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Abstract

To effectively reduce fossil fuel dependence in the transport sector, an unprece-
dented increase in renewable fuel production is required. Short chain alcohols,
such as ethanol and methanol, are well placed as they can be produced in a
variety of renewable pathways from most carbon sources. Due to its high auto-
ignition resistance, ethanol and methanol cannot be used as drop-in fuels in
compression ignition engines that are prevalent in the heavy duty (HD) trans-
port sector but can be an immense advantage when used in HD spark ignition
(SI) engines.

One crucial disadvantage experienced by HD SI engines is the end gas auto-
ignition or knock which limits engine load, compression ratio and efficiency. It
was not established if ethanol and methanol can in fact achieve the required
load range in HD SI engines and if so, how efficient they would be. Diluting
the air-fuel mixture with excess air or exhaust gas recirculation can add knock
resistance by lowering in-cylinder temperature. Though dilution increases load
and efficiency, it also increases instability and ultimately causes misfires.

In this thesis, diluted combustion, knock limit and performance of ethanol and
methanol was studied using a single cylinder heavy duty research engine. The
required load was achieved with relatively good efficiency at lean operation and
potential for improving efficiency further was investigated using 1D simulations.
The modifications needed to utilize a semi-predictive combustion model in di-
luted operation were presented. Using simulations, the impact of turbulence on
the performance of Miller valve timing and the effect of squish area on piston
shapes to improve turbulence was discussed.

With Miller timing and fast combustion using high squish pistons, lean burn
ethanol and methanol can offer high efficiency, on par with compression igni-
tion engines. If ethanol or methanol production can be scaled up, HD SI en-
gines can provide good performance, low capital and operating cost for future
transport.



Sammanfattning

För att effektivt kunna ersätta fossila bränslen i transportsektorn krävs en drastisk
ökning av produktionen av förnyelsebara bränslen. Alkoholer med kort kolkedja,
såsom etanol och metanol, är bra alternativ eftersom de har flera möjliga
tillverkningsprocesser och kan produceras från de flesta kolbaserade råvarorna.
På grund av deras höga motstånd mot självantändning bör etanol och metanol
inte användas som drop-in bränslen i kompressionstända motorer, som är den
mest förekommande typen av tunga motorer idag. Däremot kan ett stort mot-
stånd mot självantändning vara till stor fördel om metanol och etanol används
i tunga motorer som istället använder sig av tändstift som antändningskälla, så
kallade ottomotor.

En stor nackdel hos tunga ottomotor är självantändning av den oförbrända
gasblandningen, även kallad knack, som begränsar motorns last, kompres-
sionsförhållanden samt verkningsgrad. Det var tidigare okänt om etanol och
metanol hade kapacitet att uppnå de laster som krävs av tunga SI-motorer,
och om de kunde uppnå detta med en tillräckligt hög verkningsgrad. Genom
att späda luft och bränsleblandningen med ett överskott av luft eller genom
avgasåterledning, så kan man öka motståndet mot knack genom att tempera-
turen i cylindern sänks. Även om spädning ökar last och verkningsgrad så gör
det också att förbränningen blir mindre stabil och det kan i värsta fall orsaka
misständning.

I den här avhandlingen har utspädd förbränning, knack begränsning och pre-
standa för etanol och metanol studerats i en encylindrig forskningsmotor. Den
önskade lasten kunde uppnås med relativt god verkningsgrad vid mager för-
bränning. Dessutom så undersöktes potentialen av ytterligare ökad verknings-
grad i 1D simulering. De justeringar som behöver utföras för att användandet
av en semi-prediktiv förbränningsmodell under magra förbränningsförhållan-
den presenteras. Simuleringen används för att diskutera hur turbulens och
Miller ventiltider påverkar motorprestandan, och vilken effekt squish och kolv-
formen har på förbättrad turbulensen i cylindern.

Genom Miller-timing och snabb förbränning samt kolvar som ger hög squish
kan mager förbränning med etanol eller metanol ge en hög verkningsgrad i
nivå med den som idag ges av kompressionstända motorer. Om etanol- och
metanolproduktionen skalas upp kan tunga ottomotor erbjuda framtida trans-
portlösningar med hög prestanda och låga investerings- och driftskostnader.
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Chapter 1

Introduction and Motivation

With a temperature increase of around 1 oC in the last 60 years [1], impacts
of global warming, such as depletion of arctic sea ice and coral bleaching, are
seen already. Mitigating global warming is an enormous and urgent undertak-
ing requiring international collective action on a variety of fronts. Transporta-
tion, accounting for 23% of the global carbon dioxide (CO2) emissions [2], is an
important area where anthropogenic greenhouse gas (GHG) emission reduc-
tion is required. As population and gross domestic product grows, transporta-
tion energy needs will inevitably rise in the future stressing the importance of
decarbonizing this sector.

Currently, combustion engines with gasoline or diesel fuel are the most promi-
nent prime movers in almost all parts of the world for both passenger and
freight transport. The future of passenger transport is likely to be served by
a mixture of propulsion systems [3] including partially electrification and bat-
tery electric vehicles (BEV). BEVs have found increased consumer acceptance
and provide excellent CO2 reduction over its lifetime as long as the electricity
grid is carbon neutral. Liquid fuels have higher energy density than batteries
and consequently offers advantages such as low recharging time, low weight
and high up-time when used in combustion engines making it an ideal mobil-
ity solution for heavy duty (HD) vehicles in freight transport [4]. The share of
CO2 contribution from freight transport to expected to grow and exceed private
transportation in the future [2]. To decarbonize this sector, renewable fuels are
a key consideration
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CHAPTER 1. INTRODUCTION AND MOTIVATION

1.1 Fuels for HD engines in freight transport

HD engines are predominantly powered by diesel engines using compression
ignition (CI) due to their high system efficiency. Renewable alternatives to
diesel, such as biodiesel (FAME) and hydrotreated vegetable oil (HVO), are
well known and in some places biodiesels are already blended into diesel fuel.
However, bio-diesel production was still only 25% of the total biofuel produc-
tion in 2015 [2]. Ethanol is by far the most produced biofuel currently and is
mainly blended into gasoline. In 2015, global biofuel production was about 4%
of the world road transport’s energy need [2]. To effectively decarbonize the
transport sector, renewable fuel production must be greatly scaled up making
it both viable and affordable.

Future biofuel production must contend with a variety of feedstocks depending
on the geographic location. As simple molecules, ethanol and methanol can
be manufactured renewably and are actually intermediary chemicals required
for FAME biodiesel production [5]. Ethanol has traditionally been produced
from fermenting sugar using sugarcane, corn etc. To overcome the conflict
between food, land-use and fuel, research is ongoing in extracting bio-ethanol
from waste lignocellulosic biomass [6]. Methanol, as an even simpler molecule,
can be readily synthesized from any carbon source. Instead of biological feed-
stocks, direct air capture (DAC) of CO2 and storage as methanol ‘e-fuel” has
also been proposed [7, 8]. DAC provides lower effective land use than forests
for the sequestered carbon [9] and will likely play a role in reducing atmospheric
CO2 in the future. Methanol and ethanol are well placed to utilize the varied
sources and become scalable future fuels to reduce carbon emissions in trans-
port.

As a liquid fuel, methanol and ethanol have advantages such as high energy
density (per unit mass) and are compatible with current fuel handling infras-
tructure. They can also be blended to gasoline, aiding the transition to re-
newable fuels as production is scaled up. Although largely beneficial, some
caution is required in the adoption of ethanol and methanol. Methanol is toxic if
ingested but the treatment is well established. The risk of ingestion can be re-
duced using additives which make it unpalatable [8]. The toxicity of alcohols to
skin contact is on par with gasoline or diesel and they biodegrade significantly
quicker in case of spills. Methanol flames are nearly invisible and is a signifi-
cant hazard though the flammability index is lower than gasoline [10]. Despite
the perception, the risks of ethanol and methanol can be mitigated and they
can be introduced safely as fuels.

Ethanol and methanol have high auto-ignition resistance making them difficult
fuels to use in CI combustion process. Using 5% ignition improver and a sig-
nificantly higher compression ratio (CR), Scania has demonstrated ethanol in
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1.1. FUELS FOR HD ENGINES IN FREIGHT TRANSPORT

convention CI combustion [11]. This is one of the widest applications of ethanol
in HD engines with over 600 buses in Sweden. In other commercial applica-
tions, Wärtsilä and MAN large bore engines have shown methanol direct injec-
tion along with a diesel pilot injection to ignite methanol [8]. In HD engines too,
diesel pilot injection and alcohol direct injection has shown good efficiency and
controllability [12, 13]. CI combustion process for alcohols, though efficient,
requires multiple fuel handling systems and high pressure injection systems
adding capital cost. Cetane improvers add operating cost and application has
been limited to public transport which have well established fuel storage and
logistics.

Diesel CI combustion engines are prevalent in the HD freight transport sector
because the alternative, gasoline spark ignition (SI) engines, does not meet
the load and efficiency requirement due to engine knock. Conventional knock
is defined as auto-ignition of the unburned air-fuel mixture before the flame
front consumes it. Knock causes pressure oscillation, high heat transfer and
can lead to engine damage [14]. It reduces the compression ratio and intake
air pressure that can be used in SI engines thus making it inefficient for HD
engines when run on gasoline. On the other hand, HD SI engines are com-
mercially available and usually use high octane compressed natural gas (CNG)
as fuel while retaining a relatively high compression ratio.

Ethanol and methanol, similar to CNG, have high resistance to auto-ignition.
Research octane number (RON) is a measure of the resistance to auto-ignition
and as shown in Table 1.1, RON is significantly higher for alcohols compared to
gasoline. In addition, the heat of vaporization (HOV) of alcohol fuels is higher
hence greater reduction in cylinder temperature can be achieved by evaporat-
ing alcohols than gasoline. With both high RON and HOV, alcohols generally
have lower knock propensity and can have higher compression ratio at the
same load or can increase load by using turbocharging.

In addition to the fuel octane number, diluting the fuel-air mixture has shown to
add auto-ignition resistance at full load by a combination of reduced cylinder
temperature and lower chemical reactivity to induce auto-ignition [19–21]. Al-
though combustion and knock has been studied extensively in light duty (LD)
engines using alcohol fuels, very limited studies focus on performance in di-
luted operation. It was also not clear if the required HD engine load and effi-
ciency could be achieved using ethanol and methanol since LD engine studies
have been limited by boost pressure or cylinder peak pressure while running
on alcohol [22].

3



CHAPTER 1. INTRODUCTION AND MOTIVATION

Table 1.1: Fuel properties [8,15–18]

Property Gasoline Ethanol Methanol CNG

Composition - CH3OH C2H5OH CH4

Lower heating value, MJ/kg 42.7 26.8 19.9 50

Heat of vaporization, MJ/kg 0.18 0.93 1.17 -

Stoichiometric air fuel ratio 14.7 9 6.45 17.3

Research octane number (RON) 95 109 109 120

Motor octane number (MON) 85 98 92 120

Laminar flame speed, cm/s
(stoichiometric at 1bar)

48.3
@ 358K

49.6
@ 343K

52.2
@ 343K

50.3
@ 360K

1.2 Research questions and thesis outline

In HD engines, the unburned fuel air mixture ahead of the flame front (end gas)
experiences longer residence time due to low engine speed and a larger bore
diameter. In addition, HD engines are generally highly boosted and require an
engine load of above 25 bar indicated mean effective pressure (IMEP) in op-
eration. Unlike LD engines, HD SI engines require extensive operation at high
loads, albeit at a limited speed range. This requirement implies that achieving
the required torque at the expense of fuel efficiency is not an acceptable trade-
off for HD engines. Hence a literature review was performed (and published
as Paper 1) [22] to assess the current state-of-art and identify gaps requiring
additional study to utilize ethanol and methanol in HD engines.

Broadly, three methods of reducing knock and relevant literate were discussed,
namely: higher octane fuels – ethanol and methanol, dilution using exhaust
gas recirculation (EGR) or excess air and higher turbulence level. Based on the
Paper 1: literature review [22], the following research questions were framed.

R1 Does dilution allow ethanol and methanol to achieve 25 bar IMEP in HD
SI engines? Does increasing intake temperature extend lean limit for
high HOV ethanol and methanol fuel?

It was hypothesized that dilution in addition to high octane fuels can increase
knock limited engine load to meet the HD engine requirement. Moreover, dilu-
tion reduces heat loss and exhaust energy loss to improve efficiency both full
and part load. The disadvantage of using dilution is the increasing instability
of combustion. Ethanol and methanol have higher HOV and experience lower
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1.2. RESEARCH QUESTIONS AND THESIS OUTLINE

temperature at spark timing which could worsen the instability further in diluted
operation [22]. It was hypothesized that increasing intake temperature can ex-
tend the lean operating limit of these fuels which can be utilized in the future
using residual gas or hot exhaust gas recirculation at part load.

Modeling alcohol’s behavior accurately at diluted conditions is a key require-
ment to expedite engine development when transitioning to these fuels. 1D
modelling is widely employed due to their low computation time in cycle sim-
ulations and acceptable fidelity. These models are an important resource for
engine development and support testing of a variety of designs prior to physi-
cal experiments. Three research questions related to the simulation of alcohol
combustion were tested in this work:

R2 Do simplified 0D models accurately capture diluted combustion and knock
of alcohol fuels? What are the modifications required to improve accu-
racy?

R3 Using Miller valve timing, can knock be effectively reduced and efficiency
of HD SI engine be increased? What is the effect of in-cylinder turbulence
reduction caused by Miller timing on performance?

R4 If turbulence can be increased using piston squish, how much perfor-
mance can be gained in HD SI engines?

With increasing dilution, the engine experiences progressively longer burn du-
ration. Although the impact of excess air and EGR dilution is included in these
models, the performance at higher dilution was found to be poor by previous
studies using gasoline [23,24]. The model’s performance for alcohol fuels was
unavailable and was investigated in this thesis. Using the validated combustion
and knock models developed, the impact of turbulence reduction when using
Miller valve timing was investigated and the trade off with thermodynamic effi-
ciency improvement discussed. Further, piston shapes to promote turbulence
was studied using simulations to improve performance of diluted alcohol en-
gines.

Research question R1 was investigated in Paper 2. Research questions R2,
R3 and R4 were investigated in Paper 3, Paper 4 and Paper 5 respectively.
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Chapter 2

SI Combustion

Spark ignited (SI) engines use a pre-mixed air-fuel mixture where combustion
is initiated by an external source, usually a spark plug. The engine load is
controlled by the quantity of air-fuel mixture in the cylinder. Hence, unlike com-
pression ignition (CI) engines, SI engines need to control the amount of air
in-cylinder along with the quantity of fuel injected to control load. The air-fuel
ratio is generally maintained stoichiometric, which is the amount of air required
to achieve complete combustion of the fuel injected. The air-fuel ratio in the
cylinder is generally described using the excess air ratio (equation 2.1); hence
λ = 1 at stoichiometric condition and λ > 1 at lean or excess air diluted condi-
tion. Stoichiometric operation is generally used in LD vehicles as a three-way
catalyst after-treatment functions well at that point. In excess air diluted condi-
tions, the three-way catalyst does not reduce NOx emissions.

Excess air ratio, λ =
inducted air mass

stoichiometric air mass
(2.1)

Combustion is initiated by an arc provided by the spark plug. The arc develops
into a small flame kernel and starts to expand. Until this stage, combustion is
dependent on laminar flame speed of the air-fuel mixture. As the flame kernel
becomes larger, small scale flow (turbulence) in the cylinder perturbs the flame
front and begins wrinkling it. A wrinkled flame front can consume a larger
unburned air-fuel mixture per unit time, increasing the overall velocity of the
flame brush. This velocity of the flame brush is termed turbulent flame speed.
The turbulent flame speed can be an order of magnitude higher than laminar
flame speed making in-cylinder turbulence level an important criterion for SI
engine design.

At higher engine load, SI engines can suffer from an abnormal combustion
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CHAPTER 2. SI COMBUSTION

event called knock. When combustion occurs, pressure and temperature of
the unburned mixture increases while the flame front is expanding. The un-
burned fuel air mixture ahead of the flame front is termed end gas. If the end
gas pressure and temperature reaches a critical point, auto-ignition can occur
before the flame front consumes it and is termed knock. Knock can cause sig-
nificant engine damage as it causes high frequency pressure oscillation and
increased thermal load on engine components. Conventional knock occurs
only after spark timing while combustion is still in progress.

2.1 Knock in SI engines

Knock limit is more critical at low engine speed, as shown in Figure 2.1, since
turbulence in-cylinder is generally lower leading to longer end gas residence
time before the flame front consumes it. The end gas can overcome the chem-
ical auto-ignition delay and knock if sufficient pressure, temperature, and resi-
dence time are available. To control knock, pressure in the cylinder is generally
reduced. Usually, this is achieved by retarding spark timing which causes com-
bustion to occur as the chamber volume is increasing thus lowering the bulk
temperature of the unburned fuel-air mixture. Unfortunately, retarding spark
timing reduces the expansion work that can be extracted before BDC hence
knock reduces efficiency of the engine.

Figure 2.1: Limits of SI engine operation and efficiency. Source: [22]

Apart from knock, SI engines’ efficiency is also limited by throttling at lower
loads as shown in Figure 2.1. Since a constant air-fuel ratio is required in tra-
ditional premixed SI combustion, load is controlled by throttling the air mass
entering the cylinder. During throttling, the suction stroke experiences a large
negative intake manifold pressure relative to ambient contributing to increased

8



2.1. KNOCK IN SI ENGINES

pumping loss. Additionally, LD SI engines use fuel enrichment (λ <1) at high
engine speed and load to limit component temperature. The excess fuel ab-
sorbs temperature during combustion thus reducing exhaust temperature. Both
throttling and fuel enrichment reduces brake efficiency of the engine and are
important considerations. However, this thesis focuses on knock limit and its
implications for HD SI engines.

Figure 2.2: Engine damage due to pre-ignition

As described earlier, conventional knock occurs subsequent to spark timing
and hence can be controlled by retarding it. In some cases, auto-ignition can
occur prior to spark timing and it is termed pre-ignition. In the case of pre-
ignition, the air-fuel mixture in the cylinder is entirely unburned and can cause
immense heat release and engine damage. Pre-ignition mainly occurs due
to hot spots in the combustion chamber from locations such as spark plug,
exhaust valve or piston bowl rim. As shown in Figure 2.2, a poorly selected
spark plug during initial experiments can cause large pressure oscillation and
engine damage.

Other than hot spots, pre-ignition can also occur using oil droplets or residual
solid particles as ignition sources [25]. In addition, the role of residual gases in
creating pre-ignition precursors in the next cycle has also been studied [26,27].
This type of pre-ignition event, termed low speed pre-ignition (LSPI) or super-
knock, is seen mainly in boosted direct injection engines. Even though such
events are sporadic, they can cause catastrophic damage as the pressure
oscillations are about an order of magnitude higher in intensity than conven-
tional knock [25]. The phenomenon usually contains a turbulent deflagration
which then causes auto-ignition ahead of the propagating flame. It is theo-
rized that the deflagration wave speed increases leading to detonation and
super-knock [28, 29]. Super-knock is not within the scope of this study though
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CHAPTER 2. SI COMBUSTION

it is important to consider this phenomena for highly boosted HD SI engines.
Within this work, end gas auto-ignition is henceforth called knock.

In large bore engines, knock is exacerbated as residence time increases due to
longer flame travel distance, low engine speed and low turbulence. When using
gasoline with a bore diameter of 170 mm, Roberts et al. [30] were limited to 8.7
bar BMEP using a compression ratio (CR) of 10. Chiu et al. [31] used a racing
fuel with 107 RON and were able to increase BMEP to 13.6 bar using an engine
with bore diameter of 123.8 mm. When using CNG as fuel, it is well established
that the high RON helps achieve the required load in HD SI engines. In this
work, ethanol and methanol results are highlighted and generally compared
with gasoline.

2.2 High octane fuels: ethanol and methanol

Ethanol and methanol, as seen by the RON value in Table 1.1, have signifi-
cantly higher chemical resistance to autoignition when compared to gasoline.
Their higher HOV also reduce in-cylinder temperature and knock. When com-
pletely evaporated, a theoretical 60K cylinder temperature reduction can be
attained by ethanol compared to gasoline [32]. In the case of methanol, HOV
can reduce temperature even further. Besides RON and HOV, alcohols show
higher resistance to low temperature heat release (LTHR). A negative temper-
ature coefficient (NTC) is seen for gasoline ignition delay in the transition from
low to high temperature chemistry [33–35]. Around an end gas temperature
of 750K, the change in ignition delay reduces and is critical for knock perfor-
mance in boosted down sized engines. As boost pressure increases to 1.5
bar-a, LTHR becomes a limitation in SI gasoline engines [36]. Unlike gasoline,
ethanol and methanol do not show NTC in their ignition delay time allowing
higher boost pressure than gasoline [37].

Ethanol and E85 have been tested extensively in LD engines of which some
results have been compiled in a literature review [22]. In a naturally aspirated
engine, Kasseris et al. [38] report 5% BMEP improvement at WOT with direct
injection of E85. At WOT, E85 could be operated at spark timing for maxi-
mum brake torque (MBT) and the BMEP can be increased if the engine can
be boosted. In fact, Pischinger et al. [37] showed about 60% increase in boost
pressure compared to gasoline on a LD engine. Warnberg et al. [39] demon-
strated about 30% increase in BMEP using neat ethanol direct injection. Szy-
bist et al. [40] increased CR by 3.5 points to 12.7 and obtained a 20% increase
in BMEP while still being able to operate at MBT.

In many cases, the available boost pressure or cylinder peak pressure of the
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2.3. DILUTED COMBUSTION

setup used limited the efficiency, compression ratio and load that could be
achieved using alcohols. Without these limits, Brusstar et al. [41] demonstrated
port injected ethanol and methanol using a compression ratio of 19.5. They
report 12.5 bar BMEP and 2% point higher efficiency for methanol compared
to diesel. However, the diesel baseline load was not achieved due to knock
limit.

There were few studies that showed alcohol combustion and knock in HD en-
gines. Ottoson and Zioris [42] used port injected E85 on a single cylinder
engine with a bore diameter of 127 mm and 13 CR. They report 17 bar IMEP
and 39.5% indicated efficiency at stoichiometric operation. In a similar engine,
Björnestrand [43] studied methanol direct injection using a high pressure injec-
tor at 17.3 CR and a global excess air ratio of 1.5. At 8 bar IMEP, over 45%
indicated efficiency was shown though inlet air was heated to achieve stable
combustion.

Apart from conventional knock, super-knock in various fuels and blends have
been discussed in previous works [37, 44, 45]. Despite the high auto-ignition
resistance, the longer injection duration when using ethanol was found to in-
crease wall wetting and super-knock incidences [45, 46]. Although the proba-
bility of super-knock events increased, the higher octane number reduced the
intensity of these events. The long injection duration can also increase total
particle number when using alcohol fuels [47,48].

2.3 Diluted combustion

Using stoichiometric air-fuel mixture, although advantageous for after - treat-
ment, is not efficient. The adiabatic flame temperature is highest at stoichio-
metric condition leading to heat loss. Diluting the unburned mixture, either
through excess air (λ >1) or through exhaust gas recirculation (EGR), has
shown to add specific heat to the mixture thereby reducing combustion tem-
perature [19]. The reduction in temperature decreases knock propensity, heat
loss and exhaust enthalpy loss. The need for fuel enrichment is also reduced
as exhaust temperature drops with increasing dilution. To add dilution, the in-
take pressure has to increase in order to maintain in-cylinder air mass and
engine load. At part load, the increase in intake pressure minimizes throttling
loss with the addition of dilution. At full load, higher boost pressure is required
which limits the amount of dilution that can be used. Theoretically, dilution can
offer efficiency gains at all parts of the operating map shown in Figure 2.1 if
boost pressure is not a limit.

Although dilution offers many advantages, one crucial limitation to dilution is
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Figure 2.3: Limits of combustion with increasing dilution

combustion stability. As dilution increases, laminar flame speed reduces thus
causing a longer flame development duration. The flame development time is
critical for stability as a longer duration increases the likelihood of combustion
variation. Combustion stability is measured as coefficient of variation (COV)
of IMEP as shown in equation 2.3. Although engine load can be increased
with dilution, ultimately, stability limits the amount of dilution that can be used,
as shown schematically in Figure 2.3. Moreover, increasing dilution requires
higher intake pressure to maintain the same air mass in-cylinder placing an
emphasis on the air charging system of the engine.

Indicated mean effective pressure: IMEP =
1

Vsw

∫
P dV (2.2)

Coefficient of variance: COV =
σIMEP

IMEP
(2.3)

Where, P = in-cylinder pressure; V = cylinder volume; Vsw = cylinder swept
volume

In full load operation, dilution lowers knock propensity by two methods. As dis-
cussed earlier, dilution adds specific heat to the unburned mixture (due to the
added air mass) thus reducing temperature and knock propensity. Apart from
the temperature effect, dilution also reduces the auto-ignition chemical reaction
rate allowing longer residence time before knock [20, 21]. With both tempera-
ture and chemical advantages, dilution using EGR and excess air has shown
reduced knock tendency [19, 49–52]. By reducing knock, combustion phas-
ing can be advanced to increase efficiency. Grandin et al. [19] indicated that
EGR and excess air dilution theoretically have similar knock reduction capabil-
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ity. If EGR can be used, dilution can be achieved with tailpipe stoichiometric
conditions which enables the use of a simple three-way catalyst.

There are limited studies focusing on the effect of dilution on knock using
ethanol and methanol. Using EGR, Gukelberger et al. [53] showed over 9%
point efficiency improvement at a knock limited operating point using gasoline.
With E85 however, the efficiency improvement was not as significant since
ethanol was not as knock limited and already had better combustion phasing
without EGR. Similarly, Kaiser et al. [54] showed a 5% BSFC reduction with
gasoline using dilution but only 3% reduction for E85. Diluted E85 combustion
aids reduction in heat loss but does not gain a benefit from knock limited phas-
ing. However, there is a potential to increase boost pressure and engine load
with alcohols when diluted.

Neame et al. [55] tested an EGR rate up to 45% and showed higher efficiency
for methanol at all dilution levels. Moreover, they showed that methanol gen-
erally had lower cyclic variations than gasoline. Pannone et al. [56] tested
methanol up to an excess air ratio of λ=1.8 and demonstrated about 14% ef-
ficiency increase at part load by diluting the mixture. In a direct injection SI
engine, Ning et al. [57] achieved nearly 50% indicated efficiency on increasing
excess air ratio to λ=1.4 at about 8 bar IMEP.

Many studies using ethanol and methanol diluted combustion have been lim-
ited to LD engine bore sizes and load requirements. There is certainly potential
for increasing boost pressure and load when using alcohol fuels. The high-
est demonstrated load in literature was shown by Brusstar et al. [58] using a
medium duty diesel engine architecture and 16.3 CR. With port injected E85
and M85, 18 and 20 bar BMEP respectively was achieved at around 40% ef-
ficiency. They noted that about 20% EGR was used to achieve this load. HD
engines require over 25 bar IMEP in application using a larger bore diameter
thus increasing the challenge.

Although some instability in SI combustion is inevitable, large fluctuations can
lead to partial misfire, higher hydrocarbon emissions, loss of efficiency and
rough running of the engine. With increasing dilution, laminar flame speed
reduces causing longer flame development time and instability. Even at stoi-
chiometric conditions, mixed results have been shown comparing gasoline and
ethanol combustion stability. Most studies [39,59] show that ethanol has higher
COV than gasoline at low load due to the high HOV and lower temperature at
spark timing. With EGR, Varde et al. [60] observed that E85 always showed
higher COV than gasoline. On the other hand, Sementa et al. [61] found that
ethanol always reduced COV compared to gasoline which the authors attribute
to better volatility. The role of temperature appears to be vital as shown by
Moxey et al. [62]. On increasing internal EGR, ethanol reduced COV whereas
iso-octane had increased instability. However, this result compares ethanol to
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a single component gasoline surrogate. Further investigation is required to as-
certain the effect of inlet temperature and potential to increase the lean limit of
alcohol fuels.

2.4 Impact of in-cylinder turbulence

Knock occurs when the end gas experiences pressure-temperature conditions
long enough for auto-ignition to occur. By increasing combustion speed, the
spark advance required for the same CA50 can be retarded. Even though the
in-cylinder pressure increases, a faster burn rate reduces the residence time
of the end gas at higher pressure and temperature thus reducing knock. As
discussed earlier, SI combustion and flame speed is highly dependent on in-
cylinder turbulence. To increase flame speed, in-cylinder turbulence must be
increased close to TDC.

In traditional SI engines, a structured bulk gas motion called tumble is used.
When the bulk air rotation has an axis perpendicular to the piton stroke as
shown in Figure 2.4b, it is termed tumble. On compression, tumble breaks
down into smaller eddies and turbulence and is ultimately dissipated. This
small scale turbulence close to TDC accelerates the flame front and reduces
combustion duration.

Figure 2.4: Schematic - in-cylinder flow

Increasing turbulence aids in reducing both knock and COV. With increased
turbulence, burn duration (CA1090) reduces leading to reduction in end gas
residence time and knock. Berntsson et al. [63] observed 20% reduction in
CA1090 and 1.2% point increase in efficiency due to advance in knock limited
CA50. Moreover, flame initiation duration (CA010) also reduces as the flame
kernel is more readily perturbed by small scale turbulence, expanding faster
and leading to lower cycle-to-cycle variations. Berntsson et al. [63] observed
around 30% reduction in the standard deviation of IMEP. Arcoumanis et al. [64]
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show a 1% point reduction in COV of IMEP and Takahashi et al. [65] were able
to increase lean limit from 20% to 28% EGR on increasing turbulence through
tumble.

When the bulk gas motion’s rotation axis is parallel to the piston stroke as
shown in Figure 2.4a, it is termed swirl. Unlike tumble, swirl does not dissipate
on compression and hence it is generally not used in SI engines. In addition,
swirl increases mean flow velocity close to the wall and increasing the heat loss
to cylinder walls. HD diesel engines typically use swirl motion to promote air-
fuel mixing and reduce soot [66]. HD SI engines that are derived from diesel
engines may have swirl ports and combustion may have to accommodate it.

Apart from bulk motion using the intake ports, piston or cylinder head geome-
tries (as shown in Figure 2.4c) can be used to perturb the air mass and en-
hance turbulence close to TDC (termed squish). Piston bowls are commonly
used to promote squish in-cylinder and it has been found that the in-cylinder
turbulence level scales well with reduction in piston bowl diameter [67, 68].
With higher squish, a shorter burn duration and lower knock tendency can be
achieved [69,70].

It is important to note that fine scale turbulence without high mean flow velocity
is ideal to increase turbulent flame speed [71]. An increase in mean velocity at
spark timing can increase possibility of extinguishing the spark kernel whereas
turbulence at spark timing can accelerate the kernel and minimize instability. In
swirl based SI engines, the available bulk gas motion, if broken down, can aid
in increasing turbulence close to TDC. Various piston shapes have been pro-
posed [72–76] to transform swirl to turbulence and have shown to be effective
in accelerating the burn rate.

2.5 Miller valve timing

In general, increasing compression ratio improves the work extracted from
combustion enabling higher efficiency. In SI engines, CR is maintained lower
than diesel engines since knock propensity increases with higher CR. Gen-
erally, compression and expansion strokes are symmetrical in engines mak-
ing the geometric compression and expansion ratios equal. To overcome this
limitation, several over-expanded engines have been proposed [77] where a
shorter compression stroke is achieved mechanically. A far simpler mechani-
cal solution is to reduce effective compression ratio using Miller valve timing.

Miller valve timing can be realized by using either early (E-IVC) or late (L-IVC)
valve closing. For a given intake pressure, the trapped mass is reduced when
using Miller timing. For E-IVC, only a part of the suction stroke is used and
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Figure 2.5: Schematic - Miller valve timing

when using L-IVC, reverse flow out of the cylinder reduces the trapped mass.
A schematic of Miller valve timing is shown in Figure 2.5. The start of effective
compression occurs when the intake valve is closed. In the case of E-IVC,
there is some expansion after IVC but effective compression begins later than
normal valve timing. By reducing effective CR, pressure and temperature at
the end of compression can be reduced thus lowering knock tendency. Expan-
sion ratio can be increased (by increasing geometric CR) while maintaining the
same effective CR thereby extracting more work from combustion.

The effective reduction in temperature has been used both by diesel and SI
engines. With combustion temperature reduction, Miller timing aids NOx re-
duction in diesel engines [78–80]. In SI engines, knock is reduced hence Miller
valve timing has been seen as an enabler for downsizing [81–84]. Notably,
Luisi et al. [85] showed about 20% improvement in efficiency at around 20
bar BMEP using L-IVC. In a large bore marine engine, Zhang et al. [86] used
natural gas, EGR and Miller timing to increase BMEP from 9.5 bar to 17 bar.

When using Miller timing with SI engines, an additional challenge arises from
drop in turbulence associated with both E-IVC and L-IVC. As discussed ear-
lier, any reduction in turbulence causes longer end gas residence time and in-
creases the probability of knock [14,63]. Multiple studies stress the need to im-
prove in-cylinder turbulence when using Miller timing to reduce knock [87, 88].
Studies confirm the reduction of burn rate with both E-IVC and L-IVC though
they showed L-IVC to have lower turbulence penalty [89–91].

When using tumble, Cordier et al. [92] found a reduction in tumble number for
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both L-IVC and E-IVC case. Tumble decomposes to turbulence close to TDC
and hence reduction in tumble number causes burn rate to decrease. Cordier
et al. noted that the reduction in tumble number was caused by an offset in
the axis of tumble closer to the cylinder wall with L-IVC. The E-IVC timing used
had low valve lift causing reduced tumble. Most SI Miller timing studies have
focused on tumble engines [91, 93, 94]. Swirl engine studies do not generally
focus on in-cylinder turbulence as diesel engines do not require turbulence to
accelerate the flame front. However, swirl can be used with SI combustion,
especially if derived from a diesel base engine. When using swirl, Fontana
et al. [95] observed a drop in in-cylinder turbulence with L-IVC Miller timing.
The reason for this drop however was not discussed in detail. Further work is
required to understand the effect of bulk gas motion on in-cylinder turbulence
with Miller timing, especially for swirl engines.

Most SI engine results using Miller timing to reduce knock focus on gasoline
fuel. Alcohols have higher resistance to knock and with Miller timing, can in-
crease load even further. Martins et al. [96] showed the potential of utiliz-
ing high geometric compression ratio and lean combustion on an ethanol fu-
eled medium duty SI engine. A 3.5% thermodynamic efficiency increase was
demonstrated with Miller timing and an even higher efficiency was possible if
EGR was used. This study shows the promise of using Miller timing, how-
ever, the study was performed using a non-calibrated 1D combustion model.
Further work is required to understand the impact of trade-off between higher
thermodynamic efficiency and lower in-cylinder turbulence when using Miller
timing.
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Chapter 3

Method

A combination of experiments and simulations were used in this study to ad-
dress the research questions devised. Experiments were performed at KTH
Royal Institute of Technology, Internal Combustion Engines division. Simula-
tions were performed using the commercial software GT-Suite.

3.1 Experimental set up

A single cylinder research engine based on the Scania D12 was used for this
study. The engine was adapted with a port fuel injectors and a spark plug at
the center of the bore. The specifications of the engine used is listed in Table
3.1. A custom piston, shown in Figure 3.1, was used to reduce compression
ratio. A CR of 12.7 was used and was chosen to improve efficiency for the high
octane ethanol and methanol. A shallow bathtub style piston geometry with
minimal squish was used to minimize hot spots. The base engine’s stock swirl
intake ports were retained.

The single cylinder test cell at KTH is schematically represented in Figure 3.2.
The test cell is equipped with an external compressor and a throttle valve for
independent intake pressure control. A back pressure valve was used to main-
tain equal boost and back pressure at the manifolds to ensure realistic residual
levels in-cylinder. During throttled operation, the back pressure valve was fully
open. The intake boost pressure was limited to 2.5 bar-a in the set up used.
The intake temperature was maintained at 30oC at all full load points. The
relatively low intake temperature at full load was chosen to minimize potential
pre-ignition during the experiments. The intake pressure vessel is equipped
with an air heater which was used at part load to increase intake temperature
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Table 3.1: Engine specifications

Bore diameter 127 mm
Stroke length 154 mm
Connecting rod length 255 mm
Number of cylinders 1
Compression ratio 12.7
Mixture formation PFI
Intake valve open (IVO) 346 deg aTDC
Intake valve close (IVC) -154 deg aTDC
Exhaust valve open (EVO) 145 deg aTDC
Exhaust valve close (EVC) 355 deg aTDC
Piston bowl diameter 105 mm

Figure 3.1: Piston design

to 45oC and 60oC. The exhaust temperature was limited to 750oC which limited
spark retard and engine load.

The fuel injection system was constructed using two high flow Bosch EV14
injectors, one injector per intake port placed about 30cm upstream of the intake
valve. The fuel rail pressure was maintained at 5 bar relative to the intake
pressure. For all test points, fuel injection was performed during the valve open
period commencing at intake valve open (IVO). Methanol full load required the
longest injection duration of about 180 CAD at 1200 rpm, but was completed
before intake valve close (IVC). Fuel injection was controlled to target the set
point excess air ratio (λ), which was measured using an ETAS lambda meter
to within ±0.025.

The ignition system used a centrally mounted Denso 5717 spark plug with 2.5
mm protrusion and 0.7 mm gap. A stock Scania EURO 5 ignition coil was
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Figure 3.2: Experiment set up. Source: [97]

used with a constant 2ms charging time. In a swirl cylinder head, the central
spark plug location was preferred as it would have low mean flow velocity. A
lower mean velocity at spark position should theoretically produce lower cycle-
to-cycle variations and misfires due to blow outs.

The engine was controlled using an in-house software with spark timing set by
the user and held constant. Since there was no automatic knock control, the
knock limited spark advance (KLSA) was defined as the spark advance when
maximum amplitude of pressure oscillation (MAPO) of the high pass filtered
pressure signal was above 1 bar for 1 to 3% of sampled cycles. This was
relatively weak knock levels but any higher spark advance caused runaway
thermal knock without automatic knock control.

3.1.1 Data acquisition and analysis

Fuel was stored in a small (40L) container inside the test cell and consumption
from the cylinder was measured directly. A Sartorius MW1P1-150FE-L indus-
trial scale was used and a minimum of 20 resolution steps (of 10 g) were mea-
sured to calculate fuel mass flow rate. Air flow rate was estimated using the
measured fuel mass flow and excess air ratio. A flush mounted AVL GU21D
pressure sensor was used to measure cylinder pressure with a Kistler 5011
charge amplifier at 0.1 CAD resolution. The sensors used in the experiment
and their uncertainties are listed in Table 3.2.
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Table 3.2: Range and uncertainty of the sensors used

Measurement Sensor Range Uncertainty

In-cylinder pressure AVL GU21D 0 – 250 bar ± 0.3% FS
Intake pressure Kistler 4045A5 0-5 bar ± 0.1% FS
Exhaust pressure Kistler 4045A10 0-10 bar ± 0.1% FS
Emissions:
HC, CO and NOx

Horiba MEXA
7100 DEGR

0-5000 ppm ± 2%

Oxygen sensor Bosch LSU 4.2 0.65 to∞
±0.007 at λ = 1
± 0.05 at λ = 1.7

Gross indicated mean effective pressure (IMEPg) was used to denote engine
load and is calculated using equation 3.1. The gross indicated efficiency is
calculated using IMEPg as shown in equation 3.3. The indicated results ex-
clude losses due to pumping and friction but includes losses due to unburned
fuel emissions. Equation 3.2 calculates combustion instability and 5% COV of
IMEPg was used as a limit during the experiments.

IMEPg =
1

Vsw

∫ VBDC,expansion

VBDC,compression

P dV (3.1)

COV =
σIMEPg

IMEPg
(3.2)

ηind =
0.5 n IMEPg Vsw
ṁfuel QLHV,f

(3.3)

AROHR =
γ

γ − 1
P

dV

dCAD
+

1

γ − 1
V

dP

dCAD
(3.4)

ηcomb = 1 −
∑ Mi

Mp
xi(1 − xH2O)QLHV,i

1
1+A/FQLHV,f

(3.5)

Where, P = ensemble averaged and pegged in-cylinder pressure signal (Pa); V
= calculated cylinder volume (m3); Vsw = cylinder swept volume (m3); ṁfuel =
fuel mass flow measured (kg/s); n = engine speed (s−1); QLHV,f = fuel lower
heating value (J/kg); γ = specific heat ratio; Mi = molar mass of HC and CO
emission (g/mol); Mp = molar mass of products (g/mol); xi=mol fraction of HC
and CO emissions; xH2O = mol fraction of water in exhaust; QLHV,i = heating
value of HC and CO emissions (J/kg) and A/F = air fuel ratio
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Apparent rate of heat release (AROHR), calculated using equation 3.4, was
used in the experiments to estimate combustion performance. Using apparent
rate of heat release, heat transfer to cylinder walls and blowby losses are ne-
glected. The end of combustion is difficult to estimate without heat loss hence,
the experimental results show burn duration as crank angle required to burn
from 10% to 75% apparent heat released (CA1075). Combustion phasing is
described as the CAD when 50% apparent heat is released, CA50. Finally,
the flame development time is described as the crank angle required to burn
10% apparent heat released from spark timing (CA010). The in-cylinder mass
was estimated based on measured fuel flow rate and excess air ratio, λ. The
in-cylinder temperature was estimated using the ideal gas law and a seven co-
efficient NASA polynomial was used to calculate the specific heat ratio, γ [98].
As an intermediate estimate, burned and unburned mass fractions are cal-
culated using γ=1.3 [99]. The temperature and γ based on the intermediary
in-cylinder mixture fraction is used to calculate AROHR.

Engine out emissions were measured using a Horiba MEXA 7100 DEGR ana-
lyzer. The flame ionization detector (FID) used in the Horiba MEXA produces
a weaker response for oxygenated fuels. To account for this error, a response
factor of 0.7 and 0.4 was used for ethanol and methanol respectively [100,101].
The corrected unburned HC is used to calculate combustion efficiency using
equation 3.5.

3.1.2 Test methodology

Engine experiments were carried out to evaluate knock limited performance
of gasoline, ethanol and methanol in HD SI engines with increasing levels of
excess air dilution. The experiments were performed at a fixed engine speed
of 1200 rpm. Boost pressure was increased up to 2.5 bar-a and excess air
dilution from λ=1 to λ=1.8 was tested in steps of 0.2. Spark timing at each
point was advanced MBT or KLSA.

Experiments were also performed at part load for ethanol and methanol where
IMEPg = 8.5 bar was used as a target since it is close to highway cruise point
for trucks. Similar to the full load study, excess air dilution from λ=1 to λ=1.8
was tested in steps of 0.2 at 30oC inlet temperature. In addition, the effect of
inlet temperature on stability and lean limit was tested at 45 and 60 oC inlet
temperature for the same range of excess air dilution levels. The effect of inlet
temperature was not tested for gasoline due to risk of pre-ignition.
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3.2 Modeling combustion and knock in SI engines

Modeling combustion in SI engines quickly and effectively is essential to sup-
port engine development and higher fidelity simulations. 0D modeling of com-
bustion and knock is widely used and offers low computational time and ac-
ceptable fidelity to test a range of designs. The combustion and knock models
used in the study are described in this section. These models are available in
the commercial engine simulation software, GT-Power.

3.2.1 Wiebe combustion model

Combustion in 0D can be modelled as non-predictive or semi-predictive. Wiebe
model describes burn rate as an S-shaped curve shown in equation 3.6. In the
model, burn duration (CA1090) and start of combustion (SOC) are required
user inputs hence burn duration does not vary with respect to input conditions.

Burn rate: xb = 1 − e

[
−a(CAD−SOC

CA1090 )
m+1

]
(3.6)

The Wiebe model functions well for gas exchange modeling where the combus-
tion characteristics are well established from previous experiments. The Wiebe
model offers no prediction of burn speed and hence does not react to changes
in engine speed, dilution and phasing. For these purposes, semi-predictive
models can be used.

3.2.2 SITurb combustion model

SITurb combustion model is one such semi-predictive model available in the
GT-Power commercial simulation tool. The SITurb model describes burn rate
as a function of flame area, laminar and turbulent flame speed with a 0D in-
cylinder flow model. The model describes highly simplified combustion physics
but reacts to a number of input condition changes. Hence, the SITurb model
can be used outside experimental boundaries to predict combustion in 1D mod-
els. SITurb model’s governing equations [102] are listed (equations 3.7 to 3.12).

dmb = dme
dt

τf
(3.7)

dme = ρuAf (SL + ST ) dt (3.8)
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τf =
CλLt
Re0.5t SL

(3.9)

SL =
(
Bm +Bφ [φ− φm]

2
)(Tu

To

)α(
p

po

)β
F (3.10)

F = 1 − 0.75 DEM
(

1 − (1 − 0.75 DEM f)
7
)

(3.11)

ST = Cs u
′

1 − 1

1 +
CkR2

f

L2
t

 (3.12)

Where, mb = fuel mass burned; me = unburned fuel mass entrained; τf =
time constant; ρu = unburned mixture density; Af = flame area; SL = laminar
flame speed; ST = turbulent flame speed; Lt = integral length scale; Ret =
Reynolds number; Bm = peak laminar flame speed; Bφ = laminar flame speed
roll off value; φ = equivalence ratio; φm = equivalence ratio at Bm; Tu = un-
burned zone temperature; To = reference temperature (298K); p = pressure; po
= reference pressure (101325 Pa); F = residual mass function; u′ = turbulence
intensity; Rf = flame radius; Cs = turbulent flame speed multiplier; Ck = kernel
growth multiplier; Cλ = Taylor length scale multiplier; DEM = dilution exponent
multiplier

The mass entrained (equation 3.8) into the expanding flame front is dependent
on the density, flame area, laminar and turbulent flame speed. The laminar
flame speed (equation 3.10) is a function of equivalence ratio, pressure, tem-
perature and residual gas. The impact of residual gas and EGR can be cali-
brated using the dilution exponent multiplier (DEM). The turbulent flame speed
(equation 3.12) is modeled as a linear function of in-cylinder turbulence with
the slope described by the turbulent flame speed multiplier, Cs. The kernel
growth multiplier, Ck, is used to calibrate the transition from laminar to turbu-
lent flame speed regime as a function of flame radius. The turbulence intensity,
u′, is calculated using a K-k-ε model described by Fogla et al. [103]. Finally,
equation 3.9 shows the Taylor length scale multiplier, Cλ, which influences the
combustion time constant. The calibration constant (Cs, Ck, Cλ, and DEM) are
tuned to minimize the burn rate error and fit the combustion model. Ideally, this
model is fit over a large number of operating points to ensure good accuracy
and to avoid over fitting the model.

The SITurb model has been tested extensively with gasoline and good agree-
ment in burn rate and IMEP has been demonstrated [104–106]. In stoichiomet-
ric operation, Mirzaeian et al. [104] achieved good agreement to experimental
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data over a range of operating conditions with one set of calibration constants.
Similarly, Toman et al. [107] obtained a good fit with one set of calibration con-
stants on a stoichiometric natural gas engine (with up to 20% EGR dilution)
but stressed the importance of an accurate laminar flame speed correlation.
With significantly higher dilution levels, Sok et al. [23] were not able to achieve
a good fit with one set of calibration constants. They made improvements to
both the laminar flame speed model and had to vary the turbulent flame speed
multiplier as a function of excess air dilution to achieve satisfactory agreement
when using gasoline. Similarly, Robertson et al. [24] varied the turbulent flame
speed multiplier and the kernel growth multiplier of the SITurb model to obtain
adequate fit with EGR diluted gasoline.

SITurb has mostly been tested for gasoline and its performance when using
diluted alcohols is unknown. Using a similar entrainment model, Vancoillie et
al. [108] showed acceptable agreement with ethanol and methanol across a
range of equivalence ratios and EGR rates. However, they use a custom lam-
inar flame speed correlation. Diluted combustion is an important combustion
strategy for improved efficiency and knock mitigation. Accurate modeling of di-
luted alcohol combustion is required to support development of high efficiency
spark ignition engines and aid the transition to renewable fuels.

3.2.3 Douaud and Eyzat (D&E) knock model

At full load, knock was described by the (D&E) phenomenological model [109]
available in GT-Power. The D&E model uses an Arrhenius function to calculate
auto-ignition time delay (τ ) as shown in equation 3.13. The chemical resis-
tance to auto-ignition of the fuel is represented by the anti-knock index (AKI) in
equation 3.13. The AKI is a mean of research octane number (RON) and motor
octane number (MON). A Livengood-Wu integral (I), shown in equation 3.14, is
used to predict knock onset based on the auto-ignition time delay calculated.
Knock occurs when the integral reaches a value of one. Alternatively, a thresh-
old unburned mass fraction when the integral reaches one can be used as the
knock limit depending on the knock intensity. In GT-Power, the multiplier M1

and M2 can be used to fit knock limit across a range of operating points.

τ = 5.72 . 106 M1

(
AKI

100

)3.402

p−1.7e
3800

M2Tu (3.13)

I =
1

6 RPM

∫ CAD

SOC

1

τ
dCAD = 1 at knock (3.14)
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Figure 3.3: Schematic of ignition delay time for gasoline and ethanol

At a constant pressure and temperature, the Arrhenius function described by
equation 3.13 is linear in the log scale as shown in Figure 3.3. As described
earlier, gasoline displays a negative temperature coefficient (NTC) in the tran-
sition from low to high temperature due formation of intermediary species and
competing reaction pathways. This low temperature heat release (LTHR) can-
not be accurately modeled as a single Arrhenius curve. In fact, Blomberg et
al. [110] suggest a 3-Arrhenius function to describe knock in gasoline fuels.
On the other hand, ethanol and methanol are much simpler molecules and do
not exhibit NTC behavior. Hence, a single Arrhenius function described by the
D&E model should theoretically capture load range and boosted operation ac-
curately. With dilution, chemical reactivity reduces and ignition delay increases
across all temperatures. Hence multiple Arrhenius functions are required to in-
clude the effect of dilution or can be tuned using the multiplier M1 as a function
of dilution.
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Chapter 4

Experimental Results and Discussion

With higher octane fuels (ethanol and methanol), the potential to achieve the
load range and efficiency could be increased making the HD SI engines com-
petitive to diesel. This work experimentally investigated the load and stability
limit of HD SI engines using ethanol and methanol when dilution was increased
using excess air ratio. Dilution aids in reducing temperature of the end-gas
thereby reducing knock propensity and heat loss, hence it is an important com-
bustion strategy. Using the experimental results, combustion and knock models
were prepared and potential efficiency improvements discussed.

The experiments were performed to understand the impact of excess air dilu-
tion in knock reduction on HD SI engines. The objective was to increase boost
pressure and excess air dilution to achieve over 25 bar gross IMEP on a single
cylinder research engine whose specifications are shown in Table 3.1. Knock
and stability were analyzed up to an excess air ratio of λ=1.8. The impact of
inlet temperature on combustion stability of alcohol fuels was also examined at
part load. Research question R1 was investigated in this subsection.

R1 Does dilution allow ethanol and methanol to achieve 25 bar IMEP in HD
SI engines? Does increasing intake temperature extend lean limit for
high HOV ethanol and methanol fuel?

The single cylinder research engine test cell at KTH Royal Institute of Technol-
ogy was used for this study. The test cell is described in the methods section
and a schematic of the set up used is shown in Figure 3.1 and 3.2. Port fuel in-
jection with a central spark plug was used on a swirl based engine. The ignition
coil dwell time was maintained constant for all operating points tested. Intake
and exhaust pressure was maintained constant to ensure realistic residual gas
level. The external compressor was limited to a peak intake pressure of 2.5
bar-a. Spark advance was manually set and advanced to either MBT or KLSA.
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Since manual spark timing was used, knock level could not be maintained con-
stant. Generally, the knock limited points reached a MAPO of 1 bar in 1 to 3%
of the sampled cycles.

4.1 Peak load

The peak IMEPg was obtained at λ=1.4 for all fuels. At lower excess air ratios,
gasoline and ethanol were knock limited and further retardation caused higher
instability. Load at higher excess air ratios resulted was limited by intake boost
pressure limit of the set up used. Ethanol and methanol attained the target
IMEPg of 25 bar as shown in Figure 4.1b demonstrating the possibility of HD
SI engines using alcohols. A relatively good efficiency was possible at this load
for methanol though ethanol required retardation in combustion phasing and
suffered from poorer efficiency. Nevertheless, the resistance to auto-ignition
of both these fuels enabled an engine load of about three times the gasoline
knock limited load. The cylinder pressure was well within diesel engine diesel
limits for all fuels as seen in Figure 4.1c. Methanol could be phased earlier due
to its higher knock resistance giving both higher peak pressure and faster heat
release rate.

At each excess air dilution level, the peak load points achieved are shown in
Figure 4.2a. Gasoline was severely knock limited and reached a peak IMEPg
of 8.3 bar at λ=1.4. The inlet pressure could not be increased above ambient
at all dilution levels tested due to the relatively high 12.7 CR. Further spark
retard and boosting could not be done due to increased instability as shown in
Figure 4.2b. Both ethanol and methanol achieved the target IMEPg of 25 bar
though ethanol required an excess air dilution of λ=1.4 to sufficiently reduce
knock. Methanol notably reached the target IMEPg already at stoichiometric
conditions and maintained a CA50 under 20 CAD aTDC. Similar to gasoline,
ethanol could also not be retarded further due to high COV and exhaust tem-
perature at low excess air ratios. Both gasoline and ethanol showed over 18%
increase in IMEPg when λ was increased from 1 to 1.4. At λ=1.6, the boost
pressure limit was reached for both ethanol and methanol and hence higher
load was not possible.

As dilution increases, knock is mitigated and an earlier knock limited CA50
can be achieved. Moreover, with added specific heat, dilution reduces heat
loss to cylinder walls, exhaust enthalpy loss and increases indicated efficiency
as shown in Figure 4.2d. When comparing stoichiometric operation to λ=1.6,
more than 5% point increase in indicated efficiency was possible for all fuels
at full load. At λ=1.6, more than 45% indicated efficiency at full load was
achieved for both ethanol and methanol. When compared to gasoline, ethanol
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4.1. PEAK LOAD

Figure 4.1: Peak load at λ=1.4 (a) gross indicated efficiency (b) IMEPg (c) mean cylinder pressure
(d) mean apparent rate of heat release [97]

and methanol showed over 5% point increase in indicated efficiency and much
higher engine load. Exhaust temperature reduced as a function of excess air
ratio for all fuels as shown in Figure 4.2f. Ethanol has a significantly higher
heat of vaporization when compared to gasoline. As a result, gasoline only
had a 50K lower exhaust temperature even though the load achieved was a
third of ethanol at stoichiometric condition. Methanol has the highest heat of
vaporization and better combustion phasing giving lower exhaust temperature
than ethanol for 6 bar higher IMEPg at stoichiometric condition.

At higher dilution, laminar flame speed reduces thus increasing burn duration,
CA1075, for all fuels as shown in 4.2e. Ethanol and gasoline had a higher spark
retard compared to methanol. Hence, combustion occurs when in-cylinder tur-
bulence is falling causing longer burn duration than methanol. With increas-
ing dilution, the in-cylinder mass increases and phasing is advanced leading
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Figure 4.2: Peak load points - (a) IMEPg (b) stability, COV of IMEPg (c) combustion phasing, CA50
(d) gross indicated efficiency (e) burn duration, CA1075 and (f) exhaust temperature [97]

to higher peak pressure for all fuels. Maximum peak pressure is attained for
λ=1.6 as higher dilution leads to higher COV limiting the engine load possi-
ble. Intake pressure limit of 2.5 bar-a was reached for λ=1.6 for ethanol and
methanol limiting the load possible.

4.2 Load range

Figure 4.3 shows the combustion phasing and efficiency with increasing engine
load at λ=1, 1.4 and 1.6. At stoichiometric operation, gasoline already required
retardation in combustion phasing at 5.4 bar IMEPg in the set up used as shown
in Figure 4.3a. With increasing dilution, retardation in phasing was required
at around 7 bar IMEPg. The main reason for gasoline’s knock limited load
is the quite high CR selected to increase efficiency when using ethanol and
methanol. Using ethanol, spark retard was only required above 16 bar IMEPg
at stoichiometric condition. With dilution, MBT operation was possible until 17.5
bar as shown in Figure 4.3b. Methanol showed very high resistance to end gas
auto-ignition and required spark retard only above 21 bar IMEPg at λ=1 and
25 bar at λ=1.4. Remarkably, no spark retard was used at λ=1.6 for methanol
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until the boost pressure limit was reached. As a result, methanol showed high
efficiency throughout the load range tested in diluted conditions.

Figure 4.3: Load sweep - knock limited CA50 for (a) λ=1 (b) λ=1.4 (c) λ=1.6 and gross indicated
efficiency for (d) λ=1 (e) λ=1.4 (f) λ=1.6 [97]

At around 21 bar IMEPg, 48% indicated efficiency was observed for both ethanol
and methanol at an excess air ratio of λ=1.6. On increasing load further, effi-
ciency dropped for ethanol due to knock limit and CA50 retard while methanol
maintained the same efficiency level. Both ethanol and methanol had much
lower efficiency penalty for spark retard when compared to gasoline. This may
be due to the higher HOV of alcohol fuels lowering the in-cylinder temperature
providing lower heat loss and exhaust temperature.

4.3 Part load - burn rate and emissions

As shown in Figure 4.2d, burn duration showed sensitivity to dilution level.
However, the knock limited spark timing gave a large difference between ethanol
and methanol. Moreover, gasoline only attained a 8.3 bar IMEPg and could not
be compared at similar pressure and temperature conditions to the alcohols.
To better study the effects of dilution on fuels, full load gasoline was compared
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to part load ethanol and methanol. A spark sweep was performed for ethanol
and methanol at around 8.5 bar IMEPg. The results shown in Figure 4.4 are
spark sweeps with constant fueling for alcohols whereas gasoline includes load
sweeps as well. The results show the mean values with the error bars indicat-
ing ± 2σ confidence interval.

Figure 4.4: Part load spark sweep - mean value with error bars indicating ± 2σ confidence interval
for (a) burn duration, CA1075 (b) flame development time, CA010 (c) combustion phasing, CA50
(d) corrected unburned hydrocarbon (e) carbon monoxide, and (f) oxides of nitrogen [97]

Results in Figure 4.4 shows a mean from 5 points per fuel at each dilution level.
Ethanol and methanol have similar mean CA50 with a large error bar due to
the spark sweep. Gasoline was knock limited and hence had a higher mean
CA50 at lower dilution levels. At a similar phasing, methanol’s burn duration
(CA1075 shown in Figure 4.4a) was marginally shorter than ethanol. Gasoline
had a more retarded spark timing and hence showed a longer CA1075 at lower
dilution levels. At λ=1.6 and 1.8, gasoline burn duration became similar to
ethanol and methanol. As dilution increases from stoichiometric to λ=1.8, the
burn duration increases by about 8 CAD.

The initial flame development is shown as CA010 in Figure 4.4b. As dilution
increases from stoichiometric to λ=1.8, a large increase of about 12 CAD was
observed in CA010. Notably, ethanol flame development time with regard to
excess air ratio was similar to gasoline and methanol until λ=1.4. But at higher
dilution levels, ethanol shows a larger increase in both CA010 and CA1075.
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This suggests that ethanol has the lowest lean limit of the fuels tested.

Normalized emissions are shown in Figure 4.4 d, e, and f for the three fuels
tested at part load. Overall, the trends for CO and NOx emissions were similar
for all fuels at a comparable load. CO decreases with increase in excess air
ratio as more oxygen is available for oxidation. At λ=1.8, poor combustion sta-
bility marginally increases the CO produced. Though not plotted in in Figure
4.4, CO2 dissociation also played a role in CO emissions at higher loads, espe-
cially at λ=1.2 and λ=1.4 [97]. NOx emissions also followed a similar trend for
all fuels with no significant advantage for the high HOV alcohols. With increase
in excess air ratio beyond λ=1.4, significant reduction in NOx emissions was
realized due to the low in-cylinder temperature.

Ethanol and methanol HC emissions shown have been corrected for the lower
FID response signal of the oxygenated fuels. After correction, ethanol and
gasoline showed similar HC levels across the range of tested excess air ratios.
With a higher HOV, flame quenching occurs earlier and methanol produced the
highest corrected HC emissions above a dilution of λ=1.2. Though not plotted,
methanol’s HC emissions became similar to ethanol as in-cylinder temperature
rises with increase in engine load [97]. At λ=1.6, relatively stable combus-
tion with low CO and NOx was possible with the ignition system used. The
HC emissions increased with lean combustion as expected though some re-
duction is possible by optimizing the top land height of the piston used in the
experiments.

4.4 Part load - effect of intake temperature

High HOV fuels reduce temperature of the premixed mixture at spark timing.
While beneficial for knock, the lower temperature may hinder combustion initia-
tion at higher dilution levels wosening cycle to cycle variation. To investigate the
role of HOV on combustion variability, a sensitivity analysis was performed with
intake temperature heated to 45 and 60oC. The resulting flame development
duration and cyclic variation is compared to the baseline of 30 oC in Figure 4.5.

On increasing temperature, the flame development duration, CA010, decreased
as seen in Figure 4.5b and d. The reduction was larger with increased dilution.
At 60 oC, CA010 decreased by about 2 CAD at λ=1.8 compared to the baseline
30 oC.

With increase in intake temperature, the reduction in burn duration was simi-
lar for both fuels but methanol on average showed lower CA010 at all dilution
levels and temperatures. Similar to the flame development time, COV also
reduced with increasing inlet temperature for both ethanol and methanol. How-
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Figure 4.5: Part load intake temperature effect on (a) ethanol COV of IMEPg (b) ethanol CA010
(c) methanol COV of IMEPg and (d) methanol CA010 [97]

ever, the large reduction in CA010 at λ=1.8 did not translate to a reduction of
COV. At λ=1.8, mixed results were seen for both fuels and no clear increase in
lean limit could be observed on increasing inlet temperature.

4.5 Discussion

Similar to the work of Pischinger et al. [37] on an LD engine, boost pressure
for ethanol could be increased by about 60% compared to gasoline. Using
alcohols, knock was reduced due to a combination of high RON and HOV.
Engine performance was investigated at higher pressure, temperature and di-
lution than previous studies on HD engines which will help validating models in
more relevant operating conditions.

A peak dilution of λ=1.8 was tested in this study. λ=2 was briefly tested at
part load but performed poorly with high misfires and COV above 10%. The
maximum dilution was limited by the ignition system used. A Scania Euro5
ignition coil and Denso 5717 spark plug were selected as they are well tested
and in production. A higher ignition energy could aid in improving lean limit
further and offer higher efficiency gains.

A boost pressure of 2.5 bar-a was a limitation in the test cell and hindered
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increasing load at λ=1.6. Nevertheless, the target IMEPg was achieved and
the peak pressure and boosting requirements are well within diesel engine
limits. One drawback to the study was that the intake temperature of 30oC was
maintained even at peak boost pressure in the set up used. This may not be
feasible at peak boost pressure and the impact of increased intake temperature
should be evaluated.

Since the engine was derived from a diesel baseline, a swirl cylinder head was
carried over in this work. Swirl does not break down into turbulence hence,
it does not greatly assist PFI SI combustion. In addition, swirl increases the
mean velocity close to the cylinder wall and increases the heat loss in-cylinder.
A higher efficiency benefit is possible from HD SI engines if swirl is not used
though it may need re-design of the cylinder head.

Excess air was studied as a means of dilution in this study. EGR as a dilution
method can also be used and would offer the advantage of using a three-way
catalyst after-treatment. Further work is required to assess the impact of EGR
on combustion and knock in HD SI engines with alcohol fuels.

4.6 Summary

• The target 25 bar IMEPg was attained with ethanol and methanol mak-
ing them suitable in HD engine application. With high knock resistance,
methanol reached this load already at stoichiometric operation whereas
ethanol required a dilution of λ=1.4

• Over 18% increase in IMEPg was realized for ethanol and gasoline on
diluting the mixture. Corresponding efficiency also increased by 2.2%
point and 3.2% point for gasoline and ethanol respectively when increas-
ing excess air ratio from λ=1 to λ=1.4

• Peak efficiency was observed at λ=1.6 due to high knock mitigation and
low heat loss to cylinder walls. Methanol and ethanol demonstrated 48%
indicated efficiency at about 21 bar IMEPg

• Notably, methanol was able to operate close to MBT for the entire load
range at a dilution of λ=1.6

• Relatively stable operation was observed up to an excess air ratio of
λ=1.8 and 18 bar IMEPg. Increasing boost pressure above this load
introduced heavy misfires at λ=1.8 excess air ratio

• At part load, ethanol showed the longest flame development time of the
fuels tested suggesting it has the lowest lean limit
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• With increase in intake temperature, flame development time and insta-
bility reduced at most excess air ratios. However, at λ=1.8, mixed results
were observed and increasing inlet temperature did not increase the lean
limit

• Emissions at both part load and full load were a function of excess air ra-
tio and no significant difference between the fuels were observed. Methanol
with a high HOV, showed marginally higher corrected HC emissions at
part load but was similar to the other fuels at full load
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Chapter 5

Model Development, Simulation Results
and Discussion

Although a relatively good 48% indicated efficiency was observed at λ=1.6
in premixed SI combustion, a previous study demonstrated 50% indicated ef-
ficiency on an ethanol-diesel dual fuel engine using diesel combustion [12].
While there are capital cost advantages in using HD SI engines, running cost
could also be similar if efficiency parity can achieved between compression
and SI engines using alcohols. In this study, strategies to improve efficiency in
HD SI engines were explored using simulations.

The experimental results served as a basis for modeling combustion and knock
at diluted conditions in HD SI engines. The suitability of these models are dis-
cussed along with the modifications required to improve prediction at elevated
dilution. With an accurate model, two strategies to reduce knock and improve
efficiency was investigated, namely: Miller timing and piston geometries to im-
prove turbulence.

5.1 Model development – combustion and knock

The SITurb semi-predictive combustion model was used in this study. The
SITurb model provides sensitivity to turbulence level, engine speed, combus-
tion phasing, and dilution level which helps widen the simulation boundaries
unlike the more standard Wiebe model. This study investigates the modifi-
cations required to achieve acceptable accuracy of diluted alcohol combustion
using the SITurb model. Research question R2 was investigated in this section.

R2 Do simplified 0D models accurately capture diluted combustion and knock
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of alcohol fuels? What are the modifications required to improve accu-
racy?

5.1.1 Overview of methods

The governing equations and calibration multipliers of the SITurb combustion
model has been elaborated in the methods section. In this sub-section, the
model fit is presented over a large number of randomly selected operating
points shown in Figure 5.1. Around 15 operating points each for ethanol and
methanol was used covering a range of engine loads and excess air dilution
levels. An engine speed of 1200 rpm was predominantly used along with a few
points at 1350 rpm and λ=1.4.

Figure 5.1: Operating points for combustion model fit. Source: [111]

Crank resolved intake, exhaust and cylinder pressure for each operating point
was imposed on the GT-Power model to accurately estimate burn rate, air mass
and residual level. The model’s air flow rate was within ±5% of measured data
for all points. The engine model uses the same heat transfer sub-model for
both fuels though the evaporation model was independently tuned to achieve
satisfactory air flow rate match across the points tested.

5.1.2 Laminar flame speed correlation and dilution factor

To obtain adequate combustion model accuracy, the laminar flame speed cor-
relation used by GT-Power was found to be insufficient at high dilution levels
used. With excess air dilution, the laminar flame speed decreases as modelled
by equation 3.10. However, the laminar flame speed generated by equation
3.10 tends to an unrealistic negative value above λ=1.4 as shown in Figure
5.2.
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Figure 5.2: Improved laminar flame speed correlation: comparing GT-Power default model, Van-
coillie et al. [112], and experimental results from Veloo et al. [17] at 1 bar and 343K. Source: [111]

To improve the prediction at high dilution, a laminar flame speed correlation
developed by Vancoillie et al. [112] was used. The correlation was developed
using chemical kinetics mechanism to predict laminar flame speed for ethanol
and methanol. The correlation is shown in equation 8.1 to 8.5 with the model
constants listed in Table 8.1 and 8.2 in the Appendix. The flame speed correla-
tion models the temperature exponent as a function of pressure and provides
more realistic flame speeds at higher dilution as shown in Figure 5.2. This
model was shown to perform well in 1D engine models [108]. Compared to
laminar flame speed measurements by Veloo et al. [17], both the Vancoillie
et al. correlation and GT-Power correlation underestimates the laminar flame
speed. The error is larger for methanol closer to stoichiometric conditions.
Nevertheless, the Vancoillie et al. correlation is an improvement over GT-power
and can be used at higher dilution levels as well. The Vancoillie et al. [112] cor-
relation was used in this study as a user model integrated into the GT-Power
SITurb combustion model.

In the SITurb combustion model, turbulent flame speed (equation 3.12) is a lin-
ear function of in-cylinder turbulence level. The kernel growth multiplier, Ck,

41



CHAPTER 5. MODEL DEVELOPMENT, SIMULATION RESULTS AND
DISCUSSION

captures the transition from laminar to turbulent flame speed but extinction
events at high turbulence levels are not captured. Moreover, at higher dilu-
tion, flame extinction events occur at progressively lower turbulence level [113]
making this drawback more important to manage. As a result, in addition to the
laminar flame speed correlation, the turbulent flame speed multiplier (Cs) was
made a function of dilution to obtain better accuracy. In an approach similar to
previous studies [23,24], Cs was reduced linearly with excess air ratio using a
dilution factor as shown in equation 5.1. The dilution factor, λM , in equation
5.1 is negative and can be used to extend stoichiometric studies and predict
diluted combustion in other applications.

Cs = Cs,λ=1 + λM (λ− 1) (5.1)

To fit the SITurb model for the points shown in Figure 5.1, the multipliers λM ,
Cs,λ=1 and Ck were tuned using a genetic algorithm.

5.1.3 Error in SITurb model with improved laminar flame speed
correlation and dilution factor

A genetic algorithm was used to derive the calibration constants for the least
burn rate error across the points shown in Figure 5.1 and the constants are
listed in Table 5.1. The dilution factor reduced turbulent flame speed multiplier
linearly with excess air ratio as shown in Figure 5.3. It is unclear why the dilu-
tion factor is larger for methanol than ethanol. One possibility may be the lower
stoichiometric laminar flame speed in simulation compared to experiments as
shown in Figure 5.2. This factor may be corrected partially by a higher tur-
bulent flame speed multiplier. Another possibility is that flame quenching and
slowdown is affecting methanol more than ethanol due to the larger heat of va-
porization and overall cylinder temperature. Further work is required to isolate
the turbulent flame speed of methanol and ethanol at elevated dilution to verify
this trend.

Table 5.1: SITurb calibration constants with imporved laminar flame speed and dilution factor λM

Ethanol Methanol

Kernel growth multiplier, Ck 3.36 3.25
Taylor length scale multiplier, Cλ 1.21 1.4
Turbulent flame speed multiplier -
stoichiometric, Cs, λ = 1

0.682 0.77

Dilution factor, λM -0.094 -0.215
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Figure 5.3: Turbulent flame speed multiplier as a function of excess air ratio. Source: [111]

With the improved laminar flame speed correlation and dilution factor, good
agreement to test data was seen in IMEPg, ignition delay 0-2% burn (CA0-2),
burn duration (CA1075), indicated efficiency and combustion phasing (CA50)
as shown in Figure 5.4. An IMEPg error within ± 5% error of measurement
was attained. The scatter of error in IMEPg can be caused by multiple sources.
The air flow was fit to ± 5% compared to measurement causing some devi-
ation. At lean conditions, the ensemble averaged pressure data is compared
to the model when the data has high COV. Also, it should be noted that the
turbulence model was not calibrated with measurement or CFD data lending
additional uncertainty. Variation in phasing can result in turbulence level incon-
sistent to experiments causing a scatter in burn duration CA1075 as shown in
Figure 5.4c. Overall, the dilution multiplier ensures that the error is within an
acceptable ± 3 CAD over the range of tested dilution levels for both fuels.

With an improved laminar flame speed correlation, the flame speed no longer
tends to negative and provides an acceptable ignition delay error under ± 3
CAD as shown in Figure 5.4b. With accurate burn rate and ignition behavior,
CA50 was observed to be accurate leading to acceptable indicated efficiency
error of under 3% point for both fuels.

The CAD resolved cylinder pressure and normalized heat release rate at peak
load is compared for experiments and simulation in Figure 5.5. Good agree-
ment was observed for λ=1.2 and 1.4 for both pressure and heat release. At
higher dilution, the experiments showed faster flame travel with a longer tail.
This behaviour is not captured in the modeling which instead predicts an over-
all slower but symmetrical heat release profile. At higher dilution as the flame
expands and wrinkles, local quenching becomes more prevalent leading to a
reduction of the turbulent flame speed. This behavior cannot be modeled ac-
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Figure 5.4: Combustion model with improved laminar flame speed correlation and dilution factor
- error (measured-simulated) in (a) IMEPg (b) ignition delay, CA0-2 (c) burn duration, CA1075 (d)
indicated efficiency (e) combustion phasing, CA50. Source: [111]

curately by equation 3.12. Surprisingly, a high heat release error was seen
at fuel load stoichiometric operation. At this point, the spark is retarded the
most and the flow model likely predicts a lower turbulence level than in experi-
ments. This is evidenced by a larger error in ethanol which has a higher spark
retard. Indeed, at lower loads, the heat release profile is better predicted at
stoichiometric conditions in both fuels.

Overall, the model showed good performance with the changes made and
showed acceptable fidelity for a range of engine loads, phasing and dilution
levels. Even without a calibrated turbulence model, good agreement has been
observed. If higher resolution of turbulence is required, the model has to be
tuned with data from CFD simulations or the turbulence level can be imposed
on the flow model used for certain operating points.

5.1.4 Knock model

The D&E knock model was fit at the peak load points from the experimental
results and tested on additional points. The ignition delay time calculated in
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Figure 5.5: Peak IMEPg points - model fit for methanol and ethanol using the improved laminar
flame speed correlation and dilution factor. Experimental results - solid lines and simulation results
- dotted lines. Source: [111]

equation 3.13 corresponds to the chemical auto-ignition delay time at the pres-
sure and temperature tested for stoichiometric operation. At increased dilution,
the auto-ignition delay time increases which was tuned by the multiplier M1 to
obtain an integral of one (equation 3.14) indicating knock occurrence at each
excess air ratio. Four points for ethanol and three points for methanol were
used to derive the M1 multiplier shown in Figure 5.6a. A linear regression was
used to fit the effect of dilution on knock induction multiplier.

This linear regression shown in 5.6a was tested on additional points shown in
Figure 5.6b. The spark advance was varied to obtain a knock integral of one
and the error in knock limited CA50 is shown in Figure 5.6c. Good agreement
within ± 3 CAD error in knock limited CA50 was observed for the range of
tested excess air ratios for both fuels. The predicted knock limited CA50 was
marginally higher than experiments giving a conservative knock limited phasing
for future studies. In the experiments, manual spark advance was used which
varied the knock intensity between the points tested. Generally, the knock in-
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Figure 5.6: (a) Knock induction multiplier as a function of excess air ratio (b) D&E model test -
operating points (c) error (measured-simulated) in knock limited CA50. Source: [111]

tensity corresponded to a very mild 1 to 3% cycles knocking over 1 bar MAPO.
Hence, the predicted knock limit from the model will be quite conservative and
higher spark advance is likely in future experiments with automatic spark con-
trol. Using the regression provided, knock limit can be estimated for higher
dilution for ethanol and methanol extending stoichiometric studies.

5.1.5 Discussion

Diluted combustion is an important strategy to improve fuel efficiency and re-
duce CO2 emissions. Robust modelling of combustion and knock in diluted
operation is vital to support development of renewable alcohol engines for the
future. The SITurb model used provided good agreement to test data when
an improved laminar flame speed correlation and a dilution factor for turbulent
flame speed multiplier was included. As opposed to the Wiebe model, SITurb
can extend simulation boundaries with accurate prediction of combustion per-
formance with similar computational time.

In this study, a default non-calibrated turbulence model was used. Although a
good fit was seen for a large set of operating points, some mismatch to test
data was observed especially in spark retard condition. The laminar flame
speed correlation used was an improvement over the GT-Power default model.
However, there is a large discrepancy to test data (at low pressure, temperature
and dilution). Vancoillie et al. [112] discuss that this laminar flame speed cor-
relation underestimates burn velocity at lower pressures (less than 10 bar) but
this condition is rarely used in combustion engines. Further work is required to
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assess the difference in the dilution factor between the fuels. In addition, the
dilution method in this study is limited to excess air and further work is required
to validate the SITurb model for EGR dilution.

Using an optimization to fit a combustion model, there is an inherent possibil-
ity that errors are accommodated in the calibration and the model is over fit
to the data. In this study, a large data set was used to fit the model and it
was tested on additional points with two fuels. Good agreement was seen for
these points lending more robustness to the model [111]. Using the dilution
factor and the knock model regression provided, stoichiometric results can be
extended and combustion at diluted condition can be predicted. To use the dilu-
tion factor, however, the combustion model at stoichiometric condition must be
re-calibrated for the required engine using the improved laminar flame speed
correlation.

5.1.6 Summary

The following improvements were required to obtain good agreement to test
data for diluted ethanol and methanol combustion

• Improved laminar flame speed correlation (Vancoillie et al. [112]) in the
SITurb combustion model

• A linear reduction of turbulent flame speed multiplier (Cs) with increase
in excess air dilution when using the SITurb combustion model

• A linear increase of knock induction multiplier (M1) to capture the reduced
auto-ignition reactivity when diluted using the D&E knock model

The dilution factor and knock multiplier regression can be used with a calibrated
stoichiometric engine model to better predict performance at diluted condition
for ethanol and methanol fueled engines.

5.2 Miller timing: effect of turbulence reduction
using the validated combustion model

One key limitation to increasing efficiency in SI engines is the lower compres-
sion ratio. Knock limits the CR that can be used resulting in lower extraction
of combustion energy and higher exhaust loss. In general, the compression
and expansion ratio of an engine is symmetrical. However, if early intake valve

47



CHAPTER 5. MODEL DEVELOPMENT, SIMULATION RESULTS AND
DISCUSSION

closing (E-IVC) or late intake valve closing (L-IVC) can be utilized, geometric
CR can be increased while maintaining the same lower effective CR for knock.
With E-IVC or L-IVC, the increased geometric CR enables higher work extrac-
tion and efficiency.

With Miller timing, the trapped air mass is reduced in-cylinder and higher boost
pressure is required to maintain load. This increased intake pressure require-
ment stresses the importance of an efficient charging system. Moreover, Miller
timing in spark ignited engines causes a reduction in turbulence in-cylinder that
affects combustion and knock adversely. The scope of this work was to utilize
Miller timing to reduce knock and analyze the impact caused by reduced tur-
bulence on advancing knock limited CA50 and efficiency at full load. Research
question R3 was investigated in this subsection.

R3 Using Miller valve timing, can knock be effectively reduced and efficiency
of HD SI engine be increased? What is the effect of in-cylinder turbulence
reduction caused by Miller timing on performance?

5.2.1 Simulation setup

In this work, Miller timing through E-IVC is studied using GT-Power simulations.
Miller timing was achieved maintaining the same valve acceleration hence E-
IVC also had progressively lower valve lift as shown in Figure 5.7a. The E-IVC
angle is described as ∆IVC which is the CAD from baseline before which the
intake valve is closed. L-IVC was not considered in this study as very limited
information was available on its effect on turbulence in swirl bulk flow engines.
Moreover, L-IVC gave no variation in turbulence in the standard GT-Power flow
model used whereas literature suggests that a drop in turbulence is present for
both L-IVC and E-IVC. CFD or experimental results are required to accurately
compare E-IVC and L-IVC timing’s effect on turbulence in a given engine. As a
result, this study’s scope was limited to E-IVC timing.

Using the standard GT-Power flow model, E-IVC timing showed a reduction in
mass averaged turbulence kinetic energy (TKE) mainly due to the lower intake
valve lift and duration. Compared to baseline, ∆IVC = 90 deg reduced TKE
by nearly 50% at TDC as shown in Figure 5.7b. Though a reduction in TKE is
expected with E-IVC Miller timing, the results are derived from a non-calibrated
flow model. Therefore, the TKE results and its impact on combustion and knock
should be considered trends rather than predictions. Based on these results,
higher fidelity simulations can be performed for a smaller subset of points to
verify performance.
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Figure 5.7: (a) E-IVC timing used in the study (b) effect of E-IVC timing on motoring turbulence
kinetic energy (TKE). Source: [114]

The SITurb combustion model with the improved laminar flame speed correla-
tion and dilution factor (Figure 5.3) described in the previous section was used
in this work. The SITurb model is a function of the in-cylinder turbulence level
and captures the reduction in burn rate caused by Miller timing. The D&E knock
model with the linear regression for M1 shown in Figure 5.6a reproduces the
effect of dilution on engine knock.

The combustion and knock models were used with a six-cylinder engine model
in GT-Power and is shown as a schematic in Figure 5.8. A simple turbocharger
and compressor was used with user defined efficiency. Mechanical losses in
the turbocharging system were not considered in the study hence turbocharger
efficiency only accounts for turbine and compressor efficiencies. A charge air
cooler was used to reduce inlet temperature. At the peak inlet pressure tested
(4.7 bar-a) the charge air cooler reduced inlet temperature to 315K.

This study focuses on full load performance of ethanol and methanol at sto-
ichiometric condition and lean operation at an excess air ratio of λ=1.6. A
controller was used to regulate the turbine orifice diameter and meet the target
air mass at all Miller timings used. An in-cylinder air mass of 3750 mg for sto-
ichiometric operation and 5500 mg for an excess air ratio of λ=1.6 was used.
This corresponded to 26 bar BEMP and 25.2 bar BMEP at λ=1 and λ=1.6 re-
spectively at baseline valve time for methanol. For ethanol at baseline valve
timing, the BMEP was 22.6 and 23.8 bar at λ=1 and λ=1.6 respectively due
to knock limited phasing. A controller was used to advance spark timing until
MBT or knock limited phasing at each operating point.

49



CHAPTER 5. MODEL DEVELOPMENT, SIMULATION RESULTS AND
DISCUSSION

Figure 5.8: Engine simulation set up - schematic. Source: [114]

5.2.2 Impact of turbulence reduction

The reduction in turbulence, shown in Figure 5.7b, with increasing Miller timing
will reduce burn rate and adversely impact combustion and knock. Miller timing
also reduces the effective CR (with a constant geometric CR) thereby reducing
in-cylinder temperature, knock, heat loss and exhaust enthalpy loss. To test
the impact of reducing turbulence, the SITurb model is compared against a
fixed Wiebe model with CA1090 equivalent to the baseline case. The results
were derived with an experimental CR of 12.7, compressor/turbine efficiency
of 70% each (49% turbocharger efficiency) and constant in-cylinder air mass.
A turbocharger efficiency of 49% is quite low for a HD single stage but it was
assumed considering the possibility of a lumped two-stage turbocharger. The
impact of turbocharger efficiency is presented in a subsequent subsection as
a sensitivity analysis.

As shown in Figure 5.9 a and e, the reduction in TKE increases burn duration
for both λ=1 and λ=1.6. Comparing baseline valve timing to ∆IVC=90 deg, 4
to 6 CAD increase in CA1090 was observed at λ=1 and 8 to 13 CAD increase
at λ=1.6. Ethanol had a higher spark retard hence suffered a larger increase in
burn duration. With Miller timing, effective compression ratio reduces thus de-
creasing the temperature at spark advance and facilitating an overall advance
in CA50 at both excess air dilution levels tested. The longer combustion dura-
tion allows a longer residence time for end gas auto-ignition to occur hence the
SITurb model shows more spark retard than the Wiebe model.
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Figure 5.9: E-IVC Miller timing effect on burn duration (CA1090), combustion phasing (CA50),
engine load (BMEP), brake efficiency for λ = 1 and λ = 1.6. Source: [114]

With E-IVC Miller timing , the overall advance in CA50 improved BMEP and
brake efficiency at λ=1 as seen in Figure 5.9c and d. Comparing baseline
to ∆IVC=90 deg, a brake efficiency improvement of 1.3 and 2.5% point was
possible for methanol and ethanol respectively. Ethanol had a lower knock
limit and the phasing advance benefited a larger efficiency improvement. The
Wiebe model had a slightly more advanced combustion phasing and hence
offered a larger gain in brake efficiency.

Even though there was a CA50 advance possible with Miller timing, no gain
in efficiency was observed with the SITurb model at λ=1.6 as shown in Figure
5.9h. If combustion duration had not increased, Miller timing of ∆IVC = 90 deg
could have increased brake efficiency by about 1.2% for both fuels compared
to baseline valve timing. Apart from the combustion duration penalty, the poor
efficiency was also caused by high pumping mean effective pressure (PMEP)
due to the low turbocharger efficiency assumed. A large boost pressure is
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required to maintain the air mass required at λ=1.6 with Miller timing leading
to a high back pressure and poor performance. The sensitivity of PMEP to
turbocharger efficiency is discussed in a subsequent subsection.

5.2.3 Compression ratio sensitivity

Miller timing reduces the effective CR and hence geometric CR can be in-
creased to improve the expansion ratio and efficiency. In the previous subsec-
tion, a constant geometric CR of 12.7 was maintained hence the expansion
ratio remained the same. In Figure 5.10, the geometric CR is varied from 9
to 16 to investigate the efficiency improvement possible with Miller timing us-
ing the SITurb model. In this subsection, a turbocharger efficiency of 49% is
maintained similar to the previous case.

Figure 5.10: Compression ratio sensitivity: E-IVC Miller timing effect on (a,b,c,d) combustion phas-
ing, CA50 and (e,f,g,h) brake efficiency. Source: [114]

With increasing geometric CR, the in-cylinder temperature and pressure rises
increasing knock propensity. This can be seen in the knock limited CA50 of
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all fuels and excess air ratios as shown in Figure 5.10a, b, c, and d. With in-
creasing geometric CR, knock limited CA50 had to be progressively retarded
to maintain the same knock intensity. At a particular geometric CR, knock lim-
ited CA50 was most retarded at baseline and advanced with increasing Miller
timing as the temperature reduced. As CA50 was retarded, combustion occurs
increasingly when in-cylinder TKE is falling further increasing CA1090. Ethanol
at λ=1.6 suffered the most with CA1090 > 40CAD at CR16 and high Miller an-
gle. Even though an increase in geometric CR improves work extraction, a
retarded and long combustion timing leads to lower time for work extraction
before the exhaust stroke. Therefore, increasing the expansion ratio comes
with a trade off as it increases burn duration and retards phasing which limits
the efficiency possible.

Without a higher Miller angle, an increase in geometric CR does not increase
efficiency as combustion phasing would have to be retarded. This is seen in
figure 5.10e, f, g, and h as lower CR gives better efficiency at low Miller angle.
At λ=1 for methanol, no improvement was seen on increasing geometric CR
close to baseline valve timing. Above ∆IVC=45 deg, the effective compres-
sion ratio is sufficiently reduced to see a benefit in increasing geometric CR. At
∆IVC=90 deg and λ=1, a peak efficiency of 46.5% was observed with geomet-
ric CR=16 and methanol. Ethanol is more prone to knock and showed a large
detriment to increasing geometric CR close to baseline valve timing. Without
Miller timing, geometric CR=11 or 12 gave the highest efficiency. Similar to
methanol, E-IVC timing of ∆IVC=45 deg was required to obtain an improve-
ment from increasing geometric CR for ethanol. At ∆IVC=90 deg and λ=1,
a peak efficiency of 42.8% was observed with geometric CR=14 and ethanol.
Though peak efficiency was achieved at a lower geometric CR at full load, a
higher geometric CR would greatly improve part load efficiency.

With higher geometric CR, combustion phasing is retarded causing burn dura-
tion to increase thereby placing a significant constraint in increasing efficiency
at lean conditions. At λ=1.6, the highest efficiency was observed with geo-
metric CR= 12 and 13 in the case of both fuels. At ∆IVC=75 deg, geometric
CR=13 permitted a peak efficiency of 44.7 and 46.5 for ethanol and methanol
respectively. As in Figure 5.9, no significant improvement in efficiency was
seen with Miller timing due to a large CA1090 and pumping loss. Some in-
crease in efficiency at CR = 16 was observed with higher Miller angle due
to better knock limited phasing but did not increase efficiency higher than the
lower CR cases. To extract higher efficiency from increased geometric CR
at lean conditions, a shorter combustion duration is required. At λ=1.6,and
∆IVC=90 deg, if CA1090 can be reduced to 20 CAD (3 CAD faster than base-
line valve timing), 47 and 48.5% brake efficiency can be realized for ethanol
and methanol respectively, even with 49% turbocharger efficiency. The role of
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faster combustion and charging system efficiency will be analyzed together in
a subsequent subsection.

5.2.4 Charge air requirements

Pumping loss was one main aspect causing the low efficiency potential of Miller
timing at λ=1.6. A relatively low turbocharger efficiency (49%) was assumed
considering the possibility of multiple turbocharger stages which caused high
back pressure in lean operation. Pumping loss is quantified as PMEP (nega-
tive = loss) and is shown in Figure 5.11a. To maintain constant air mass, the
boost pressure had to be increased with E-IVC Miller timing. To deliver the
power required for the compressor, the turbine pressure ratio was increased
by reducing the orifice diameter.

At stoichiometric operation, early Miller timing required an increased intake
pressure and led to higher PMEP. The increase in boost pressure could be
accommodated without a large constriction in turbine orifice diameter due to
the high exhaust enthalpy at λ=1. At lean condition, the boost pressure re-
quirement was higher and the exhaust enthalpy lower (due to better indicated
efficiency and combustion phasing). As a result, a large turbine orifice constric-
tion was required to increase boost pressure in lean operation and maintain air
mass in-cylinder. In this case, PMEP was negative at baseline valve timing and
the losses increased with earlier Miller timing. Fuel played a negligible role on
the gas exchange requirements of Miller timing.

A compressor pressure ratio of 3.5 bar-a is considered the limit of a single
automotive compressor stage [66, 115] and is indicated as a reference line
in Figure 5.11b. At stoichiometric conditions, a single compressor stage will
suffice over the extent of tested E-IVC Miller timing. At an excess air of λ=1.6,
a single stage would suffice until ∆IVC = 60 deg. Earlier Miller timing than
∆IVC = 60 deg would likely require multiple compressor stages to attain full
load operation.

As the target air mass was held constant, the boost pressure requirement
with E-IVC Miller timing remains constant and was independent of combustion
model or fuel. Moreover, the effect of combustion phasing and compression
ratio played a negligible role on gas exchange and is hence not presented for
the CR sensitivity study.

One main limitation for E-IVC Miller timing at lean operation was the high pump-
ing loss with a turbocharger efficiency of 49%. The turbocharger efficiency is
an important parameter in the charging performance for E-IVC Miller timing
and its sensitivity is examined in this subsection. A turbocharger efficiency
from 50% to 70% was tested with equal compressor and turbine efficiency. The
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Figure 5.11: SITurb: E-IVC Miller timing effect on (a) pumping loss, PMEP (b) compressor pressure
ratio (c) turbine pressure ratio. Source: [114]

sensitivity is presented in Figure 5.12 with the SITurb model and a geometric
CR = 12.7.

To maintain the same air mass, no change in compressor pressure ratio was
observed on increasing turbocharger efficiency and hence not presented. The
back pressure required to achieve the target boost reduced significantly with
increase in turbocharger efficiency. With lower back pressure, PMEP increases
as shown in Figure 5.12 a, b, c, and d. At λ=1, PMEP was already positive with
E-IVC timing and 49% turbocharger efficiency due to the relatively low boost
requirement. On increasing the turbocharger efficiency, an increase in PMEP
is observed especially with high Miller angle.

The improvement was larger in the case of lean operation as a reduction in
turbine pressure ratio considerably increased PMEP across the range of tested
E-IVC timings. At ∆IVC = 90 deg, a 1 bar increase in PMEP could be attained
if turbocharger efficiency can be increased from 50% to 70%. However, with
multiple compressor stages required, such a high turbocharger efficiency is
unlikely at ∆IVC = 90 deg. At a slightly later E-IVC timing of ∆IVC = 60 deg,
a single stage turbocharger is sufficient and 60 to 65% efficiency is possible.
In this case, 0.4 to 0.5 bar increase in PMEP can be attained compared to
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Figure 5.12: Turbocharger efficiency sensitivity: E-IVC Miller timing effect on (a,b,c,d) pumping
loss, PMEP and (e,f,g,h) brake efficiency. Source: [114]

50% turbocharger efficiency. The reduction in back pressure also contributed
to a marginal reduction in residual gas content trapped in-cylinder due to better
scavenging. Both the increase in PMEP and the reduction of trapped residuals
contributed to better brake efficiency as shown in Figure 5.12 e, f, g, and h.

At both λ=1 and λ=1.6, the increase in brake efficiency with increasing tur-
bocharger efficiency was the largest at ∆IVC = 90 deg. At λ=1, brake efficiency
increased with Miller timing at all turbocharger efficiencies. At λ=1.6 however,
a minimum of 55% turbocharger efficiency was seen to be essential in improv-
ing brake efficiency. The earlier 49% turbocharger efficiency assumed was
quite low for lean operation. If a similar single stage turbocharger constraint
is considered at λ=1.6, 47.8 and 46.1% brake efficiency can be attained for
methanol and ethanol respectively at 60% turbocharger efficiency and ∆IVC
= 60 deg using the SITurb model. From baseline valve timing, this is a 0.7%
efficiency improvement with Miller timing.
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5.2.5 Single stage charging and fast combustion

Even though there is an increase in brake efficiency with an improvement in tur-
bocharger efficiency, the improvement potential is still limited by the reduced
TKE at earlier Miller angles. The impact of reducing combustion duration is
studied in this subsection with a single stage charging system constraint. The
boost pressure required limits the E-IVC timing to ∆IVC = 60 deg (Figure
5.11b) for a single compressor stage. With a single stage, the turbocharger
efficiency was increased to 60% and the effect of burn duration is studied using
a Wiebe combustion model. A relatively quick CA1090 = 20 CAD is compared
against the SITurb model for lean operation in Figure 5.13.

Figure 5.13: λ=1.6, 60% turbocharger efficiency and fixed E-IVC Miller angle ∆IVC=60deg: effect
of compression ratio on (a) brake efficiency and (b) burn duration, CA1090. Source: [114]

When geometric CR is increased, CA50 has to be retarded leading to longer
CA1090 when using the SITurb model as shown in Figure 5.13. This dete-
rioration led to an optimal of geometric CR=13 shown in Figure 5.13a even
though the turbocharger efficiency was increased compared to Figure 5.10. A
peak efficiency of 48% and 46% for methanol and ethanol respectively can be
attained using the SITurb model at λ=1.6. With faster combustion, the Wiebe
model showed over 48% brake efficiency for both fuels, potentially making them
competitive to mixing controlled combustion at full load. The optimal geomet-
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ric CR increased to 14 though a higher geometric CR would benefit part load
efficiency.

5.2.6 Discussion

This study offers theoretical insights on the potential of E-IVC Miller timing
and the challenges in implementing this strategy. Though the combustion and
knock models have been calibrated, the flow model was not and hence this
study provides only a trend analysis on the assumption that the TKE reduces
with E-IVC Miller timing as shown in Figure 5.7. The brake efficiency results
shown are qualitative and serves to highlight the potential of Miller timing but
also the challenges in increasing burn rate and optimizing the charging system
to achieve higher efficiency.

Very limited information was available for E-IVC and L-IVC Miller timing’s influ-
ence on TKE in swirl engines. As a result, the study was limited to E-IVC as it
had a more consistent TKE drop. Further work is required to compare E-IVC to
L-IVC Miller on a particular engine using higher fidelity models or experiments.
The mechanism by which TKE drops also requires further analysis for different
bulk flows when using E-IVC and L-IVC Miller timing.

In this study, brake efficiency plotted does not account for unburned hydro-
carbon emissions and combustion efficiency. As a result, the brake efficiency
presented may be marginally higher than what can be obtained in experiments.
Further work is also required to assess the design improvement required to im-
prove TKE close to TDC and achieve a faster combustion for lean burn ethanol
and methanol engines. If a fixed Miller timing is implemented with relatively
quick combustion, the brake efficiency possible would rival HD diesel engines
making the HD SI engines a competitive low cost alternative for the future.

5.2.7 Summary

• The potential efficiency gain from Miller timing was reduced due to the
lower in-cylinder turbulence when using the SITurb combustion model

• With a conservative 49% turbocharger efficiency, 2 to 3 % increase in
brake efficiency was seen for stoichiometric condition. However, no effi-
ciency improvement with Miller timing was observed at λ=1.6 due to slow
combustion and high pumping loss

• An increase in geometric CR was found to be beneficial for stoichiometric
operation when using a higher degree of Miller timing. However at λ=1.6,
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the retardation in combustion phasing and reduced turbulence due to
Miller timing did not offer a benefit in using higher geometric CR

• Turbocharger efficiency played a significant role in lean operation and
a minimum of 55% turbocharger efficiency was observed to be vital in
increasing brake efficiency when Miller timing was used

• A single stage turbocharger was seen to suffice the extent of Miller tim-
ing tested at λ=1. At λ=1.6, multiple compressor stages would likely be
required above ∆IVC = 60 deg

• By constraining to a single stage turbocharger (60% turbocharger effi-
ciency, ∆IVC = 60 deg and λ=1.6), a 0.7% efficiency gain could be re-
alized with Miller valve timing using the SITurb model. Brake efficiency
of 48% and 46% was observed for methanol and ethanol respectively at
full load. A reduction in combustion duration was seen to be essential in
improving brake efficiency further in this condition

5.3 Knock mitigation by promoting turbulence

As highlighted by the previous section, increasing in-cylinder turbulence is vital
to improve combustion and knock performance of lean combustion and Miller
timing. Traditionally, tumble is used for promoting turbulence close to TDC in
SI engines. However, the engine used was derived from a diesel baseline and
swirl in-cylinder flow was used. Swirl does not dissipate on compression and
plays no significant role in accelerating the flame front. Designing a tumble flow
head, though possible, is an expensive undertaking and would be a solution
only if the production volume justifies it. A simpler alternative is to use piston
squish to promote turbulence at TDC.

The re-entrant bowl enhances swirl and squish interaction to improve turbu-
lence. On the other hand, the quartette bowl employs physical obstruction to
break down swirl and improve turbulence. In this study, the impact of squish on
these two different bowl shapes is compared using a combination of 3D-CFD
and 1D models. Research question R4 is investigated in this subsection.

R4 If turbulence can be increased using piston squish, how much perfor-
mance improvement can be gained in HD SI engines?
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5.3.1 Simulation method

This work was performed as a pre-study and test data from Ottoson and Zioris
[42] was used to calibrate the simulation model. They studied PFI E85 in a HD
SI research engine whose specifications are shown in Table 3.1. The engine
was operated stoichiometric and had a base swirl number of 1.65 at the oper-
ating point used. They attained a knock limited 17 bar IMEP at 1000 and 1300
rpm. These two points were used to model combustion and knock in this study.

A gas exchange model was developed for a single cylinder research engine
and air flow was matched to 3% accuracy compared to test data. The con-
ditions at IVC were derived from this GT-Power gas exchange model and im-
posed on a closed-cycle motoring 3D CFD model for the piston configuration
tested in Figure 3.1. The mass-averaged in-cylinder TKE was derived from the
CFD model and imposed on 1D flow model of GT-Power giving better resolu-
tion for the SITurb model calibration. For the same IVC condition, the re-entrant
and quartette pistons were simulated in CFD and the higher resolution TKE im-
posed on the GT-Power flow model. Using the validated combustion model, the
improvement in performance was simulated for the quartette and re-entrant
pistons. This approach allows a better resolution of in-cylinder flow features
caused by squish while computationally intensive combustion chemistry can
be avoided in CFD modelling.

Motored CFD simulations of the closed engine cycle were performed on the
commercial software AVL FIRE. The 3D Reynolds averaged Navier-Stokes
(RANS) simulation began at IVC and ended at 70 CAD aTDC. The cylinder
charge was modeled as air and neither fuel nor combustion was included. Con-
ditions at IVC and surface temperatures were derived from the GT-Power gas
exchange model. Swirl bulk motion was imposed as a solid body rotation at
IVC with a swirl number of 1.6 whereas tumble was neglected.

An SITurb model was used to predict combustion in GT-Power. The model was
calibrated based on two operating points while imposing the TKE derived from
motoring CFD result for the base piston (Figure 3.1). More information on the
model, its validation and calibration parameters are available in [116].

5.3.2 Piston geometries evaluated

The re-entrant piston bowl is commonly used in diesel engines. The squish
motion augments turbulence close to TDC and the swirl bulk motion is con-
served inside the bowl. Using the quartette piston, squish forces the charge
into the bowl but physical obstruction breaks down the swirl adding to the tur-
bulence generated by squish. The impact of squish on these two geometries
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were studied using CFD and the potential of the piston geometries in reducing
knock was studied using 1D models. A flat piston crown and cylinder head was
considered for this study hence squish area is defined using equation 5.2. The
bowl edge area is calculated using the minimum diameter bowl rim and the fins
in the quartette pistons are neglected.

Squish area =

(
1 − Bowl edge area

Bore area

)
(5.2)

Figure 5.14: Cut section view of the piston geometries evaluated: (top) re-entrant (bottom) quar-
tette. Source: [116]

In this work, 60, 70 and 80% squish area were investigated for the quartette
and re-entrant pistons as shown in Figure 5.14. The maximum bowl diameter
was maintained constant in these pistons and the bowl depth was increased
to maintain CR. The fin protrusion of the quartette piston was maintained con-
stant and equivalent to the 80% squish bowl edge protrusion. With increasing
squish, the piston surface area increases which was accounted for in the heat
transfer model. The normalized surface area for each piston geometry is listed
in Table 5.2.

Table 5.2: Piston surface area normalized by bore area

Re-entrant Quartette

60% squish area 1.53 1.70
70% squish area 1.68 1.83
80% squish area 1.85 1.95
Baseline 1.3

The TKE generated by the baseline piston was predominantly due to piston
motion with some contribution from squish. The re-entrant piston has much
larger squish which forces the charge into the bowl to set up a strong vortex. In
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addition, reverse squish (flow from the bowl to the cylinder) also augments TKE
during piston expansion. In the quartette bowl, squish into the bowl generates
TKE similar to the re-entrant piston. Close to TDC, the fins protruding into the
bowl breaks down swirl, sets up recirculation zones and increases TKE further.
The impact of squish on these two methods of producing turbulence close to
TDC and its impact on engine performance was tudied.

5.3.3 Effect of squish area on the re-entrant piston

The effect of increasing squish on TKE of the re-entrant piston geometries (Fig-
ure 5.14) is shown in Figure 5.15a. Compared to the baseline, an increase of
TKE can be observed from about 40 CAD bTDC and was beneficial for both
flame initiation and propagation. The effect of reverse squish was quite promi-
nent at about 15 CAD aTDC in the 70% squish area case. Higher TKE dur-
ing the initial expansion stroke was crucial in accelerating the late combustion
stage in order to minimize end-gas residence time.

Figure 5.15: 1000 rpm re-entrant piston results: (a) TKE derived from motoring CFD (b) effect
of squish area on IMEP (c) effect of squish area on indicated efficiency where X denotes knock.
Source: [116]

The TKE trace was imposed in GT-Power and the performance improvement
is shown in Figure 5.15b and c. With lower CA1090, the residence time for
auto-ignition to occur reduced. As a result, the knock limited CA50, shown in
Figure 5.15b and c, can be advanced. The X marks denotes the same knock
level for the pistons tested. A phasing advantage can be seen by increasing
squish, leading to about 0.36% point increase in indicated efficiency for the
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80% squish case compared to baseline.

The potential for efficiency improvement was reduced by the higher heat loss
to cylinder wall suffered by the high squish pistons. The increased surface area
was accounted for in the heat transfer model and causes the offset between
the pistons’ efficiency seen in Figure 5.15c. IMEP also increased marginally by
about 0.1 bar due to the better combustion phasing.

5.3.4 Effect of squish area on the quartette piston

Similar to the re-entrant case, the quartette piston geometries (Figure 5.14)
were simulated using a motored close cycle CFD study and the TKE imposed in
GT-Power to obtain knock limited performance. With 60% squish, the quartette
showed a larger increase in TKE compared to the 60% re-entrant piston (Figure
5.16a). This was expected as the fins breakdown swirl and contributed to TKE
in addition to squish. With a higher turbulence, CA1090 reduced and knock
limited combustion phasing advanced. A higher phasing advance compared to
re-entrant was possible with the corresponding squish area quartette piston.

Figure 5.16: 1000 rpm quartette piston results: (a) TKE derived from motoring CFD (b) effect
of squish area on IMEP (c) effect of squish area on indicated efficiency where X denotes knock.
Source: [116]

However, only a similar increase of 0.1 bar IMEP and 0.36% point efficiency
was possible with the 80% quartette piston as shown in Figure 5.16b and c.
The quartette piston suffered from a larger surface area and higher heat loss
compared to the re-entrant piston. For the tested geometries, a 70% squish
re-entrant produced similar performance as the 60% quartette and can be an
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easier way to improve turbulence. The reduction in swirl number did not con-
tribute to a large reduction in heat loss when using the quartette pistons.

5.3.5 Swirl sensitivity

The effect of reducing input swirl was analyzed for the 70% squish area re-
entrant and quartette pistons. The inlet bulk rotation was reduced from 100%
to 50% and 0%. As shown in Figure 5.17a, the 0% swirl case corresponded to
a higher average TKE than the 100% case. In fact, the peak TKE reached as
much as the 70% quartette piston. The increase in TKE also started early, at
around 80 CAD bTDC during the compression stroke. Without a structured bulk
flow, the piston-driven flow perturbs the charge much more effectively leading
to higher turbulence at TDC. Without swirl, no significant difference between
re-entrant and quartette pistons was seen, as expected. The impact of reduc-
tion in inlet swirl was also studied using GT-Power and the effect on indicated
efficiency plotted in 5.17b.

Compared to 100% swirl case, there is an increase in TKE which reduced
CA1090 for the lower swirl levels. A CA50 advance of close to 1 CAD can be
attained for the 0% swirl compared to the 100% swirl case. Additionally, swirl
increases heat loss due to the larger mean velocity close to cylinder walls.
Without swirl, the heat loss reduces along with better phasing to increase in-
dicated efficiency by 0.44% point compared to 100% swirl case. When com-
pared to the baseline piston, reduced swirl and 80% squish re-entrant piston
increased indicated efficiency by 0.6% point.

Figure 5.17: 70% squish: (a) Comparison of TKE with 100 and 0% input swirl for re-entrant and
quartette pistons and (b) effect of swirl on indicated efficiency of the re-entrant pistons where X
denotes knock. Source: [116]
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5.3.6 Discussion

Using 3D CFD with 1D simulations, the impact of flow features (such as varia-
tion in piston bowls) on engine performance can be better captured. The com-
bination of methods allows for better resolution of complex piston geometries
while the computation time is significantly reduced since combustion chemistry
in CFD was not used. This method utilized a calibrated combustion model to
begin the analysis. However, the methodology was not validated with experi-
ments and gives only an estimate of the performance benefits for high squish
pistons in HD SI engines.

By mass averaging the CFD results, spatial flow features and their impact on
combustion cannot be captured in this method. Although the surface area
impact was accounted for, the heat loss model was left unchanged though it is
unclear if the high squish pistons will have the same thermal characteristics. In
addition, the model only accounted for end gas auto-ignition whereas hot spot
pre-ignition may be a constraint in using high squish pistons.

The evaluated piston geometries can support higher dilution and the study can
be repeated with the high dilution SITurb model presented earlier to obtain the
potential impact on combustion and knock. A similar study must also be used
to investigate the improvement possible with lean Miller timing but requires
improvement to the CFD model to include intake valve motion.

The methodology shows promise as a multitude of designs can be tested with
better resolution quickly before higher fidelity modeling or experiments. The
study presents a sensitivity analysis and does not intend to offer predictions
of the most efficient piston geometry. The methodology presented must be
validated to gain confidence on the potential of combining these methods to
obtain better simulation results.

5.3.7 Summary

This work studied the role of squish area on increasing turbulence in swirl
engines with two different piston bowls, namely: re-entrant and quartette. A
combination of CFD and 1D methods were used to obtain the potential knock
reduction and efficiency benefit of these pistons.

• The quartette piston breaks down swirl to turbulence and augments TKE
produced by squish. The TKE generated by the quartette piston can be
attained by a 10% increase in squish area of the re-entrant piston

• Despite the reduction of swirl, the piston surface area caused high heat
loss in the quartette geometry
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• Minimizing input swirl to zero gave the largest benefit in terms of TKE
and efficiency. The piston perturbs the bulk gas more effectively in the
absence of swirl to increase turbulence
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Chapter 6

Conclusions and Future work

The objective of this thesis was to obtain a proof of concept for HD SI alcohol
engines. Using experimental results and 1D simulations, the impact of knock
on engine load and efficiency was analyzed and potential improvements pre-
sented.

6.1 Conclusion

The first study was a literature review to identify the state-of-art, gaps in knowl-
edge and four research questions were framed. Methods to mitigate knock,
namely: high octane alcohol fuels, dilution using excess air or EGR and in-
creased turbulence were discussed.

The second study investigated knock limitation in HD SI engines and focused
on dilution as a means to achieve the required engine load. Diluting the fuel-
air mixture provides a reduction in combustion temperature, thus reducing
knock. However, increasing dilution requires higher boost pressure and leads
to poorer combustion stability. The combustion and knock characteristics of
ethanol and methanol with excess air dilution up to λ=1.8 was studied using a
single cylinder research engine. It was found that ethanol required dilution to
reach the target load whereas methanol showed very good knock resistance
and attained the target load already at stoichiometric operation. Increasing in-
take temperature did play a small role in reducing COV and flame development
time in high HOV alcohol fuels. However, no increase in lean limit could be
realized.

Diluted combustion provided a relatively good efficiency in HD SI engines using
alcohol fuels but there is potential for improvement and optimization. Robust
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modeling of combustion and knock at these conditions are necessary to sup-
port future development for these engines. The third study investigated the
suitability of using available 0D combustion and knock models in the commer-
cial tool GT-Power. SITurb combustion model was used but poor fit to test data
was seen at high dilution points. To obtain adequate agreement to test data,
two changes to the model was required, namely: improvement to the laminar
flame speed correlation and a linear reduction of turbulent flame speed mul-
tiplier with increase in excess air ratio. A linear increase of knock induction
multiplier was able to capture the effect of higher dilution in engine knock sat-
isfactorily.

Compression ratio in HD SI engines is limited by knock. The low compres-
sion ratio is a crucial limitation in further increasing HD SI efficiency. Miller
valve timing can aid increased expansion ratio while limiting the effective com-
pression ratio thereby improving efficiency. One key limitation in HD SI Miller
timing is the reduction of turbulence and increase in combustion duration caus-
ing knock. The fourth study investigated the impact of turbulence reduction
when using Miller valve timing. It was found that drop in turbulence caused
slow combustion and was a considerable impediment in increasing efficiency
at lean operation. A minimum of 55% turbocharger system efficiency was seen
to be necessary in increasing efficiency of a lean HD SI Miller engine. Effi-
ciency equivalent to HD diesel engines can be derived with lean burn alcohols
when Miller timing is applied only if burn duration can be reduced and high
turbocharger efficiency can be maintained.

Improving turbulence close to TDC is vital in mitigating knock and improving
efficiency for both lean operation and Miller valve timing. The engine used had
swirl intake ports which does not break down during compression and hence
does not significantly contribute to turbulence. Piston squish can be used to
generate turbulence in the case of both tumble and swirl engines. By selecting
a suitable piston geometry, swirl can be broken down close to TDC and would
be a simpler design change than modifying intake ports. The fifth study inves-
tigated the influence on squish area on two different piston geometries: the
re-entrant and quartette pistons. A combination of CFD and 1D analysis was
performed to improve resolution of flow features in 1D while reducing computa-
tion time of CFD and the potential performance improvement was presented. It
was observed that the quartette piston breaks down swirl and increases turbu-
lence to a larger extent than the corresponding squish area re-entrant piston.
However, the increased piston surface area of the quartette suffers from high
heat loss despite the reduction in swirl number achieved. It was found that re-
ducing swirl number gave the largest efficiency benefit due to better turbulence
and lower heat loss. These results require experimental verification.
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6.2 Future work

• In the experiments, a production spark plug and ignition coil was used
with constant dwell time. With this set up, a lean limit of λ=1.8 was
attained. Higher dilution was not possible as it led to large misfires and
COV over 10%. The lean limit is an effect of the ignition set up used and
can be increased for higher efficiency

• Dilution reduces knock, heat loss and increases efficiency. Excess air
dilution has been investigated in this thesis. EGR is another dilution
method which could offer similar (or better) performance with the added
benefit of using a simple three-way catalyst after-treatment

• The SITurb and D&E simulation models have been derived for excess air
ratio dilution. The applicability of these models for EGR dilution must be
tested

• Miller timing effect on turbulence with swirl intake port flow is not es-
tablished and needs further exploration. In a swirl cylinder head, the
difference between E-IVC and L-IVC Miller and its effect on turbulence
is an interesting area of study. The performance improvement can be
assessed using GT-Power similar to the Paper 5.

• A method to include motoring CFD in GT-Power combustion model was
presented. However, the efficiency and knock benefit was a prediction
and requires validation. Moreover, the study can be repeated with lean
combustion to derive the efficiency improvement possible

• Additional methods to improve turbulence (such as tumble), and utilize
HOV (such as direct injection of either fuel or water close to TDC) can be
investigated

• Active pre-chamber ignition is a prime candidate to improve both the lean
limit and turbulence in the main chamber (due to the expanding jets from
the pre-chamber). The part load and full load performance of high HOV
fuels at diluted conditions need to be evaluated for HD engines
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Appended Papers and Authors’
Contributions

Appended papers

Paper 1:

Challenges for Spark Ignition Engines in Heavy Duty Application: a Re-
view

Senthil Krishnan Mahendar (SKM), Anders Christiansen Erlandsson (ACE),
and Ludvig Adlercreutz (LA). SAE Technical Paper, 2018

The focus of the literature review was on alcohol fuels, diluted combustion and
high in-cylinder turbulence as methods to increase load in HD SI engines. The
state-of-art and gaps were presented

SKM wrote the paper with input from LA under the supervision of ACE. LA
contributed to the section "In-cylinder flow in SI Engines"

Paper 2:

Alcohol Lean Burn in Heavy Duty Engines: Achieving 25 bar IMEP with
High Efficiency in Spark Ignited Operation

Senthil Krishnan Mahendar (SKM), Tara Larsson (TL), and Anders Christiansen
Erlandsson (ACE). International Journal of Engine Research, 2020

The knock and lean limits of ethanol and methanol on HD SI engines were
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investigated on a single cylinder engine

SKM performed the experiments, analysis and wrote the paper. TL supported
with data analysis and writing. Guided by ACE.

Paper 3:

Semi-Predictive Modeling of Diluted Ethanol and Methanol Combustion
in Conventional Spark Ignition Operation
Senthil Krishnan Mahendar (SKM) and Anders Christiansen Erlandsson (ACE).
SAE Technical Paper, 2021

The suitability of using semi-predictive SITurb model in GT-Power and the mod-
ifications required to improve prediction were presented.

SKM performed the simulations and wrote the paper under the supervision of
ACE.

Paper 4:

The Impact of Miller Valve Timing on Combustion and Charging Perfor-
mance of an Ethanol and Methanol Fueled Heavy Duty Spark Ignition En-
gine

Senthil Krishnan Mahendar (SKM), Varun Venkataraman (VV), and Anders
Christiansen Erlandsson (ACE). Submitted to SAE International Journal of En-
gines

The influence of Miller valve timing on increasing thermodynamic efficiency
and the detriment caused by lower turbulence was studied using GT-Power
simulations

SKM wrote the paper and performed the simulations. VV contributed to valve
modeling in GT-Power and data analysis. Guided by ACE.

Paper 5:

Numerical Investigation of Increasing Turbulence through Piston Geome-
tries on Knock Reduction in Heavy Duty Spark Ignition Engines

Senthil Krishnan Mahendar (SKM), Nicola Giramondi (NG), Varun Venkatara-
man (VV), and Anders Christiansen Erlandsson (ACE). SAE Technical Paper,
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2019

The effect of squish area on re-entrant and quartette piston bowls was investi-
gated combining CFD and GT-Power simulations. The method helped improve
resolution of flow features and obtain the potential benefit of increasing turbu-
lence.

SKM wrote the paper with input from NG, VV and with guidance from ACE.
NG performed the CFD simulations. SKM performed the 1D simulations. VV
supported 1D simulations with knock model fit and data analysis.

Additional papers not appended

Paper 6:

Combustion Characteristics, Performance and NOx Emissions of a Heavy-
Duty Ethanol-Diesel Direct Injection Engine

Nicola Giramondi, Anders Jäger, Senthil Krishnan Mahendar, and Anders Chris-
tiansen Erlandsson. SAE Technical Paper, 2020

Paper 7:

Quantification of Losses and Irreversibilities in a Marine Engine for Gas
and Diesel Fuelled Operation Using an Exergy Analysis Approach

Beichuan Hong, Senthil Krishnan Mahendar, Jari Hyvönen, Andreas Cronhjort,
and Anders Christiansen Erlandsson. ASME Internal Combustion Engine Divi-
sion Fall Technical Conference, 2020
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Chapter 8

Appendix

The laminar flame speed correlation developed from chemical kinetics mech-
anism for high pressure and temperature is reproduced from Vancoillie et al.
[112]. Equations 8.1 to 8.5 describes the model and the constants are listed in
Table 8.1 and 8.2.

SL(φ, p, Tu, f) = SL,o(φ, p)

(
Tu
To

)α(φ,p)
F (φ, p, Tu, ) (8.1)

α(φ, p) = a1 + a2φ+ a3

(
p

po

)
+ a4φ

(
p

po

)
+ a5φ

2 + a6

(
p

po

)2

+ a7φ
3 + a8

(
p

po

)3

+ a9φ
2

(
p

po

)
+ a10φ

2

(
p

po

)2

+
a11
φ

+
a12
φ

(
p

po

)
(8.2)

ln [SL,o(φ, p)] = b1 + b2φ+ b3

(
p

po

)
+ b4φ

(
p

po

)
+ b5φ

2

+ b6

(
p

po

)2

+ b7φ
3 + b8

(
p

po

)3

+ b9φ
2

(
p

po

)
+ b10φ

2

(
p

po

)2

+
b11
φ

(8.3)

75



CHAPTER 8. APPENDIX

Table 8.1: Model constant (a and b) used in the improved laminar flame speed correlation – repro-
duced from Vancoille et al. [112]

Methanol Ethanol Methanol Ethanol
a1 -1.1219E+00 3.7176E+00 b1 5.7841E+00 -2.2301E+00
a2 -3.909E-01 -9.3984E+00 b2 4.5430E+00 1.96513E+01
a3 8.3202E-03 3.9800E-02 b3 -4.8800E-02 -8.0200E-02
a4 3.9592E-03 -1.8600E-02 b4 6.3409E-03 5.8603E-03
a5 1.8676E+00 8.4138E+00 b5 -4.8799E+00 -1.56096E+01
a6 -1.6469E-04 -2.8322E-04 b6 6.4910E-04 1.3515E-03
a7 -5.158E-01 -2.0550E+00 b7 1.0568E+00 3.4851E+00
a8 7.4928E-07 1.4011E-06 b8 -2.8349E-06 -7.2899E-06
a9 -3.7847E-03 -8.3498E-04 b9 3.9592E-03 7.3921E-03
a10 1.8266E-05 4.3198E-05 b10 -1.0637E-04 -1.6407E-04
a11 2.1732E+00 1.3325E+00 b11 -3.0466E+00 -1.6499E+00
a12 1.0505E-03 -6.5238E-03 b12 5.7841E+00 -2.2301E+00
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F (φ, p, Tu, f) = min(1, F1(φ, p, Tu, f)) (8.5)

Where, SL = laminar flame speed (cm/s); SL,o = laminar flame speed at room
temperature and pressure (cm/s); α = lemperature exponent of laminar flame
speed; F = residual mass function; a1 to a12, b1 to b12, c1 to c20 = coefficients
for laminar flame speed correlation; Tu = unburned zone temperature (K); p
= pressure (Pa); To = reference temperature (300K); po = reference pressure
(100000Pa); φ = equivalence ratio
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Table 8.2: Model constant (c) used in the improved laminar flame speed correlation – reproduced
from Vancoille et al. [112]

Methanol Ethanol

c1 9.79300E-01 1.08760E+00
c2 9.87200E-01 1.08860E+00
c3 -2.75800E-01 -4.13300E-01
c4 -1.20440E-05 -2.78770E-03
c5 -5.89700E+00 -6.70300E+00
c6 -5.21800E-01 -7.41300E-01
c7 8.88000E-02 1.25000E-01
c8 6.14700E+00 8.04920E+00
c9 -3.37100E-01 -2.48600E-01
c10 -2.65880E-04 3.03780E-03
c11 4.80700E-01 5.05400E-01
c12 1.48780E+00 1.85120E+00
c13 9.24000E-02 1.80300E-01
c14 -7.84200E-01 -2.10870E+00
c15 5.84000E-02 1.68000E-02
c16 2.71810E-04 -5.02810E-04
c17 4.96000E-02 4.04000E-02
c18 -1.87400E-01 -2.81300E-01
c19 -6.76900E-01 -7.17500E-01
c20 -1.12260E+00 -1.32360E+00
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Nomenclature

Abbreviations
1D One dimensional
aTDC After top dead center
BMEP Brake mean effective pressure
CA010 Duration in CAD required to burn 10% from spark tim-

ing
CA0-2 Ignition delay, CAD required to burn 2% fuel air mixture

from spark timing
CA1075 Duration in CAD required to burn 10% to 75% of fuel

mass
CA1090 Duration in CAD required to burn 10% to 90% of fuel

mass
CA50 CAD at 50% mass fraction burned
CAC Charge air cooler
CAD Crank angle degree
CFD Computational fluid dynamics
COV Coefficient of variation of IMEPg
D&E Douaud and Eyzat knock model
DAC Direct air capture
E85 85% ethanol by volume blended with gasoline
EGR Exhaust gas recirculation
E-IVC Early intake valve closing Miller timing
EVO CAD at exhaust valve open
HD Heavy duty
HOV Heat of vaporization
IMEPg Indicated gross mean effective pressure
IVC CAD at intake valve close
IVO CAD at intake valve open
LD Light duty
L-IVC Late intake valve closing Miller timing
M85 85% methanol by volume blended with gasoline

79



Nomenclature

MBT Timing for maximum brake torque
MON Motor octane number
NTC Negative temperature coefficient of auto-ignition time

delay
PFI Port fuel injection
RON Research octane number
SI Spark ignition
TDC Top dead center
TKE Turbulent kinetic energy

Symbols

ηind Indicated efficiency
ηcomb Combustion efficiency
SL Laminar flame speed
SL,0 Laminar flame speed at room temperature and pres-

sure
ST Turbulent flame speed
mb Mass burned
me Unburned fuel air mass entrained
φ Equivalence ratio
F Function of residual mass
α Temperature exponent of laminar flame speed
β Pressure exponent of laminar flame speed
Bm Peak laminar flame speed
Bφ Laminar flame speed roll off value
φm Equivalence ratio at Bm
a1 to a12 Coefficients for laminar flame speed correlation - Van-

coillie et al.
b1 to b12 Coefficients for laminar flame speed correlation - Van-

coillie et al.
c1 to c20 Coefficients for laminar flame speed correlation - Van-

coillie et al.
u’ Turbulence intensity
Tu Unburned zone Temperature
To Reference temperature (298K GT-Power and 300K

Vancoille et al.)
p Pressure
po Reference pressure (101325 Pa GT-Power and 100000

Pa Vancoille et al.)
Lt Integral length scale
Rf Flame radius
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Nomenclature

ρu Density of unburned air fuel mixture
Af Flame area
τf Time constant
Ret Reynolds number
f Residual mass fraction in unburned zone
Cs Turbulent flame speed multiplier
Cλ Taylor length scale multiplier
Ck Kernel growth multiplier
Cs,λ=1 Turbulent flame speed multiplier at stoichiometric air

fuel ratio
DEM Dilution exponent multiplier
λM Dilution factor for turbulent flame speed multiplier
λ Excess air ratio
τ Ignition delay time
I Knock induction time integral
RPM Engine speed
AKI Anti-knock index = (RON+MON)/2
M1 Knock induction time multiplier
M2 Activation energy multiplier
∆IV C E-IVC difference from baseline - CAD
xb Mass fraction burned
SOC Start of combustion
a,m Wiebe tuning parameters
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Errata

Paper 2:

During the analysis for the simulation study, the effective compression ratio
was estimated to be 12.7 and not 13 as reported in [97]. In addition, an error
in calculating the unburned fuel fraction was observed which affected the spe-
cific heat ratio, γ, estimated. As a result, a significant error was observed for
gasoline AROHR and derived parameters such as CA50, CA1075, and CA010
compared to the publication. The error in gamma estimation and compression
ratio have been corrected and the updated images are shown in Chapter 4.

The estimate of CA1075, CA50, and CA010 was erroneous only in Paper 2. In
the simulation study, the measured pressure curve was imposed and the burn
rate information was derived from the post processing in GT-Power.

95


	Introduction and Motivation
	Fuels for HD engines in freight transport 
	Research questions and thesis outline

	SI Combustion
	Knock in SI engines
	High octane fuels: ethanol and methanol 
	Diluted combustion
	Impact of in-cylinder turbulence
	Miller valve timing

	Method
	Experimental set up
	Data acquisition and analysis 
	Test methodology

	Modeling combustion and knock in SI engines
	Wiebe combustion model
	SITurb combustion model
	Douaud and Eyzat (D&E) knock model


	Experimental Results and Discussion
	Peak load
	Load range
	Part load - burn rate and emissions
	Part load - effect of intake temperature 
	Discussion
	Summary

	Model Development, Simulation Results and Discussion
	Model development – combustion and knock
	Overview of methods
	Laminar flame speed correlation and dilution factor
	Error in SITurb model with improved laminar flame speed correlation and dilution factor
	Knock model
	Discussion
	Summary

	Miller timing: effect of turbulence reduction using the validated combustion model
	Simulation setup
	Impact of turbulence reduction 
	Compression ratio sensitivity
	Charge air requirements
	Single stage charging and fast combustion
	Discussion
	Summary

	Knock mitigation by promoting turbulence
	Simulation method
	Piston geometries evaluated
	Effect of squish area on the re-entrant piston
	Effect of squish area on the quartette piston
	Swirl sensitivity
	Discussion
	Summary


	Conclusions and Future work
	Conclusion
	Future work

	Appended Papers and Authors' Contributions
	Appendix
	Nomenclature
	Acknowledgements
	Bibliography
	Errata

