlight thar combustion temperature aned the concentrations of
O aned Xy are the decisive parauneters for therinal NO production, Figure 7-18 plors the
relative air-fuel ratio {top left), as indicator for (O fraction, and the fuel conversion ratio
{bottom Ieft) against CASU for BGR rates of xues = 20 % and 25 %, A decreases practically
linearly over CASD for LGR rates up to xies = 20 %, a trend that ix representative for all

loswor EGIR rares. This is also abserved for xugs = 25 % until the mixture exhibits A = 106G,
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from which on CASD advances again until meeting alinost stoichiometric condirions. Op-
erating points of same EGR rate, CASD and NOy emissions hut differing INEP (QP1 and
O1P2) become possible, The temperature of the burnt zone of OF1C O1*2 and the ROP in
Figure 7-18 (top right) shows similar peaks for OP1 and ROP, while hoth differ to QP2
by approximately A0 K Sinee the N fraction of the mixture of OPL and OI*2 renaines
practically the same. the inflection point can be aseribed to the lack of Qo The insufficient
O fraction also influences the fuel converdon ratio that wsnally increases as A of a lean
mixture is reduced. as exemplarily shown for xues = 20 %, However, the insufficient (3,
fraction for xues = 25 % hinders the whole fuel to be converred completely, As a result of
a poor fuel conversion ratio, combustion duration of OP2 ovidontly increases, albeir it
operated with lowoer A aned higher combustion temperature than those of OP1 {see Fignare
7-1%, bottom right). Comparcd to the RODP. the EGR rate of OPL and OP2 inereases hurn

duration significantly, while it dinduishes the peak beat release rather nwsderately.
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Figure 7-18: Relative air-fuel ratio A (top left) and fuel conversion ratio {bottom left) against cembustion
phasing CA50 for xecr = 20 and 25 %; Burnt zone temperature (top tight) and gross rate of heat release
RCOHR; (bottom tight) over crank angle for selected operating points (NOx emissions = 1.4 g /kWh)

The rexult= sugeest that the influence of EGR enhancess with rising BGR rates and decreas-
ing dilution ratiox D, Both inerease the mixture’s specific hear capacity, as it hbecomes clear
when analvsitg the melar mixture composition in the bar diagrain in Figure 7-19. In this
analvsiz. air ix divided into a stoichiometric and an excoss part. while the recireulated
exlianst gax consists only of Oa, Noy CO and HoQ), meaning that omissions sucel as NOx,
CO and HC are neglected., Despite the use of precise actuarors en the test beneh, NG
fraction of the analvsed operating points varied =lightly. Since the stoichiometric parr of

alr 14 L0.6 tites that of the NGoased o the experiments, oven minor differences might give
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tho impression of a largo deviation that i3 emphasised by an enlarged ordinate of the dia-
eram from .7 to L1,

mCO,(EGR) W H,0(EGR) @ O,(EGR) m N, (EGR)
H Air (excess) B Air (stoichiometric) O NG
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Figure 7-19: Mole fraction of the aspirated mixture for same dilution ratio and varying EGR rate at
NOx = 1.40 g /kWh and n = 2450 rev/min (residual gas neglected)

With augmenting EGR rate, the fraction of excess air and rherefore that of (s falls. The
(3 concentration of the exhanst gax increases for EGR rares up to xies = 20 %, whereas it
hecomes lower again for xecn = 25 % due to small fraction of excess air of the vet unburnr
alr-NG-exhaust gas mixrure. All other compenents of the exhanst gas inerease. while merely

C)o and Ho() contribute to a higher mixture heat capacity.

7.2.3 Influence of EGR on Knocking Tendency

Ax literature reports {of. Section 2.5.2), the temperature-reduecing offect of EGR is also an
effective weans to avold knocking, as it iy partieularly applied to stoichionerrie running
engines. A = L0 combined with a TWC conld also became a possible concept for sinall
cogeneration rngines if a tightening of the NOy einission litnits bheyened those thar enter
into foree in 20018 takes place. This cnconraged to analyvse the potenrial of EGR to reduce
the knocking tendecey of the test engine. Since the comnpression ratio of thoe haseline ongine
Ix guite rexistant to knocking, it was increased by replacing the pikton with the one desienod
for the Miller confipurations. The engine was then operared at maxinnun brake torgue
(AIBT, CA30 = 5 °CA), while [MEP was increased until the knock margin was et at
IMER of 6.6 bar. Knocking combustion wax detected when the operating point fulfillod the
threshold eriteria, defined in Section <1.2.2, for at least 1 of 200 cveles of mulriple consecu-
tive ncasureincents. Subsequently. the BGR rate was ereased stepwise and ignition thning
ax well ax dilution ratio adjsred to inerease IMEP gradually, a2 shown i Figuare 7-20
{left). The feasible IMEP inereases up to 7.5 har where an BGR rate of xis = 21 % s
reuiredd. The peak commbustion pressure .., an interesting indicator for rgine stress in

torts of a possible series introdicetion, ereases from 62 to 66 bar {(see Figure 7-2(0) right ).
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Both INEP and p.... vise with incereasing KGR rate and decrcasing dilurion ratio {i.o. highor
amount of fuel). Owing to an imerease of burn duration and INER, esthaust gas tempera-
tires enhance. For the highest achievable INLEFP of 7.0 bar. the engine operatos at
[SFC = 198.2 g/kWh with a stoichiotetric mixture, Coupled with an exhanst gas tempor-
ariure of abour 7., = 330 °C, engine operation at A = L0 would allow for converting all

einissions using a TWC.

7.7 - 200 550 2 66
Dilution ratio D —
— decreased <
5 7.3 S —198 = ~
2, < o
g - o E
' £
Z 6.9 10 106 % 2
4 .
6.5 = ‘ | | P 194
0 5 10 15 20 25 0 5 10 15 20 25
EGR rate [%] EGR rate [%)]

Figure 7-20: ISFC and IMEP (left) as well as exhaust pas temperature and maximum pressure pmx (right)
over EGR rate for operating points at the knock margin {n = 2450 rev/min, rg,, = 15.25)

7.3 Comparison Between Early and Late Miller Cycle

The first poal of this section i3 1o find early and late Ailler configirations of same effective
cotnpression ratio that enable a direct comparizon of hoth valve thning <trategies. Based
on the results in Chapter 3, the haseline piston was replaced wirh the Miller piston, in-
creasing the geometrical compression ratio from 13.20 to 13,25 With respect to possible
deviations betwoeen simulation and expernuent, varions Miller camn profiles were manufac-
tiredd and tested using test bed engine I Subsequently, the deternined confipurations were
transferred to engine 1 where trials with air- and air-LEGR-diluted mixtures were carriced

out.

7.3.1 Determination of Comparable Early and Late Miller Configurations

Manufacturing tolerances can lead ro erroneous valve tfimings and thorefore require a reli-
alsle method to detertnine the acourate intake valve elosing. In thix work, it was detenmined
by analysing the in-evlinder pressure signal with respeet to netse catsed by the iinpinging
mtake valve upon the valve scat of the evlinder head, The valve clearanee was kept con-
stant throughout all experitnents to ensure comparability across the different configura-

tions.

The approach to determine the offoctive compressions ratio deseribed In Section 3.3, needs
the procise ab=olute in-cvlinder pressure for obtaining accurate results. Teo this end, the
therinodynamic zoro-line corrected prossure =ignal was usod ro iteratively adjust the into-
erated ROIR, to zero duritg the compression <troke in post-processing. The cons=iderecd

range varies in literature 6, A7, 72] and was sot to 80 — 40 *CA BTDC i this work. The
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levwor linir of this method s given by lare Miller VO swhile the chanee of erroneons rosilts

due to rising wall heat losses restriers values bevond 40 CA BTDC.

First engine trials wirh modified valve timing and adjusted piston design were carrieed out
uring test bed engine Lo The 1D study in Chapter 3 showed that taking over the valve
overlap of the bascline for the Miller valve timings leads o fairly constant residual gas
fractions. To validate this finding and to ensure that the direct comparison of ecarly and
lare Miller valve titning is not affocted by differing mixture commposition. experimental data
was analyvsed by applving the residual gas model addresseed in Section 4.2.3. Figare 7-21
shovwes the residual gas fraction of engine experiments for all configurations at same A aned
CAJ30. The value of the hascline engine of 1.83 % conld be achioved for all Miller valve
timings within a deviation of —/- (.1 %-points except for IVC = 80 “CA, which i likely

caltseel T orrors in the manufacturing process of the valve cam,

6
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Fipure 7-21; Residual gas fraction over intake valve closing determined for test bed engine | at A = 1.57

and CAS0 = 19 "CA ATDC (baseline rg,, = 13.20; Miller r,,, = 15.25}

Knowing the exact mixture conpesition. the effective compression ratio was determined
for all configurations. To achieve the same effective compression ratio as the baseline engine
= 1353, the valve timings neaded te he advanced by -5 for carly and -4 *CA for late
Miller evele rolative to the IVC determined in the 1D study. Fignure 7-22 shows the -V
diagram of the according confisurations and the haseline engine. Owing to the senxitivity
for

the operating conditions of the referonce operating peint (A = 1.37, CAJ0 ~ 19 °CA

to mixture composition, remperarure and pressure, it was important to evaluate 7,y
ATDC). The inlet pressure of the air mas2 flow into the cogeneration unit, controlled by a
conditioming 1mdt. Rerves as anhielt Pressire por = o = 995 mbar. Due 1o the strong
dependency between 7, and pressure close to TDC, as shown in Chapter o, the pressure
lesvel at the crank angle of the confipuration with the earliest SOC (3 °CA BTDC) ix ana-
Iysed. All three valve timings show same pressare level ar 3 °CA BTDC. whereas the peak

COMbURTION PIOSIUTe P, varies slightly due to differing heat releasse and wall Leat losses,
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The highest value i g, reachod by the baseline engine, steins from the larger in-cvlinder
charee. while the differences between both Miller valve timings likelyv ocour due to dissim-
ilar charge motion. The high-presdure leoops mateh well while the valves of both Miller
confipurations are closed. The polvtropic change of state for lare Miller evele reachod Q-
bient progsure g marginally earlior than the prossure trace of carly Miller valve tiiming,
lrading to very similar vohunes at the effective BDC V0 5 Consequently, the effective

compression ratio amomnts to 7, ;= 1356 tor late and r, = 1358 for early Miller cycle,
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Figure 7-22; Measured p-V diagram of the baseline engine using engine test bed | at A = 1.57 and
CARO » 19 "CA AIDC

Figure 7-23 {left) shows all investigated confignrations for engine [ and engine [1 The trials
b ! & t £ ¢

prove that 7, 5 1x very sensitive to [IVC at constant geometrical compression ratio of
Tho = 10.25. Advancing [VC from U6 ro 92 *CA ABDC, for instance, increases r, gy by
.12 1mirs for engine L Afrer identifving two comparable Miller configurations using rest
bed engine L engine testing carried ot with tost bed engine I showed a higher effective

colpression ratio for baseline valve timing of v, ;= 13.71.

Based on the aforementioned findings, minor deviations in 7, , 5 between the three different
confipurations woere cxpected when they wore transferred from one test bed to the other.
However, neither of the valve timings experiences the same change mn r, |,y ax the haseline
ergine, In fact. relative to the bascline, the effoctive comprossion ratio of early Miller
(IVC = -15 °CA ATDC) increases to r, ;= 1388 and decreases to 1,5 = 13,61 for late
Miller eyele. In order to still ensure a fair comparison between both Miller cveles, IVC
needed to be advanced from Y2 to 88 “CA ABDC to lift the effective compression ratio to

T, = 13.9% The effective expansion/compression ratio results to LOR, ;= 0,968 for the

roof
baseline, ECR, = 1O for the carly and ECR, = 1.099 for the late Miller configuration,
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Figure 7-23: Effective compression ratio over intake valve closing at CA50 = 19 "CA ATDC (Miller
Iaeo = 15.25, baseline rg,, — 13.20) (left) and flow coefficients of the intake port over normalised valve lift

for cylinder head | and Il (right}

The deviations in 7, , 5 are likely artributable to engine component tolerances, including
the manufacturing process of the iron casted evlinder head. It leads to differing flow coef-
ficients, determined throngh flose heneli testing. as shown against the valve lift nonualised
to the inner valve seat dianeter in Figure 7-23 {right). The higher values for both in- and
curflenwing direction obzerved for engine I, indicate. on the one hand, that the mass flow
of the mixture that s aspirated during the intake stroke inereases. On rhe other hand. it
favours the mixture to exit the ovlinder via the intake port during the compression stroke
for intake valve closing markedly after BDC, When operating with late Miller evele, the
changes on the entflowing direcrion appear to be predominant. leading to lower charsing
efficiceney. followeod by a reduced pressure rise during the compression stroke. On the con-
trary. confipurations for which ne or only a marginal reverse fliny takes place such ax the
baseline and early Alller valve timing benefic from the differing flow coofficlent in terms of

charging officiency.

The meadificd valve timings alter intake port tomperature, Starting from bazeline cngine of
Tiwrs: = 75 °CL 3t decreases to 73 °C for carly AMiller ax it avoids the minor reverse flow
that rakes place for the baseline engine. Late Miller eyele, on the contrary. oxperietices &
pronoced reverse flow dnring the compression stroke that increase intake port tempera-
ture to The,. = LOR 0 Nevertholess, as 1D CFD caleulations alreacdy suggested. confion-

rations= of the sawme effective compression ratio 7, 5 lead to similar thermedsmamic condi-

o off
tion in the lare part of the compression stroke, regardless of IVC, To evaluate how the
suall differenees in the offective cotmpression ratio hotween the selected Miller valve thinings
mfluence the thermodyvnamic conditions of the mixture, in-evlinder pressure {eft) and tem-
perarre (right) are plotted ar same relative air-fuel ratio vorsus erank angle in Figure 7-24.
Axoa result of the hicher effective compression ratio, pressure atd temperarre of the late
Miller conficuration lie <lightly above the ones of carly Miller. For the same reason. both

Miller configurations oxceecd prossure aned temperature of the baseline engine at the ene of
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the compres<ion stroke. The deviations in the offoetive comprossion ratio berwoeen baseline
ame late Miller confipgurations lead to a modest difference of 0068 bar aed 6.7 [ ar SOC
(3°CA BTDCY Caleulating the laminar burning velocity wsing the correlation of

Liao/Witt 79, 176], for example. results to a deviation of only 1.5 %,
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Fipure 7-24: In-cylinder pressure (left) and mean temperature (right} versus crank angle of the baseline and

selected Miller configurations using test bed engine |l at constant A

Table 7-2 summarises the parameters of the configurarions selected for further ongine rrials
nusing tewt bedd engine IL From this, it can be dervived that the deviations cansed by slishtly
differing offective compression ratios are thoreughly acenprable for drawing a representative
comnparizon hetween the three valve timing srrategies; in terims of efficlency. emissions,

cottthitstion awd gas exchange. i the reaining part of this thesis.

1able 7-2: Comparison of the baseline, early and late Miller cenfiguration for test bed engine Il

Parameter Unit Baseline Early Miller | Late Miller

IvC [°CA ABDC] 44 -15 88

Fgeo [] 13.20 15.25 15.25

lc eff [] 13.71 13.88 13.98

ECReff [] 0.968 1.091 1.099
Tintake [°C] 75 73 108

Tey (3 °CA BTDC) K] 852.6 856.5 859.3

Peyl (3 °CA BTDC) [bar] 30.00 30.35 30.68

7.3.2 Miller Cycle in Lean-burn Operation

To ovaluare fundamental differences between hoth Aliller approaches in engine perfor-
mance, CALD sweeps in lean-bhurn eperation woere carriod out ar constant INEDP of 6.35 har.
The larger mass aspiratod for Tare Ailler evele recuires a leaner mixture to achiove <aine
IMIEP of 6.35 har, In light of the significant influence of A on combustion, an additional
mn was condnetod, in which A was adjusted for cach CAJ0 to the same value of early

MMiller ¢yele, IMER then incveases froam 6.35 1o ahbet 6,13 bar,
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7.3.2.1 Engine Efficiency and NO, Emissions

[SFC (lofr) and CAB0 (right ) of the throe respective configurations are plottod agaiust NO
emissions in Figure 7-25. Late Alillor ¢vele operatod ar INEDP = 6.35 bar «hows the lowost
NO emissions due ro the higher relative air-fuel ratio. In fact. a larger mass of oxeess air
ix available 1o ahsorb the released heat during combustion. It is pessible to operate the
engine within the low NOy regime at mere advanced CASD than with early Aliller ar same
NOy emissions, thus leading to lower fuel consmmption. The decreasing sensitivity of [SEC
to C'AS0 in the high officiency regime diminishes this advantage, Here, early Aliller evele
showrs a benefit in 15FC that can be ebsorved at same CAS0 over the whole range investi-
eated, [SFC remains fairly anaffected as the relative air-fuel ratio is reduced by about
AL =~ 01.02 for late Miller evele, NOg emissions increase up to 20 %, deteriorating the trade-

off comparad to carly Miller valve thning,.
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Figure 7-25: Indicated specific fuel consumption ISFC (left} and combustion phasing CA50 (right) over NOx

emissions at n = 2450 rev/min

Splitting ISEC into it gross value {ISFC,) {left) and the share that acconnts for punping
work (ISFCY) {right ) ix useful for identifving the sources that cause the differences between

both valve timing strategies, as shown in Figure 7-26.
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Figure 7-26: Gross indicated fuel consumptien ISFCg {left) and pumping indicated fuel consumption I1SFC,
(right) over combustion phasing CA50 at n = 2450 rev/min

ISFC, is similar av same CAL0D for all three series of measuroments with miner advantages
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for early Miller for combustion phasings after CA30 = 10 °CA ATDC. The major differ-
erces aeenr during gas exchange as the lower [SEC) for early Miller shows, The gap to late
Miller valve riming retnains practically the same across the CAS0 sweep, The inereasing
I[SFC, as eombustion phasing is retarded can be explained by rising charging efficiency aned
prunping work in response to falling evlinder head temnperature. For Late Miller valve tim-
g, a lower mixture dilution leads to a higher pressure level at EVO of same CADO, this

reducing pumping work for operating points of constant IMEDR of 6,43 bar.

The comparisom of both valve timing  straregios at CAJN =8 °CA ATDC and
IMEP = 6.35 bar in the p-V diagram in Figure 7-27 {loft) shows ne discernible difference
while the valves are closed. The first notable deviation botween both oyeles ocours during
ead exchange around TDC, For carly Miller valve timing, the steepor valve lift gradient
cotbined with an arriving intake prossnre wave shortly hefore INVO fneo Figure 7-27, right),
favours prunping work at the beginning of the intake stroke. While this artenuates pranping
lewsenst slightly, the key difference i< found, again, in the Iesses in compression of late Miller,
which, convertad to mean offective pressure, amount to -0.053 bar. To cancel ont the highor
lessses during gas exchange for achieving same INEDP, Tate Millor reguires an [N, that 18

1.0 har higher than early Miller cvele,
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Figure 7-27: p-V diagram (left) and intake pressure {right} of early and late Miller cycle at CAS0 = 8 °CA
A1DC (IMEP = 6.35 bar)

7.3.2.2 3D CFD Assisted Combustion Analysis

Both Miller engine setigws exhibit very similar [SFC,, regardless of whether INEP or the
relative air-fuel ratio is held constant for a given CAS0. The miner differences conld be
linked to varving burning heliaviour caused by dissiinilar charge motion. In order to obtain
A decper Inxight inte the gas exchanee, the degree of turbmlence aned the mixture homoge-

neity, 30D CFD simulations for both diller valve timings woere carried out.

Figure 7-28 (left) shows the mean turbulent kineric encrgy TKL wirhin pre- and main

cotnbustion chamber over crank angle for botrh valve timing<. While inside the prochamber
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only a small advantage i+ found for early Miller evele, particularly at the end of the com-
proession stroke, the differing turbulence histery in the main combustion chamber reguires
decper explanation: At rhe beginning of the intake stroke, the aperture hotween valve seat
anel lip is relatively small, This provakes shoar lavers with large velocity gradients, leacding
ta a peak in TRE within the relatively sinall in-cvlinder vohune shortly atrer TDC (0 °CA).
The smaller gap between valve dise and valve seat catsed by the flatrer pradient of the
lare Aliller valve lift leads to a higher peak turbulence level, It occurs a lictle later than for
early Miller ovele, which shows a second peak after reaching its maxinnnn =short before the
intake valve closes ag resdt of mixture flowing into the combustion chainber at hish se-
loweitied, TIKLE decroases pradually for both valve fimings until the compression stroke i
halfway throngh. Late Miller IVOC provokes the dissipation of TS into heat ax mixture
exits the evlinder during the comprossion stroke, thus lowering the turbulence level indide
the evlinder. For both valve thnings, TIKLE inercases i the second half of the comprossion
stroke when macroscopic flow decornposes into rurbulenee, Afrer reaching its final peak
before TDC, it continnes dissipating into internal energy. Sincee this aceurs with a <teopor
eradient for carly Miller thanks to a higher dissipation rate, turbnlence i) expected to fall
belows that of lare Miller after TDC. Representative results bevond TDC, howoever, wonld
roqpuire comhbustion medlelling that accounts for the impact of the flame-jets that propagate
fromn the prechamber into the main combustion chamber and thereby influencing its tur-

bulence level.
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Figure 7-28: Mean turbulent kinstic energy (left) and swirl number (right) over crank angle for early and

late Miller cycle

Axwith the 1D stwdy in Chaprer 3, both valve rimings show very similar intake mass flows
{ef. Figure 3-4) for about the first half of the intake stroke. It can be inferred that wichin
that span, the same kinetic onergy enters the main combustion chamber that consists either
of large seale vorrex motion, swirl and tumble, or microscale turbulence, e TKLE 3] As
a cirect consoquence, early Miller imust exhibit either 2 more pronounced tumble or swirl
motion. Figure 7-28 {right) proves that the swirl nunber of the early Miller configuration

12 Ingher in the respective range and falls shortly afrer the peak valve lift. owing ro a
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recdueed mmass flow into the combustion chamber, It remains ar a <dmilar level for both valve
timings as the cvele progrosses, As known from Diesel engines. a prononnced swirl promotes
mixture homeogenisarion. Sinee the engine is equipped with only one intale port, desigoed

as wwirl port, practically no tumble could be observed.

Figure 7-20 displavs ienition thning [T, burming delay IT-CAS and burn duration CAS-
CASN over CADSD for Both Miller valve timings. Note that A was st constant for operating
peints of same CAL0, The higher temperanre level ingide the pre- and main combastion
chamber for late Miller evele favour the laminar hurning velociry, vet ignirion timing aned
burning delay for engine aperation at sawe CAJ0 are almest identical for both valve tim-
ings, Burning delay decreados as comnbustion phasing is advancod, despite inereasing A in
the main combustion chamber as well as ri<ing residual gas fraction awd falling tomperature
within the prechamber. This likely stoms froan the highor TIKE within the prechamber.
peaking at about 25 *CA BTDC and decrcasing right afrer {¢f. Figure 7-28, left). Early
Miller exhibirs a shorter burn durarien for CASO bofore 16 °CA ATDC. It decreases with
a wteepor gradient until CAS = 13 “CA and becoes then guite Insensitive to combustion
phaxing. Lare Ailler, on the other hand. rovoals a consistently decreasing trend for hurn

dluration ever CAS0.
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Figure 7-29: Burning delay | [-CA5 and ignition timing | {left) as well as burn duration CA5-CA90 (right}

over cembustion phasing for beth Miller valve timings

The higher mean TRE caleulated for early Miller oyele explaing the faster burn duration
ar carly CASD. [ts gracient bocomes stronger as piston approaches TDC compared to late
Miller evele, correlating with the proloneing burn durarion for lare CAM). Because of the
higher tmean TICL and swirl number, one could expect early Miller to alse show a shorrer
IT-CAS and to require retarded IT for achioving same CAS0. Howoever, when analvsing the
TKE clistribution within the prechamber aned it olose vicinity in the pisten bhowl, ax ex-
emplary shown ar 12 *CA BTDC in Figure 7-30, sitnilar values for borh valve timings are
ohsorved. The high lovel of turbulence extends over a larger velime for carly Miller. thus

leading to a shorter overall hurn duration.
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Early Miller Late Miller

0 Turbulent kinetic energy [m?#/s?] 50

Figure 7-30: Distribution of turbulent kinetic energy for early {left) and late {right) Miller valve timing at
12 °CA BIDC

In addition to rhe turbulence level, also charee composition across the evlinder s decisive
for combustion, The higher swirl during intake srroke for early Miller prometes the homo-
geneity of the air-fuel-residnal gas mixture. The mass related residual gas fraction at 60
anel 12 *CA BTDC. depicted for both valve rimings in Figure 7-31, varies hetwoen approx-
imately 3 aned 8 %

Early Miller Late Miller

e
er;«°° \

12 °CABTDC *°

%Possible spark location ‘

60 °CABTDC

3 Residual gas fraction [%)] 8

Figure 7-31: Residual gas fraction of early and late Miller valve timing at 60 and 12 "CA BIDC

For both crank angles. early Aliller ¢vele exhibits a <maller gradient inside the main com-
bustion chamber. whereas the resicual gas content within the prechambor i significantly

higher than for late Miller valve riming. At 60 “CA BTDC, just before a significant amount
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of mixture flows froan the inain combustion chamber into the prochanmber. late Miller cvels
reveals @ mixrure that is more stratifiod. incliuding a residual gas clister in the piston hel
aed a vory pure air-fuel mixture near the roof of the combuztion chamber, Consequently.
less resiclial gas enters the prechanber during the compression stroke, this mproving

cotnhistion conditions,
The findings ohtained from experiments and 3D CFD can be sunimarised as follows:

o Late Aliller ovelr compensates for lawer turhbulence in the main combustion cham-
ber anmd prechamber threngh hipher temperature and better homogeneity inside
the prechamber, thus leading 1o same hurning delay,

o [ligher mean turbulence level is responsible for shorter combustion before 16 “CA
ATDC in the case of early Miller valve riinfng. For later CAS0, TR is likely to
decrease Al the hipgher temperature level of lare Miller to become prodominant

for burn durarion.

For the sake of comparability, the burhing hehaviour of borh valve timings was analvsed
ar satne A for a given CASUL leading to higher INEP for late Miller valve timing. It ix
worthwhile to mention that comnparing both valve tithing stratesies at saine INEP would
show sitnilar trends of larger difference cansed by the leaner mixture reguired for late Miller

cveli

The higher TELE observed for carly Miller valve timing stands in contrast to the majority
af findings from literature <0, 127, 136]. Nevertheless, as opposed to work of others. where
early Ailler valve timing was usually realised by reducing the valve lift curve proportion-
allv, the ericial difference o this thesis was holding the masxdmmn valve lift constant. To
the awthor's knowledge. a similar procedure was only followed by Schutting ot al. 112],
hewever. the resulrs are hardly comparable since supercharging was applicd, thus atfecting

charge motion significantly.

7.3.3 Miller Cycle in Lean-burn Operation and EGR

The redieed charging efficicney requires bhoth Aliller configirations to operate ar lower
relative air-fuel ratios to meoet the threshold INMEDR of 6,33 bar, In an artempt to counteract
tho Inereasing NOy mnissions, caised by rising peak combmstion prossure and temperature,
EGR is added to the mixture. Analogously to the experiments n=ing the baseline confign-
ration in Section 7.2, the EGR rates wore varied o ineroments of Axees: = 2 % ar consrant

LEGR temperature of Ty = 75 °C.

7.3.3.1 Engine Efficiency and NO, emissions

Figure 7-32 shows ISFC and CAS0 over NOyg emissions for the carly (left) and late (right)
Miller confizuration of varyving DGR rates at IMNEDP = 6.35 bar, The offect of BGR = <im-
ilar o that for engine operarion with baseline valve timine: On the one hand, lower com-

bustion temperatures cirtail NOy emndssions at same cowbustion phasing, but on the otler
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hand, EGR v dotrimental 1o ISFC due ro lower [SFCL and longor commbustion duration.
Therefore, BGR only improves the trade-off in the low NOk regime, where a thermodiynam-
ically more favourable combiustion phasing can be set that overcompensates losses from

lemger burn duration and unfavourable mixture properties.

Early Miller seems to be mere affected by BGR than late Miller over the entire CAS0D
swoop, At an carly combustion phasing of A0 = 6 °CA ATDC, for example, an BGR
rate of xiea = 15 %W reduces NOx emissions from about 14 to 8.8 g/kWh (<37 %) for carly
and from 12,6 to 8.3 g/kWh (=34 %) for late Aliller evele. The relative reduction is enhaneed
to 40 and 33 % for carly and late Aliller when shifting combustion phasing to
CAJN = 20°CA ATDC. A pessible explanation ix the higher specific heat capacity as a
result of a lower dilution ratios for late CAS0. While an EGR rate of xigs = 20 % leads to
an experted incercase of the typleal BGR effeet, the infhuenee i intensified markedly when
operating with early Miller valve timing. A notable drawhack in [SEC hecomes ovident as
cotbistion phaxing i= retarded from 11 to 16.3 °CA. The engine could uot oporate bhevend
thisy value without suffering IMERP or reducing the BGR rate again, The reason is found in
engine oporation close to stolehintetric conditions, o, at low O concentration. tlns re-

ducing the fuel conversion ratio and lowering the rise of NOy emissions with carlier C'AJ0.
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Figure 7-32: ISFC and CA50 over NOx emissions for both Miller valve timings at varying EGR rates
(IMEP = 6.35 bar, n = 2450 rev/min}

Figure 7-373 depicts the relative air-fuel ratio as function of NCOk emissions and the dilution
ratia for all operating point< investigated at IMIEP = 6.35 bar., The dilution ratio hocotes
alimest unaffeeted when operating the engine in the high officiency regime and a constant

ECGR rarte, arising from the small dependeney of ongine efficioney on early CAM). Since the
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exhanst of a leaner mixture oxhibits a higher Oy concentration, the relative air-fuel and
diluticn ratio decrease with a lower gradient for lare Miller valve timing, This ix further
enhanced by the fact that fuel connunption increazes more for carly than for late Aliller
evele, At xiecsn = 20 %, early Miller mostly operates at A & L06 and helos, For the baseline
engine, the respecetive relative air-fuel rario was proven to he the edge to the lack of oxveon
region. where NOy emissions and fuel conversion ratio start to differ from their convenicnr

dependency on s known from lean-burn operation (of, Seetion 7.2.2).
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Figure 7-33: Relative air-fuel as function of NOx emissions and dilution ratic for early and late Miller cycle
of varying EGR rate at IMEP = 6.35 bar and n = 2450 rev/min

The lower dilution ratio required for early Miller Ieads 1o a higher fraction of COs and Ha()
aned thorehy mcreases the specific heat capacity of the exhaust gas, On the downside. and
far nwere importantly, the amonunt of excess mass decreases wirh falling dilution ratio, The
procduct of hoth mass and specitic heat capacity vields 1ts absolute heat capacity, which
goverts the heat absorbed duriug combustion. It is therefore decisive for combustion tem-
perature and the formation of thermal NO. Figure 7-31 shows the diluent’s absolute heat
capavity of hoth valve riinings as function of NOy emissions for difforent EGR rates at a

representative trmperature for the start of combustion of 00 I,
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Figure 7-34: Absclute heat capacity of the diluent as function of the EGR rate and NOx emissiens for both

Miller valve timings at a mixture temperature of T = 800 K

The rediuead charging officioncy for carly Miller leads to lower vahies, particularly for an
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ECGR rare of x5 = 20 %, Here, the significant increase in fuel consumption due to the
lack of (3 additionally decreases the amount of diluent. thus Hmiting the perential to
increase the dilnent’s abselure heat capacity threugh BGRL Froon this it follows thar lower
charging efficieticy 15 the reason why early Miller experieni-es higher NOy rnissions at =aime
IMER.

7.3.3.2 Combustion Behaviour

Owing to the small effect of EGR on the gas exchange {ax deseribed in Section 7.2.1.1) the
main differences oceur in the high-pressure loop, namely Jdaring combustion process, The
lenwer dilution rario and wmostly mere favourable tlow conditions. discussed in Section
7.3.2.2, Iead tov slightly sherter burning delay and burn diwvation in engine operation with

air-diluted mixtures ar NP = 6.35 har for early Miller evele {see Figure 7-35).
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Figure 7-35: Burning delay 11-CA5 as function of ignition timing |1 (top) as well as burn duration CA5-
CA90 {bottom) as function of CAS0 for the investipated EGR rates for early Miller (left) and late Miller
(right} cycles at IMEP = 6.35 bar and n = 2450 rev/min

In line with prior outeome u=ing the baseline engine configuration. KGR prolongs burning
delay and burn duration with an inereasing gradient for higher EGR rates. rogardless of
intake valve closing. As can be soen. the combustion process of carly Miller 14 more affected
by EGR than that of late Miller. particularly for EGIX rates of x> 10 %, This can be
explained by thoe different level of turbulence and mixture distriburion inside the precham-

ber and main combustion chamber for hoth valve timings:
o IT: The incrcased concentration and rather uneven distribution of residual pgas
within the prechamber for rarly Aliller intensifies the necd of advaneing the igni-

tion thming with inereaxing BGR. ratoes,
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o IT-CAD: Axa result of the derrimental ignition conditions inside the prechamber.
the strength of the prochamber flame jers decreases, as the lenger burning delay
for carly AMiller sugpests,

o  CASCAUY: Bexide the lower efficacy of rthe prechamber spark plug, the depend-
eney of TS on crank angle i+ likely another casual agont for different sensitiviries
of the combustion process to BGIL for both valve timings, Since TIRKE of carly
Miller ix expected to decrease with a steeper slope for eranle angles afrer TDC. the
reduetion of the laminar bhurning velocity through EGR exerts a larger offeet om

burn duration.

The increased proportion of heat thar ig released late in the cyele leads to lowoer NOg
etnissions and higher fuel conunption for carly AMiller, For this reason. not only the dihe-
ent's hieat capacity governs the BGR effectiveness but aldo morion und distriburion of the

in-cv¥linder charge as it strongly influenees the heat release raro,

The influence of mixture distribution and turbulence can be mnphasized by forming the
difference in burn duration ACA-CAY of both valve thnings at <y = 0 and 15 % shown
in Figure 7-36 {loft). Negative valiues correspond to a shorter burn duration for early Miller
cvele as consisrenrly found for rngine operation without EGR. For engine operation withont
LEGRR. carly Aliller reveals a shorter burn duration throughout the entire range due to richer
mixture acd higher TKLE crank angles before and shortly after TDC (of. Figure 7-28, left).
The opposite tremd can be observed for an BGR rate of xues = 15 %, where late Miller
valve riming exhibits a shorter birn duration. From this it can be derived that the hetter
conditions inside the prechamber and the presumably higher TIE at late ¢rank angle for

late Miller onrwedgh the higher TRE aromd TDOC for early Miller valve timing.
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Figure 7-36: Difference in burn duration between early and late Miller cycles over CAB0 for engine operation
at xecr = 0 and 15 % (left); Normalised net rate of heat release over crank angle for both valve timings for

engine operation with varying EGR rates at CA50 = 17 "CA ATDC (right)

Ax it was shown in Figure 7-35, burning delay and duration of early Miller evele partien-
larly incerease for an EGR rate of x5 = 20 % It 12 nor expected that this solely eriginatos
fromn different charge motion amd distribution but alzo from the aforementioned lack of

oxveen. It influence on the combnstion shows+ rhe normalised ROLLR, in Figure 7-36 {right)
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for both valve rimings at CAJD = 17 "CA ATDC and EGR ratos of <z = 0, 13 and 20 %,
While an EGR rate of xias = 15 % leads to a comparable drop of the peak ROILR, hetween
hoth valve timings. the influence of s = 20 % fncreases notably for early Miller. It also

recpuires a significantly earlier ignition timing due to a fairly extended combustion,

The engine tests proved that an EGIR rate of 200 % is the highest pessible for both valve
titnings. The difference to the baseline engine, which achieves EGIR rates up to 23 %, can
be attributed to a decreased exhanst gas pressure level cansed by a lower mass flow for

Miller evele

7.3.3.3 Knocking Tendency

The enhanced combustion temperature caused by a lower dilutien ratio not only faveurs
the formation of Nk but al<o increases sensitivity to knockine, Fipire 7-37 {left) shows
the combustion phasing CAS0 at which the rngine exceeds the knock margin over the EGR
rate for both valve rimings ar 1AIEDP = 6.35 har. This means that the majority of the
operating points discussed i 73,21 and 7.3.2.2 aperate at the knock marpgin or beseoned.
Novertheloss, the measured peak value of 0.31 bar surpasses the conservative threshold of
01.25 bar only slightly, For an EGR rate of abour 10 %, the possible CADD without meeting
the knocking margin shifr< from ahout 1L to 6 *CAL Both valve timings show similar tronds

with a slisht actbvantage for carly Miller evele,
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Figure 7-37: CA5D0 required to meet the knock margin as function of the EGR rate (left); IMEP over the
EGR rate at MB1 for early and late Miller valve timing at the knock margin (right)

To further evaluate the knocking tendeney of hoth valve timings, a procedure analogons
to Section 7.2.3 was followed, whore the effret of EGR to lift the possible INMEP at MDBT
combustion phasing of CA3D = 8 “CA ATDC wan reviewed (see Figure 7-37, right). For a
oiven EGR rate, the amonnt of fuel wax increased and ignirion thining adjustoed until meet-
ing the rthreshold. Late Miller tendentially <hows a4 hisher tendency to knocking and re-
quires higher DGR rates to achieve the samme [MEP becanse of & higher toperature level.
Thix ix cansedd by a highor effective compression ratio and the fact that late Miller valve
timing vequires a highoer NP, to compensate for leses in compression. To aperate wider
stodchiometric comditions. the carly / lare Miller confignrarion requires an LGR rate of

xien = L3/ 15 % and generates an 1NEP of about 690 / 7.15 bar.
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7.4 Comparison between Miller and Otto Cycle

So far. the comparizon hetween Miller and Otte evele inoan experiimmental environmment
chiefly addressed the influence on the effective compression ratio {cf, 7.3.1). The analy«is,
carried eur in an operating point of same CASD and A, proved that all three configurations
reach sitnilar thermodynamic conditions aroumd ignition thining and saime residnal gas frac-
tion. To farther explore the cveles in depth. this section discisses CASD swoeps conchietad
at [AEP = 645 har.

7.4.1 Miller and Otto Cycle in Lean-burn Operation

Following a svstenatio analyvsis procoss, the essential differences hetwoeen the haseline ancd

bath Miller configurations are elaborated first in air-diluted ongine operation.

7.4.1.1 Engine Efficiency and NO, Emissions

Before analysing the trade-off hetween engine officioncy and NOy rmnissions, the influence
of Miller valve tiining on NOy emnis<ions 18 discussed. Figure 7-3% <hows volunetrice NOg
emissions {loft), remperature of the et zone {centre) and normalised cnmulative hear
release {right) for eperating points of same indicated specific NOy emissions ar constant
A2 With reducing evlinder mass. and therefore a smaller engine-out mass flow. the
engite can operate at higher NOyg in ppi, while still achieving constant ndicated specific
NO, emissions {as disenssed in Section 3.3). At NOx emissions of 1.62 g/kWh, for instance,
the haseline value of 216 ppw rise to 603 ppin for early and 560 ppm for lare Adiller cvele,
while peak combustion remperature Increases from 2161 K oto 2203 and 2267 K. rospoec-
tivelv, Distinet comnbistion characteristics. mixture composition and gas exchange across
the configurations require the engine ro operate at varving CAS0O for drawing this compar-

1son at sate INEP.
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Figure 7-38: Volumetric NOx emissions {left), temperature of the burnt zone {centre) and normalised cumu-
lated gross heat release (right) at constant indicated specific NOx emissions (IMEP 6.35 bar,
n = 2450 rev/min)

The significantly later combustion phasing of the Miller confisurations to achicve Nk

elnissions <imilar to those of the baseline ongine already hints that the trade-off botweon
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engine efficieney and NOy emissions in Figure 7-34 {lefr) deteriorates. The lewor relarive
air-fuel ratio required 1o achieve threshold INER, reduces the available heat capacity for
ab=orbing heat during combustion, thus being the major reazon for higher NCk emnissions.
Comparad to the baseline engine the lower A causes loss favourable mixture properties in
terins of theorctical achicvable indicated fuel consumption ISFC.. However, hoth Aliller
comfipurations evercompensate this through an enhanced geomerrical compression rario,
The potential of inproving 1SFC of the actual cngine ovele beeomes visible, when plotting
it aver combustion phaxing (Figure 7-39, right). The largest benefit compared to the hase-
line, found ar CA30 = 18 °CA ATDC, aaneunts= to 6.2 g/kWh and -L.6 g/kWh for carly and
lare Miller eyele, respectively, The henefit diminishes by abour 2 g/kWh when analysing
ISFC,, pointing out that the main advantages come from reducod lodses during pas ex-
chiange. The differences in ISEC, hetwoen the confisurations indicate disgimilar combustion
charactoristics and wall heat losses over CASD, which will be acddressed in Sections 70,13

anel 7.1.1.1.
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Figure 7-39: ISFC and ISFCcar over NOx emissions (left); ISFC and I1SFCg over CABD (right} for engine op-
eration without EGR

7.4.1.2 Gas Exchange Analysis

Figure 7-10 {left) roveals the expected benefirs in sas exchange in the p-V odiagram of all
three confipurations exemplarily ar CAM) = 17 “CA ATDC. In spite of the smaller ameunt
of fuel added to the eyvele, hoth Ailler eyeles reach hisher prak connbustion pressure than
the bhaseline dne to combustion within a smaller volhune, The higher expansion ratio of
Miller evele rodnuees expansion pres<ure compared to the haseline engine. Due to the lower
charging efficiency, the main difference in the pumping loop ix found during the exhaust
stroke. whore the piston requires less work to expel the burnt mixture {of. Chaptor 3).
Furthermore, late Miller evele oxhibits losses In comprossion of -0.03 har, whercas intake
valve timing andd intake gas path of the baseline production engine are designed for highest
charging officiency, thus leacding to negligibly small lesses i1 compression. As a resulr of
rechuced losses during gas oxchange. [INLEP, of both Ailler valve timings can be lowerod by

(08 el 0.04 bar, respectively. to still achieve same INEDR,
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Figure 7-40: p-V diagram (left) and losses from imperfect gas exchange (right} of the baseline engine and
both Miller configurations at CAS0 = 17 "CA ATDC {IMEP = 6.35 bar)

Uy to this peint, enly the work reguired during pumnping loop and the beginning of the
cotpression stroke woere considered as lossed i gas exchange, In fact, an additional loss
compared to an ideal gas oxchange occurs when the exhaust valve opens hefore BDOC, This
so-called expansion loss can be determined by adeding a polytropic process starring from
EAVO towards BDC, as =hown in Figure 7-40 {right) for the baseline and the late Miller
configuration. The baselitie engine oxhibits EVO oloser to BDOC due to the lowor gomnet-
rical connpression rario, which further leads to a flatter polyvtropic change. thus leading to
a smaller theoretical potential that is easicr to wmeet. [t 15 worthwhile to mention that,
corntrary o the losses (o compression. the expansion loss is not additionally considered

when balancing net and gross IsEC.

sununarising the mentioned losses occeurring between BV and IVC. vield a beaefit of -
0.072 har for early and -0.034 bar for late Miller cvele compared with the baseline engine,
Sinee the losses elaborated show fairly small sensitivity to CAS0 in unthrottled engine

operation ar constant engine speed, discussion of further operating points is not reguuredd.

7.4.1.3 Combustion Behaviour
The realisatien of the Miller eyele involves an increase of the geametrical compression ratio

fronn r

et

= 13.20 to 13.25. In order to analyse the influence of the alterod combustion
chamber dexign on combustion hehaviour. engine trials with AMiller piston design and base-
line valve timing were conducted. On the ote hand. the use of haseline valve tiining instead
of Miller valve tiiming ereases toperature atd prossure during the high-prossure loop,
making it challonging to as<es< the changes on coambustion sololy cansed by an altered
pixton geemetry, On the other hand, it avolds the turbulence level to change ax a result of
alrercd valve fiming. Hence, despite lacking comparability regarding the thermodynaanic
cotielitions at ignition timing, analysing the burning behavionr asing the baxecline valve
timing allows for a comparison at similar A and same INEP. It can therefore contribute to

a eeper maderstanding of the influences on the combustion process <olely caused Fwv the
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Miller piston desion. The higher compression ratio inereased mcan temperature of the
charge by abeur 30 K ar an SOC of 10 °CA BTDC comparad to the baseline cotnpression

ratieo,

Intluenee of alternd piston desien

Figure 7-11 shows bhurning delay {I'T-CAJ), relative air fuel ratio and burn dnrarion {CAS5-

CAO0Y over CASU for hoth the baseline (r,,, = 13.20) and the Miller (r,, ,

= 15.23) pisron

ar  INEP =635 har,  The  augmented  geowmerrical  comnpresdion rario enahles
IMEP = 6.35 bar at higher relative air-fuel ratios over the whole CASD range investigated

due to higher engine efficiencey. The Miller piston leads tooa shorter burning delay than
that of the baseline configurarion ar any siven CAS0. This presmmably arises frow -
proved ignition comditions. including higher temperatures and lower residnal gas fractions
nsicle the prechamber. Furthenmore, the higher pressure difference between prochamber
and main combustion chamber inereases the mass flow and therefore the TKIEE. Findings
in literature of a very similar comparizon support this explanation  100]. While burning
delay tonds to decrease with rotarding CAS0O for the baseline piston. the Miller piston shows
the apposing tread, However, their changes over CAJD are relatively small, particularly
cotttpared to burt duration. Furthermore, there appears to be we carrelation hetwoen hurn-

g delay ane hurn duration.
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Figure 7-41: Relative air-fuel ratie, burning delay (left) and burn duration {right) over CAS0 for compres-

=13.20 and r,

zeo = 15.25 with baseline valve timing at constant IMEP = 6.35 bar

510D ratios Fg,

The baseline piston holds an advantage in burn duration over the Miller piston for late
CAJ In fact. burn duration of the baseline follows an sshape trace with mostly rising
values from early 1o late CAD0. The Miller pixten shows an opposing trend for which burn
duration diminishes with retarding CAS0D wntil it stagnates at about CAJ0 = 13 °CA
ATDC. Burn duration of the haseline compression ratio coutinues to increase and bocomes
even longer for CAS0 = 16 °CA ATDC and bevond. The advantage in burn duration at
earlicr CAS0 when wsing the baseline piston can likely be asceribed to rhe higher squish
mtensiry. whereas at retarded CASUL the Miller piston benefits from shorter flatne travel

distance thanks to a lower piston bowl depth., The positive offects of incereasing squish L0
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130, 143 and shorter flame travel distance to roduce burn duration 166] are also reported

by others.

To further analyvse the influence of the altered piston design in the expected operating
range of the Lean-AMiller-[IEGR working process, operating points of same CAS) = 19 °CA
ATDC and varving A are selected, Figure 7-12 shows ROHR, {(left] and characteristic
parameters (right] of the operating peints. inclidling the reference operating point {ROP)
of the baseline configuration, The higher compressiem ratio {OP2) alloses the engine to
operate leaner to achiove CASD and IMEP equivalent to the RO, Lower NOy emissions
indicate lower combustion temperatures in spite of a higher pressure and tomperatire level
ar the end of the comprossion stroke, Similar burning behavionr in the beginning of the
cotbistion leads to nearly identical hurning delay. The baseline reaches its maxinnumn
parlier with a stnaller curvature than the higher compression ratio that shows a highor
value afrer pas<ing CAS0 add a burn duration that ix shorrened hy 1.8 *CA. The baseline
catl achieve similar burn duration to O172 by reducing the relarive air-fuel ratio to A = 1.40
(OP1). This evidently increases NOy emissions and eombustion stabilitv, however, the

melificd piston still exhibits lowest COV g of 0.03 % (0OP2).

ROP: 1, = 13.20 A = 1.50 i = =
- 0.08 —  op1 rggeo 21390 1 =140 Parameter Unit fgeo = 13.20 1y, =15.25
o —OP21geu =15.25 =156 | Op. point  [] ROP  OP1 oP2
=, 0.06 | :
& CA50 = 19 °CA ATDC A [-] 150 1.40 1.56
I n = 2450 rev/min
€ 0.04- IMEP [bar] 6.35 6.70 6.35
el
2 \\ NO, [o/kwh]  1.41 2.74 1.18
T 0.02
£ IT-CA5  [°CA] 14.94 13.93  14.86
2

0.00 / — : : CA5-CA90 [°CA] 31.67 29.82 29.89
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Figure 7-42; Normalised net rate of heat release over crank angle for engine operation with baseline valve
timing and a geometrical compression ratio of rg,, = 13.20 and 15.25 (CAS0 = 19 "CA AIDC)

For a more detailed descriprion of eneine rests with high compression ratio and baseline

valve timing, the author refors to 1086].

Influence of Miller valve timine at A = 1.5

Further analysis of the combusrion hehavienw centres on engine operation in baseline con-

figiration (7, ,

= 13.20}, and both Miller valve timing with a geemetrical cornpression rati
of ., = 13.25. Inaddition to engine operation at INEP = 6.35 har, the difference berween
baseline and Ailler valve timing on combistion ix assessed ar constant relative air-fuel
ratio sl cotbustion phaxing of A = 1.0 and CAbM = 19 °CA ATDC {see Fipure 7-13).
Lower charsing efficiency reduces [MLEP hy 0.62 for late and by 0.67 har for carly Millor

evelo, NOg emissions decroase comnpared to the baseline configuration. =uggesting lower
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cotnbustion temperature. The trace of the normalized ROMHIR, is similar for all three con-
figurations until appreximately 8 “CA ATDC, The gradient of the baseline engine decreases
from there, while botli Miller eveles further inerease to a peak that oceurs a little later,
Both traces fall below the baseline configuration at around 35 “CA ATDC and show a
shortened burn duration by abour 3.6 °CA (—/- 0,33, The accelerated combustion also

improves combustion stability as wer COV 0 roveal.

0.05 . . . .
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& 0.047 VT A [ 1.50 1.50 1.50
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Figure 7-43: Normalised net rate of heat release over crank angle for engine operation with baseline and

both Miller valve timings at constant relative air-fuel ratic A = 1.50

The engine trials with different piston and valve timings prove that intake valve closing
mddeed nfluences commbustion hehavieur., Howover, thoe alterod piston design that loads to
shortened burn duration for late combiwtion phasing appears to have the majer impact,

which could become a crucial advantage for engine operation with EGR,

Influcnce of Miller valve timing at [AMIEP = 6.35 har

With respoct to engine operatiom at the threshold of IMER = 635 bar, combustion is fur-
thor analyvsed for operating points with relarive air-fuel rarios that are approximately 0,17
to (.19 lower than that of the bascline confieuration ar =ame CA3(0. Laminar burning
velovity Increases atd initial conditions for combustion improve. thus favouring comnbustion

stability given by o v {see Figure 7-11, left]).
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Figure 7-44: ocaso (left) and AISFCoomb (right) over CAS0 for baseline and Miller valve timing at
IMEP = 6.35 bar

Across all configurations, oc sz inereases as CAX) {4 retarded due to falling combuistion
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tomperarures, The stroneer pradient of the baseline engine stems from the higher son<itivity
of leaner mixmres to combnustion cotditions. Mixture composition alzo stremgly influences
the losses from imperfeet combustion, expressed by AISFC . Figure 7-14 {right ) shows
the kuewn behaviour of lean mixtures, where AISFCL ., decreases with redueing relative

air-fuel ratio,

The Iewer mixture dilution recuured for borh Miller serups to keep INERP = 6235 har, ad-
ditionally reduces burning delay and i duration for the most part of the span investi-
gated (ee Figure 7-15). Burning delay shows a strong dependency on CAS0 for horh Miller
confignrations, whereas it remains nearly constant for the baxeline configurarion. Ax with
the results ohbtained wsing the Miller piston with baseline valve timing. burn durarion in-
creases with advancing CAN, owing to altered in-evlinder charge motion and flame travel
distance. The baseline engine reveals opposing beliaviour with very <iwilar buan doration
ar CAS0 = 6 °CA ATDC.
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Figure 7-45: Burning delay (left) and burn duration (right) over combustion phasing at engine operation
without EGR at constant IMEP = 6.35 bar

Selecting operating points of similar CAS-CA90 = 28 “CA ATDC {(—/- 0.2 °CA) ar con-
stant MEP (6,33 bar) aned same CASO (6 *CA ATDC), enables the subsequent coniparison
regarding wall heat losses and ovele work mnder relatively similar cotnbustion characteris-

fies.

7.4.1.4 Wall Heat Losses and Cycle Work

Figure 7-16 illustrates in-cvlinder prossure and mean in-cvlinder temperature over crank
angle ax woll ax the normalised wall heat lesses during the cvele for all throe valve timings
ar CAJN) = 6 °CA ATDC and INMEP = .25 bar. Engine operation at lowor dilution ratios
for both Miller valve thnings (necessary to reach 1MEDP = 6.35 bar) increase peak combus-
tion prossure and wean in-evlinder temperature compared to the baseline engine. Together
with an enhanced A/V ratio. the normalised wall heat lossex mcrease from (e = 19.00%
for the baseline to (e = 196 % for carly and 19.7 % for late Miller cvele. The ditference
between harh Miller setups originates from the dependency of the heat transfor coefticient
net enly o temperature but also on pressure. [n the given case, the higher presaire of late

Miller cvele vurweighs the lower temperature. thus resulting in =lightly higher computred
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wall heat Losses,
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Fipure 7-46: In-cylinder pressure {left) and mean temperature {centre) and wall heat losses related to re-

leased energy (right) at CAS0 = 6 "CA A1DC and IMEP = 6.35 bar

Wall heat losses decrease as combustion pha<ing i< retarded due to lower combustion ten-
perarures at lewer A/V ratio. A shift from CA30 = 6 °CA to 19 °CA ATDC diminishes
(D from 19,0 to 147 % for the baseline engine and decreases froan 196 to 15,1 % and 19.7
to 15.2 % for carly and late Miller configuration. respectively {(see Figure 7-17, left). The
larger reduction in the case of both Ailler valve thmings can be attributed to the steeper
decrease of the A/V ratio over crank angle for higher geometrical compression ratios. Figure
7-17 {right) shows the wall heat flow over crank angle for all three configurations at
CAN =6 and 19 °CA ATDC. In correspondence with the total wall heat losses. the poak
heat flow deereases strongoer for hoth Miller than for the baseline configuration as combis-

tion phasitg v shifted,
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Figure 7-47: Normalised wall heat losses at CA50 = 19 "CA ATDC (left) and wall heat flow over crank
angle at CA50 = 6 and 19 "CA ATDC (right)

For the most part of the compression stroke. both Miller configiurations reveal a smaller
wall heat flow hefore TDC. owing ro lowor in-cvlinder temnperatiwe. The lower dilution
ratio required for Millor valve timing allows the engine to oporate with retarded ignition
timing. leading 1o a larger amount of heat that ix released later in the evele, Since this
eccurs at higher temperature. heat flow during connbustion exceoeds the value of the haseline

engine significantly, regardless of combnstion phasing,
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The maore advanced ignition timing of the baseline of about 5 °CA increases the amount of
lieat released before TDC) where the A/ ratio iz relatively small {see Figure 7-18, left).
The cummnlative heat released before passing TDO amounts to abour 207 . for the haseline
engine and about 179] for both Miller valve timings. The rising in-cvlinder pressure and
temperarire ax the pisten =<till ascends not only auginents the wall heat Losses during the
cotpression stroke but also the compression work. Fipure 7-148 {right) shows the cnmmlared
work caused by vohune change during the compression and expansion stroke. The work
caleulared at TDC 8 the one required for the compression stroke (H-—"r,m,g,r.m_k,-,_,l.,) andl the
amount from TDC to BDC aceonnts for the expansion work obrained from the cvele
(l,-'I-",__.E.j.m”M-I.m). Both Miller configurations roduce the comprossion work significantly eom-

parcd to the baseline engine due to the higher ECR, jpat similar 7, g

arly Miller shows a
slightly smaller compression work than late Miller cyele, arising from the minor differences
i effective compression ratio and the fact that we reverse flow occurs, Both Miller config-
nratiots ontput less expansion work than the bascline engine and an overall deficit in evele
work of abont 25 and 28 J for late and ecarly Miller cvele, respectively. Howoever, both still

achiove sate [NMEP) since a lowoer IMER, due ro the roduees puunping losses.
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Figure 7-48: Cumulated heat released (left] and cumulated volume work (right) for the baseline engine and
both Miller configurations at CA50 = 6 "CA AI1DC and IMEP = 6.35 bar

The varyving heat release profile during the compression stroke make iv difficult to infor to
what extent the lower compression work is caused by Miller eyele, Analysing aperating
points of same INEDRP bt differing CADO, allows for assessing the influence of tlie heat
roleste on compression work as exemplarily <hown in Figure 7-19 (left] for the bhaseline
engine. [t can be seen that retarding combustion phasing from CA) = 6 °CA to 13 and
19 °CA ATDC, reduces the heat roleased before TDC by 170 and 216 J while comprossion
work decreases by only 1.2 and 3.8 ], vespeetively (Figure 7-19, vight). This, in rurn, sup-
ports the conclnsion that the savings of Miller evele in compression worle of more than 24 J

at CAS0 = 6 °CA ATDC primarily originare from the higher ECR, jpar constant r,

i ra-
ther than from the lower amount of heat released hefore BDC. The increase of the ratio
betweon expatsion and compression work fronn 148 for the baseline enpine to 1.62 for early

anc 1.61 for late Miller evele explains the lower 1SFC, ar sane CAS0D,
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Figure 7-49: Cumulated heat released (left) and cumulated volume work (right) for the baseline engine with
varying CA50 at IMEP = 6.35 bar

The results disenssed show that in air-dilured engine operation both Miller eveles improve
ISEC mainly due to lower puuanping work and recdueed ideal rmgine fuel consmmption. Anal-
agols ta the ideal engine. the actual cvele experiences a benefit thanks to a higher ratio of
expansion to compression work., The reduced wixture dilution improves combustion in
terts of duration, stahility and losses on the one hand. but inereases NOy emnissions and

wall heat losses significantly on the other.

7.4.2 Miller and Otto Cycle in Lean-burn Operation with EGR

To overcome the drawback of increasing NOy emiszions promoted by the lower dilution
ratio for the carly and late Miller confipuration, EGR is added to the oyele, eventually
forming the Lean-Miller-IEGR working process. Ax shown in Section 7.2.3.1, EGR rates of
xeen = 10 % and 20 % show the largest effect to reduce NO;x emissions and are therefore

cotpared to the haseline engine.

7.4.2.1 Engine Efficiency and NO, Emissions

Figure 7-30 illustrates 1SFC (left) and ISFC, (tight ) over NOy emissions ar constant 1NERP
for the baseline engine operating without EGR and for both Miller valve fimings at
xeen = 10 %W amd 200 %, Cowpared to the baseline engine. the Lean-Miller-EGR working
process deteriorates the ISEC-NOx trade-off ar INEP = .35 bar. For an EGR rare of 20 %
and mmost retarded combistion phasing= (O] and QP2 both Miller configiurations achieve
NO emissions and [SFC that are the closest to the ROP of the baseline configuration
(NO = L4 g/k\Who 1SFC = 206.7 g/kWh). While carly Miller {OPL) improves ISFC to
2008 g/kWh at NO, eandssions of 1.6 g/l0Wh, late Miller {OP2) rednees Nk ta 130 /KW
ar the exponse of [SFC thar ameunts 1o 2108 /KWh, Analysing 1SFC, of the three config-
urations shows even larger ditferences. leading to the conclusien that the small henefirs

acceonnplizhed i the high officiency regime can be entirely ascribed to lowoer pumping work,
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Figure 7-50: ISFC (left) and ISFC; (right} over NOxemissions for the baseline configuration without EGR
and both Miller cycle at xece = 15 % and 20 % (IMEP = 6.35 bar)

7.4.2.2 Influence of Mixture Composition

AMixture composition markedly influences NOy emissions and mainly soverns the officieney
of the ideal engine, Splirting the aspirared mixture into itg mole fractions clarifios the
wfluence of rhe dilution ratio awd EGR rare on mixnure composition, as shown for the
haseline withour LGR and borh Miller configurations with EGR rates of X = 20 % in
Figure 7-31. Analogously to 7.2.2, air, divided into a part required for stoichiometric eoi-
bustion and for mixture dilution. cotsists of N and s, while the four-component oxhanst

gax alzo includes HaOr and OO,
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Figure 7-51: Mole fraction of the baseline cenfiguration without EGR {left) as well as late Miller {centre)
and early Miller {right) cycle with xecr = 20 % (IMEP = 6.35 bar, n = 2450 rev/min)

The increasing fuel comsmunption for engine operation at late combuisrion phasings is re-
flected in a «maller fraction of diluent, rogardloss of mixture stratopy. While the composi-
tion of the dilution retnains constant using exeess air, it varies for mixtures thar inchude
EGR. Starting from lean combustion at CASU = 8 "CA ATDC, the fraction of exeess air

decreases as CAS0 retarded, Owing to a lower charging efficiency, early Miller reaches
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almost stolchiometric conditions at about CAS = 17 “CA ATDC. It waz therefore not
possible to investigare further rerarded operaring points without either reducing the EGIR
rate or experiencing lesses i IMEP. Since not the entire oxyeen takes part in combustion
due to mixture Inhomogeneity, the exbanst gas of a steichiometric mixture still contains
minute traces of 0o, Due to the lower charging efficiency and higher fuel consmunption of
barh Aliller configurations, the mole fraction of air from a stoichiometric combustion is
much higher, This, in turn leads to a smaller fraction that is available for dilution, this

roducing higher NOg enissions.
= =

An temperature-driven spocies, NOy emissions clearly depend o the amount of fuel and
the absolute heoat capacity of the diluent. Both parameters are shown for the haseline and
AMiller confisuration of all KGR rates investigatod in Figure 7-32 ar a mixture temperature
relevant for ignition timing of 800 K. As expected, the diluent of the baseline configiration
exhibits the highest absolute hear capacity for the same mas=s of fuel. For a fuel mass flow
of M= 1.50 kgl and engine operation withont EGR. the absolute heat capacity of the
hasecline engine i 81 % and 75 % higher than that of carly or late Miller cyele. respectively,
By virtue of the high HoO and CO» fraction of the exhaust gas. an LGR rate of x00y = 20 0%
reduees this deficit to 59 % for late and A7% carly Miller. From this it can be derived that
the highor charging efficiency for Iave Miller ontweighs the hisher COs and HoQO) fraction of

the exhanst gas for early Ailler eyvele in tertns of the absolnte heat capacity of the dilueat.

Early Miller
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Figure 7-52: Heat capacity of the diluent over fuel mass flow for the baseline engine without EGR and both
Miller cycles at varying EGR rates (IMEP = 6.35 bar, n = 2450 rev/min, 1 = 800 K)

Dospite a markedly lower heat capacity of the dilution, both Miller configurations reach
sate of even slischtly lower specific NOy emissions when operating at late combustion

phasing. Multiple peints explain this:

o Lower charging officicncy allows for higher NOy emissions in ppim. i.e. higher tom-
perane. to maintain emnissions in g/ W constant.

o Tho specific heat capacity increases in the course of the combixtion for COs and
particularly for HoO with a higher gradient than Ny and O,

e The lack of (3 at EGR rares of xues = 20 % reduees NOy foration.
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o [Rediweed losses in gas exchange require lower IMEP, to achiove the threshold
IMEDR of 635 bar.

o [lighrr combustion stability i expected to bring forth a reduced nmmber of oyeles
with advanced heat release and therefore higher temperatire, with which the NOx

piissions increase exponentially.

Uuing the mixture connposition of the recortled operating points enables caleulating rhe
ISFC e as shown in Fipure 7-33 for hoth AMiller valve timings of varving EGR. rate in
comparison to the haseline engine, Sinee the ideal engine exeludes punping work, this
analvsis only relares to the high-pressure loop, Although relatively low dilution rarios are
rocuired to achieve 1AMEDP = G35 bar, both Miller conficurarions hold an advantage i
ISFC i over the baseline engine for EGR rares of 10 % and belowe. This can be attribured

to the higher compression ratio of r,, = 1325, At xs = 15 % and low NOy elndssions as

well as the entire CAJD sweep at xues = 20 %, the drawback caused by lower dilution
curweighs the higher compression ratio. leading to losses in ISFC 0. For lowest NOx emnis-
sionis. the disadvantage of each Aliller configuration is about 3 g/kWh in 1SEFC compared

to the haseline engine.
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Figure 7-53: Ideal engine ISFC over NOx emissions for early (left) and late Miller valve timing (right) over

NOx emissions [(mixture compaosition of operating points at IMEP = 6.35 bar used for calculation)

While BGR clearly leads to losses 1 ideal engine for both Miller eveles. further drawhacks

conld arize from an altered combustion process, which is subject of the next analysis,

7.4.2.3 Combustion Behaviour
The following analyvsis addresses comparison of selocted parametoers that describe the
burning hehaviour., For a dotail oxplanation of the differing combustion charactoristices,

the aurhor refers te Section 7.2.1.2 and 7.3.3.2.

Both Aliller valve timings <hesw the bost trade-off in the high officiency reginme for

xion = 10 % and i the low NOy regite for of xu0s = 20 %, The comparison of combus-
tion chiaracteristies (sec Figure 7-31) of these four configurations wirh the baxeline engine
withour EGR provides deeper understanding of deficits in efficiency, Burning delay at

o = 13 % Ix almost consistently shorrer, whereas for burn duration this is enly the
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cane for CAXMY after 13 °CA ATDC. Inercasing the EGIR rate to xicn = 20 %, leads to
comparable I'T-CAD between the baseline and late Miller configurations at early CASU,
whereas carly Miller reveals a drawhack over the entire investigared range, The ad-
vantage in burn duration ebsorved for the baseline engine decreaszes from 9 and 7 °CA to
2.6 and 1 "CA with retarding combustion. however, CA-CAD) remains shorter ar any
given CAM. The marked difference of carly Miller at xip = 20 % stems from the lack of

(VG
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Figure 7-54: Burning delay (left) and burn duration (right} for the baseline configuration witheut EGR and
Miller valve timing at xccr = 15 % and 20 % (IMEP = 6.35 bar}

Meodified valve timing combined with EGIR also affect combustion stability, which can he
A sotree for rising NOy emissions, particularly in lean-burn eperation. Figure 7-53 {left)
shows that combustion stability across all configurations docreases as CADD is retarded on
aceonnt of lower combustien temperatures. The bascline configurations holds an advantragse
in o¢ vmover the Miller setups for early CA3U. yver combustion stability decreases taoa lareer
extent ax its phasing iz rotarded. Ax a result of shorter flame travel distance cased by the
altered piston desipn, the Miller setups expericnee better combustion stability for lare
CAS0. Therofore, comnbnstion stability poses only a source to higher NOy emissions for

advanced combustion phasings.

The dilution ratio decrcases with delaving CAS0. thus artenuating lesses from imperfect
comthition. This behaviour i well pronounced for the baseline and hoth Miller configura-
tion ar xuew = 15 %, A the EGR rate increases to xion = 20 %, AISEFC. ., falls signifi-
cantly. likely due to the incereasing influence of mixture inhomogeneity on incomplere com-
bustion for mixrures close to A = 1.0, The larger drawback ocours for early Miller, althoueh
SD CEFD showed betrer homogeneity of in-cvlinder charge comparod to late Millor evelo,
Thix can be ascribed again to the lower dilution ratio, causing a larger lack of oxveen (see

Figure 7-35, right).
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Figure 7-55: Standard deviation of CAS0 ocaso (left) and cembustion losses AISFCems [right) over CAS0 for
the baseline configuration without EGR and Miller valve timing at xccr = 15 % and 20 %
(IMEP = 6.35 bar)

7.4.2.4 Comparison of Selected Operating Points

The condieted series of nrasurements show a disadvantage for the Lean-AMiller-IEGR work-
g provess in terms of the ISEFC-NOy trade-off ar comstant INMEP. Combnstion phasing
strongly influences engine hehavionr, regardless of confignration. Pereeptible differences
comld he observed botween the respective engites sefups as CASD was varied. To detail the
roazons that deteriorate the trade-off, selocted operating points at ecarly and late CASO of
tho haseline are cowmparad to the Miller configurations. Figure 7-36 shows charactoristic
parameters of the bascline engine withoutr EGR and both Adliller valve configurations at
Neen = 20 % and CAM) = 8 °CA ATDC.
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Figure 7-56: ISFC, I5FCe, ISFCitesl, AISFCeome, CAS-CAIO, Quan and specific NOx emissions for the baseline
engine without EGR and Miller cycle with an EGR rate of xecr = 20 % at CAS0 = 8 "CA AIDC
(IMEP 6.35 bar, n = 2450 rev/min}

Both Miller setups reduce 1SFC at the expense of iereasing specific NOg ernissions. Aliller
valve Timing causes the benefit through lwer puanping losses, Thix hecones clear by ana-
Ivsing [SFC ax it shows that the high-pressure loop of the baseline engine is more efficient

than thar of the Miller configurations. The fact. that the same trond is seen in ISFC..,
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ilespite a highor compres<ion ratio. emphasises the ponalty in fuel consumption due to
unfavourable mixture composition. This entails higher combustion temperarures. thus re-
ducing the losses from imperfeer combustion sinee fuel conversion improves, This is also
favoured by longer burn duration which, hewever, is detrimental to engine efficiency. Ax

one would expect, inereasing combustion temnperatures result in higher wall heat losses,

Retarding combustion phasing to 17 “CA ATDC further inereases ISFC, so that the Losses
during the high-pressure loop ouwtweigh the advantage in pumping work of both Miller
valve timings {see Figure 7-37). The decreasing dilution ratio markedly deteriorates
[SFC o, vot it rodhiees the gap in burn duration. While the imperfeet combmstion losses of
late Miller evele are still lowor than that of the baseline engine. the early Miller configura-
tion shows a notable drawhacl mainly cansed by the lack of oxveon, [t is also responsible
for lower Nk emdssiong compared to late Miller, albeit comnbustion reaches higher temper-
atures. As a direct eonsequence of inercasing remporature levels for Miller valve timings.

wall heat losses incereasc.
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Figure 7-57: ISFC, ISFCq, ISFCigeal, AISFCoome, CAS-CAB0, Quan and specific NOx emissions for the baseline
engine without EGR and Miller cycle with an EGR rate of xccr = 20 % at CAB0 = 17 "CA ATDC
(IMEP 6.35 bar, n = 2450 rev/min}

The main disadvantazes oceur for Ailler cyvele due to lower charging efficioncy. It requires
high EGR rates< to achiove large heat capacity of the mixture. However, even when nearly
the entire excoss air is substituted with exhaust gas and the engine operates close to stoi-
chionetric conelitions. the heat capacity is too small to achiove combustion temperatures
that lead to e NOj emnissions. Due to the rather low ratio of tho specific heat capacitios,
the efficioney of the ideal engine suffors, thus annihilating the beaefit cansed by the high

expansion feompres<ion ratio.

7.5 Summary and Conclusions of the Experiments

The =ubject of this chapter was fo wmvestigate the Lean-Miller-15GRoworking process in
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torins of engine effiviencey, cmissions, combustion process aned eas exchange. After first

analywing the influence of exhanst gas on lean air-methane combustion inside a CVOC, ity

impact i engine experiments was evaluated. Subsequently, engine operation with early

and late Miller confienrarions was stwddied under lean aperating conditions, In an atteinpt

to conmteract rising NOy emissions. BGR was adeded o betly Miller eonfigurations and a

thorough comparison to the air-dilured baseline engine conld he drawn, The kev findings

Are:

Utider gquiescent flow conditions and at a constant dilution ratio, {.o. same amonnrt
of fuel. the temperature of the bhurnt zone amd the laminar orning velocity di-
minish when a part of excess air is <ubstituted with exhaust gas. The offeet of
EGR iereases gradually with rising 1SGR rared and falling dilution ratios thanks
to higher HaO and COs fraction that increase the specifie heat eapacity of the
rxhanst gas, The values derermmined for dilurion ratios of D= 1.3 — 1.6 and EGR
rates of S = 0 — 20 % mareh well wirh literature.

The offeet of EGR during engine rrials with bascline valve tiiming agrecs well with
the findings from the CVCC as EGR rediees combustion tempoerature at the
expense of inereasing burn duration and burning delay. A farther similarity is
that the offeet of exhanst sas increases with decrcasing dilution ratio and rising
EGR rare. As a direet consequence of the redneed laminar burning velociry, igni-
tion titning needs to be advanced to keep comnbustion phasing eonstant. Operating
peints of same INEP and CAS0 achiove lower NOy emissions but hizher ISEC in
engine operarion with EGIR, primarily due to losses i ideal engine efficiency and
A prolenged combustion. In the lw NOy reeime (1o, late CADDY, the drawbacks
can be either compensated s advancing the combustion phasing to operate at
satie ISFC bat lower NOx emissions or overcomnpensated 1o achieve same NOx
emissions but lower ISFC, Due to the strong correlatiomn between combustion
phasing and officiency. this stratogy i only applicable to the low NOy regime. In
the high efficiciey regime. on the other hand, the influenee of comnbustion phasing
en ISEFC becomes smaller, this aveiding that advanced CAS0 halance the losses
cated by EGRL Engine trials at constant N Oy etnissions =how that starting from
CASD = 19 °CA ATDC. EGR allows the engine to increase [INMEP through either
acdvanced CADU and/or itcreased amonnt of fuel. The maxinnun inerease can be
achioved for the highest studied EGR rate of xues = 25 9. Howoever, the mixture
Ix then close to stolchinmetric coneitions that Iead to notable losses from imperfect
cotnbistion cansed by a lacle of O,

Engine rrials ar rhe knock margin proved that the reduction of combustion tem-
peratire throngh EGR lowors the knocking tendeney. For a comnpression ratio of
Tyw = 12.25 combined with baxeline valve timing, the possible IMLIP ar MEBT

imereases gracdually from 6.6 to 7.0 bar with rising EGR rates up 1o xua= 20 4.
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The engine operatos then with a steichiomerric mixrre aned reachos exhanust gas
temperarures that would allow for the ase of @ TWC and therefore low engine-
OUE CLINR1015.

Comparable early and late Miller configurations with effective compression ratios
7, . similar o the baxeline engine were fomd. Togerher with same residual gas
fractiond. all three setups reach <imilar thermodynamic in-eviinder conditions at
crank angles relevant for ignition timing. The increase of the geomerrical com-

pression ratio of the baseline frean r, ;= 13.20 to 15,25 angments the effective

expansion/compression ratlo of the baxeline from ZCR, = 0,068 to 1091 for the
carly and to 1,089 for the late Miller confignration. The maxinnun pressure and
temperatire difference shortly hefore TDC amonnt to 0L68 bar and 6.7 K.

In lite with the 1D CEFD stuedy, the pressurve traces of the selected Miller config-
urations march cach othor while the valves are elosed, The main ditfferences he-
tween hoth Miller configurations are found during gas exchange, where a roverse
flow charing the comprossion stroke canses losses i cownpression W, e for late
Miller evele, Further deviations can be observed during the combustion process:
Albeit early Miller experiences a dliphtly analler mass flow, 30D CFD caleulations
reveal a higher turbulenes level and better misturs homogeneity inside the main
cotnbustion chamhboer. Late Miller, on the ather hand, holds the adsvantage of a
lwer residual gas fraction nside the prechainber, The flow coneitions and mix-
ture distribution lead to shorter combnstion duration tor carly Aliller when oper-
aritg with air-diluted mixtures il early combustion phasings. Sinee TRIS de-
creases for carly Miller with a stecper slope as the piston approaches TDC, burn
churation falls belosww that of late Miller evele for late CAJ0. With increasing EGIR
rate, the mixture distribution inside the prechamber becomes more significant
than TIKE. leading to shorter burn duration for late Miller ovele, regardless of
cotnbustion phasing.

In comparizson to the baseline engine, horh Miller configurations show different
burning behaviour that prinarily originates fromn the altered piston design. The
levwer charging efficieney of hoth Ailler strategies roguires a lower relarive air-fuel
ratio to achieve an IMIEP of 635 bar. In response to an rnhanced combustion
temperature ancd AI;"'\-"' ratio. wall heat losses of horh Ailler configurarions inerease,
However, ISFC improvoes in lean-burn operation compared to the baseline config-
uration at same combustion phasing and burn duration found at CAS0 = 6 "CA
ATDC. The advantage can he oxplained through reduced pumping losses and
higher effective expansion/compression ratio ZCR, . It angients the ratio be-
tween oexpansion awd compression work, thus nnproving ideal engine efficiency
dempite o mixture of less favouralble thermodyiamic properties. The benefic -

creased as CADD {3 retarded due to a more pronouticed decrease of wall heat losses
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for higher geomerrical compression ratios aned redinesd burn duration from the
lowor cilution ratio and the altered piston desion,. The lower chareing officiencey
rnables hoth Miller configuratioms to operate at higher volinerric Nk emissions
{ppm1) to achieve same specific NOy amissions (g/kWh), Nevertheless. it cannot
compensate for the markedly higher NOy emissions cansed by low dilution rarios,
o Ax with the haseline engine. EGR improves the ISFC-NOx trade-off at constant
IMNER of Miller confipurations to some oxtent, vot NOy emissions comparable to
those of the haseline engine are only achieved for nearly stoichiometric mixtuares.
for which a lack of O commteracts the NOy formation. For early Miller cvele, the
Lswest NOk emissions of 1.6 g/k\Wh are coupled with an [SFC of 2058 g/kW],
while late Miller rediees NOy emdssions 1o 135 g/kKWD bt reaches a highor [SEC
of 210.8 g/kWh, Comparad tos the reference operating point (NOx = LA0 g/RW],
[SFC = 206.7 g/kWh), both AMiller valve timings lead to a worsened trade-off.
The cansal agent for the llmited porential to achirve low NOy eindseions 1< fornd
in the snall absolute heat capacity of the in-evlinder charge a3 a result of rodnecd

charging efficiency when impletnenting Miller evele,
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8 Conclusions and Future Work

Tishtening einission standards push developers of cogeneration gas engines to fined alterna-
tive emgine setups for the prevailing lean-burn eoncepts. In this context. the working preo-
cond stelied 1 this thesis comnbines Ailler evele 2l EGR for a naturally aspirated lean-
birn cogencration engite operating with natural gas. While EGRix an establithedd means
in Dicsel amd petrol engines, Miller evele has recently gained wide popularity. The motiva-
tion behind following these approaches depends en the specific application, Miller evele can
mmprove the therial efficiency of nanuwally aspirared ICE by inereasing irs expatision/ com-
pression ratio. Nevertheless, falling engine power hecanse of suffering chareing efficiency
pases a challenge to maintain brake efficiency. Loan-biirn engines can readily compensate
thix by enriching the mixture. however, NOy etnissions incerease i response to higher comn-
bustion temperature. Substituting 4 part of exeess air with exhaust gas allows the engine
to operate ar lower combustion temperatures owing to the larger COo ancd HoQO) fraction of
the mixture. Based on a comnprehensive lterature survey and 0D caleulations, an improve-

ment of the trade-off hetween [SFC and NOg emnissions at saine [MNIZP was expected,

8.1 Conclusions

The study of the Lean-Ailler-ILGR weorking process was thoroughly studied nsing different
numerical tools and experiimental rest rigs that either needed to he adjusted or bale ap
from =eratch. The cogenerarion nnit ar IKarlsruhe UAS swas equipped with comprohensive
metrology and modified to form a fullv controllable research engine. A coolod EGR systemn
was incorporated that allows rogulating the temperature of the exhaust gas recirculatod.
In the meantime. experimental data of the same engine type from the cogoeneration unit
manufacturer were 1sed to build up and validate a detailed 1D CFD model that predicets
117
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realistic engine hehaviour, One of it purposes was to find comparable early and late Miller
configurations, i.e. of <ame effective compression ratio and expansion/compressien ratio.
for engine resting, A =pring mass medel was created for designing the cam profiles, which
aclelitionally requireed the developmaeont of & multi-part camshaft and machining the ovlinder

head.

Preliminary experiments contribured to the nnderstanding of how wmixture dilution affeers
the combustion in a constant volune combustion clinber, The already existing analveid
code teeded to be extended for adding exhanst gas as second diluent, Subsequently, nu-
merons aled exrensive series of measurcments were carried out on the test bed engine to
comnpare confipurations of difforent geometrical compression ratios and valve timings for
varying mixture commposition. The analysis of experimental data in terins of gas exchange,
cotttbistion process and  ideal engine efficlency was condneted using a  proprierary
MATLADR routine aaud eommercial software. To pain deeper insight into eharse motion of
the valve timings investipated. a 3D CFD gas exchange model was built, The conelusions

of this work are the following:

o [xperiments in a CVCOC prove that increasing the heat capacity of the diluent by
substituting a part of excess air with exhaust gas rediees comnbustion tomperaruure
but also laminar burning velocity. The effoet 1= the highest for low dilution ratios
ane high [EGR rates dize to the high HoO and CCk fraction in the exhanst gas.

o The cffect of EGR is similar in engine operation. where the reduced combustion
temperatiwe lowers NOy rnissions amd the roduced laminar hurning velocity pro-
lomgs combustion duration. Another crucial disadvantage ocours due 1o lsses in
ideal efficieney. The drawhbacks can be overcompetsated through advanced com-
bustion phasing, leading to same ISFC but lower NCOk or vice versa, Alternatively,
the engine can operate at higher IMIEEDP without incereasing NCOy emissions, How-
ever, the applicability of this approach is Hmited to the low NOy reghine (1Le. late
CASD) due 1o the high sensitivity of engine officioney to combustion phasing,

o A method was presented that determines the effoctive comprossion rario in duae
cotsiderarion of the effeets of gas dynamics, inchiding rain effeet and reverse flow,
Compared to other approaches in literature, it leads to most similar thernwoed-
namic eotditions at the ond of the commprossion stroke for engine confignurations
of same offective compression ratio but differing valve timings and geomerrical
COMIPTession rarios.

o The direct comparizon borween carly and late Miller cvele. given for constant
effoetive compres«ion ratio aud expansiot/compros<ion rario, shows thar the pres-
S1re traces are coherent when the valves are closed. Lave Miller holds a clear
dixadvantage in engine efficicney mainly cased by the reverse flow that oecurs
during the commpression =troke. thus leading to Iossex in compression. Fiuther dif-

ferences are fonnd i cotbustion characteristios due to the influcncee of ilet valve
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tining on metion and homogoneity of the in-cvlinder charee,

o In comnparizon to the baseline engine, both Miller configurations reguire a lower
dilution ratio to achiove the threshold INMER of 635 bar, leading to high combus-
tion remperatures. The increazsing NOy emnissions can be reduced by adding BGR.
however. losses it ideal engine officiency. hipher wall heat losses and extended
cotbistion durarion outweigh the bonefit caused by Aliller evele, this hindering

an improvement of the [SFC-NOy trade-off ar consrant [AEDR,

8.2 Future Work

Both engine efficiency and NOy mniscions conled benefit from further configurations of ad-
vaheed or retarded valve timing that increase charging efficlency. Yero the expectod m-
pravements are relatively low nnless additinnal bur vast modifications in the intake path
desipn are made, as reported in 103, 105 . With respoact to oven stricter long-torm emnission
stancards {ax stipnlared in 20]) than the one put in force in 2018, hewever, the potontial
of lean-burn is limited, For rthis reason, stoichiometric operation coupled with a TWC couled
gain popularity as long-term <olution for small cogeneration engines. The sienificantly de-
creasing tailpipe emissions allow the engine ro operate at thermodynamically optimal com-
bustion phasing. Engine trials with diller valve timing prove that knocking-free operation
in prwsible with EGR rates of xias = 20 %, in spite of nnwh higher combustion tempera-
tures anc still longer burn durations {see Figure 8-1). In comparison to the reference oper-
ating point of the baseline configuration. wall heat losses increase significantly bar [SEC
decrcases, primarily from advanced MBT combustion phasing of CAJ0 = 8 *CA ATDC.
Both Miller configurations reveal similar INE while raw NOy emissions rise drastically.
[However. assuming a conversion rario of 95 % for the TWC, tailpipe emissions could be

rechicad to a level that 1 20 % heloss the current ROP.

1.4
. _ [RA] . _ \) B _
Baseline xgqgr =0 % B Early Miller x.or = 20 % & Late Miller xzqr = 20 %
— 1.2

(] o o
E 1 0 — 19 CA Peed :: ’:
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7;) 0’0 ‘0 ':
« &S ] N\ Measured X
o 0.8 & 20, oo
. 038 %9, value 5
L & e e
& X o
3 0.6 & X o
n & 0 &
2 8 °CA 3 X E::
S 0.4 = & % 5 % of %8
1S ) &R XX X X
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Figure 8-1: Combustion phasing, IMEP, ISFC, Tr.. measured/estimated tailpipe NOx emissions, CA5-CA90
and Q. of the RO of the baseline engine and both Miller configurations in stoichiemetric operation at

xecr = 20 %
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Based on the promising resulrs achioved by operating Millor ovele with a stoichiomerrice

mixture awd BEGR, further development work s sugpgestod:

e The valve timings analysed require an LGR rate of 20 % to achieve the thresheld
[AIEP in stoichiometric operation. However, 2 comnbinarion of lower BGR rates
and more acdvanced or retarded Miller valve riming might lead to lower fuel
consumption cansed by reduced burn duration and higher cxpansion/compres-
sionn ratio, To reduee development time and coxts, another 1D CEDL study needs
to e carried out for differenr valve rimings and EGR rates. To this end, the 1D
CED model ereated in this work requires adjustments to predict engine perfor-
manee i stolchismetric oporation and ar oprimal combustion phasing regarding
engine efficiency,

o The piston desipn to adjust the effective compression ratio for hoth Miller con-
figirations was initially dexighed for engine operation with high dilution ratios
and relatively late combistion phasing to meet NOg emission mits withont
addirional afrertreatinent to rhe oxidation catalyst, It ik likely that an altored
piston design would be more favourable for reducing cotnbustion dararion at
early CA30, The risine temperature level coupled with higher compression ratios
bring forth challenges regarding wall heat losses.

e The increasing rhermal load necessitates endurance runs with particular foens

on exhanst valve seat wear.

Engine testing will show whether carly or late Aliller valve timing 5 expediont froam a
thormodynamically perspeetive. In light of field aperation. however. engine start. fluetua-
tions in mixtare composition and inereasing thertmal load become major subjects during

the overall developinont process.
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Annex

A.1 Polynomials for Calculating Laminar Burning Velocity

The coofficients ¢ and  for caleularing the laminar burning velocity defined in Lq. (2-4),
arc given for 1 < p < 7 bar as follows;

1 2
c= (L0 - 1072 - T, + 3.615) (X)

1 A-1
+ (L1218 T2 42512102 T, - T.68) 5 (A-1)
+ (8L -1 sd7 T, - 110
1\ 1 / A2
d="75 10" (X) — LG 13372 At (4-2)
Fer p = 7 bar, ¢ and o result to
3
. P -5 2 e -2 . 1
c= (06806 - L7 - T, 4087 - W= - T,—25.13) - X
1 2
+ (1155 - Wt 121523 0t - T, - 46.477) (X)
5 2 2 1 (4-3)
+ (LIRS 107 - T, 41922 - 107 - T, — 21.82) h
+(6.75 00 -T2 - 9.55 107 - T, — 5.185)
d=10.15 (A-4)

167
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Annex

A.2 Determination of the Laminar Burning Velocity in a CVCC

The governing equations for evaluating the laminar burning velocity in the constant vohune

cotnbnstion chamber are energy, mass conxervation, volume and fdeal pas law equations.

Erergy cquation of unburnt (index u) and burnt (index 1) zone {parameters without an

inclex are global}:

(i, . . )

? = Qu+ W,—mh,

. . dtty

My, ity +my, i 0,~ v
(i, . . )

i O, + Wy —my - iy

dub

: : b
it up iy — == Q= pr—s

The parainoters are:
m: Nass
n: Mass flow

£+ Internal euergy

t Specific internal onergy

t: Tite

Aass conservation equation:

=~
Yolume equation:
V=v,+V,
V=7,
[cleal gas law:
poV, =y R, T,

7 V[) = Ty Hb : Tb

u "y

_mb'hb

i Specific enthalpy
e Pressure
Q: Hear flux (neglected)

W: Change in volinne work

foxtands for the ga< constant of rhe respoctivie zono,

The two energy equations can be written as follows:

Ty
Ty(cot Ry — -0 (1 +—-=

elf

¥V, dp
R, di TH

AV,

(lf

(A-3)
(A-6)
(A7)

(A-8)

(A-0)

(A-10)
(A-11)

(A-12)
(A-13)

(A-L1)



A2 Dotermination of the Laminar Burning Veloeity in a CVCC

T
(7Cr"'; ’ Tb - ji,-,,-',- + ub) ’ _b s (1 +

7 C,,b) (1,
o

R_b f
Vi odp .
Ry w2

| LG9

(A-15)

Thix leads to 2 equations and 2 unknowns ¥V, and . Aftor solving the equation system,

the laminar burning velocity can be caleulated ander assuming & spherical flame front

aceording to Eq. (4-1).
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A.3 Overview of Test Bed Setup of Engine |l

Fipure A-1 =hows the test bod semp of engine 1 ineliding measuring poinrs,

r
Conditioning unit Mie |11

| S — |
| —
: 2 | Pruel
=i Q¢ | pEe
Pamb | l 7| | 8 ! 10
'\ .
= O .
| 4 Loy |
| |
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1
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GEN i -~ |
|1 oo HM—O
15 = ' |
Tcas\n I
b=l s o
________________________________ N
1: Throttle 9: Plenum 17: Oxidation catalyst (dummy used)
2: Compressor 10: Hot-film air-mass meter 18: Exhaust gas heat exhcanger
3: Bypass valve 11: Thermal mass flow meter 19: Muffler
4: Heat exchanger 12: Gas valve 20: Water pump
5: Water storrage 13: Venturi gas-mixer 21: Water storrage
6: Water pump 14: 3-way valve 22: EGR cooler
7: Condensation trap 15: Generator 23: Condensation trap
8: Filter 16: Encoder 24: EGR valve

Figure A-1: Overview of the test bed setup of engine Il

A.4 Flow Bench Testing

In order to huild up an 1D CFD engine maodel that aceurately predicts the pas dynamic
flow behavionr and ta apply the residual gas fraction model described in 7, 71, the flow
coctficients of the intake and exhaust port necded to be determined as funetion of the valve
lift curve. Thix wax conducted for both tost bod engines using a flow beneh at Konstanz
University of Applicd Sciences (sec Figure A-2). The setup inchiudes a torgue meter that
allows determining the <wirl munber after Tippelinann, which ix an input paraimeter of the

Wonclimd wall heat transfer model wsed for 1D simnlation but also in-evlinder pressure
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analveis in thix thosiz
The flow coctficient Cp i defined as ratio of the actial mass flow moaned the theoretical
mass flow g, through a reforence eross-section (here the inner valve seat diameter) ar a
certain prossure difference as given in L, (A-16):

m

Cp=— A-16
. (A-16)

The thearotical mass flow 4 calenlated as follows

P 27| (p : p AV
Wy =A oy — e — (—1)&(—1) ’ (A-17)
th™“seat ,—VRal-r-To V'I Do Do

where Agy,, stands for the cress-cecrion area of the inner valve seat diameter, Ry, the gas
constant of air, 7; its temperature and p, 1ts pressure. The air i assued to tlow from
mdex i =10 to 1 =1, which governs the prossure and temperature that is o insert into
Eq. (A-17).The case given in Figure A-2) for instance, would lead to Py = Pty P1= P,
awd Ty = T,,,, whereas trials where the mass flow exits the eyvlinder via the intake port
wonld result 1o p, = N T ) and Ty =T, . All trials were concducted at a constant

prossure difference of 50 mbar.

AT _— Pamb: Ambient pressure
b T Peyi: Pressure before Torque
amb | amb metel’
De -
pcyI,TcyI -
Torque .
meter MY lm—» Tamb: Ambient temperature
/RS
Teyi: Cylinder temperature
Blower m: Mass flow
M: Torque

\

Hot-film air-mass meter

Figure A-2: Schematic setup of the flow bench test-rig

After passing the intake valve. the air flow i straightened by the torque meter. The oc-

curring chatge in angular momentum of the flow applies & torgue M, which is neasurod
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through a load cell. Along with the evlinder here diameter £, 5 the gas constant of air

i, the pressure and toperature within the evlinder and the mass flow. the swirl eoctfi-

cient € for rach valve lift can be caleulared as follows:
I P,

2 R

. T (A-1%)

i o

This method was postulated by Tippelmann in 1978 158]. With the data obrained, a mean
swirl coefficient can be calenlared, which i¢ deseribed more in detail in litorature 85, 86,
L1y, 159,



