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FOREWORD

This thesis is written as a completion for the Automotive M.Sc. programme in ITU
Faculty of Mechanical Engineering. This thesis covers a validation and optimization
of a spark ignition engine by investigating the basic engine parameters. The objective
is to determine the critical parameters, which are most effective on the engine
performance.

I would like to express my thankfulness to my advisor, Prof. Dr. Cem Sorugbay for
his guidance during my study. I would like to thank my all colleagues in Ford
Otosan,

A special thankfulness to my husband Ahmet Ebring, my supervisor Suphi
Ramazanoglu and my colleague Sedat Cevirgen for their great encouragement and
confidence in me in the difficult periods of my thesis.

Last but not least, I would like to present my gratitude to my mother Nurten Cakir
and my sister Yagmur Suna Cakir for their assistance, encouragement and love

during my thesis and entire education life. I devote this work to my father Seref
Cakar I lost years ago.

Oct 2017 Asena Nihan EBRINC

vii






TABLE OF CONTENTS

Page

FOREWORD ....uuuiiiiiiitiinnninnnnensnennsntecsneessnessssesssssessssnssssssssssssssssssssssssssassssss vii
TABLE OF CONTENTS. .....uuiiiiniintinnninsnnnsnecssesssncssnssssessssssssssssessassssessssssssesss ix
ABBREVIATIONS. ......coitiitinntinnnnnnensnenssenssnesssssssessssesssssssassssssssssssssssssssssssssssanss xi
LIST OF FIGURES ......cuouniintinuinniennensnensncssnesssessssessassssessassssassssssssssssassssssssesss XV
SYMBOL LIST ....ccoonieininisnecsancsanessecssassssessancssasssssssassssassssssssssssssssssssassssassassssaes Xvii
SUMMARY .ccoiiiiiuinsnnssnessannssnnssuesssesssnsssacsssesssssssassssssssssssasssssssassssasssssssssssssssasess xix
QEET ... 0 ........... . A AN AR e xxi
1. INTRODUCTION....ccconuiireisnessnncsaenssesssnnssaesssnessesssassssesssassssssssssssasssssssassssessasess 1
L1 MIOBIVATION . ..ccutteeiiie ettt ettt ettt st et e eebaeesaree e 1
1.2 Literature REVIEW ........ccocuviiiiiiiiiiiiiie ettt e 1
1.3 OBJECIIVE ...vuttitie et eeeiiiiitee e e e e ettt ee e e e ettt ee e e s e s s anbeeeeeeesssanbbbeeeees e snnsssaaaeeseans 2
2. GENERAL REMARKS......ccovviininnuinsnensninsnnessnissnessnsssnnsssssssesssessssesssssssesssssssaes 3
2.1 Internal Combustion ENgines...........ccoovviieiiniiieiiniiiiiiniiece e 3
2.1.1 Spark Ignition Engine BasicCs..........cccceeiriiiiiiiiiiiiiniiiiiiiiiee e, 3
2.1.2 Comparison of Spark Ignition and Compression Ignition Engines ............ 3

2.2 TurbOChar@ING ...ccoueviiiiiiieie ettt 4
2.3 BOOSE PIESSUIE ...cutiiiiiiiieiieitee ettt ettt ettt e e e 5
2.4 SPATK AQVANCE ...ttt ettt ettt et 5
2.5 Engine KnOCKING......ccoiiiiiiiiiiiiiiiie ettt et 6
3. ENGINE MODEL........ccouuiiinuinnniinssnnnnsnensssencssnscsssnsssssssssssssssssssssssssssssssssssssases 7
3.1 Engine SPecifiCations .......ccuvuviiiieieriiiiiiiieeeeeereiiiite e e e e eeiibeteeeeesestbereeeeeeeenns 7
4. METHODS OF USED SOFTWARE - RICARDO WAVE......eecsnnens 9
4.1 RICArdO WAVE....coiiiiiiiiiiiiicit ettt 9
4.2 SI Engine Model CTeatioN ...........cccuiieiiiiiieeeiiiieeeeiie e et ee e et siieee e 10
4.2.1 SI Turbulent Flame Model Creation ............cccccceevieenieerneinnieeneeenneene 14

4.3 KNOCK PrediCtion. ....coovviiiiiiiiiieiieeniiceeec et 17
4.4 NOy Emissions Prediction in the MOdel..........uuevviieeeeiiiiiieeiieeeeeeieeeeeeeennn. 18
4.5 HC Emissions Prediction in the Model ...........c.ccccoviiniiiiniiininncieceee. 18
S. ANALYSIS AND RESULTS ...ccocteiruiesensnnsnensuesssnessunssessassssassssessassssesssssssassss 19
5.1 Influence of Spark Advance on Engine Performance for Different Compression
RALIOS ...ttt e 19
5.1.1 Model Outputs for Compression Ratio 8:1.......cccccevcviiriiiiniiiiniienieennnn. 19
5.1.1.1 Emission Outputs for Compression Ratio 8:1........ccccceeeerviieiennnneen. 21

5.1.2 Model Outputs for Compression Ratio 9:1.........ccceeviiiiiiiiiiiiiniiinnnnen. 23
5.1.2.1 Emission Outputs for Compression Ratio 9:1........cccccceeeeniieiennnneen. 24

5.1.3 Model Outputs for Compression Ratio 10:1........cccovuiieiiniieiiiniciinnnnen. 25
5.1.3.1 Emission Outputs for Compression Ratio 10:1............ccccoviieeenniieen. 26

5.1.4 Model Outputs for Compression Ratio 11:1.......ccceovuiiiiiiiiiiiiniiinnnnen. 27
5.1.4.1 Emission Outputs for Compression Ratio 11:1.........ccccceerniieiennnnen. 28

5.1.5 Model Outputs for Compression Ratio 12:1........cccovuvieiiiiiieiiniciennnneen. 29

X



5.1.5.1 Emission Outputs for Compression Ratio 12:1 ..........ccccoevieeiinnnneen. 30

5.2 Basic Engine Data Outputs for All Compression Ratios .........cccoecveeeiniieeenns 31
5.3 Boost Pressure Increase for Compression Ratio 9:1 and Optimum Outputs ... 32
5.4 Knock Integral Calculation ............cccooveieirniiieiiniiiieniiieee e 34
6. CONCLUSIONS AND RECOMMENDATIONS ......cceennueinnencssnnnssanecssaeessanes 37
REFERENCES ...ccooitiiiiiinnninnsienssnnecsanssssnnsssessssssssssesssssssssssssssssssssssssssssssssssssas 41
CURRICULUM VITAE ...uccoiuiinniininincsnenssnnessnessssecsssesssssecsssssssssssssssssssasssssas 43



ABBREVIATIONS

TDC
BDC
BSFC
CcO
CcO2
NOX
RPM
IVO
IVC
CA
Sw
Nm
SI

CI
NVH

: Top Dead Center

: Bottom Dead Center

: Brake Specific Fuel Consumption
: Carbon monoxide

: Carbon dioxide

: Nitrogen oxide / dioxide

: Revolutions per Minute

: Intake Valve Opening

: Intake Valve Closing

: Crank Angle

: Software

: Newton meter

: Spark Ignition

: Compressed Ignition

: Noise, Vibration and Harshness

X1






LIST OF TABLES

Page

Table 5.1 : Comparison of initial values with modified model.................cccceeeenne. 34

xiii






LIST OF FIGURES

Page
Figure 2.1 : Turbocharger [8]. ......uveiiiiiieiiiiiiei et 4
Figure 2.2 : Turbocharger structure [8]..........cccoviiiiiiiiiiiiniiiiiniece e 5
Figure 4.1 : SI engine base components [9]..........cccevviiiiniiiiiiiiiiiciniiee e 10
Figure 4.2 : SI engine model in Ricardo Wave software tool. ..........c....ccccevvuerennne. 10
Figure 4.3 : Engine general panel...........ccoooiiiiiiiiiiiiiiiieee e 11
Figure 4.4 : Constant table. ............oveiiiiiiiiiiiiiiieee et eeeeerreee e e e e s ererreeee e e eeanes 12
Figure 4.5 : Cylinder panel............coooiiiiiiiiiiieiee et 13
Figure 4.6 : Mass floW Tate. ......ccc.vvviiiiiiiiiiiiiiie e ee e e e e eearree e e e e e 13
Figure 4.7 : Compression map example [10]. .....ccccooriiiiiiiniiiiiee e 14
Figure 4.8 : Turbulent flame combustion model and spark timing definition. ......... 15
Figure 4.9 : Turbulent flame combustion model and turbulent flame model
EfINITION. . ..eeeiiii et et 16
Figure 4.10 : Cylinder geometry and valve position [9].........cccccccceeiiiiiiiiiiinnnnne. 16
Figure 4.11 : Valve geometry in Wave Mesher tool [9]. .......ccooeiiiieiiiiiiniiieeee 17
Figure 4.12 : Hydrocarbon emissions calculation in the simulation [9]. .................. 18
Figure 5.1 : Engine power vs spark advance [CR: 8]. ......c.ccccconiiiiiiniiiininiennnne 20
Figure 5.2 : BSFC vs spark advance [CR: 8]. ........ccoviiiiiiiiiiiiiiiiiiiiiec e 21
Figure 5.3 : Brake specific CO vs spark advance [CR: 8]. ......ccccccceviiiiiiiniiiennnne. 22
Figure 5.4 : Brake specific NO vs spark advance [CR: 8].......ccocccueeeiniieiiniiiennnnne. 22
Figure 5.5 : Engine power vs spark advance [CR: 9]. ......c.cccccciiiiiiiiniiiiniiiinnnne. 23
Figure 5.6 : BSFC vs spark advance [CR: 9]. ........coiiiiiiiiiiiiiiiiiiciicc e 23
Figure 5.7 : Brake specific CO vs spark advance [CR: 9]. ......cccccceeiniiiininiennnne. 24
Figure 5.8 : Brake specific NO vs spark advance [CR: 9].......ccocccceiiniiiiniiiennnnne. 24
Figure 5.9 : Engine power vs spark advance [CR: 10]. .........cccoeiiiiiiiiiiiiiiiiieeee 25
Figure 5.10 : BSFC vs spark advance [CR: 10]. ....cooooiiiiiiiiiie e 25
Figure 5.11 : Brake specific CO vs spark advance [CR: 10]. ......cccceiiiiiiiiiinnnnnne. 26
Figure 5.12 : Brake specific NO vs spark advance [CR: 10]. .........ccoeocieiiiiiiennnnne. 26
Figure 5.13 : Engine power vs spark advance [CR: 11]. ....cccoooiiiiiiiiiiiiiiieeee 27
Figure 5.14 : BSFC vs spark advance [CR: 11]. ..ccooiiiiiiiiiiee e 27
Figure 5.15 : Brake specific CO vs spark advance [CR: 11]. ......cccoiiiiiiiiiiiiinnnne. 28
Figure 5.16 : Brake specific NO vs spark advance [CR: 11]........ccccoeooiiiiiinnnnne. 28
Figure 5.17 : Engine power vs spark advance [CR: 12]. ....ccccoiiiiiiiiiiiiiiiiieeee 29
Figure 5.18 : BSFC vs spark advance [CR: 12]. ....coooiiiiiiiiiiee e 29
Figure 5.19 : Brake specific CO vs spark advance [CR: 12]. ......cccccevviiiiiniiennnnne. 30
Figure 5.20 : Brake specific NO vs spark advance [CR: 12]. .........cccooiieiiniiiennnnne. 30
Figure 5.21 : Possible maximum engine power for different compression ratios.....31
Figure 5.22 : Possible minimum BSFC for different compression ratios................. 32
Figure 5.23 : Engine power and BSFC values of CR: 9 for initial conditions.......... 33

XV



Figure 5.24 : Engine power vs spark advance with increased boost pressure [CR: 9].

....................................................................................................................... 33
Figure 5.25 : BSFC vs spark advance with increased boost pressure [CR: 9]. ........ 34
Figure 5.26 : Cylinder pressure vs engine crank angle ..........ccoocceeeevvvieeeniieeeennnne. 35
Figure 6.1 : Engine power and BSFC values for all compression ratios and engine

] 01T« SRR PUPPPRPPP 38
Figure 6.2 : Initial model and modified model compariSon ...........cccccuveeervuieeeennne. 39

Xvi



SYMBOL LIST

D : Cylinder bore diameter
n : Engine speed
0 : Crank angle

Xvil






INVESTIGATING THE EFFECT OF SPARK ADVANCE, COMPRESSION
RATIO AND CHARGE PRESSURE ON PERFORMANCE OF AN
ULTRABOOSTED GASOLINE ENGINE

SUMMARY

Nowadays, one of the most demanded items in the automotive industry is to get more
powerful engines with high performance but with less fuel consumption and cost. As
an output of this demand automotive manufacturers are concentrated on the software
tools to be able to predict and simulate possible failure modes, reactions and different
correlation of engine parameters with a high performance results. A big advantage of
these software tools is to get a chance to run a simulation several times by changing
the hundreds of engine parameters. It is not only costs save but also time save for
manufacturers which allows getting more results with a short time rather than a real
time dynamometer tests. Simulation programs are the biggest assistants for that
purpose, which allow changing hundreds of engine parameters for different engine
operating conditions.

To protect human health and achieve air quality standards, emission standards are
getting tighter day by day overall the world, which is limiting specific amount of air
pollutants that are released from fixed or mobile specific sources. Thus, suppliers
also consider towing the rules for the restrictions. NOx, HC and CO pollutants are
most critical ones that are produced by the internal combustion engines. By using the
simulation programs this is also achieved to estimate the rate of pollutants that will
be released from the system with entered input to the models. In same way it is
possible to modify engine model based on these emission outputs by adjusting
affecting parameters many times. This is a big advantage of simulation programs
rather than usage of real engine setups and waste of time.

There are many parameters that may have impact on the internal combustion engine
performance. Key factors could be listed as; compression ratio, spark advance,
knocking limit, boost pressure and so on. The purpose of this study is to investigate
the effect of these parameters on the engine performance by defining the optimum
operating condition of a selected gasoline engine.

As a start point, engine to be run for five different compression ratios by sweeping
from 8:1 to 12:1 based on swept spark advance. Spark advance has been swept from
0 to 50 deg CA, but for some of the compression ratios it was not possible to
continue until 50 deg CA due to knocking. During this simulation it was important to
monitor knocking limits as it will not be possible to continue analysis after a while
due to engine knock by increased temperature and pressure with the incremental
compression ratios. These datas were checked for 3 different engine speeds; 2000
rpm, 4000 rpm and 6000 rpm.
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Based on the analysis results one of the conditions with maximum power and
minimum fuel will be selected as optimum operating condition. Right after this
selection, boost pressure will be the main factor to force to improve the engine
operating conditions. Boost pressure impact to be investigated on the engine outputs
by changing when compared to the baseline. In the meantime, as air is increased
inside the cylinders, the more fuel will be required to provide appropriate air fuel
ratio. So in the second trial there will be change on not only boost pressure where
pressure is increased inside the manifold, but also injected fuel amount to be
adjusted. Ultra-boost provides better combustion by having more compressed air
inside the cylinders which means higher temperature and pressure during combustion
process. Thus, challenging point for the ultra-charging is knocking probability again.
It will be tracked to understand how charge pressure impacts the spark advance limits
with engine knocking limits.

The outcomes from this thesis may contribute to have a perspective for improvement
of the engine performance by using simulation programs and possible impacts of
come critical parameters to engine performance.
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ATESLEME AVANSI, SIKISTIMA ORANI VE DOLDURMA BASINCININ
ASIRI DOLDURMALI BENZINLI MOTOR PERFORMANSINA
ETKILERININ INCELENMESI

OZET

Giintimiizde, otomotiv endiistrisinde en ¢ok talep goren 6gelerden biri, daha diisiik
yakit tiikketimiyle daha az maliyetli ve daha yiiksek performansli motorlar elde
etmektir. Bu talebin bir sonucu olarak, otomotiv uireticileri muhtemel ariza modlarini,
reaksiyonlart ve motor parametrelerinin yiiksek performans sonuglari ile farkli
korelasyonunu tahmin edebilen ve simiile edebilen yazilim araglart {iizerinde
yogunlagsmistir. Bu yazilim araglarinin biiyiik avantaji ylizlerce motor parametresini
degistirerek bir simiilasyonun birka¢ kez calistirilmasina olanak taninmasidir. Bu
yazilim programlari gercek zamanli dinamometre testlerinin yerine, daha kisa siirede
daha fazla sonu¢ alma imkan1 veren; imalat¢ilar i¢in yalnizca maliyet tasarrufu degil,
ayrica zamandan da tasarruf saglanan araclar olmuslardir. Neredeyse tiim motor
parcalar icin ¢ok kisa siirede, programlara girilen her farkli parametrenin gercek
hayattaki simiilasyonu yapilabilir. Motor parcalar1 haricinde, egzoz emisyon
tahminleri, malzeme dayanimlar1 gibi arastirmalar i¢in de bu programlardan
faydalanilmaktadir. Simiilasyon programlarimin bu amag¢ dogrultusunda, yiizlerce
motor parametresinin degistirilmesine imkan tamyarak farkli motor kosullarim
gozlemlemede en biyikk yardimcilardan oldugu soylenebilir. Ozetle, analiz
programlari, geleneksel yontemlere kiyasla daha uygulanabilir oldugundan tasarim
ve analiz siirecinin hizlanmasi ve ekonomik olmasi yoniinden cok fazla tercih
edilmektedir.

Her gecen giin artan arag sayis1 ¢evre kirliligine yol agmakta ve insan sagligin tehdit
etmektedir. Bu sorundan yola ¢ikilarak, emisyon standartlari, insan sagligini
korumak ve hava kalitesi standartlarin1 yakalamak amaciyla, sabit veya mobil
kaynaklardan salan belirli hava kirletici miktarlarin1 sinirlayacak sekilde giinden
giine sikilagsmaktadir. Bu nedenle otomotiv iireticileri bu sinirlandirmalara sadik
kalmak durumundadirlar. Emisyon standartlar agisindan énem arzeden kimyasallar,
NOx, HC ve CO bilesenleri gibi i¢ten yanmali motorlar tarafindan iiretilen kritik
kirleticilerdir. Ancak iireticilerin daha yiiksek performansli bir motor gelistirmesi
icin kullandiklar1 yontemler, kimi zaman emisyon seviyelerinde artisa sebep
olmaktadir. Giicte elde edilen artis ve yakitta elde edilen tasarruf, negatif etkileri de
beraberinde getirebilir. Yukarida bahsedilen simiilasyon programlart kullanilarak,
degisik kosullarda motor ¢alismalarina ve tamimlanan yiizlerce degisik parametreye
gore sistemlerden bu kirleticilerin ne seviyede yayilacagi hesaplanabilir ve emisyon
standartlarina uyulacak sekilde veri girdisi saglanarak dogru seviyeler ayarlanabilir
ve boylece sadece dinamometrede test edilen bir motora gore, ¢cok daha ekonomik ve
hizli sonuglar alinabilir. Ayrica dinamometre sartlarinda aylarca siiren bir test, bu
program sayesinde, hem daha kisa siirede hem de birbirinden farkli varyasyonlar i¢in
olustururalak kosulabilir.

Son yillarda yukarida belirtilen miisteri beklentilerini karsilamak amaciyla,
performans ve yakit ekonomisi dikkate alinarak, asirt doldurmali motorlar yaygin
olarak kullanilmaya baslanmstir. icten yanmali motorlarda kullanilan asir1 doldurma
sistemlerin amact moto verimini arttirmaya yoneliktir. Turbosarjli ya da siipersarjh
olarak isimlendirilen bu sistemlerin ana prensibi, silindir icerisine basingh hava
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gonderilerek yanma veriminin arttirilmasi, boylece egzoz sirasinda disar1 atilan
yanmamis yakit oranin azalmasini saglamaktir. Asir1 doldurma sirasinda elde edilen
yiikksek basing, sicaklik ve daha iyi bir yanma sonucunda vuruntu ihtimali de
giindeme gelmektedir.

Vuruntu sebeplerinin basinda secilen yakittaki oktan sayisi gelir. Oktan sayis1 kisaca,
yakitin motor vuruntusuna olan dayanimi olarak tanimlanabilir. Diisiik oktan sayili
yakitlarin tutugsmaya daha erken baslamasindan dolayi, vuruntu ihtimali daha da
artar. Bu ¢alismada en yaygin olarak kullanilan oktan sayis1 95 olarak secilmistir.

Icten yanmali motor performansim etkileyebilecek bircok parametre vardir. Bu
calismada, bu parametrelerden atesleme avansi, sikistirma orani ve doldurma basinci
gibi faktorlerin motor performansi iizerindeki etkisi arastirilacak ve secilen bir
benzinli motor icin en ideal calisma sartlar1 irdelenecektir. Bu sonuglara varabilmek
icin, simiilasyon programlarmdan Ricardo Wave isimli program kullanilmistir. Wave
program1 motor performanst ve NVH analizlerinde kullanilan, tek boyutlu motor
modelleme, gaz dinamik analizleri, denizcilik, yeralt1 tasimacilign vb. gibi alanlarda
kullanilan bir simiilasyon SW paketidir. Programda performans ve akustik ile ilgili
simiilasyonlar, emme, yanma ve egzoz sistem diizenlemeleri, aktarma organlar1 da
gozoniinde bulundurularak biitiin ara¢ simiilasyonunu da gosterecek sekilde
tamamlanabilir. Buji ateslemeli motorlardaki ileri seviye yanma modellenmesi, agir
doldurma icin kompressor ve tiirbin haritalarinin motor hacmine gére ayarlanmasi,
gercek zamanh simiilasyon yetkinligi, egzoz sistemlerinin modellenmesi bu program
avantajlan arasinda gosterilebilir. Programa istenilen tiim girdiler eklenerek motor
performansi hakkinda yorumlar yapilabilir.

Baslangic olarak, secilen motor simiilasyonda, 5 farkli sikistirma orani i¢in, O derece
krank acisindan, 50 derece krank acgisina kadar kosturulacaktir. Fakat vuruntu
limitlerine gelindiginde her sikistirma orani icin 50 derece krank agisina kadar
simiilasyonu devam ettirmek miimkiin olmayacaktir ve alinan grafiklerde 50 derece
krank acisina gelmeden egrilerin sona erdigi goriilecektir. Bunun sebebi artan
sikisgtirma oranlarinda, daha fazla sicaklik ve basing degerlerine ulasilmasi ve
vuruntu sinirinin belirlenme ihtiyacidir. Yukarida bahsedilen ¢alisma kosullan 3
farkli motor hiz1 icin irdelenecektir. Bu ii¢ farkli motor hizinin verdigi motor
ciktilarina gore, elde edilen en yiiksek motor giicii ve en diisiik yakat tiiketimi igin
yorumlama yapilacak, sonrasinda irdelenen hiz ve sikistirma orami verilerinden
optimum degerlerin alindig1 sikistirma oranina ve hiza karar verilecektir.

Belirli bir motor hiz1 i¢in secilen optimum calisma kosullarinda bazi degisikliklere
gidilerek, motor giici ve yakit tiiketimi i¢in alinan degerlerde tekrar iyilestirme
caligsmasi yapilacaktir. Bu iyilestirme ¢aligmasi halihazirda turbosarjli olan motorda,
asirt doldurma yapilarak ve yine vuruntu limitleri goz 6niine alinarak farkli atesleme
avanslan taranacak sekilde yapilacaktir. Doldurma basinci ilk alinan degere gore
yiizdesel olarak arttirilacak ve motor ciktilar1 tekrar control edilecektir. Motor
silindirleri i¢ine daha fazla sikistirmis hava gonderildiginden, optimum hava yakit
kangimimi saglayabilmek adina, silindirler igerisine verilen yakit miktar1 da ayni
sekilde belli yiizdelerle arttirilacaktir. Boylelikle sadece doldurma basinci degil, yakit
miktarinin da ayarlanip, bir artisa gidilerek sonuclarin irdelenmesi gerekecektir. Asir
doldurma silindir igerisine gonderilen sikistirlmis ve daha fazla hava miktan
sayesinde daha bir yanma saglar. Bu da daha yiiksek sicaklik ve basing verileri
anlamina gelir. Yiiksek basing ve sicakligin bir iiriinii olan vuruntu ihtimali tekrar
karsilagilan bir sorun haline gelir. Bunu yorumlayabilmek i¢in, silindir icinde olusan
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basing ve sicaklik verileri baz alinarak vuruntu hesabi yapilacaktir. Elde edilen
vuruntu limitlerine gore, her farkli motor hizi icin atesleme avansinin hangi
noktalarda yapilabilecegi arastirilarak, ¢iktilarin degerlendirmesi yapilacaktir.

Son olarak elde edilen veriler baslangi¢ kosullarina gore incelenerek bir kiyaslama
yapilacaktir. Bu sayede secilen benzinli ve asir1 doldurmali bir motorda, belli bash
motor parametrelerinin degistirilerek en iyi ¢alisma kosullarina nasil ulasilabilecegi
ve agir1 doldurmanin etkileri irdelenecektir.
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1. INTRODUCTION

1.1 Motivation

Internal combustion engines are widely used engines in the automotive industry, and
also gasoline engine usage is quite much all over the world. So the purpose of the
manufacturers is to get high quality and performance with the correct correlation of
all vehicle parameters as well as the possible lower fuel consumption as an
advantage. This view is a motivation to start this thesis to investigate some of these
parameter’s impact on a spark ignition engine by getting the optimum engine

working conditions.

1.2 Literature Review

A number of considerable studies presented over the last years to explain the method
of improvement for the SI engine performance. There are several parameters that
have impact on the engine working conditions. Compression ratio, spark advance,
boost pressure and so on. In some of the researches, the effect of different
compression ratios on both emissions and engine performance was studied to find
optimum level of the operating conditions. Increasing the compression ratio could
improve the thermal efficiency of an internal combustion engine by producing more
engine power. It was also observed as a reduction on BSFC level by increased
compression ratio [1]. But there is a limitation for compression ratio which is
knocking limit, due to increased temperature and pressure levels. Knocking also
directly defines the emission level on an IC engine, durability, BSFC as well as the
power. There are different trends of knocking for normal combustion, conventional
knock and super knock. These trends can be controlled with correct spark timing by
defining optimum operation points [2] [3]. As a function of spark advance angle for
various compression ratios, there was a significant decrease on fuel consumption by
increased compression ratio. As mentioned above limitation is the knocking limit,

which prevents to get more power or lower BSFC with more compression ratio and



boost pressure the more probability of engine knocking occurs [4] [5]. Lately, there
is an increasing interest in supercharging on SI engines. At this point, it is necessary
to mention about the effect of boost pressure on engine performance and exhaust
emissions. Getting more air inside the manifold by creating boost pressure, improves

the combustion to give better performance output [6].

1.3 Objective

Literature survey and the background knowledge presented that engine performance
improvement is a key factor for the engine production by selecting the correct and
optimum engine parameters. To be able to get a wide customer map and high level
confident of a production, it is must to create correct design of a vehicle and the
engine to be able to satisfy customers as well as to have a good reputation in the
market. Thus, the objectives of this thesis are to develop a SI engine model by using
the Ricardo-Wave software and investigating the possible performance
improvements by adjusting the critical engine parameters. As mentioned in the
motivation section, spark advance, compression ratio and boost pressure will be
examined to come to a conclusion for engine performance enhancement. Once model
is created in the Ricardo Wave SW tool, all compression ratios to be swept from 8:1
to 12:1 for 2000, 4000 and 6000 rpms against to different spark advances. In the
meantime, in-cylinder pressure and temperature values to be monitored to calculate
knocking integral to recognize at which spark timing knock occurs for each
condition. Based on the outputs for these operating conditions, maximum power and
lower BSFC point to be selected as second start point. As soon as the optimum point
is gathered, boost pressure impact will be investigated to see the impact on engine
power, BSFC as well as the emissions. It will be also required to adjust injection
flow rate as it is comparative to the boost pressure where to gain AFR as 14.7

(stoichiometric ratio).



2. GENERAL REMARKS

2.1 Internal Combustion Engines

Internal combustion engines generate mechanical power by combustion of a fuel-air
mixture. Combustion process is a way of releasing energy from the fuel-air mixture.
Working principle of this process is to convert chemical energy of the fuel to
mechanical energy by a rotating output shaft. With the combustion of the mixture
inside the cylinders, chemical energy of the fuel is converted to thermal energy by
raised temperature and pressure inside the cylinders. After then crankshaft is rotated
with the expansion of high pressure gasses which generates the mechanical energy as

an output of the engine.

There are generally two types of internal combustion engines in automotive industry;
compression ignition diesel engines and spark ignition gasoline engines. Usually
both of these engines are four-stroke cycle engines which imply that each cycle

requires intake, compression, combustion and exhaust events [7].

2.1.1 Spark Ignition Engine Basics

Spark ignition engines are internal combustion engines, which are also called as
gasoline engines. The main principle of the SI engines is the usage of spark plug to
start combustion process in each cycle. At the end of the compression event, spark

plug provides required spark inside the cylinder to start combustion event.

2.1.2 Comparison of Spark Ignition and Compression Ignition Engines

Spark ignition gasoline and compression ignition diesel engines differ in how they
supply and ignite the fuel. In a spark ignition engine, spark plugs are used to start
combustion with the mixed fuel and air which inducted to the cylinders during intake
event. In a diesel engine, vaporized fuel is sent into cylinder with pressurized, hot air
which causes the ignition in a different way than SI engines. Because of the high

compression ratio and temperatures on CI engines, the torque generated by CI



engines is very high when compared to SI engines. This also brings a negative

impact on CI engines as high vibrations.

2.2 Turbocharging

Turbochargers are supply systems that compress the air entering the engine causing it
to be extremely dense; with more air in a small area, more gasoline can be coupled
with the air creating larger explosions in the cylinder which help the car to progress

forward.

As more gas passed through the turbine housing, the faster the turbine wheel rotates.
Compressor wheel speed increases with the impact of the increased turbine wheel
speed. This creates a sucking process which procures air from the atmosphere into
the compressor cover. The faster the wheels spin, the more air is absorbed in. As the
air is sucked into the compressor cover, it is forced through a diffuser area which
compresses the air and leads it into the engine. This process results the increase

temperature in the air, up to 180°C.

/

Figure 2.1 : Turbocharger [8].
Some of the advantages of turbocharges could be listed as follow:

= By getting more pressurized air inside the cylinders, the more power engine

produces.

» Jdeal combustion occurs at stoichiometric ratio of about 14.7:1. That means

the more air you burn, the more fuel has to be burned.



= Performance of turbocharges are profitable particularly at high altitudes.
Because of the high air pressure at high altitudes, the power loss of the

ordinary engines is more than turbocharged engines.

= Turbocharged engines consume less fuel when compared to air powered

engines with similar power.
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Figure 2.2 : Turbocharger structure [8].
2.3 Boost Pressure

Boost pressure is the pressure that is created by turbocharger system. The air
pressure in the inlet manifold could be described as boost pressure. It is proportional
with the exhaust thermal energy. Hence higher engine RPM drives higher boost

pressure.

Exhaust gases from the engine are used to spin the turbine, which in turn drives the
compressor through a shared shaft, which generates boost pressure to be sent to the

engine. Based on the experiences typical boost level is 1.0 — 1.8 bar [10].

Turbochargers’ basic purpose is to create boost pressure, so when an otherwise
strong running engine suddenly becomes powerless usually it may mean

turbocharger trouble.

2.4 Spark Advance

Ignition timing (spark advance) is the process of angle setting relative to both

crankshaft angular velocity as well as the piston position to start an arc, which will



occur close to end of the compression event in the cylinder. Spark is given before

piston position at TDC that allows having better mixture of the fuel-air.

Correct ignition timing is a substantial parameter that needs to be set. Getting the
spark too soon or too late may cause different problems in the engine like excessive
vibrations or even it may cause engine damage. It also has impact on fuel economy,
engine power, knocking and so on. Recent times, older engines used mechanical
spark distributors, which are driven by inertia as well as manifold vacuum. Current
modern engines use a control unit in order to set spark timing, which is depending on

load range, engine RPM etc.

Any greater changes on the engine would drive a change to the ignition timing. There
may be many factors that have impact on the spark advance like; engine speed, turbo
boost pressure, intake air pressure, engine temperature, fuel type, content of the fuel,

and the position of the spark plugs etc.

Spark advance is also used to adjust knocking characteristics for the turbocharged SI

engines.

2.5 Engine Knocking

Engine knocking is described as a metallic sound that engine makes during gas pedal
is pressed. It is one of the most restrictive factors in increasing the efficiency of
gasoline engines as an abnormal combustion process that occurs when part of the
unburned air/fuel mixture explodes outside the envelope of the normal combustion
front. That drives fuel to burn in mismatched pockets instead of uniform explosion;
this may also cause damage to piston and cylinder wall. Possible sources of the
knocking are; usages of low octane rating, incorrect spark plug selection, carbon

deposits that cause improper combustion process [7].

Octane number is one of the most important parameters of the knocking possibility.
It could be defined as a standard measure of the performance of an engine fuel
against to knocking. The higher octane number the greater the resistance gas to
knocking. The octane requirement of a gasoline engine changes with the
compression ratio and other operating conditions, which has results on engine

performance by helping increasing the efficiency.



3. ENGINE MODEL

3.1 Engine Specifications

For this study 1.0L 125 PS GTDI engine is modelled on the Ricardo Wave software.
Model creation details to be explained in the following section. This gasoline engine
to be addressed based on full load conditions for particular RPM values. Basic

engine specifications as follow:

Table 3.1 : Engine Specificications

Bore 71,9 mm
Stroke 82 mm
Number of Cylinders 3

Engine Displacement 0,999 L
Rod Length 137 mm
Piston Pin Offset 7,5 mm
Firing Order 1,2,3
Fuel Gasoline
Injection System GDI
Induction System Turbocharged
Maximum Power 125 PS







4. METHODS OF USED SOFTWARE - RICARDO WAVE

4.1 Ricardo Wave

Ricardo Wave is 1D gas dynamics and engine simulation software tool which used
for the engine performance analysis and NVH. It also procures to analyse mass

flows, energy losses at connection points and dynamics of pressure waves.

By using one-dimensional formulation, Wave tool enables performance simulations
of any exhaust, combustion and intake system constellations. It allows to get engine
performance outputs by creating CI and SI combustion sub-models, NOx, CO and
HC emissions sub-models, cylinder pressure heat release analysis, torque response
studies, intake and exhaust geometric designs, fuel consumption prediction and so

on.

Basically, Wave tool has tree primary types as pre-processors, solvers, post-

processors.

Pre-processors are used to establish the simulations. The pre-processors allow user to
put all required input to the relevant windows by adding critical parameters of the
engine that allows describing simulation and getting analysis results. The provided

information to the pre-processor is transformed as an input format for the solver.

Solvers are used to examine the data provided by the pre-processors. The solvers are
almost entirely non-interactive; they simply read input data, process it, and create

output data from the simulation.

Post-processors are used to view and decode the results provided by the solvers for
the simulation. It is possible to create 2-D and 3-D graphs, pictures of results and
simple text reporting based on the user input. WavePost tool is used for this study to
create all relevant outputs. The WavePost is graphical post processor which enables

visualization and report generation by adding multiple plots for the needed outputs

[9].



4.2 SI Engine Model Creation

SI engine model creation starts with a single cylinder model creation in the Wave
tool. In order to model single cylinder engine intake and exhaust ports are created
with duct elements as start point as well as to be able to simulate the real life
conditions ambient junctions added. Likewise, all other features added to the model;
cylinder, engine, compressor, turbine, injectors, intake-exhaust manifolds, catalyst

and so on.
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Figure 4.1 : SI engine base components [9].

One of the important parameters is the engine block where geometry, combustion,
operating parameters, turbulence and flow are defined.
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Figure 4.2 : SI engine model in Ricardo Wave software tool.

Geometry tab is used to define number of cylinders, stroke per cycle, engine type,

piston details, firing order for each cylinder and some other additional data.
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Operating parameters tab is to describe engine speed, reference pressure and
reference temperatures. These values are added directly to constants table where they
are defined specific for each different case and could be changed manually for each
situation. If these values will not be swept or if they will be kept as fixed, then they

would be directly added in the Operating Parameters tab.

In Turbulence and Flow tab relevant flow model needs to be added to simulate the
turbulent flow inside the cylinders based on cylinder geometry. In the Head

Geometry tab turbulent flame CAD file is inserted for correct cylinder modelling.

w Case #1: Engine General Panel El
Geomelry | Operating Parameters | Scavenge | Combustion | Conduction | Heat Transfer | Turbulence and Flow | Head Geometry | Slaved Models
Configuration Friction Correlation
Mo. of Cylinders |3 ACF [1.5406& bar )
Strokes per Cycle |4 [v] BCF |0.0005
Engine Type | Spark Ignition ] CCF | 49.0305 Pa*min/m v
Displacement |0.998 1 QCF |1.2000 Pa*min*2im*2 v
Imposed Piston Motion Firing Order and Relative TDC
) 1 2 3
Printout Flag Cylinder | 1 3 3
In-Cylinder State | 0 TDC |0 240 | 240

Port Conditions | O

Required for Swirl Prediction

Piston Bowl Depth | 0.0 mm ]
Piston Bowl Diameter | 0.0 mm v
Piston Bowl Rim Diameter | 0.0 mm v
Fiston Bowl Volume | 0.0 mm*3 v
Apply Cancel Help

Figure 4.3 : Engine general panel.

Likewise, emission functions could be switched on from the combustion tab to get
NOx, CO and HC models. Emissions sub-models are used to calculate the in-
cylinder accumulation of common engine emissions forms. These emissions sub-
models for SI engines, predicts emissions production during combustion and exhaust.
Details of the emission predictions in the simulation program, to be given in the

following sections.

A simple knock prediction model is also available in the combustion tab. Ricardo
Wave SW does not give exact knocking integral value, hence knocking integral
calculation formula is used to find out knock limits. Based on the in-cylinder

temperature and pressure it will be easy to find knocking integral with a formula [3].
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Constants Table | Sweep Constants | Dependent Constants | External Constants

Name Units Case 1 Case 2
Status

Title Case 1 |Case 2

Att01 Eng Speed 6000 5500
Att02_Sim Dur 150
Att03 Cam Phase In ]

Att04_ Cam Phase Exh 3
Att05_Thrt_aAng 30

AttO6 P Manifold 1.957

Act07_350I 320.5999787| 320
Att08_Lambda 1.011396466
Att09 P Ambient 1.0016

Attl0 T Ambient 300.85

Attll T Coolant 363.55
Attlz_T_0il 392.75

BAttl3 T Fuel 298.139

Attl4 T _Eng Bay 325

Attls Inj_Pulsewidth
Attlé DXI mm
Attl7_DXE m
AttlS Valve Lash In mm
Att20 Valve Lash Exh mm
Att2l Cam Lock_In
Att22_Cam Lock Exh
Atti3_Inj_Vapour

<

Case Title Format |m;rro

Mumber of Cases |12 5 | | Export... | |Display F‘roﬁle...| |CatalogUSage...

Cancel

Figure 4.4 : Constant table.

Cylinder geometry is a critical input to the model. Important inputs could be listed as

follow:

¢ [Initial conditions for piston top temperature

¢ [Initial conditions cylinder liner temperature

¢ [Initial conditions cylinder head temperature,

e Valve definitions

e Sub-models:
o Primary combustion model as Turbulent Flame Model
o Heat transfer model as Woschni Model

Based on the engine data, all required inputs entered to the software for cylinder
details and sub-models. These sub-models should be also part of the cylinder design

to be able obtain reasonable data outputs.
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Template Mame

| Default Engine Cylinder

Mame Cylinder Mumber Mumber of Valves

ot IiE |2

| Edit Engine General Properties

Geometry | Initial Conditions | Valves | Sub-Models | Initial Fluid Composition

Head | Piston

Bare |?:L.9

Stroke | 82.015

Range: STROKE
Default: 0 [mm]
Absolute Range: = 0

Clearance Height | 1

Cancel

Figure 4.5 : Cylinder panel.

Hence, 1.0L engine model is with turbocharger, compressor and turbine details also
entered to the software. Turbine map and compressor map files are get from the
manufacturer to provide the data to Wave software. Turbine map gives the turbine
performance values based on speed vs pressure ratio. Compressor map gives the
compressor performance by pressure ratio vs mass flow rate. These are important
inputs to understand the performance range of the turbocharger by commenting on

the maps.

Compressor map is mapped on axes of air flow rate versus pressure ratio. Pressure

ratio=P1 /P2

P2
Exit Flow
Inlet Flow
P1 e
Mass Flow rate

Figure 4.6 : Mass flow rate.
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Figure 4.7 : Compression map example [10].
4.2.1 SI Turbulent Flame Model Creation

Combustion is one of the major inputs for a 1-D gas modelling simulations. To be
able to start creation of combustion model “Combustion” tab is a used which allows
modelling with either Wiebe or turbulent flame model for SI engines. For this study
turbulent flame is used, in this way it was able to adjust spark advance for each
cases. This primary combustion model could be applied to all cylinder elements in an
SI engine and it is required to be used with specified cylinder head geometry as well
as flow sub-model. There is another tab inside the “Turbulent Flame Combustion

Model” as “Flame” where burned map file should be inserted.
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Instead of defining a constant to this function, spark advance was added to the
constant table as “Spark Timing”, which is modified during simulation for different

compression ratios and engine speeds.

m Case #1: 5l Turbulent Flame Combustion Model *

Model Name

| turbflamel

3park  Flame

Spark Timing (ATDC) |{5parkriming:- | deg v

Spark Kernel Growth |Spark Enhancement V|

Spark Power Input |3C-.0 |

Arc Discharge Duration |C'-C'5 | ms "

Apply Cancel Help

Figure 4.8 : Turbulent flame combustion model and spark timing definition.

Some additional data is required as an input to this combustion sub-model. Stl CAD
data is used for the engine cylinder geometry, which is inserted into the flame model
during model creation. This CAD file should be imported to Wave Mesher to adjust
spark plug, valves and piston boundaries. WaveMesher, is an additional tool inside
the Wave program, is used to simulate 3D geometry of the cylinders as well as to
predict the burned/unburned zones volumes inside the cylinders. In the Flame tab this
meshed CAD model is inserted to help prediction of the turbulent flame based on

cylinder geometry.

Predictive model is created with closed valve positions and piston is positioned at
TDC. Swirl orientation is around the z axis and the tumble orientation is around the y

axis.
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m Case #1: 5| Turbulent Flame Combustion Model x

Model Name

| turkflamsl

Spark Flame

Turbulent Flame Model | Turbulent Flame ~

Burned Maps File | <Coms_chamb: @

Flame Kernel Size to Taylor Scale | L-¢

Laminar Flame Velocity Scaling Factor | 1-©

Turbulence Velocity Scaling Factor | 1-2

Turbulence Combustion Enhancement Exponent Index 1.0

Apply Cancel Help

Figure 4.9 : Turbulent flame combustion model and turbulent flame model
definition.
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Figure 4.10 : Cylinder geometry and valve position [9].

Cylinder geometry is defined in the WaveMesher tool based on the engine
specifications. Boundaries are required to define the 3D model in details, like piston,
liner, head, intake valves, spark plug and exhaust valves. WaveMesher tool ensures

to define all boundaries for listed details above.
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Figure 4.11 : Valve geometry in Wave Mesher tool [9].

Boundary painting is a method to define intake / exhaust valves and cylinder
boundaries to be able mesh all geometry and get a better simulation of flame model.
After creating all boundaries, SW allows to create a combustion map, which will be

used in the turbulent flame combustion model.

4.3 Knock Prediction

Engine knock is one of the challenging event for the internal combustion engines. It
is also one of the most definitive factors in increasing the efficiency of gasoline
engines. Knowing the knocking limits of an engine and taking into consideration this
information in the 1D simulation model is requisite for performance optimization and
get real time results. To be able to predict knock behaviour for each individual
cycles, following formula is used based on in-cylinder pressure and temperature.
Required inputs for this formula are; fuel octane number, activation temperature
multiplier, and pre-exponential multiplier. The typical number for fuel octane

number is 95 for gasolines.

= . [ % . —_—
‘ 100 “P\UT
where: A, = User-entered pre-exponential multiplier

ON = User-entered fuel octane number
P = Cylinder pressure [kgf/cmz]
At = User entered activation temperature multiplier

T = Unburned gas temperature [K]
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4.4 NO, Emissions Prediction in the Model

NOx emissions sub-model in the Wave tool could calculate the NOx formation
during combustion and exhaust events in the engine cylinders. NOx formations are
strongly temperature dependent hence non-homogeneity of the flame inside the
cylinder combustion chamber should be considered. All the NOx is assumed to be in
the form of NO during the prompt formation phase as well as the thermal phase

described below by the extended Zeldovich mechanisms of NOx formation [3]:

N+N029N2+O
N+O,2NO+O
N+ OH = NO + H

4.5 HC Emissions Prediction in the Model

HC emissions sub-model in the Wave tool could also calculate the HC emissions.
There are several inputs to create the model for the HC prediction like, oil density,
molecular weight of the engine oil, array of temperature values corresponding to the

viscosity array.

W Case #1: Engine General Panel “

Geometry | Operating Parameters | Scavenge | Combustion | Conduction | Heat Transfer | Turbulence and Flow | Head Geometry | Slaved Models
Primary Models | Secondary Model = Emissions

sl Diesel

NOx | €O | HC | Knock

[¥]Enable S1 HC Emissions Model  FUelD |1

Geometry | Lubricant| PostFlame Oxidation

d[HC] :_CRAeXp(_E][HC]a[Oz]b
dt RT

A | 7.7TE1S cm*3/molls v
E|1.5685 kJikmal v
al1.0
b1.0
CR |0.2

Oxidation Threshold Temperature | 600.0 K v

OK Apply Cancel

Figure 4.12 : Hydrocarbon emissions calculation in the simulation [9].
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5. ANALYSIS AND RESULTS

During this study engine performance outputs investigated based on different engine
speeds, compression ratios and spark advances. To this respect; engine power, BSFC,
brake specific CO, brake specific NO values examined to come through optimized
engine operating conditions by sweeping engine speed from 2000 rpm to 6000 rpm;
in the meantime, spark advance has been changed from 0 deg to 50 deg, which will

be explained in detailed in the following sections.

Once maximum engine power and minimum BSFC are obtained for a particular
compression ratio and spark advance, boost pressure to be increased to come up to
push the limits for more power and lower BSFC, this point to be determined as the

ideal working conditions for this 3 cylinder, turbocharged, gasoline engine.

5.1 Influence of Spark Advance on Engine Performance for Different

Compression Ratios

During engine operation, different rpm values and compression ratios have impact on
the performance. After model run in the Ricardo Wave software for the 3-cylinder
engine, following plots created to interpret possible impacts on engine performance
by changing spark advance as well as engine speed. Compression ratio is swept from

8:1 to 12:1; in the meantime, spark advance is swept from 0 deg to 50 deg.

5.1.1 Model Outputs for Compression Ratio 8:1

As a start point compression ratio is selected as 8:1 and spark advance is swept from
0 to 50 deg CA. During 0 deg CA spark advance, BSFC is captured between 350-400
g/kWh for almost all speeds; once spark advance is reached up to 50 deg CA, BSFC
started to drop down for all rpms by increased spark advance prior to the top dead

center.

Lowest BSFC value is determined at 45-degree spark advance, where engine
maximum power is got at same spark advance for 6000 rpm for 8:1 compression

ratio. As purpose of this study, this approach to be applied for all compression ratios
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to monitor maximum power with minimum BSFC. At the end the most proper
condition to be focused to optimize engine operating conditions with the increased
boost pressure. Thus, turbocharger impact on a gasoline engine will come to exist
with impact on engine power and BSFC. Turbocharger impact to be applied by
increased boost pressure on the manifold side. As more air to be sent inside the
cylinders, more fuel injection to be adjusted as well. As explained in the prior
sections knocking integral is calculated for each single compression ratio status and
each engine speeds, based on the cylinder pressure and temperature. As shown in the
engine power and BSFC curves; knock has been detected on different spark advances
for each particular rpm value. It was 20 deg CA for 2000 rpm, 30 deg CA for
4000rpm and 48 deg CA for 6000 rpm. It is possible to receive power and fuel
consumption datas up to these limits. These knocking limits for different RPMs will

be shown in the following sections on the engine power and BSFC curves.

Engine Power vs Spark Advance [CR:8]

70 -

- r— — — — —

R L Knock Limit Curve

Engine Power [kW]

v 10 20 30 40 50
Spark Advance [deg CA]

—a— 2000rpm —a—4000rpm 6000rpm

Figure 5.1 : Engine power vs spark advance [CR: 8].

20



BSFC vs Spark Advance [CR:8]
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Figure 5.2 : BSFC vs spark advance [CR: 8].

5.1.1.1 Emission Outputs for Compression Ratio 8:1

CO and NO levels are critical from emission perspective. Hence following plots are
created to investigate.

It has been observed that CO levels for all engine speeds decreases with the
increasing spark advance. Similar trend is also captured for brake specific NO.
Minimum brake specific CO formation was detected at 6000 rpm and 45 deg CA,
which matches with the maximum power and minimum BSFC curves. Alternatively,
brake specific NO amount was not minimum at this spot. Once it is checked for same
spark advance e.g.: 20 deg CA: highest NO formation was detected at 6000 rpm,
which is reasonable as NO formation is a result of high temperature and high

pressure by increased engine speeds and an output of better combustion.
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Brake Specific CO vs Spark Advance [CR:8]
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Figure 5.3 : Brake specific CO vs spark advance [CR: 8].

For the other compression ratios, similar tendency observed for the engine power,
BSFC and the emission levels which will be shown in the following sections. As the
compression ratio increased, there was a significant increase in engine power and a
decrease in BSFC which is expected. For the increased engine speeds and
compression ratio correlations, more pressure and temperature is able to obtained in
general, which procures better combustion. This formation is the reason of getting
more power at higher engine speeds. Likewise, with the contribution of satisfied

combustion, BSFC get reduces with increased speeds and compression ratios.

Brake Specific NO vs Spark Advance [CR:8]
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Figure 5.4 : Brake specific NO vs spark advance [CR: 8].
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5.1.2 Model Outputs for Compression Ratio 9:1

Engine Power vs Spark Advance [CR:9]
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Figure 5.5 : Engine power vs spark advance [CR: 9].
BSFC vs Spark Advance [CR:9]
400
350

L
g8

p— e —— —

L Knock Limit Curve

o —

BSFC [g/kwh]
P
)

ta
8

100
Spark Advance [deg CA]

= 3 000rpm  —#&—A4000rpm  —*— 5000rpm

Figure 5.6 : BSFC vs spark advance [CR: 9].

23

- — — — — —

50

50



5.1.2.1 Emission Qutputs for Compression Ratio 9:1

Brake Specific CO vs Spark Advance [CR:9]
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Figure 5.7 : Brake specific CO vs spark advance [CR: 9].
Brake Specific NO vs Spark Advance [CR:9]
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Figure 5.8 : Brake specific NO vs spark advance [CR: 9].
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5.1.3 Model Outputs for Compression Ratio 10:1

Engine Power vs Spark Advance [CR:10]
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Figure 5.9 : Engine power vs spark advance [CR: 10].
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Figure 5.10 : BSFC vs spark advance [CR: 10].
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5.1.3.1 Emission Outputs for Compression Ratio 10:1

Brake Specific CO vs Spark Advance [CR:10]
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Figure 5.11 : Brake specific CO vs spark advance [CR: 10].
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Figure 5.12 : Brake specific NO vs spark advance [CR: 10].
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5.1.4 Model Outputs for Compression Ratio 11:1
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Figure 5.13 : Engine power vs spark advance [CR: 11].
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Figure 5.14 : BSFC vs spark advance [CR: 11].
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5.1.4.1 Emission Outputs for Compression Ratio 11:1
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Figure 5.15 : Brake specific CO vs spark advance [CR: 11].
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Figure 5.16 : Brake specific NO vs spark advance [CR: 11].
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5.1.5 Model Outputs for Compression Ratio 12:1

Engine Power vs Spark Advance [CR:12]
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Figure 5.17 : Engine power vs spark advance [CR: 12].
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Figure 5.18 : BSFC vs spark advance [CR: 12].
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5.1.5.1 Emission Outputs for Compression Ratio 12:1

Brake Specific CO vs Spark Advance [CR:12]
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Figure 5.19 : Brake specific CO vs spark advance [CR: 12].
Brake Specific NO vs Spark Advance [CR:12]
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Figure 5.20 : Brake specific NO vs spark advance [CR: 12].

According to the received datas, it has been observed that spark advance decreased
against to increased compression ratio. While it was possible to get data up to 45 deg
CA for compression ratio 8:1, it was only around 15-20 deg CA when compression is
reached up to 12:1. The reason of this, by increased compression ratio levels, in-
cylinder pressure and temperatures grow in parallel, which creates knock at these

limits.
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5.2 Basic Engine Data Outputs for All Compression Ratios

Following graphs show comparison between all compression ratios against to
increased spark advance. It could be seen in the next graphs as “possible maximum
engine power for different compression ratios” and “possible minimum BSFC for
different compression ratios”. With respect to the outputs above for 5 different
compression ratios; compression ratio 9:1 has given the better results against to
lower fuel consumption and upper limit of engine power at 6000 rpm when it is
compared to other compression ratios. It was possible to get lowest BSFC with
compression ratio 12:1 but the engine power was not highest at this level. Next step
will be to force these 9:1 compression ratio limits by increased boost pressure to
understand where it could be got more power with lower BSFC. In the meantime,
with same approach like at the beginning of the analysis, knocking will be monitored
to catch until which spark advance model could be run. Knocking integral results
will direct the study to limit spark advance and understand at which point optimum

level of results to be gathered.

Possible Maximum Power for All Compression Ratios [6000rpm]
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Figure 5.21 : Possible maximum engine power for different compression ratios
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Possible Minimum BSFC for All Compression Ratios [6000rpm]
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Figure 5.22 : Possible minimum BSFC for different compression ratios
5.3 Boost Pressure Increase for Compression Ratio 9:1 and Optimum Outputs

In this section limits of the 9:1 compression ratio to be forced by increased boost
pressure to get enhanced power and BSFC results. The mentioned outputs above are
got by setting boost pressure to 1.957 bar at first point where injection fuel rate was
7.8 kg/h for 6000 rpm 9:1 compression ratio. To continue the investigation boost
pressure is increased by %60 as 3.13 bar and injection fuel rate is increased by %30

as 10.14 kg/h.

Table 5.1 Comparison of initial values with modified model

Initial Conditions | Modified Model
Boost Pressure [bar] 1.957 3.13
Injection Fuel Rate [kg/h] 7.8 10.14
Engine Power [kW] 82 87
BSFC [g/kWh] 145 132

Same graphs have been created to investigate the impact of boost pressure on power

and fuel consumption and see the improvement.
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Engine Power vs Spark Advance [CR:9] BSFC vs Spark Advance [CR:9]
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Figure 5.23 : Engine power and BSFC values of CR: 9 for initial conditions

Engine Power vs Spark Spark Advance with %60 Increased Boost Pressure
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Figure 5.24 : Engine power vs spark advance with increased boost pressure [CR: 9].

It has been observed that, while it was possible to sweep spark advance till 40 deg
CA at initial condition; it was only possible to run the model around 22 deg CA with
the increased boost pressure and injection fuel rate. This trend was expected as by
increasing the turbocharger impact, pressure and temperature values are also
elevated. This causes the knocking occurrence earlier when it is compared with
initial conditions.

With the new conditions by changing the boost pressure and fuel injection rate, there
was an increase on engine power and reduction on BSFC when it is compared with

initial conditions.
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BSFC vs Spark Advance with %60 Increased Boost Pressure
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Figure 5.25 : BSFC vs spark advance with increased boost pressure [CR: 9].
5.4 Knock Integral Calculation

Outputs are investigated for all cylinder pressure and temperature values to be able
calculate knocking integral based on the following formula, all cylinders had the
same trend based on knock formation. With the increased in-cylinder pressure and
temperatures knocking detected in early spark advances by increased compression
ratios. Maximum cylinder pressure and temperature applied to the formula, based on
the combustion duration. Once the knocking integral is calculated as “1”, spark

advance adjusted as the limit for the condition of each compression ratio.
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Figure 5.26 : Cylinder pressure vs engine crank angle
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6. CONCLUSIONS AND RECOMMENDATIONS

During this study the optimum working circumstances of a turbocharged gasoline

engine has been observed. As a result of analysis which is performed in Ricardo

Wave SW, it was possible to estimate these conditions. Simulation programs could

be used for this kind of studies to be able simulate all possible failure modes as well

as to find the optimum operating condition of an engine, prior to any dyno work. Not

only the spark advance changes, or emissions analysis but also there are lots of other

comprehensive CAE features that may give better understanding of the engine

performance for each particular engine components.

Critical points and the summary of the work done during this thesis:

A deep literature research has been done to able to command the nature of the
engine parameters. Information is gathered for the engine performance
behaviour with different spark advances and compression ratios with

increased boost pressure.

Ricardo Wave software is used to create engine model and get output of

engine performance analysis.

Knocking integral calculation is considered to interpret correct limits of the

engine operation during increased spark timing.

Spark advance impact is controlled for each individual compression ratio and
engine speed. It has been swept from 0 deg CA to 50 deg CA for 2000rpm,
4000rpm and 6000 rpm engine speeds. By considering the knock limits,

particular spark advance limits observed for each cases.

By sweeping different compression ratios from 8:1 to 12:1 maximum power
and minimum BSFC point is selected as 9:1 compression ratio with 6000 rpm

engine speed.

After defining the optimum operating condition of the engine as 9:1

compression ratio and 6000 rpm engine speed, boost pressure is increased
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%60 based on the initial conditions. In same way, injection flow rate is also

increased %30 compared to baseline.

= Once boost pressure has been changed, further improvement was seen in the
previous optimized datas. e.g.: engine power increase and fuel consumption

reduction.

= Challenging and critical point was, new knock limits against to increased
boost pressure. The more increase on the in-cylinder temperature and the

pressure with turbocharger impact, the greater the probability of knocking.

= New knock limit was defined for compression ratio 9:1 by decreasing the
spark advance. And it is selected as optimum condition of the engine by

getting highest engine power and the lowest BSFC.

= Even injection flow rate is changed directly proportional with boost pressure,
there was a decrement on BSFC amount. The reason of the reduced fuel
consumption is having better combustion conditions which results higher
engine power and performance. Thus, it was possible to get lower input of

fuel.

It is described in the following tables for initial condition values for all compression
ratios and engine speeds. It could be seen that compression ratio 9:1 is the optimum
solution between all others. By increasing the boost pressure and injection fuel rate it

was possible to improve the power and BSFC values more.

Compression Ratio
E’ rpm 81 01 10:1 11:1 12:1
2 % 2000| 33,53722| 36,37498| 35,66356| 37,44033| 38,58246
E" @ |4000| 56,65869| 54,87704| 51,98063| 53,85806| 50,50853
& [6000] 78,67915] 81,90017 I
Compression Ratio
—_— rpm a1 91 10:1 11:1 12:1
e E 2000| 2204606 215,3977( 240,0934| 233, 4482| 252,9905
2 -a 4000| 175,0931| 187,5981| 202,3219| 195,6369| 213,9702
—  |6000| 136,2122| 144,9787| 150,7596| 159,7512| 180,6219

Figure 6.1 : Engine power and BSFC values for all compression ratios and engine

speeds
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Initial Conditions Modified Model
Boost Pressure [bar] 1.957 %60 iTCTEHS'E 3.13
Injection Fuel Rate [kg/h] 78 %30 irllcrease 10.14
|
Engine Power [KW] 82 %ﬁ,lin:crease 87
BSFC [g/kWh] 145 %9,8 iﬂlﬂﬁlﬂ? 132

Figure 6.2 : Initial model and modified model comparison
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