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ABSTRACT
EXPERIMENTS ON THE EFFECTS OF DILUTION AND FUEL COMPOSITION ON
IGNITION OF GASOLINE AND ALTERNATIVE FUELS IN A RAPID COMPRESSION
MACHINE
By
Prasanna Chinnathambi
In the first part of this work, ignition of methane-air mixtures under excess air dilution is studied.
When excess air is used in SI engine operation, thermal efficiency is increased due to increase in
compression ratio together with reduced pumping and heat loses. However, stable operation with
excess air is challenging due to poor flammability of the resulting diluted mixture. Hence in order
to achieve stable and complete combustion a turbulent jet ignition (TJI) system is used to improve
combustion of lean methane-air mixtures. Various nozzle designs and operating strategies for a
TJI system were tested in a rapid compression machine. 10-90% burn duration measurements were
useful in assessing the performance of the nozzle designs while the 0-10% burn durations indicated
if optimal air-fuel ratio is achieved within the pre-chamber at the time of ignition. The results

indicated that distributed-jets TJI system offered faster and stable combustion while the

concentrated-jets TJI system offered better dilution tolerance.

Knock in a SI engine occurs due to autoignition of the end gas mixture and typically occurs in the
negative temperature coefficient (NTC) region of the fuel-air mixture. Dilution of intake charge
with cold exhaust recirculation gases (EGR) reduces combustion temperatures and decreases
mixture reactivity thereby reducing knocking tendency. This enables optimal spark timings to be
used, thereby increasing efficiency of SI engines which would otherwise be knock limited. Effect
of cold EGR dilution is studied in the RCM by measuring the autoignition delay times of gasoline

and gasoline surrogate mixtures diluted with varying levels of CO2. The autoignition experiments



in the RCM were performed using a novel direct test chamber (DTC) charge preparation approach.
The DTC approach enabled mixture preparation directly within the combustion chamber and
eliminated the need for mixing tanks. Effect of CO2 dilution in retarding the autoignition delay
times was more pronounced in the NTC region, while it was weaker in the low temperature and
high temperature regions. The retarding effect was found to be dependent on both the octane

number and the fuel composition of the gasoline being studied.

Finally, the effect of substituting ethanol(biofuel) in gasoline surrogates for up to 40% by volume
is studied. Ethanol is an octane booster, but it blends antagonistically with aromatics such as
toluene and synergistically with alkanes with respect to the resulting octane number of the blends.
In order to study this blending effect, two gasoline surrogates containing only alkanes (PRF), and
alkanes with large amounts of toluene (TRF) are blended with varying levels of ethanol. The
ignition delay times of the resulting mixtures are measured in a rapid compression machine and
kinetic analysis was carried out using numerical simulations. The kinetic analysis revealed that
ethanol controlled the final stages of ignition for the PRF blends when more than 10% by volume
of ethanol is present. However, in the TRF blends, toluene controlled the ignition until mole
fractions of ethanol became higher than the toluene indicating the reason for the antagonistic
blending nature. It was found that the RON values of the resulting blends matched the trend of the
ignition delay times recorded at 740K and 21 bar compressed conditions. This enables qualitative
assessment of the RON numbers for new biofuel blends by measuring their ignition delay times in

the RCM.
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Chapter 1 Introduction and Background

Currently 95% of the energy used for transportation is provided by liquid fuels obtained from
petroleum refineries out of which spark ignition (SI) engines, running on gasoline, account for
about 35% of the global transportation energy [1]. Next generation SI engines are under more
scrutiny than ever before due to the rising concerns over global warming due to CO> emissions.
CO; emissions are a consequence of burning hydrocarbon (HC) fuels such as gasoline and
emission reduction is possible only through increasing engine efficiency or by widespread
adoption of alternative and carbon neutral biofuels [2,3]. The transition to biofuels has already
begun with the incorporation of ethanol into gasoline, however, for the foreseeable future liquid
fossil fuels will continue to remain the prime mover for transportation [4]. Also, alternative fuels
such as natural gas are now cheaper due to the recent discoveries of shale gas reserves and remain
a viable option in heavy duty transport with strong potential to replace diesel engines [5]. Hence
next generation combustion technology development targets must include higher efficiency,

reduced emissions, and with flexibility to use existing, alternative and non-petroleum-based fuels.

1.1 SI Engines Current Trend and Outlook

As mentioned above, engine efficiency is directly related to fuel economy and to CO> emissions.
Techniques such as engine downsizing, gasoline direct injection (GDI) and exhaust gas
recirculation (EGR) currently drives modern SI engine development [6]. Besides CO», emissions
such as unburned hydrocarbons (UHC), carbon monoxide (CO) and nitrogen oxides (NOkx)
contribute to environmental and health hazards and hence are regulated. SI engines are inherently
less efficient than diesel engines for several reasons, including operating at lower compression

ratios and increased pumping losses associated with throttling at lower loads. Reduction in



throttling losses can be addressed by boosted downsized engines although this is normally
associated with reduced compression ratios due to the occurrence of knock, thereby limiting
further efficiency gains. Moreover, in order to realize the full potential of boosted downsized
engines, high octane fuels are required. The usage of high-octane fuels results in additional
expenses for consumers and such fuels tend to have reduced well to wheel efficiencies when
compared to their lower octane counterparts [7]. Dilution of the intake charge either by supplying
excess air or using EGR can help address pumping losses since the load can be controlled with
diluent concentration instead of throttling [8]. Air and EGR dilution is also known to reduce

knocking tendency in engines as they add an inert component to the mixture [9,10].

1.2 Efficiency Gains Through Air Dilution

The lean burn concept involves the addition of excess air (when compared to the stoichiometric
condition) to the same amount of fuel. This concept enables a similar amount of air to enter the
engine at both lower and higher load points and as a result, the pumping work reduces since load
is limited by the amount of fuel[11]. Lean burn conditions typically occur at partial engine loads,

while stoichiometric combustion is used at higher engine loads [12].

An important parameter that determined engine efficiency are the specific heats of the working
fluid. Thermodynamic analysis of a spark ignited engine is based on the Otto cycle, and

consequently, the increase of compression ratio increases the engine efficiency (¢ = 1 —

1 [ k-13k = i [11,13]. Since burning lean contributes to an increase in the ratio of the specific
CR Cy

heats of the mixture, it directly increases the efficiency [14]. It is possible to run engines lean with
current GDI technology since the in-cylinder mixture preparation can be targeted in such a way

that rich mixtures can be located around spark plug to aid in ignition but the overall mixture can



be operated lean [15]. One disadvantage of mixture stratification is the presence of pockets of fuel
rich regions, which can increase NOx emissions [16]. Also, UHC emissions can become an issue
under highly stratified conditions resulting in very lean regions of air-fuel mixtures that remain
unburned at the end of the cycle [17]. In addition, stratified combustion has been linked to
increased soot emissions [18]. Homogeneous lean combustion (1<A<~1.5) in modern SI engines
has been proven to increase thermal efficiency, however, it produces elevated NOx emissions,
necessitating efficient but costly lean-NOx aftertreatment systems since three-way catalyst
systems are only effective at stoichiometric conditions. [11,19]. Operating in a homogeneous
ultra-lean combustion mode (A>1.5) has been shown to both increase thermal efficiency and
significantly reduce NOx emissions due to the relatively cooler combustion with high levels of
dilution [19,20]. Ultra-lean combustion has the potential to not only increase overall engine
efficiency but also to enable a reduction in the scope of the lean-NOx aftertreatment solution. The
major limitation in developing lean and ultra-lean combustion systems is the less favorable ignition
quality of the mixture and incompatibility with three-way catalyst systems. Reduced laminar flame
speed with lean or dilute combustion strategies leads to combustion instabilities causing increases
in HC emissions [21]. One method to overcome this is ignition enhancement, which involves
increasing the ignition energy in order to improve the burning characteristics of the mixture. As a
result ignition enhancement techniques with additional ignition energy or distributed ignition
sources are required [22]. Technologies such as microwave spark ignition [23], plasma-assisted
ignition [24], divided chamber stratified charge [2] and prechamber ignition systems are classified
as advanced ignition systems. Among all of these systems, turbulent jet ignition (TJI), which is a

type of prechamber ignition systems shows great promise in enabling low temperature combustion



(LTC), through both lean and/or dilute combustion while requiring minimum modifications to

existing engine designs.

1.3 Ignition Enhancement — TJI

Lean burn engines generally require high ignition energy, long duration of ignition and a wide
dispersion of ignition source in order to achieve fast burn rates [22]. SI engines with combustion
initiated within prechamber cavities started appearing during first part of the twentieth century
with the introduction of the 2-stroke Ricardo dolphin engine [30]. Jet ignition applications of IC
engines have a long history and contain several documented studies. Around 1950, studies were
conducted at the USSR Academy of Sciences Institute of Chemical Physics under the guidance of
N.N Semyonov leading to development of Lavinnai Aktyvatsia Gorenia (LAG) or avalanche-
activated combustion by Gussak [25]. The goal was to develop engines capable of achieving
relatively high compression ratios without knock, using gasoline with an octane number around
70. Gussak’s extensive studies revealed the importance of active radicals in the jet ignition process
and lead to anengine that was mass produced and provided service for decades. Gussak’s LAG
engine has often been confused with the Honda CVCC (Compound Vortex Controlled
Combustion) engine [29]. Although the Honda CVCC engine also falls into the category of
prechamber divided chamber engines, there exists a fundamental difference between two. In the
Honda case, a turbulent flame emerges out of the prechamber and propagates without interruption
into the cylinder and is considered as a torch cell engine design [29]. This in contrast to the LAG
engine where combustion is extinguished by shear at the exit of the relatively smaller orifice. The
torch cell design idea was conceived to simplify the LAG design by removing the need for
auxiliary prechamber fueling. Both the LAG and CVCC engines were eventually aborted due to

complex three-valve mechanism and lack of flexibility.
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Jetigniters fall under the category of the divided chamber stratified charge concept with the notable
difference being the much smaller orifices for connecting the main chamber and prechamber
combustion cavities [10]. TJI is an advanced pre-chamber type ignition system for a standard SI
engine. The pre-chamber igniter is illustrated in Figure 1-1. The concept incorporates elements

studied based on several pre-chamber research [26—29] including:

1. Small pre-chamber volume (<5% of main combustion chamber volume at TDC) for minimizing

crevice volume and heat loss

2. Multiple-orifice nozzle connecting pre-chamber to main chamber

3. Small orifice diameter

4. Separate fueling strategies for pre-chamber and main chamber.

To avoid jet impingement on the main chamber wall, the prechamber volume has to be kept
minimal. Similar to homogeneous charge compression ignition (HCCI), with jet ignition chemical

kinetics plays a larger role in determining combustion.

Oppenheim et al. [30,31] miniaturized the valve operated prechamber of Gussak and developed a
pre-chamber system called the Pulsed Jet Combustor (PJC). PJC exhibited twice the burn rates of
an SI system. It was observed that if the PJC orifice diameter was too small, the jet penetration
and hence the velocity gradient increased such that it could no longer ignite the lean mixture.
Maxson [32] showed that the PJC process consists of three stages: the jet, the plume and the puff.
The first is the formation of a jet plume, a pure fluid mechanical process uncoupled from the
exothermic effects of chemical reaction. The plume is the most active stage of the system where
vigorous combustion of the entrained charge takes place within the large-scale vortex structures in
the main chamber. Maxson described the puff as a turbulent cloud of products surrounded by a

5



flame front. The PJC assembly can be installed in place of a 14 mm sparkplug and its prechamber

is 0.5 mm?

in volume. Tests results were published for single orifice and triple orifice
configurations. The minimum nozzle diameter at which PJC would operate satisfactorily was

found to be 2.5 mm [32].

During the 1990s, a Hydrogen Assisted Jet Ignition (HAJI) system was developed by Watson et
al. at the University of Melbourne [14,33,34]. During HAJI operation, hydrogen accounting for
2% of the main fuel energy, was injected into the prechamber forming a localy rich and
inflammable mixture near the spark plug [33] or glow plug [34]. Compared to SI engines, HAJI

equipped engines showed higher thermal efficiency with lower CO and NOx emissions.

A further application of flame jet ignition has been in controlling the ignition timing of HCCI
engines, with studies completed by Murase and Hanada at Kyushu university [35]. In this case, the
mixture was leaner than the lean flammability limit, hence flame propagation from the jet was not

observed and instead the mixture homogeneously ignited following the initial jet penetration.



Figure 1-1 Illustration of TJI with a single orifice nozzle as visualized from a RCM experiment
[36].

Although Kyaw and Watson [37] recognized that gasoline is not an effective prechamber fuel due
to its narrow flammability limits, in order to make the TJI technology feasible for passenger vehicle
applications, Attard and Blaxill [26] investigated gasoline (both in liquid and vaporized form)
injected as the prechamber fuel in several prechamber designs. The location of prechamber and its
components within an optical engine used by Attard [25] is shown in Figure 1-2a with Figure 1-
2b indicating the ranges of lambda (inverse of equivalence ratio) possible for different prechamber
fuels in comparison with a spark-ignited engine. It must be noted that the performance figures for
the vaporized gasoline case were higher than the liquid fueled case due to the poor mixture
preparation in the small prechamber. Figure 1-2¢ shows the high speed images obtained from an
optical engine when using gasoline was used as a fuel[38]. Some of the recent developments in TJI

are further documented in the Chapter 3.
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Figure 1-2 Plane of pre-chamber cavity and location of supporting hardware on a cylinder head
b) Unburned hydrocarbon emissions (UHC) with different pre-chamber fuel [27] ¢) Optical
visualization of gasoline combustion ignited by turbulent jets issued from pre- chamber (as

viewed from bottom of the piston) [38].

1.4 Knock in SI Engines

In cylinder combustion process within SI engines can proceed normally or abnormally. In the
former case, the flame is initiated by a spark plug propagates with a normal velocity and consumes
the entire pre-mixed charge. For the latter case, part of the charge undergoes spontaneous
combustion resulting in abnormally high pressure rise rates. This non-uniform in cylinder pressure
rise causes pressure waves or shock waves to propagate across the chamber, resulting in the
chamber resonating at its natural frequency [39]. This event is termed knocking combustion in SI

engines. Figure 1-3 compares a normal engine cycle with a knocking cycle. However, the upper



limit of this increase depends on the onset of knock. Knocking fundamentally limits SI engine
efficiency as it determines the ceiling value of the compression ratio which in turn dictates the
efficiency. It is now agreed that knocking is a result of autoignition of fuel air mixtures [40].
Autoignition is a chemical kinetic process and is determined by the chemical composition of the
reacting mixture and thermodynamic condition inside the cylinder. There are other modes of
abnormal combustion in engines such as low speed pre-ignition, however mode and occurrence of
such abnormalities are different compared to a traditional knocking event in a normally aspirated
engine. Knock intensity during engine testing is usually defined as the maximum amplitude of the
fluctuating pressure signal. The engine is said to knock if the intensity reaches 20 kPa [6]. In-
cylinder pressure also increases the severity of the knock [41], which is a limitation faced in
modern downsized engines because for these engines turbocharging is employed to compensate
for the loss of engine size, leading to higher pressures. Damage caused by knocking in SI engines
includes piston crown melting, piston ring sticking, cylinder bore scuffing, piston ring-land
cracking and cylinder head erosion [42] . The knock limit determines the engine’s durability, fuel
consumption, power density, noise and emission performance, gasket leakage and cylinder head

erosion [39].
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Figure 1-3 Combustion parameters - normal vs knocking cycle [39].

1.4.1 Knock and Fuel Chemistry

Gasoline fuels are a complex mixture of hundreds of hydrocarbons mostly spanning the C4-C10
range. Hydrocarbons present in a typical commercial grade gasoline are listed in Table 1.1 and
these compounds make up more than 70% of the fuel by weight [7]. The major classes of
components of gasoline are alkanes (paraffins), alkenes (olefins), cycloalkanes (napthenes) and

aromatics [1]. Octane number (ON) is associated with the knocking tendency of a fuel; the higher
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the octane number the higher the knock resistance. Octane number also determines a parameter
called knock limited spark advance (KLSA). If the engine is not run at its maximum load and
efficiency due to knock, it is then said to be knock limited [6]. More knock resistant fuels can
enable higher compression ratio and optimal spark timing even at higher loads, leading to better

efficiency [7].

Having understood the importance of knock in SI engines, a standard testing methodology for
identifying octane numbers of various fuels was put in place in 1922 by the corporate fuel research
(CFR) committee [11]. Testing methodologies to determine two different octane numbers, the
Research Octane Number (RON) and Motor Octane Number (MON), were detailed in the
American Society for Testing and Materials (ASTM) documents in ASTM-D2699 [43] and
ASTM-D2700 [44] respectively. The RON test is run at an engine speed of 600 RPM with intake
temperature set at 52°C while the MON test is performed at 900 rpm and 149°C. A mixture of two
pure components, iso-octane and n-heptane are used to establish a scale for octane number and are
called the primary reference fuels (PRF). The octane number of a PRF mixture is determined by
the volume percentage of iso-octane in the mixture. For example, a PRF mixture with 80% by
volume of isooctane and the remaining (20% by vol.) n-heptane will have an octane number of 80.
The ON of a given fuel is determined by the composition of PRF mixture that can produce the

same knocking intensity under the fixed testing conditions [7].

For modern SI engines a fuel’s knock/antiknock property is closely related to a parameter called
sensitivity (S) and is defined as the difference between MON and RON [7]. Primary reference
fuels (PRF) consist of a mixture of n-heptane and iso-octane and are said to possess zero
sensitivity. It is evident that the PRFs only represent n-alkane and iso-alkane chemistry of a

practical gasoline and hence as result they will have zero sensitivity. A practical gasoline will
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match different PRF blends at different octane numbers. The actual antiknock quality of the fuel
according to Kalgathi [7] is best described by the Octane Index (OI), where OI= (1-K) RON +
KMON = RON —KS. In this equation K is an empirical constant that depends on the temperature
and pressure history of the unburned mixture in the cylinder. For practical fuels the sensitivity is

in the range of 9-13.

Amer et al [45] using a single cylinder engine study investigated the effect of fuel composition
and inlet pressure on knock. They found at stoichiometric and boosted conditions reducing the
compression ratio provided the highest potential for downsizing. Antiknock quality of the fuels
enables higher IMEP, however the gain with increasing octane index (OI) decreases as the Ol is
further increased above ~100. It was found that there were fast diminishing returns on increasing
RON above 100 as long as the sensitivity was 10 or greater [45]. For illustrating the effect of
pressure over autoignition tendency, ignition delay times of n-heptane as a function of temperature

for various pressure is shown in Figure 1-4.

The antiknock quality of a fuel depends upon its molecular structure [46]. Branched parafins are
known to have better antiknock quality than straight chain paraffins with equal number of carbon
atoms (e.g., iso-octane vs n-octane) since knocking tendency increases with increasing carbon
chain length [46]. Naphthene and aromatic components tends to have higher octane number but
with increasing side chain length their reactivity and hence knocking tendency increases. [3]
Addition of aromatics (such as Toluene) and olefins (such as l1hexene) increases the RON and the

sensitivity of a base PRF mixture [47].
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Table 1-1- Components present in a typical commercial grade gasoline (~98 RON) at greater
than 1% by weight [7].

toluene | | s
isopentane 11.43
m-xylene 6.93
n-butane 5.41
iso-octane 4.34
o-xylene 4.04
ethylbenzene 3.04
1.2,4-trimethylbenzene 2.69
p-xylene 2.58
2-methylbut-2-ene 2.3
2-methylpentane 2.07
n-pentane 2.02
isobutane 1.87
trans-pent-2-ene 1
m-ethyltoluene 1.65
2-methyl-1-ene 1.39
2-methylbut-1-ene 1.39
3-methylpentane 1.31
2,3.4-trimethylpentane 13
2-methylhexane 1.24
benzene 1

13



Heywood [11] presented a correlation for ignition delay time in order to further understand and

predict knock behavior:

T = C; ™ exp

In this equation C1, C2 and n are fitted constants while P and T are pressure and temperature. The
end gas reactions can be retarded by either decreasing the temperature or by chemical means, such
as adding antiknock additives to the fuel or by dilution of the fuel air mixture. Autoignition
chemistry of a fuel-air mixture is far more complex than can be described by a single relationship

and more detailed mechanisms are explained in the next section.
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Figure 1-4 Ignition delay times of stoichiometric n-heptane-air mixtures at various pressures
conditions [48].

1.4.2 Oxidation Chemistry of Hydrocarbon

A brief discussion regarding the low temperature oxidation chemistry for n-alkanes (R-H) is
provided here since the chemistry is relevant for IC engine conditions. The foundation of modern

hydrocarbon autoignition interpretation is based on the concept of free radicals and chain reactions
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proposed by Semenov [49]. Free radicals have at least one unpaired electrons in the valence shell
and hence are highly reactive. There exist several classes of elementary reactions through which
free radicals are formed, propagated and removed in a reacting system. Such elementary reactions

can be grouped as below,

Table 1-2- Types of elementary reactions and their meanings [50].

Primary Initiation Radicals are produced from parent molecules
Chain Propagation Number of radicals is unchanged

Chain Termination Reduction or removal of radicals

Chain Branching Increase in number of radicals

Degenerate Branching (Secondary Initiation) | Production of new radicals from stable

intermediates

Unimolecular fuel decomposition reactions producing either two radicals or one alkyl radical R
and one H atom serve as initiation reactions only at high temperatures, such as those encountered
in shock tubes [51]. However, at low temperatures H atom abstraction from the parent molecule
serves as an initiation step. Abstraction of the H-atom by an OH radical is largely responsible for
radical pool generation, when compared to abstraction by an O molecule since this process is
highly endothermic and relatively slow [51]. H-atom abstraction is highly selective and can
produce various isomers of R depending on the abstraction site with preference for more stable
isomers[51]. In the case of iso-octane, primary, secondary or tertiary iso-octyl radicals are formed
based on the abstraction sites [52]. At temperatures below 900K, the B-scission route for alkyl
radicals becomes less important due to the high activation energies (27-40 kcal mol-1) [51]. At

low temperatures, the most important reaction is the addition of O to the alkyl radical resulting in
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the formation of RO2. The peroxy radicals then undergo isomerization reactions through transition
state rings resulting in the formation of hydro-peroxyl radicals (QOOH) [53]. In the case of n-
heptane four RO2 species can be formed by O2 addition. There are 18 possible QOOH isomers
produced by internal H-atom abstraction [51]. QOOH radicals continue to react with oxygen to
form peroxy alkyl peroxide radicals (O2QOOH). The O2QOOH radicals tend to undergo internal
isomerization producing ketohydroperoxide radicals [46]. This pathway eventually results in the
formation of active OH radicals and other oxygenated radicals, hence accelerating the overall
reaction rate. Therefore, the autoignition chemistry at these temperatures is primarily controlled
by isomerization reactions of O2QOOH and RO2, along with the initial OH and parent fuel
molecule reactions[54]. The mechanism of alkylperoxy and hydroperoxyalkyl radicals governs the
low temperature chemistry and is very important for LTC engines [55] and understanding

knocking in SI engines.
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Figure 1-5 Possible pathways for low-temperature oxidation of hydrocarbons [51].

As temperature increases RO2 dissociates into the conjugate olefin and HO» [51]. This pathway is
highly pressure dependent and is quenched with increasing pressure [56]. HO2 is a stable
intermediate and its removal results in the formation of another unreactive intermediate H>O». The
overall system reactivity is then decreased with the formation of HO, radicals favored in
comparison to RO2 chain propagation reactions. This decreased in reactivity manifests as the NTC
region and is observed for many hydrocarbons. When the temperature increases to ~1000K,

decomposition of H>O» begins leading to the second stage ignition event [57].
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It is possible to gain insights into octane number and octane sensitivity (OS) of fuel components
by measuring their auto ignition times in a rapid compression machine (RCM). It has been that
ignition delay times of high OS fuels are observed to decrease less rapidly with increasing pressure
than ignition delay times of other fuels, making high OS fuels more resistant to knock and more
desirable in turbocharged and high compression ratio engines. [58] Mittal et al. [59] suggested that
autoignition phenomenon in modern engines takes place at temperatures between 775 and 900K,
while the MON tests usually capture the chemical kinetics above 900K. As a general trend, fuels
having higher sensitivity display lower reactivity at temperatures below 700K and higher reactivity
in the NTC region. Singh et al. [60] concluded that ignition delay times at T=750K and P=25bar
provide the best correlation with RON, and T=825K and P=25bar provide the best correlation with
MON. An example of a relationship between ignition delay times and octane numbers is illustrated

in Figure 1-6.
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Figure 1-6 Ignition delay times and ON plotted for a) 835K and 20 bar b) 825K and 25 bar
compressed conditions in a RCM for stoichiometric TPRF-air mixtures[61].

1.5 Cold EGR Dilution Strategy in SI Engines.

Using high octane fuel reduces knocking tendency but additional steps are required in petroleum
refineries to improve the octane rating of the fuel. These steps include catalytic reforming,
alkylation, isomerization etc. which increases cost and reduces conversion efficiencies [7]. Hence
it is prudent to explore other strategies that can reduce knocking tendency while using a relatively
lower octane fuel. One of the most effective strategies to avoid knock in SI engines is through
dilution of the intake charge with cold EGR. The EGR technique was originally used in diesel

engines to suppress thermal NOx temperatures by limiting the combustion chamber temperature
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[62]. In order to suppress knock the ignition delay times of the end gas mixture needs to increase

so that the time available for deflagration is increased.

Inducting diluent such as EGR increases the total heat capacity [Figure 1-7] of the end-gas and
reduces the temperature rise. Cold EGR is also an effective means to reduce NOx and has been
recently shown to help control particle soot emissions [63] in GDI engines. With respect to
downsized engines, EGR is classified as either high pressure (HP-EGR) or low pressure (LP) EGR
[64]. In the former case EGR is introduced before the inlet compressor, while in the latter case
EGR is introduced after the compressor. Cold EGR increases inlet density and thus increases the
volumetric efficiency of the engine. Lean burn combustion via air dilution is also an effective way
to reduce NOx but requires more costly lean NOx aftertreatment since the three-way catalyst
rapidly loses effectiveness with mixtures that vary from stoichiometric. However, when EGR is
used as the diluent three way catalyst compatibility is retained since an overall stoichiometric
composition can be maintained [65]. EGR is also an effective means to avoid fuel enrichment at
high loads, which is particularly useful for modern downsized engines. Thermal loads for such
engines become an issue at high loads and traditional fuel enrichment (excess fuel) is used to lower
temperatures [66]. Grandin et al. [67] has demonstrated that cold EGR can be used as an effective
replacement for enrichment at high loads since thermal loads are lowered by lower combustion

temperatures.
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Figure 1-7 Ratio of specific heats as a function of the amount of dilution and temperature [62].

1.6 Effects of Dilution and Fuel Composition on Ignition Delay Times of Natural Gas-Air

Mixtures

Nearly a dozen alternative fuels, either in production or under development, are suitable for use in
alternative fuel vehicles and advanced technology vehicles [68]. Compressed natural gas (CNG)
and liquefied natural gas (LNG) are considered alternative fuels under the Energy Policy Act of
1992 [68]. The U.S. Energy Information Administration estimates that as of January 1, 2015, there
were about 2,355 trillion cubic feet (Tcf) of technically recoverable resources of dry natural gas in
the United States. At the rate of U.S. dry natural gas consumption in 2015, the United States has
enough natural gas to last about 86 years [69]. This is mainly possible due to advancements made

in shale gas recovery, in which the U.S. has remained a forerunner. The abundance of shale gas
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has led to a decrease in natural gas prices in the U.S and enabled a noticeable shift from coal to
gas for electricity in recent years [7]. Using natural gas as a fuel in internal combustion engines
provides energy security by reducing the dependence on foreign oil and has potential for lower
emissions. This makes CNG and LNG attractive fuels for use in class 7 and 8 trucks requiring a
greater range. Natural gas, when used as a transportation fuel, can help reduce CO; emissions due
to the higher hydrogen to carbon ratio (H/C) of the fuel. The H/C ratio is increased from 1.8 to
3.7- 4.0, when changing the fuel from diesel to natural gas. Additionally, a high research octane
number (around 130) [70] provides an increase in engine thermal efficiency by enabling higher

compression ratios (CR) during spark ignition operation.

Methane, a surrogate for natural gas fuel, is considered for experiments using a TJI system in
Chapters 3 and 4. More details about the practical implementation of natural gas fuel for TJI
systems are covered in Chapter 3. The autoignition delay times of methane-air mixtures were
not measured in the MSU RCM facility and hence a brief review covering ignition delay
response of CHy-air mixtures is given here and the effects of diluents and fuel composition on
the ignition delay times of natural gas-air mixtures are discussed. Burke et al. [71] measured the
ignition delay times of natural gas-air mixtures at 10 atm and 25 atm across various equivalence
ratios in the temperature range of 900K to 1700K using an RCM and a shock tube. The recorded
ignition delay times for 10 and 20 atm is illustrated in Figure 1-8. The authors concluded that
the most promoting reaction for methane ignition was CH3+02<=>CH20+OH and the most
inhibiting reactions were the recombination reactions leading to the formation of ethane. In a
study by Gersen et al. [5], ignition delay times of CH4 and CHs-H; blends were measured in a
rapid compression machine. In Gersen et al.’s [5] study CO was used as the diluent and delay

times were measured for @=0.5 to 1.0 at pressures between 20 to 80 bar, and compressed
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temperatures of 900-1000K. The authors observed that CO dilution did not alter the ignition

delay times for up to 20% dilution levels.
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Figure 1-8 Ignition delay times of CHg-air mixtures at 10 and 20 atm for stochiometric
conditions [71].

Natural gas is a blend of methane and other light hydrocarbons with the percentage of the
individual components varying depending upon the source. Natural gas can be procured as a
fossil fuel or can be obtained via a renewable route using biomass. The effect of fuel
composition on ignition for different natural gas blends are discussed in several studies. In
Figure 1-9, it can be seen that reactivity is increased when changing from pure methane to
natural gas mixtures. In Chapter 3 and 4 only methane was used and hence increased reactivity
should be expected if other natural gas components are present in the actual mixture. Methane
does not show NTC behavior, as seen in Figure 1-8, unless blended with other alkanes like

propane [72]. Heyene et al. [73] measured ignition delay times of natural gas for 850-925K
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temperature range in order to validate a reaction mechanism for use in prechamber engines
working in the autoignition mode. In a study by Healy et al. [74], NTC behavior was observed
when 30% propane was substituted in the place of methane. In another study by the authors [75],
70%-methane and 30%-butane mixtures exhibited NTC behavior and the reactivity trends of the
blend was more in line with that of pure butane . Yu et al. [72], studied methane and natural gas
containing 89% methane, 9% ethane and 2% propane and the effect of CO, CO, and water
dilution was also included in the study. Yu et al. [72] observed that the addition of CO did not
impact the ignition delay times of NG-air mixtures and attributed this behavior to the chemical
reactivity of CO since if CO was inert then the delay times would have increased. The addition
of CO2 (20% of fuel substituted with CO») did not affect the delay times. Similarly, H>O present
at 30% relative to fuel quantity did not affect ignition delay times. Ethanol is another alternative
fuel and its presence in gasoline and gasoline-like fuels changes the ignition behavior of the fuel
depending upon the amount of ethanol present. The compositional effect due to the presence of

ethanol in gasoline will be explored in Chapter 8.
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Figure 1-9 Ignition delay times of stoichiometric natural-gas-air mixtures (diamonds) vs
methane-air mixtures (circles) [72].

1.7 Relationship Between Fuel’s Ignition Delay Times and Their Octane Numbers

Few studies have attempted to identify the link or relationship between octane numbers (ON)
measured from a CFR engine and ignition delay times obtained from ideal reactor environments
including RCMs. In the following studies, pressure and temperature conditions for which IDTs
strongly correlates with RON and MON of fuel-air mixtures were proposed. Mehl et al. [76],
completed a shock tube study in which they proposed a relationship between AKI (anti-knock
index) and ignition delay time at conditions of 825K and 25 bar. Sarathy et al. [77] compared the
ignition delay times of fuel-air mixtures from shock tube experiments and simulations with RON
values. The authors observed a correlation between the two at 835K and 20 bar. Griffiths et al.

[40] used an RCM to relate ignition delay times of PRF mixtures with varying RON values at a
25



compressed temperature of 900K. Here the compressed condition was chosen based on the
argument that the end gas temperatures under knocking conditions for high RON fuels was found
to be around 900K. Badra et al. [61] compared simulated ignition times for various TPRF mixtures
and obtained correlations for RON and MON using fixed volume and variable volume simulations.
In a recent study by Westbrook et al. [ 78] correlations between experimentally measured RON and
MON values and simulated ignition delay times were made using pressure inputs derived from
RON and MON test conditions. In a study by Singh et al. [60] it was observed that the simulated
ignition delay times at T=750K and P=25 bar provided the best correlation with RON while
T=825K and P=25 bar showed the best correlation with MON. These studies establish the fact that
a link exists between ignition delay times measured in idealized reactors and ON measured from
a CFR engine. This topic will be further explored and supported with experimental data from the

MSU RCM facility in Chapter 8.

1.8 Research Questions and Objectives

In order to successfully implement an ultra-lean burn strategy using TJI, design consideration for
the nozzles issuing the jets becomes crucial since proper jet characterization is required to
overcome the poor ignition and flammability inherent to ultra-lean mixtures. Also, to understand
the effect of CO; dilution on hydrocarbon-air mixtures in the context of knocking propensity,
autoignition delay times, a fundamental chemical kinetic property, of these mixtures needs to be
studied over a temperature and pressure range of interest. Finally, in order to understand the effect
of fuel composition on autoignition delay times, the effect of substituting ethanol (biofuel) in
gasoline surrogates for up to 40% by volume is studied. The work presented here attempts to
address the research questions below and add to the knowledge regarding dilution and fuel

composition effects that positively impact SI engine efficiency.
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1. For a methane fueled TJI system, how does a single jet and/or converging jets compare

with the burn durations and lean limit extension observed with diverging jets?

2. Performance metrics derived from main chamber pressure such as 0-10%, 10-90% burn
durations, and the durations of the peak first and third derivative values of the pressure
trace are compared for various TJI configurations. Can this information be used to evaluate

and compare TJI performance in both the active and passive configuration?

3. Can the direct test chamber (DTC) charge preparation technique replace the traditional

mixing tank-based charge preparation approach for ignition delay studies in an RCM?

4. What is the effect of CO, dilution on ignition delay times for full blend gasoline, and their

simple and multicomponent surrogate-air mixtures?

5. Can COz dilution provide any octane relaxation potential?

6. Ethanol is an octane booster that blends antagonistically with aromatics such as toluene
and synergistically with alkanes. What are the resulting ignition delay times when ethanol
is blended for up to 40% by volume to PRF (alkane only) and TRF (alkane aromatics)

mixtures? What is the reason for the observed trends in terms of underlying fuel chemistry?

7. Is there a relationship between measured ignition delay times in the RCM and measured

RON and MON values from a CFR engine?

1.9 Outline of the Dissertation

In this section a summary of the contents presented in the coming dissertation chapters are outlined.
Chapter 2 provides an overview of the MSU RCM facility and modifications that were required to

conduct TJI and autoignition experiments respectively. Chapter 3 focusses on comparing the burn
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durations and lean limit extensions of an auxiliary injected TJI system with a single jet, dual
diverging jets and dual converging jets. Chapter 4 extends on the work of Chapter 3 by analyzing
the performance of TJI nozzles for both active (auxiliary-fueled) and passive (unfueled)
prechamber configurations. Additional nozzle configurations are tested and new performance
metrics from high speed images and pressure signal are derived and discussed. The suitability of
these performance metrics for evaluating TJI configurations using the RCM is evaluated. In
Chapter 5, the direct test charge (DTC) approach is introduced as a viable approach to test gasoline
like fuels in a RCM and measure their ignition delay times. Using the DTC technique air-fuel
mixtures of a required equivalence ratio are prepared directly in the RCM test chamber instead of
using an external mixing tank. In addition, the effect of CO; dilution at 15% and 30% levels on
ignition delay times of iso-octane mixtures is also studied. Chapter 6 adapts the experimental
approach used in Chapter 5 for measuring ignition delays of full blend gasolines. In order to
validate the DTC approach for full blend gasolines containing a spectrum of hydrocarbons, a
GCMS study was performed and vaporization of high boiling point fuel components were
confirmed. Ignition delay times of both CO, diluted, and undiluted fuel-air mixtures are measured
and compared with a single component gasoline surrogate. In Chapter 7, the ignition delay times
of multi-component gasoline surrogates are measured at both diluted and undiluted conditions.
These surrogates were formulated to capture the reactivity of the gasolines studied in Chapter 6
and hence the ignition delay times were compared against the respective gasoline-air mixtures at
both diluted and undiluted conditions. Additionaly, advantages of CO> dilution in context to EGR
dilution in SI engines is evaluated from the measured ignition delay times. In Chapter 8, the effect
of blending ethanol with PRF-91 and TRF-91 surrogates, in terms of autoignition delay times, for

up to 40 vol% of ethanol is studied. Kinetic analysis using chemkin-pro is performed for nine
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different fuels. Also, the results are analyzed to identify any existing trends between the ignition

delay times and the octane values of the resulting mixture.
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Chapter 2 Experimental Setup

The experiments completed for this research were performed in a RCM which was designed, built
and characterized at Michigan State University (MSU) [36,79-81]. Both TJI and autoignition
studies reported in this work were completed using the same RCM with modifications to the
cylinder head, ignition and fueling systems. Details regarding each configuration are explained in
the respective chapters, while an overall overview is presented here as it applies to both

configurations.

2.1 MSU Rapid Compression Machine

RCMs are traditionally used for chemical kinetic and ignition delay studies and can achieve engine
relevant compressed conditions. By installing a spark plug and corresponding ignition hardware
they can be modified for studying spark ignition processes in detail. A schematic of a cross-
sectional view of the RCM is shown in Figure 2-1 while various components that makeup the

RCM facility are shown in Figure 2-2.

TJI System
/ Combustion Piston Hydraulic Piston

Pneumatic Piston

N Optical Cylinder Head

Figure 2-1 Cross section of various chambers within the RCM test facility showing the TJI
system installed.
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Figure 2-2 RCM test facility at MSU showing the autoignition setup.

The RCM consists of a combustion chamber in which a gas mixture is rapidly compressed by
piston motion to engine relevant conditions. This piston is driven pneumatically and is decelerated
and stopped hydraulically using a stopping ring and a groove mechanism [79]. The test section
piston, hydraulic piston and pneumatic piston are interconnected along the same shaft as shown in
the Figure 2-1. Prior to compression, the pistons are held in their initial position by pressurizing
the hydraulic chamber. Before firing the RCM, the hydraulic pressure is greater than the pneumatic
pressure and provides the holding force to lock the piston in its initial position. Compression is
initiated by triggering a solenoid valve in the hydraulic section venting the hydraulic oil into a
reservoir. With the hydraulic pressure relieved, the pneumatic pressure accelerates the piston
forward. The entire compression process takes roughly 25ms. In the final stage the piston is held

by the force of the driving air, which remains greater than the force of the compressed or burning
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mixture and hence allows combustion to occur under constant volume conditions. National
Instruments® hardware and LabVIEW® VIs are used for controlling and acquiring data from the
RCM. The entire RCM assembly is shown in Figure 1. During this study the main chamber was
instrumented with a piezoelectric pressure transducer (Kistler — 6125C) and charge amplifier
(Kistler-type 5010B), for pressure measurement at 100 kHz sampling frequency. At the onset of
compression, once the voltage level from the pressure transducer reaches 0.15V, which is well
above the baseline voltage of the system, storage of pressure data is initiated. This voltage point
also serves as a reference for timing the ignition and injection process. The RCM is equipped with
heating bands that can be signaled and controlled through a LabVIEW® VI . Wall temperatures
are measured using k-type thermocouples as shown in Figure 2-4. The wall temperature can be
varied from 85°C to 175°C (current maximum stable RCM temperature) while the compression
ratios varied from 6.8 to 17.1. A zoomed in view of the RCM s test section with the TJI set-up is
shown in Figure 2-4 and the test section equipped with a straight gasoline direct injector for
gasoline autoignition studies is illustrated in Figure 2-5. A detailed explanation of these
configurations is provided in the next sections while additional details are given in Chapters 4 and

5, respectively.

2.2 TJI Experimental Configuration

For the TJI experiments heating bands were installed on the RCM and controlled using a
LabVIEW® VI program to maintain the wall temperatures at 80° C. The spark plug used for these
experiments was an NGK 8201 ERSEHIX with a gap of 0.7mm. The RCM head was equipped
with a quartz optical window that enables optical access of the entire combustion chamber. As
shown in Figure 2-3, a Photron SA-4 high speed color camera in conjunction with a Nikkor 50mm

lens with aperture set at /2.8 was used and images were captured at 10000 fps with a resolution
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of 512 x 512. RCM combustion chamber with the TJI igniter installed is shown in Figure 2-4. The
intake manifold was connected to the bottom of the combustion cylinder. Mixture stoichiometry
was controlled by monitoring the partial pressures of the gases using an absolute pressure
transducer which was installed in the intake manifold. For these tests compressed methane
(surrogate for natural gas) with 99.9% purity obtained through supplier Airgas was used as the
main and auxiliary fuel. Approximately three minutes [39] was allowed before firing as this was
determined to enable adequate mixing time to obtain a homogeneous mixture. A production Bosch
direct injector was used for the prechamber fueling. The GDI unit is connected to a high-pressure
methane fuel line. Injector flow calibration was performed to determine the mass of fuel injected
at different pulse widths. This mass value was used to determine a theoretical prechamber lambda
value for different test conditions. Mass of fuel and air introduced during the charge preparation
phase was calculated using the ideal gas equation while the mass of the auxiliary fuel was obtained
from the injector flow calibration data. A flat piston was used for this study as turbulence is desired

in the experiments.

Spark Plug

re-chamber

Photron SA4 high speed
color camera Nikon 50 mm /2.8

ﬁ /objeclive lens

Figure 2-3 Optical imaging setup with high speed camera aligned in front of quartz window.
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Figure 2-4 Enlarged view of RCM head fitted with optical window and TJI igniter.

2.2.1 Testing Protocol for TJI Experiments

1. Preheat the RCM wall temeratures to 80°C.
2. Use the TJI LabVIEW VI to set values for the timing of spark and auxiliary fuel injection.
3. Prior to each test vacuum the entire test section using a vacuum pump.

4. Prepare the test section air-fuel mixture by admitting dry-air and methane from compressed

cylinders through ports installed in the intake manifold.

5. Pressurize the hydraulic chamber to 1000 psi by using the manual hydraulic pump thus filling

the chamber with mineral oil.

6. Now pressurie the pnematic section of the RCM to 140 psi by using the compressed air from

the air compressor.

7. Setup the camera in trigger mode so that image acquistion begins with the onset of spark dwell

signal.
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8. After allowing sufficient mixing time fire the RCM using the LabVIEW VI. This activates a
solenoid in the hydraulic reservoir and relieves the 1000psi pressure in the hyrdraulic chamber

moving the pistons forward and starting data acquistion.

9. Save the pressure and image data.

10. Manually bring the piston back to the initial positions followed by vaccuming of the test

chamber.

2.3 Experimental Configuration for Autoignition Studies

In order to carry out autoignition studies few important and notable changes were made in
comparison to the previous TJI study. Mixture stoichiometry was controlled by varying the pulse
width and number of pulses using a water-cooled direct injector as shown in Figure 2-5. During
this study different compressed temperatures are attained by changing the wall temperatures in
conjunction with the compression ratio (CR). The wall temperature was varied from 85°C to 175°C
(current maximum stable RCM temperature) while the compression ratios varied from 6.8 to 17.1.
The compression ratio change was effected by adjusting the stroke length achieved by adding or
removing shims in the back of the hydraulic chamber. This changes the BDC volume but the TDC
volume remains the same hence reducing CR. Also, shims can be added to the front of the
hydraulic cylinder, this maintains the same stroke length but changes both the TDC and BDC
volume reducing CR. In addition, a stepped metal window as shown in Figure 2-6, which contains
a step on one of its faces, can be used to alter the TDC volume. The additional step, when
introduced into the test chamber, will decrease the TDC (and BDC) volume thereby increasing the
CR for a given stroke length. Different CR configurations for attaining different compressed

conditions used in the current study is tabulated in Table 2-1. The RCM head can be equipped with
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either a metal window or with a quartz window enabling optical access of the entire combustion
chamber. For imaging a Photron SA4 color camera at 10,000 frames per second was used in
conjunction with NIKOR 105mm lens for imaging the autoignition event. Additional details about

the configuration are provided in Chapter 5.

Table 2-1 RCM conditions used for achieving the target compressed condition.

Compressed TDC Wall temperature Initial pressure range
Temperature (K) CR volume(cm?) range (°C) (bar)
650 6.8 70.4 90-130 0.89-2.03
700 9.6 47.9 90-125 0.66-1.39
750 13.9 31.9 85-125 0.49-1.00
800 13.9 31.9 110-150 0.49-1.00
850 17.1 31.9 110-160 0.39-0.84
900 17.1 31.9 145-175 0.39-0.85
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Figure 2-6 View of RCM with stepped metal window used for increasing or decreasing TDC

volume.
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2.3.1 Testing Protocol for Autoignition Experiments

1. Preheat the RCM wall temeratures between 80 to 170°C based on the target compressed

temperatures and compression ratio.

2. Prior to each test vacuum the entire test section using a vacuum pump .

3. Prepare the test section by admitting dry-air or dry-air plus diluent from compressed cylinders

through ports installed in the intake manifold

4. Close the manifold and use Labview VI to inject fuel into the RCM by sending pulses to the

direct injector.

5. Pressurize the hydraulic chamber to 1000 psi by using the manual hydraulic pump and filling

the chamber with mineral oil.

6. Now pressurie the pnematic section of the RCM to 140 psi by using the compressed air from

the air compressor.

7. Setup the camera in trigger mode so that image acquistion begins with the onset trigger signal.

8. After allowing sufficient mixing time fire the RCM using the LabVIEW VI. This activates a
solenoid in the hydraulic reservoir and relieves the 1000psi pressure in the hyrdraulic chamber

moving the pistons forward and starting data acquistion.

9. Save the pressure and image data.

10. Manually bring the piston back to the initial positions followed by vaccuming of the test

chamber.
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Chapter 3 Nozzle Design Evaluation for TJI Applications in Natural Gas

Engines

3.1 Introduction

The purpose of the series of experiments described in this chapter was to design and optimize the
nozzle type and nozzle area for an auxiliary fueled TJI system for implementation in heavy duty
natural gas fueled applications. For this chapter, the focus is placed on comparing the combustion
performance of nozzles with a single jet, dual diverging jets and dual converging jets in a rapid
compression machine (RCM). Although comparison among single jet and diverging jets nozzles
has been carried out in earlier studies, to the authors’ knowledge a converging jet type nozzle has
not been explored, thereby adding to the novelty of this work in this chapter. Upon entering the
main chamber, the dual diverging jets penetrate the main chamber in opposite directions creating
two jet tips, while the dual converging jets, after exiting the orifices, converge into a single location
within the main chamber. Both of these configurations minimize jet-wall impingement compared
to the single jet. The total cross-sectional area of the orifice(s) are maintained the same for all the
nozzles while for the dual jet configurations, the angle between the nozzle holes are kept constant.
High speed color images along with pressure records obtained from the experiments are further
processed to extract derived quantities such as burn duration, flame edge and flame area. The test

matrix for this study was based on the results obtained from earlier MSU studies [36,81,82].

3.2 Research Questions

The experiments were mainly carried out to determine the effect of nozzle geometry on the lean

limit and burn rate and to answer the following questions
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1. The single hole and converging nozzles offer a concentrated source of ignition energy. Is

there a difference between the lean limit extension among these two designs?

2. How does a single jet and/or converging jets compare with the burn durations and lean
limit extension observed with diverging jets?
3. Is there a correlation between burn rates and flame area information extracted from the jet

ignition images?

3.3 Background and Literature Review

3.3.1 Natural Gas as Fuel for Heavy Duty Applications

Compressed natural gas (CNG) and liquefied natural gas (LNG) are considered alternative fuels
under the Energy Policy Act of 1992 [68]. The U.S. Energy Information Administration estimates
that as of January 1, 2015, there were about 2,355 trillion cubic feet (Tcf) of technically
recoverable resources of dry natural gas in the United States. At the rate of U.S. dry natural gas
consumption in 2015 the United States has enough natural gas to last about 86 years [69]. This is
mainly possible due to advancements made in shale gas recovery, in which the U.S. has remained
a forerunner. The abundance of shale gas has led to a decrease in natural gas prices in the U.S and
enabled a noticeable shift from coal to gas for electricity in the recent years [7]. Using natural gas
as a fuel in internal combustion engines provides energy security, by reducing the dependence on
foreign oil and has potential for lower emissions. This makes CNG and LNG attractive fuels for
use in class 7 and 8 trucks requiring a greater range. Natural gas when used as a transportation fuel
can help reduce CO; emissions due to the higher hydrogen to carbon ratio (H/C) of the fuel. The

H/C ratio is increased from 1.8 to 3.7- 4.0, when changing the fuel from diesel to natural gas.
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Additionally, a high research octane number (around 130) [70] provides an increase in engine

thermal efficiency by enabling higher compression ratios (CR) during spark ignition operation.

One strategy to implement natural gas fuel in existing engines is to convert a previously direct
injected compression ignition (DICI) diesel engine to a premixed spark ignited (PMSI) engine.
The most substantial mechanical change in this conversion is drastically lowering the compression
ratio (around 10.5:1). DICI engines are more efficient than typical PMSI engines for two reasons,
they operate at a higher mechanical compression ratio (~16:1) and they operate at high dilution
levels, up to 100% extra air mass in the combustion chamber. Both of these features increase the
engines thermal efficiency and lower its exhaust gas temperatures [83]. With Spark Ignition,
unlike compression ignition, it becomes a challenge to ignite and maintain combustion as the air
fuel mixture becomes increasingly dilute. The lower dilution levels lead to both higher average
combustion temperatures and higher exhaust gas temperatures when making the same amount of
power. The higher average combustion temperatures lead to higher NOx emissions [84] and the
higher exhaust gas temperatures limit how much power the engine can produce. Lean burn natural
gas operation decreases exhaust gas temperature and reduces NOx emissions while providing
opportunity for increased thermal efficiency. HC and CO emissions can generally increase in a
lean burn system due to incomplete combustion and lack of combustion stability mainly because
of slower flame speeds and easier quenching of the flame near the combustion chamber walls and
in the crevice region. HC tail-pipe emissions from a natural gas engine are mostly methane, hence
referred to as methane-slip, which has a higher greenhouse gas potential compared to CO>, thereby
mitigating any advantage gained by the reduction in CO> emissions [85]. Hence proper
implementation of a lean burn strategy is crucial for successful conversion from diesel to natural

gas operation in terms of both environmental and economic impact.
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In terms of fuel chemistry, the main constituent of natural gas is methane which has some oxidation
characteristics that are different from other hydrocarbons. Because of its strong tetrahedral
covalent bonding resulting from sp® hybridization between carbon and hydrogen atoms,
abstraction of H atoms requires high activation energy and hence high ignition energy [86]. Also,
the intermediate methyl radical (CH3) formed through such abstraction has a strong tendency to
recombine into stable ethane molecules making it a less reactive fuel exhibiting slower burn speeds
compared to heavier alkanes. The above-mentioned issues are magnified at lean conditions due to
slower flame speeds and therefore a high energy ignition device that can potentially produce a

distributed ignition source is advantageous.

3.3.2 Ultra-Lean Burn Strategy for Natural Gas Engines using TJI

A prechamber system, such as a turbulent jet ignition (TJI) system [87,88], enables a sudden
discharge of hot turbulent jets of combustion gases into a combustible mixture and is capable of
initiating and sustaining deflagration at ultra-lean mixture conditions. By using TJI it is possible
to address the requirement of higher ignition energy with thermally reacting jets acting as an
ignition source. Distributed ignition is achieved due to the penetrating nature of the jet. The
turbulent jets also act as a source of turbulent kinetic energy, thereby enhancing the flame speed
during the jet penetration period. This causes much faster heat release rates which allow ignition
timing advance to be reduced significantly. The reduced ignition advance combined with the
higher dilution in the cylinder allow the compression ratio to be significantly increased, with CR
higher than 13:1 possible [88]. The increased CR and the lower exhaust gas temperatures allow a
TJI equipped PMSI lean burn engine to approach the thermal efficiency and the power output of
the original diesel engine it was converted from without the need for complicated NOx reduction

systems such as EGR and UREA based SCR.
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An auxiliary fueled prechamber ignition system can be used in an IC engine environment to
provide lean limit extension with minimal cyclic variability and low emissions. Geometry and
distribution of the prechamber orifices form an important criterion for performance of these
systems since they are responsible for transferring and distributing the ignition energy into the
main chamber charge. Generally, a prechamber ignition device can be classified as a jet ignition
or a torch ignition system. A torch ignition system has a large diameter, generally greater than
6mm, and allows a flame front to emerge out of the prechamber without disturbance [89,90]. In a
classical study performed by Boston et al. [91] it was shown that torch ignition systems enabled
improved flame propagation compared to spark plugs in a combustion bomb under low turbulence
conditions. Other categories of prechamber ignition systems use smaller nozzles to quench the
flame entering the main chamber to various degree. With nozzles less than 1mm, the flame is
completely quenched upon entry into the main chamber. This type of jet reignites in the main
chamber after a relatively large ignition delay time and is used in the APIR [92] system.
Comparatively, a partially quenched flame, as used in TJI, would have a high thermal energy and
incomplete combustion products. The incomplete combustion products could trigger chain
branching reactions that require less activation energy. For example, a third body reaction with a
methane molecule requires 13.9E15 cal/mol activation energy while a H radical attacking a CH4
molecule only requires 6.6E8 cal/mol to trigger chain branching [93]. The under expanded hot jet
also achieves higher velocity due to the smaller nozzle which increases the turbulent kinetic energy
[94], thus promoting higher flame speeds relative to laminar conditions. The high turbulence
created during the jet ignition process helps to either breakup the flame kernels at the ignition site
or wrinkle them increasing the flame area, hence resulting in flame acceleration at certain

conditions [95,96].
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Also, the prechamber cavity can be either fueled separately (auxiliary fueled), using a valve or a
specialized injector or non-fueled. Sometimes these configurations are referred to as scavenged
and unscavenged prechambers with respect to natural gas applications, since the addition of
gaseous fuel to the prechamber can help displace or scavenge the burned contents residing in the
chamber from the previous cycle [97]. Unfueled prechamber igniters have wide spread use in large
bore stationary natural gas engines [98,99]. In an unfueled prechamber configuration, no auxiliary
prechamber fuel injection occurs and hence the lambda across both the chambers remains the same.
In this operation mode, it is important to maintain the mainchamber lambda closer to ignitability
limits of a standard spark plug configuration in order to initiate and sustain a deflagration even
within the spark plug. Implementing an unfueled prechamber is simpler and has demonstrated
reduced cyclic variability compared to standard spark plugs [100], however, a lean limit extension
benefit compared to a spark plug is not realized [101]. By having auxiliary fuel injection in the
prechamber a faster burn rate and better lean limit extensions can be achieved. In TJI, by having a
slightly richer than stoichiometric mixture within the prechamber [87], faster flame propagation
with a higher adiabatic flame temperature is ensured, resulting in a higher pressure build up within
the prechamber (causing a higher pressure differential between the chambers) and hence a higher
velocity for the exiting jet. Also, a slightly rich flame provides a higher distribution of active
radicals when quenched, compared to a lean or a stoichiometric mixture [102]. Another design
variable is volume of the prechamber, which for TJI is generally maintained at less than 5% of the
clearance volume. Further details about different prechamber configurations and a comprehensive
review about their history and applications can be found in reviews of prechamber systems

compiled by Toulson et al. [22] and Alvarez et al. [103]. Other configurations of hot jets igniting

44



premixed charge are also studied for aviation applications [104] and mining safety [105]which

expands the fundamental knowledge about these ignition systems.

3.3.3 Prechamber Ignition for Natural Gas Engines

Prechamber ignition devices have not been commercially implemented in automotive engine
applications and this literature review covers some of the previous work performed with
prechamber igniters using natural gas as a fuel. Kammerstatter et al. [106] studied natural gas
combustion using an auxiliary fueled prechamber ignition system in a constant volume combustion
chamber equipped with intake and exhaust valves. Their results revealed that larger nozzles had
less auxiliary fueling requirement compared to smaller ones to achieve high ignition probability.
Mastorakos et al. [107] used an optical vessel fitted with a quartz prechamber to study the chemical
composition of the jet using CH* and OH* chemiluminescence records. They compared the
chemical and physical aspects of the turbulent jets issued using ethylene and methane as
prechamber fuels and concluded that methane fueled prechambers generally produced a weaker

jet and exhibited higher quenching.

Kawabata et al. [108] did a high-speed visualization study of an auxiliary fueled prechamber
combustion system with 4, 5 and 6 nozzles installed in a 150 mm bore cogeneration engine that
had a swirl intake port. They observed that the turbulent jet tips were turning at the periphery of
the combustion chamber due to the effect of the swirl. They also calculated the flame area using
image processing, with the best performance obtained with 6 nozzles. By targeting jets into the
valve recess area, emission reduction was achieved. When operated unfueled the prechamber
performed like the conventional spark plug. The study, however, did not include any emission
measurements. Olsen et al. [109] using a 356 mm bore engine found that significant NOx is
produced in the initial unburned fuel that comes out of the prechamber. In a different study [109],

45



they observed that NOy can be reduced by controlling injection angle in the prechamber. Simpson
et al. [110]tested fueled and unfueled prechamber configurations in a large bore engine and found
that increasing the nozzle length/diameter ratio decreased the prechamber fuel loss to the main
chamber. Duong et al. [111] performed optical diagnostics in a large bore (340 mm) genset natural
gas engine. In the high-speed images, they found that chemiluminescence intensity closely
followed the heat release rate analysis obtained from the pressure curves. The study concluded that
variation in prechamber combustion did not correlate with variation in main chamber combustion,
and hence the source of cyclic variation was due to main chamber parameters. Shah et al. [112]
tested prechambers with 1.4, 2.4 and 3.7% of the clearance volume and found that the 3.7%
prechamber offered a lean limit extension of up to lambda 2.5 and exhibited the shortest burn
duration but increased NOx emissions. The 2.4% prechamber was found to have the best tradeoff

between ignition and emission characteristics.

Baumgartner et al. [97] studied a fueled prechamber system in a single cylinder natural gas 0.5-
liter engine with a bore and stroke of 92 mm x 75 mm which is closer to a passenger car engine
dimensions. Prechamber fueling was achieved using a direct injector with an injection pressure of
9-bar and a prechamber that was 3.5% of the clearance volume with a 1.3mm diameter orifice.
Spark timing was moved closed to TDC to achieve MBT. A reduction of 11 % in specific fuel
consumption was achieved at lambda 1.6. Toulson et al. [38,113] performed an optical study in a
0.4-liter single cylinder engine with propane and natural gas as fuels. Comparison was made
between a spark ignition system and a turbulent jet ignition system containing six nozzles. It was
observed that the performance of the spark plug deteriorated at lambda 1.5 due to unreliable
combustion initiation and propagation, while the TJI system exhibited great combustion stability

even at lambda 1.8.
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3.4 Experimental Setup

Basic features of the RCM facility used for this study have been documented in Chapter 2. Figure
3-1 shows the exploded view of the prechamber assembly and further details of the TJI igniter
installed in the top of the RCM optical head can be seen in Figure 2-4. When these components
are assembled they form a closed prechamber cavity with the nozzle forming the connection
between the prechamber and main chamber cavities. Different jet configurations, such as single or
multiple jets can be tested by changing the nozzle. Also, the nozzle throat configurations can be
altered if required. The prechamber was not equipped with a pressure sensor during this study. The

test conditions and additional hardware information are provided in Table 3-1.
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Figure 3-1 Exploded view of components used in the TJI igniter.
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Table 3-1- RCM experimental set-up.

Bore 50.6 mm

Stroke 229 mm

Displacement volume 462 cc

Clearance volume 52.5 cc (without prechamber vol)

Prechamber volume 2.15 % of clearance volume

Initial pressure 1 bar (absolute)

Compression ratio 10:1  (prechamber volume not
included)

Aux fuel injection pressure 250 psi (gauge)

Spark dwell time 5 ms

Spark discharge timing 18ms after TDC

Wall temperature 80°C

Compressed pressure (@ TDC) 16 bar (absolute)

Fuel injector Bosch direct injector- Production

Mainchamber lambda range 1.8t03

Mainchamber fuel Methane

Prechamber fuel Methane

Prechamber lambda (theoretical) 0.8

Injector pulse width range 1to 1.6 ms

Nozzle hole(s) diameters 226 mmx 1 & 1.57 mmx 2

3.5 Testing Methodology

For each nozzle configuration, tests were carried out starting from main chamber A=1.8 until
misfire was observed. Each test point was repeated three times and as mentioned earlier,
prechamber fuel enrichment via auxiliary fuel injection was used for all test points. Auxiliary fuel
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injection timing impacts the mixture distribution within the prechamber at the time of the spark.
Early injection promotes a more homogeneous mixture in the prechamber compared to later
injection. The auxiliary prechamber fuel was injected during the initial stages of compression for
the current tests. The pulse width of the fuel injection was increased with increase in the main

chamber lambda to maintain a similar theoretical prechamber lambda value across all tests.

The theoretical prechamber lambda value assumes that no auxiliary injected fuel leaves the
prechamber [114]. During RCM operation, based on the compression pressure, some fuel might
escape the prechamber and enter the main chamber after injection. Considering the above-
mentioned scenario, it is likely that that the actual lambda values could be higher than the
theoretical lambda values reported here. Earlier studies indicate maintaining richer mixtures [101],
around A=0.9 [115], in the prechamber provides better combustion performance compared to
lambda of 1 or higher. Hence for the tests conducted, a theoretical lambda in the range of 0.8 was
targeted. This was achieved by modulating the injector signal pulse width for each lambda point.
Considering the loss of some prechamber fuel into main chamber while injection it is possible that

the actual prechamber lambda would be closer to 0.9-1.

3.6 Nozzle Configurations

The nozzle configurations used in this study are shown in Figure 3-2. In order to maintain the same
exit cross sectional area as the 2.26 mm single hole nozzle, two holes with a diameter of 1.57 mm
(nearest drill size) were machined into a diverging type and a converging type nozzle
configuration. In an earlier in-house computational study performed by Thelen et al. [116], it was
observed that TJI performance deteriorated with orifice size smaller than 1.5mm. Hence the choice

of orifice diameters chosen for this study can be considered optimal. The two-orifice nozzles were
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identical with respect to dimensions but they were inverted in the sense that one issues diverging-
jets while the other is a converging-jets type. In practice, situations where two jets could converge
spatially within the cylinder bore could occur in a system containing more than one prechamber
[117,118]. Also with the converging jets type it would be possible to target the ignition energy into
a single location and reduce over penetration or impingement. The angle between the holes was a
constraint imposed by a component named the prechamber throat which can be located in the
assembly found in Figure 3-1. As seen in the figure, the prechamber throat is located over the top
of the nozzle orifices. The edge to edge distance of the lower opening in the prechamber throat
placed a constraint on the maximum angle between the nozzle holes. A 35° angle was chosen
between the nozzle holes so that the length at the diverging end of the holes, remains such that the

nozzle holes do not get blocked.

NS § L VAR NVAS

Figure 3-2 Sectional and bottom views of the nozzle configurations used in the TJI igniter with
Li=13.2mm, L,=3.2mm and L3=17.2mm.
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3.7 Results and Discussions

3.7.1 Main Chamber Pressure Analysis

A typical pressure trace obtained during RCM operation is shown in Figure 3-3. It can be observed
that the entire compression process occurs within 25ms. Spark ignition was timed to occur after
TDC so that combustion happens in a constant volume environment. A spark dwell time of 5ms
was used in conjunction with a conventional inductive discharge ignition system operating using
a 13.5 V power supply system. At the end of the dwell period spark discharge occurs and this
instance is timed as 0 ms. The auxiliary fuel injection process and spark discharge are indicated in
Figure 3-3. Auxiliary fuel injection was timed to occur early during the compression process so
that sufficient mixing is ensured when the main-chamber charge enters the prechamber during the
compression process. It has to be noted that the start of injection occurs against a back pressure of
around 5 bar while the injection pressure (or fuel lines pressure) is 18 bar. This pressure difference
will contribute to some of the injected gas leaving the prechamber and entering the main-chamber

during the compression phase.

The 0-10% and 10-90% burn durations are calculated by defining the peak pressure as the 100%
burn point and the pressure at the end of spark discharge as the 0% burn point. Times for 0%,
10% and 90% of the peak pressure rise are obtained from the graph and corresponding burn

durations are calculated [119]. It is generally accepted that the 0-10% burn duration indicates the
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effectives of the ignition device in initiating deflagration while the 10-90% burn duration

indicates overall combustion performance [114].
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Figure 3-3 Sample pressure trace indicating derived pressure quantities and timing of various
events during RCM operation.

The pressure traces collected from the test points for each nozzle configurations are plotted
separately in Figures 3-4, 3-5 and 3-6. All lambda values shown in the plots are global lambda
values which includes both the main and prechamber fuel. As mentioned earlier, each of the
lambda test points were repeated thrice and they are plotted separately in the graphs. Variation
among these traces for the same lambda point can be used to assess the combustion stability. In
Figure 3-4, for the single jet nozzle at lambda 1.78, the variation among repetitions are very
minimal. The variation becomes noticeable as we move from lambda 2.48 to 3.02. At lambda 3.10
combustion becomes very unstable with test #3 registering no pressure rise after the jet discharge

period. The single jet nozzle hence achieves a lean limit of 3.02. The pressure records for diverging
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jets are illustrated in Figure 3-5. The peak pressure was higher for lambda points 1.78 through
2.48, in comparison to the single hole nozzle. Also, the repeatability of the experiments has
improved indicated by the overlapping nature of the pressure traces for each lambda point. This
increase in performance and repeatability is expected with multi-hole nozzles as indicated in
classical studies [117]. Combustion fails at A = 3.02, slightly earlier compared to the single hole

nozzle.

Similarly, the pressure data for converging jets are shown in Figure 3-6. The overall behavior was
similar to the single jet type with a few notable differences. The variability for A=2.21 was
observed to be lower than with the single hole nozzle, however past this point higher variation is
observed. The converging jets achieved a lean limit of A=3.02, similar to the single jet. By
comparing the pressure records of the nozzle configurations, it can be concluded that all three

configurations can achieve a maximum lean limit of A=2.93.

In Figure 3-7, the average pressure data for each lambda point, across all three nozzles is presented.
Until A=2.48, the diverging type nozzle exhibits faster burn and higher peak pressures. At A=2.75
there was little difference among the three nozzles except that the single hole nozzle offers slightly
higher pressure rise rate during the jet penetration phase. Although multiple jets are expected to
offer better performance than a single jet, it is interesting to observe how similarly the single jet
and converging jets perform. This underlines the importance of ensuring proper jet distribution

when multiple jets are discharged into the combustion chamber.

In Figure 3-8, the mean 0-10% burn duration extracted from the pressure curves are presented. The
calculated standard error is plotted as error bars. It can be observed that throughout the lambda
range and across the jet configurations, the burn duration lies within the 2.5-3ms range. Also, the

longest 0-10% duration is exhibited by the diverging jet at its lean limit, while the shortest duration
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is exhibited by the single jet at A=2.48. The data suggests that strong correlations between nozzle
design and the 0-10% burn duration cannot be established. However, it appears that the single jet
generally initiates combustion faster, except at A=1.8. In an earlier study by Gentz et al. [120] it
was found that varying the fuel pulse width, thereby varying the prechamber stoichiometry
affected the 0-10% burn durations, but in this current study the prechamber stoichiometry
remained constant across all of the lambda test points. Hence it is possible that 0-10% burn
duration is more sensitive to prechamber mixture than the nozzle configuration. This will be
confirmed with additional tests carried in the next chapter. Figure 3-9 shows that for the 10-90%
burn durations, in contrast to the 0-10% burn durations, a clear trend can be established across
different nozzle configurations. The diverging jets offer faster combustion performance
consistently exhibiting at least a 3ms difference until lambda 2.48. However, the trend reverses at
the lean limit where it is seen that the diverging jets are slowest. Also, the burn durations across
all nozzle configurations converges at lambda 2.75. This may be due to the fact that as the lean
limit is approached, the burn duration is limited by ignition energy and not by ignition distribution.
Also, the single jet and converging jets are slightly faster at their lean limits, when compared to
the diverging jets. When comparing the single jet and converging jets, the later consistently
performs better which is attributable to the increased concentration in ignition energy coupled with

reduced wall impingement.
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Figure 3-4 Experimental pressure traces for single jet nozzle configuration.
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Figure 3-5 Experimental pressure traces for diverging jets nozzle configuration.
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Figure 3-6 Experimental pressure traces for converging jets nozzle configuration.
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Figure 3-7 Average experimental pressure trace for single jet, dual diverging and dual

converging jets nozzle configurations.
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Figure 3-8 0-10% mean burn durations for single jet, dual diverging and dual converging jets
nozzle configurations.
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Figure 3-9 10-90% mean burn durations for single jet, dual diverging and dual converging jets
nozzle configurations.
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3.7.2 High Speed Image Analysis

In this section the acquired high speed images are analyzed and differences observed in the burn
durations are explained by comparing the flame propagation pattern resulting from different jet
configurations. Figure 3-10 illustrates the jet penetration and flame propagation in the main
chamber at different instances during the combustion pressure rise. It can be observed that the
pressure rise rate is faster between 2-4ms, after ignition, as indicated by the rate of change in
pressure curve. This period corresponds to the phase during which the jet penetration is active.
Past this period combustion can be seen to proceed at a constant rate as the jet discharge and the
associated mixing stops. Maximum luminosity is observed as peak pressure is approached and the

chemiluminescense color changes from shades of purple to bright yellow.
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Figure 3-10 RCM experiment pressure trace (blue) and rate of pressure change (pink) overlaid
with high speed images at respective time interval.
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Images comparing the different jet configurations for A=1.78 are shown in Figure 3-11. As
mentioned earlier, the entire 50 mm bore is being visualized in these images. The images contained
within the orange dashed border are enhanced for better clarity using ImageJ software [121]. The
amount of enhancement applied across all the images is the same, hence the luminosity differences
correspond purely to differences in combustion. Lambda 1.78 is chosen for this comparison since
the decrease in luminosity is greater as the mixture was further diluted. Any further enhancement
to already darker images resulted in image processing artifacts. Nevertheless, when comparing
the images across the lambda points, the jet visual qualities were similar and provided insight into
the combustion characteristics. From Figure 3-11, it can be observed that the body of the
penetrating jet consists of a yellow inner core and reacting purple outer region. After the initial jet,
the second set of images at 3.6ms becomes darker, but then the luminosity starts to increase in the
subsequent frames. With respect to jet impingement it can be observed that the single jet reaches
the wall first at 2.6ms. Wall impingement is considered detrimental for jet ignition processes [122]
as both loss of thermal and turbulent energy will occur. It must be noted that for the diverging jets
case the choice of the jet angle, which was a constraint imposed by the throat, appears to be near-
optimal for the combustion chamber geometry. The reason being that a further increase in angle
would result in earlier wall impingement or a reduction in angle would result in two jets converging

along the inner sites reducing the jet distribution.

It is interesting to note that the converging jets appears similar to a single jet with no indication of
the presence of two separate jets. However, when compared to the single jet the converging jet
exhibits lower penetration/impingent at 2.6 ms and the jet tip/jet head appears bulkier. This could
affect the 0-10% durations but as observed in Figure 3-8, that is not the case. Also at 3.6 ms, the

single jet exhibits increased combustion at the stagnation zone, whereas for the converging jets the
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Figure 3-11- Montage comparing high speed images for single jet, dual diverging and dual
converging jets nozzle configurations. Images within the orange dashed border are enhanced
(equally) for better clarity.
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bulk combustion occurs slightly above the wall. This could be considered beneficial in terms of
reduction in heat loss from the jets to the wall. Also at 3.6ms the converging jets have increased
flame surface area in comparison to single jet. At 6.6ms the single jet’s reaction site is seen to be
confined within the lower half of the combustion chamber, while the converging jets exhibits
reaction in the top right regions. The tail growing on the top right region suggests that the jet
penetrating towards the right end of the chamber could be stronger compared to the left jet. This
is possible since, in a dual jet configuration jet asymmetry is always present, the asymmetry being
driven by the prechamber flame propagation pattern, which is also subject to cycle to cycle
variability [115]. Such an asymmetric penetration pattern is also observed for the diverging jet

configuration.

Comparing the visual images, it is evident that the diverging jets offer better distribution and
consume the bulk charge more quickly. After 7.6ms, which roughly lies close to its 90% burn point
the reaction zones of the diverging jets exhibit higher luminosity relative to the other jet
configurations. At 14.6ms, which corresponds to a time after the peak pressure is reached, the
diverging jet configuration has less unburned zones as seen in the image. In the following section
the images presented in Figure 3-11 are further processed for better visualization and to obtain

quantitative information

3.7.3 Image Analysis Methodology - Flame Area and Edge

The montage presented in Figure 3-11 is a two-dimensional representation of a three-dimensional
flame, and hence any analysis performed needs to be considered as approximate to a certain degree.
In this section the high-speed images are further processed to extract the flame edges to aid in
better visualization and comparison of flame growth. Also, the area enclosed by the flame is

calculated quantitatively to compare the growth of the luminous region across the jet
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configurations. For this purpose, an image processing algorithm for flame edge detection and for
calculating the flame luminous area was written in MATLAB®. The code works by initially
converting the original color image into a grayscale image. This grayscale image is used to detect
intensity difference within the image and a global threshold value for the intensity is then decided.
Using this threshold value, the grey scale image is converted into a binary image where 0
represents black and 1 represents white. A Sobel edge detection algorithm is applied on top of the
binary image for extracting the flame edge. The program also counts the number of pixels that
have a value of 1 in the binary image. The final sum of the pixels when multiplied with the area
per pixel gives the flame area. This step is repeated frame by frame thereby extracting flame edge

and area information from each image.

In Figure 3-12, contour plots containing the flame edges of different jet configurations are
compared at subsequent times by overlaying them onto a single frame. Also, the color image
obtained at 2.6ms is overlaid within the contour for assessing the robustness of the edge extraction
technique. This comparison enables better visualization of the flame propagation pattern versus
time, across the jet configurations. It can be observed that the diverging jets have a distinct flame
propagation pattern when compared to the other two configurations. The diverging jets consume
the charge in a fairly symmetric pattern across the right and left portion of the combustion chamber.
The flame reaches the top wall rather quickly in comparison, exhibiting faster consumption along
the outer edges of the jets. However, along the inner sides of the jets, the flame growth is more
pronounced at the jet tips/jet head region leaving a pocket of unburned region closer to the center
of the chamber. At 8.6ms, unburned zones are present in the center of the chamber and on the top

right and left corners.
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Observing the single jet and the converging jets, although similar in appearance, they exhibit
notable differences with respect to their flame propagation pattern. For instance, comparing the
overlaid edge contours it can be seen that that the flame propagation pattern along the bottom
region of the jets is different. The single jet exhibits stronger influence on jet impingement
throughout the combustion duration, with flame edges emerging from the stagnation zone and from
the counter rotating vortices produced to the sides of the stagnation zone. In contrast the
converging jets show better radial growth throughout the jet head region and exhibit a less
impingement driven flame propagation pattern. It has to be noted that the resultant momentum
direction of the jets plays an important role in the observed flame propagation pattern seen here.
For the single jet, the resultant jet direction was vertical, hence the observed wall impingement,
whereas for the converging jets the resulting jet direction was towards the sides due to the angle
of the jet issuance explaining the increased radial growth. There could also be differences with
respect to kinetic energy due to jets impinging on each other which requires further investigation.
In chapter 4 the extracted edges will be used to extract additional information regarding jet

penetration vs time.

In Figure 3-13, a comparison of normalized flame area (flame area/piston area) versus time is
provided for the jet configurations. The flame area was obtained for the experiments shown in
Figure 3-11, using the image processing techniques mentioned earlier. The dual diverging jets
exhibit superior flame growth and approach the normalized flame area of one indicating that the
entire chamber is luminous at that point. For the other two jet configurations, around 80% of the
chamber appears luminous towards the end of combustion. This is also reflected in the pressure
traces through the peak pressure, which is higher for the diverging jet by 3 bar at A=1.78. It can

be clearly observed that after the 10% burn point, the converging jets have a higher flame area in
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comparison to the single jet, and therefore consume more charge. However, as they approach 90%
burn duration, both the converging and single jet configurations have similar flame area. This is
due to the fact that during this time window, the converging jets show increased radial growth
(relative to the single jet) which was due to a combination of reduced wall impingement and

direction of the resultant momentum of the converging jets.

The mean 10% and 90% burn duration times obtained earlier from the pressure curves are also
plotted on top of the curves for their respective jet configurations. It can be observed that the 90%
burn point is located approximately in the same location as the 90% flame area however the 10%
burn point does not follow the same pattern. This could be due to the fact that for the jet ignition
process, the ignition source is distributed in the combustion chamber unlike a spark ignition source.
The entire jet area might not correlate with the early pressure release because the flame area, during
this stage, is an addition of both burned prechamber contents and burning main chamber charge.
Isolating the burned main chamber charge responsible for 10% pressure rise in the main chamber

is not possible with the current image processing methodology.

2.6ms 3.6ms 7.6ms

Figure 3-12- Comparison for flame propagation pattern through extracted flame edges for single
jet, dual diverging jets and dual converging jets nozzle configurations at lambda 1.78.
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Figure 3-13- Comparison of normalized flame area across jet configurations for lambda 1.78.

3.8 Chapter Summary

In order to compare the lean limit extension and burn rate performance for different jet types, three
different jet configurations were tested in this chapter. Raw pressure traces and high-speed color
images were processed with suitable assumptions to analyze the performance of different jet
configurations in an auxiliary fueled TJI system using methane as both the primary and auxiliary
fuel. These derived quantities enabled better assessment of macro behavior of the turbulent jets
across the configurations tested. It was observed that the dual diverging jets offered overall
superior combustion performance and would be well suited for natural gas engine applications
where a reasonable lean limit extension, for NOx reduction, together with faster and more complete
combustion, for targeting higher efficiency and low HC emissions, are required. The converging
jets configuration appeared visually similar to a jet issued from a single orifice. However,

compared to the single jet there are some notable differences in the flame propagation pattern. In
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comparison to the single jet, jet-wall impingement is reduced and radial growth of the flame is
more pronounced during the earlier stages of combustion. This resulted in a slightly better burn
rate profile compared to the single jet. The single jet and converging jets provide a slightly higher
lean limit extension compared to the dual diverging jets, however the difference is minimal. It is
safe to conclude that all three nozzle configurations offered similar lean limit extension. Between
the dual converging and dual diverging jets, it can be concluded that the effectiveness of the
multiple jets system is reduced substantially when jets converge into a single location due to a
reduction in the reaction area and possible reduction in the main chamber turbulence generation.
Hence part or complete interference between jets should be avoided through nozzle design. For
applications where a single jet ignition site is desired and over-penetration/wall impingement is a
concern, the converging jet configuration is preferred over a single jet as it provide a slightly better
burn rate profile and a similar lean limit extension. For the current study, when using converging
jets, the main ignition location occurred slightly above the wall hence providing concentrated
ignition energy with reduced heat losses. Results and insights obtained here are used in chapter 4

to compare passive TJI operation and other performance parameters.
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Chapter 4 Performance Metrics for Fueled and Unfueled Turbulent Jet

Igniters in a Rapid Compression Machine

4.1 Introduction

This chapter extends on the work of the previous chapter, by analyzing the performance of TJI
nozzles for both active (auxiliary-fueled) and passive (unfueled) prechamber configurations. The
results from the passive configurations are expected to support stationary power generation
applications. Stoichiometry in the main chamber is varied from A=1.0 until the lean limit (A~3.0).
Results from a new smaller single hole nozzle (0=1.85mm) is included to understand the effect of
increased quenching in comparison to a 2.26 mm single hole nozzle. Also, in order to compare the
performance of TJI with standard spark plug operation, a no-nozzle configuration, consisting of a
single 3.81 mm hole is tested. The new and existing results from the previous chapter are analyzed
with new performance metrics such as flame area and time dependent visible hot-jet penetration
distance obtained from the optical images. Also, the 1% and 3™ derivatives values and their
respective durations, extracted from the pressure signal, are compared for different nozzles and
TJI operation strategy. The usability of these derived quantities for assessing the performance of

TJI configurations in the passive and active mode are discussed.

4.2 Research Questions

1) In the previous chapter, high speed images helped visualize the jet shapes and their
interaction in the main chamber environment and explained the trends observed in the burn
duration calculations. Would measuring the jet penetration offer important insights, such as the

effect of compressed pressure on jet penetration distance?
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2) 0-10% burn durations did not show any trends in the previous chapter with respect to nozzle
design, when lambda in the prechamber was maintained constant. Will there be any sensitivity in

the 0-10% burn durations if the lambda in the PC is varied?

3) In the TJI configuration, two distinct peak pressure rise rates were observed during the
combustion process. One during the jet ignition phase and other during the main chamber

combustion phase. Can this data be used to analyze performance of the nozzles?

4) In this chapter, ‘Jet ignition duration’ is defined as the elapsed time between the 3rd
derivative peaks (obtained from the pressure trace) located at the start of jet issuance and at the
end of jet issuance. Can this data be used to analyze performance of the nozzles in the active and

passive configurations?

4.3 Background and Literature Review

Several recent studies TJI have been completed using constant volume combustion (CVC) vessels,
while these studies provide more practical access for imaging both the main chamber and
prechamber combustion processes, they are limited to lower test pressures and temperatures.
Additionally, the majority of these studies have used gaseous fuels (natural gas) which eliminates
concerns regarding complex spray penetration within the prechamber [123] which will exist if
liquid fuels such as gasoline is used. In studies conducted by Mastorokas et al. [124] and Allison
et al. [125], flame propagation within a fueled prechamber was experimentally studied using an
optically accessible quartz prechamber at atmospheric conditions. Fuels studied included ethylene
and methane for nozzle diameters of 3mm and 6mm [124]. Jet penetration length was calculated
from the OH* chemiluminescence optical data. For the 6mm nozzle the existence of a cylindrical

reaction zone surrounded by unburned prechamber fuel-air mixture was observed within the

68



emerging jet from both the experiments and LES simulations. The methane jet flame was found to
be weaker that the ethylene jets due to lower flame speeds, higher curvature induced quenching
and turbulent stretch. Allison et al. [125] further extended the study to include 1.5 mm nozzle and
also explored the effects of ignition location within the pre-chamber. With methane as the fuel,
flame quenching occurred for both 1.5 mm and 3 mm nozzles. LES results indicated that a
recirculation zone within the orifice can further reduce the effective diameter of the orifices and
enhances quenching tendencies. Kammerstatter et al. [126] studied natural gas combustion using
an auxiliary fueled prechamber ignition system in a constant volume combustion chamber
equipped with intake and exhaust valves. Using high OH* chemiluminescence data the authors
extracted jet penetration length and reacting area information. Their results revealed that larger
nozzles had less auxiliary fueling requirement compared to smaller ones to achieve high ignition
probability. Biswas et al. [127], using a CVC with dimensions resembling a large bore engine,
explored the effect of spark discharge location within the prechamber using methane as the fuel.
It was concluded that for spark plug positions nearest to the nozzle, the emerging jets had lower
Reynolds number in the range of 2500 and 8000 resulting in laminar flame initiation. In another
CVC study by Biswas et al. [128], a global Damkdhler number was defined for the jet ignition
process in order to remove parametric dependency thereby making the results from the CVC
experiments applicable for practical applications. Biswas et al. [6] determined that the limiting
Damkohler number, for which ignition probability is nearly zero, was 140 for CHa4/air and 40 for

Hy/air.

In idealized reactors such as RCMs, higher initial pressures more relevant to practical combustors
can be achieved since the compression process leads to higher pressures at TDC. In a

computational study by Thelen et al. [129], for the same RCM configuration used in this study, it
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was found that a 1.5mm orifice diameter produced the fastest 0-10% and 10-90% burn durations
compared to 2.0 mm and 3.0 mm diameter orifices. The prechamber internal volume was 1 cubic
centimeter (cc) which represented 2% of the main chamber clearance volume. The study used
propane as a fuel at A=1.27. The turbulent kinetic energy was found to influence only the initial
phase of the combustion. Recently Gentz et al. [81] used iso-octane as both the pre and main
chamber fuel [81] and used up to 3 order pressure derivatives to identify inflection points for
separating jet ignition and jet ignition induced auto-ignition processes in the RCM. Gholamisheeri
et al. [130], for the same RCM configuration, studied a non-auxiliary injected prechamber (5% of
the clearance volume) with methane for nozzles between 2.0-3.0 mm in diameter. Jet penetration
distance and velocity was measured using the high-speed images. Results revealed a reduction in
hot jet penetration speed with an increase in equivalence ratio. Also, a reduction in jet penetration

speed was observed with decreasing orifice exit area.

4.4 Testing Strategy

Detailed explanation of the experimental setup and test methodology is provided in the chapter 3.
Table 4-1 provides updated RCM test conditions and the test strategy corresponding to the

prechamber operation is explained below.

Pre-chambers operated without auxiliary fuel injection are also referred as passive prechambers.
Such configurations are typically used in stationary power generation applications and are already
in production [98,99]. Usually a lean limit extension and stable operation when compared to spark
plug operation is achieved [100]. In order to evaluate suitability of the nozzles under passive
configuration all nozzles were tested for A=1.0 to 1.5 and performance metrics were evaluated for

a passive operation strategy. Each test point was repeated twice for this test strategy.
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When operating in passive mode, at higher dilution levels, the stability of the TJI system is
compromised due to poor ignitability and flame speed/flammability limits of the main chamber
mixture. In order to increase combustion stability and further increase the lean limit tolerance, TJI
is operated in the active mode in which natural gas is injected via the direct injector located within
the pre-chamber. Mixture stratification achieved within the prechamber avoids misfires and
promotes stable kernel formation within the spark electrodes. Prechamber fueling starts from main
chamber A=1.8 and is maintained until the lean limit. The pre-chamber lambda was maintained at
0.8 based on the optimal lambda value chosen from a prechamber lambda sweep study that will be
discussed in the later sections. Each test point was repeated thrice in this operating strategy. Table

4-2 outlines the pre-chamber fueling strategy based on the global lambda.
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Table 4-1- Overview of RCM experimental setup and initial conditions.

Bore 50.6 mm
Stroke 229 mm
Displacement volume 462 cc

Clearance volume

52.5 cc (without prechamber vol)

Prechamber volume

2.15 % of clearance volume

Initial pressure

1 bar

Compression ratio

10:1 (prechamber volume not included)

Aux fuel injection pressure

250 psi (gauge)

Spark dwell time 5 ms
Spark discharge timing 18 ms after TDC
Wall temperature 80°C
Compressed pressure (@ TDC) 16 bar and 30 bar

Initial Pressure (@ BDC)

1.0 and 1.3 bar

Fuel injector

Bosch - Production

Mainchamber lambda range 1to3
Mainchamber fuel Methane
Prechamber fuel Methane
Prechamber lambda(theoretical) 0.75-1.25
Injector pulse width range 1to 1.6 ms

Nozzle hole(s) diameter

1.85mmx 1,226 mmx 1 & 1.57 mm x 2,3.81 x 1 mm

Table 4-2- Prechamber fueling strategy.

Global Lambda M/C Lambda P/C Aux Fuel

1 1.00 Off

1.25 1.25 Off

1.5 1.50 Off

1.78 1.80 On (P/C A ~0.8)
2.21 2.30 On (P/C A ~0.8)
2.48 2.60 On (P/C A ~0.8)
2.75 2.90 On (P/C A ~0.8)
2.93 3.10 On (P/C A ~0.8)
3.02 3.20 On (P/C A ~0.8)
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4.5 TJI Nozzle Descriptions

In Figure 4-1, the cross sections of the nozzles considered for this study are illustrated. The two-
hole nozzles, namely the diverging jets and converging jets nozzles, and a single hole nozzle with
a nozzle diameter of 2.26 mm were introduced in chapter 3. This enabled the comparison of the
effect of nozzle distribution and the number of nozzles for the same cross-sectional area. Also, in
order to compare the effect of orifice diameters, for the single hole nozzles, a smaller hole nozzle
(1.85mm) is added to the test matrix. For this smaller hole nozzle, designing an equivalent cross-
sectional area two-hole nozzle would result in a nozzle diameter smaller than 1.5mm and hence
such a nozzle was not tested. In this chapter the 1.85 mm single jet nozzle will be referred to as
the small hole nozzle and the 2.26 mm single jet will be referred to as the large hole nozzle. The
largest nozzle has a diameter of 3.81 mm and is referred to as the no-nozzle design and is assumed
to be that of ignition via standard spark plug and hence enables comparison of the passive TJI
configuration to that of a standard spark plug. This assumption avoids change in the clearance
volume if the prechamber is replaced with a spark plug. Here the nozzle diameter equals the
diameter of the throat section in the prechamber and no restriction to the flow is provided. The

throat section and its internal cavity volume is illustrated in Figure 4-2.
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Figure 4-1 Sectional and bottom views of nozzle configurations used in the TJI igniter for this
study with Li=13.16mm, L,=3.175mm and L3=17.22mm.

Figure 4-2 Cross sectional view of the TJI igniter installed in RCM head.
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4.6 Results and Discussions

4.6.1 Passive TJI images

To illustrate the TJI process when operating in the passive prechamber configuration, high speed
images for the A=1.5 test case are shown in Figure 4-3. The leaner case allows the jet to penetrate
for a longer time before strong main chamber ignition occurs and hence observation of jet
structures can be performed for a longer duration relative to the A=1.0 and 1.25 cases. At A =1.5,
large variations were observed in the pressure curves and hence the test case corresponding to the
faster burning test is shown in the images. Here the images are enhanced by adjusting contrast and
brightness using ImagelJ software [131]. The images are presented with 0 ms occurring at spark
discharge and hence jet penetration time is influenced by the flame propagation event within the
pre-chamber. Among the single hole nozzles, the smaller hole nozzle jet shows stronger
penetration and faster radial growth compared to the large hole nozzle jet. With the multi hole
nozzles, the converging jets visually appear as a single jet. However, the converging jet shows
stronger radial growth and wall impingement is significantly reduced compared to the larger hole
nozzle. The diverging jets have better penetration and area coverage compared to the other jet
configurations. For the no-nozzle test cases, jet like physics are visible during the initial stages of
penetration. Roughly 5 mm away from the prechamber exit, a spherical flame structure is formed,
and this strongly resembles the spherical flame formed during the later stages of the spark ignition
process. In contrast to the single source jets, the ignition happens at the top portion of the
combustion chamber and growth is more pronounced in the top regions. The no-nozzle case
exhibits very slow flame propagation speed compared to the jet ignition cases mainly due to the
reduced penetration and lower turbulence generated within the main chamber. Cold jets of

unburned mixture are discharged from the orifices prior to the appearance of hot jets. Other than
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increasing the turbulence intensity they also create a local charge stratification in the main chamber
in the active configuration. In the main chamber, the turbulence intensity rises initially because of
the cold jets and later due to the hot jets [94,129]. Turbulence enhances mixing and this enables
wrinkling of the flame surface thereby increasing it is surface area allowing for increasing
consumption in the unburned zone [132]. The jet configurations also affect the turbulence levels

due to difference in velocity of the issued jets.

4.6.2 Active TJI images

For the active configuration, when additional fuel in injected directly into the prechamber,
discussions related to large, diverging and converging jets were made in chapter 3. It was
concluded that the diverging jets offered better burn rates. In comparison to the single jets, the
converging jet offered faster burn rates and reduced wall impingement. Similar overall trends were
observed as in the passive configuration discussed above. The main difference between the active
and passive configurations was the behavior of the small hole nozzle in comparison to the large
hole. With auxiliary fuel injection, the jets have similar penetration and area growth. From Figure
4-4, it can be seen that most of the combustion process, up to 8.6 ms, appears similar for both the
single hole nozzles. This is in contrast to the passive configuration where the smaller hole nozzle
had earlier penetration compared to the large hole nozzle. Between 2.6 ms and 3.6 ms the smaller
hole nozzle achieves faster penetration compared to the large hole nozzle. This is due to the fact
that with smaller hole nozzles the pressure buildup in the prechamber is higher due to more of the
contents being burned before mass starts to leave the prechamber. For the small hole nozzle test

case, existence of this higher delta pressure could be the reason for the faster penetration.
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Figure 4-3 High speed images showing mainchamber combustion in passive TJI mode for all

five nozzles at A=1.5. Images are enhanced for better visualization.
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Figure 4-4 High speed images showing combustion in active TJI mode for global A=1.78. Images
are enhanced for better visualization.
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4.6.3 Flame Area Analysis

An image processing algorithm developed using MATLAB® was used to carry out flame area
study for the TJI system. A detailed description of the MATLAB® code used here is provided in
chapter 3. For A = 1.78 it was noted that the 90% burn duration time matched the 90% flame area,
but the 10% burn point did not correlate well with the flame area due to the nature of the TJI
ignition process, therefore, the flame area correlation is not repeated in this chapter. The flame
area calculation plot for a global A=1.78 for all 4 nozzles tested in the active configuration is shown
in Figure 4-5. The standard error is shown as error bands in these plots. At A=1.78, the small hole
nozzle exhibits similar growth to the converging jets. This correlates with the 10-90% burn
durations, shown in later sections, where the small hole and converging jets have similar durations.
The large hole nozzle exhibits the slowest growth as observed in the 10-90% values. For leaner
cases, past A=1.78, the images had little luminosity and extracting pixel information was more
difficult. Additionally, the flame area plot for the nozzles at A =1.5 is shown in Figure 4-6. In
Figure 4-6, it can be seen that the smaller hole nozzle has more area coverage compared to the
larger hole nozzle, although this was not easily observed in the high-speed images. The higher area
coverage of the small nozzle should also indicate faster burn durations which is verified in the later
sections of this work. It can be seen that the diverging jets and small hole nozzle show very large
variations at the leanest passive case. This variation in flame area is expected to be visible in the
pressure traces which will be shown and discussed in coming sections. Flame area calculations
were not performed for the passive mode cases at A =1 and 1.25 due to the tendency of the images
to get saturated which introduced large uncertainties in the later stages of the combustion process.

This is illustrated in Figure 4-7 for the large hole nozzle at A =1 where it can be seen that edge
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details of the flame are lost due to emission intensity. Reducing the aperture for these conditions

obscured the observation of the initial jet.
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Figure 4-5 Comparison of normalized flame area in active TJI mode for all nozzle configurations
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Figure 4-7 High speed images showing jet penetration and main chamber combustion for the
large hole nozzle configuration at A =1.00.

4.6.4 Jet Penetration Analysis

An edge detection code using MATLAB® was used to identify the leading edge of the flame from
the high-speed image as illustrated in Chapter 3. The jet penetration length was extracted by
measuring the distance from the mid-point of the nozzle exit to the leading edge of the flame along
the jet axis for each frame until wall impingement was observed. The jets exhibited strong axial
growth for the time duration of this measurement. Radial growth was only pronounced when the
jets reached the vicinity of the walls. Hence these measurements offer sufficient resolution
capturing the trends in jet penetration. The measured jet penetration distance is normalized by the
value D, where D equals 52 mm (the diameter of the bore) in the case of single jets and the dual
converging jets. For the case of the diverging jets, D= 47mm was used which represents the axial
distance between mid-point of nozzle exit to the combustion chamber wall. The jet velocity was
not calculated from the penetration data since the frame speed of 10000 fps used was not sufficient
to obtain enough velocity data points in order to capture trends. Hence only the jet penetration is
measured and shown in this section. The time scale on the x-axis starts at the instance the jet first

appears in the main-chamber and is not based on the start of the spark event in the prechamber as
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in previous sections. For leaner cases, past A=1.78, the images had little luminosity and extracting
pixel information was more difficult. Hence edge extraction was not performed for test points

leaner than A=1.78.

In Figures 4-8, 4-9 and 4-10 the nozzle designs are separately compared in terms of jet penetration
length, and comparison is made for both passive and active configurations. For the single hole
designs a solid trend cannot be observed due to the fast penetration. The faster penetration is also
represented in Figure 4-7 with the large hole nozzle at A=1. Hence, a higher frame rate is required
for the single hole nozzles due to early impingement. In the case of the diverging nozzle a better
trend emerges and it can be seen that both lambda 1.0 and lambda 1.8 remain fastest with minimal
difference between them. It should be noted that the jet penetration for A=1 is mainly due to the
main chamber mixture flame propagation speed since the jets quickly reignite in the main chamber
before reaching the walls. However, for the A =1.8 condition the jet velocity is responsible for the
penetration speed since the reignition in the main chamber is delayed due to high dilution. Also, it
is interesting to see that both A=1.25 and A=1.5 attain the same penetration speed in the middle of
the jet penetration phase. Although, the converging hole nozzle looks visually similar to the single
hole nozzles, it has a slower penetration speed in comparison as can be seen in Figure 4-10. The
observation is similar to that of the diverging hole nozzles at A=1 and A =1.8, which show the
fastest penetration whereas A=1.5 shows the slowest jet penetration speed. For the converging hole
nozzle, the difference in penetration distance versus time between the A=1.25 and 1.5 test points,

is greater in comparison to the single hole nozzles.
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Figure 4-8 Normalized jet penetration values for the small hole nozzle (left) and the large hole
nozzle (right) for active and passive TJI systems.
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Figure 4-9 Normalized jet penetration values for the diverging nozzles with the left plot
corresponding to the left hole and the right plot corresponding to the right hole for the active and
passive TJI systems.
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Figure 4-10 Normalized jet penetration values for the converging nozzle for active and passive
TJI systems.

4.6.5 Prechamber Lambda Sweep

The effect of varying prechamber lambda values on jet penetration is illustrated in Figure 4-11.
For these experiments the main chamber lambda was kept constant at A=1.8, but the prechamber
lambda was varied by changing the pulse width of the injector. The experiments were only
conducted for the diverging jets configuration. From the jet penetration measurements, it is clear
that the penetration is fastest when the prechamber is at A=0.8. It can be observed that for A=0.75
the jet penetration is similar to that at A=1.0. In terms of penetration, no clear advantage is observed
if the prechamber mixture gets richer than A=0.8. The penetration speed is important for TJI design
since faster penetration can help burn the end gas mixture first in an IC engine and could potentially
enable knock mitigation [133]. From the plots it is clear that both A=1.10 and A=1.25 offer slower
penetration compared to the other lambdas. Therefore, it is clear that A=0.8 in the prechamber is
optimal for active TJI operation and is a suitable lambda value for evaluating various prechamber

designs.
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Figure 4-11 Normalized jet penetration curves for the diverging nozzle showing the effect of
varying pre-chamber lambda for a fixed mainchamber A=1.8.

4.6.6 Effect of Initial Pressure on Jet Penetration

The current set of experiments were done to understand the effect of initial pressure on jet
penetration. From a fundamental perspective it is known that the laminar flame speed of the fuel-
air mixture decreases with increasing pressure for most lower hydrocarbons [134]. Also, an
increase in initial pressure of fuel-air mixture leads to a decrease in flame thickness. This in turn
leads to a decrease in quenching distance [125]. In Figure 4-12, the penetration distance for the
left and right jets for the dual diverging nozzle design is measured for an initial pressure of 1 bar
and 1.3 bar. These initial pressures resulted in a compressed pressure of 16 bar and 21 bar
respectively. It is clear that the lower initial pressure results in higher penetration speeds. Also, in
order to check the prechamber lambda sensitivity with increasing pressure, the higher-pressure
case was tested for two prechamber lambdas (A=0.8 and 1.1). In comparison with the lower
pressure runs the higher initial pressure resulted in reduced pre-chamber lambda sensitivity, which
indicates that with increasing pressure jet penetration displays a different range of lambda

sensitivity. This shows the implications on jet penetration for naturally aspirated vs. boosted
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engines, where for the later, higher compressed pressures are expected during the combustion

event.
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Figure 4-12 Normalized jet penetration curves for the diverging nozzle showing the effect of
varying prechamber lambda and increasing mainchamber pressure for a fixed mainchamber A of
1.8.

4.6.7 Main Chamber Pressure Analysis

A detailed description of the RCM events as described by the pressure history and the definition
of extracted burn durations are provided in chapter 3. The pressure curves corresponding to all the
nozzles tested under passive conditions for A=1 are shown in Figure 4-13. It can be observed that
the single hole nozzles have very similar burn profiles at stochiometric conditions. However, the
diverging jets and converging jets (2-hole nozzles) offer faster burn durations compared to the
other nozzle types. The diverging jets offers the fastest pressure rise and the no-nozzle case has
the slowest burn duration. A similar trend is seen for A=1.25 but with a slightly increased variation
as shown in Figure 4-14. It can be concluded that no sensitivity to nozzle diameter is observed for
the single hole nozzles in the 1-1.25 lambda range. At A=1.5 higher variation is observed across
all nozzle types as shown in Figure 4-15. The pressure curves of all the nozzles start to overlap at
A=1.5 with the fastest average phasing shown by the diverging jets and the slowest phasing by the

no-nozzle case. In Figures 4-13 to 4-15, we can see that the as the mixture gets leaner the no-
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nozzle case pressure rise falls much faster compared to the TJI configurations. This highlights the
benefit of operating lean with TJI even in the passive mode. In the high-speed images (Figure 4-
3), it was shown that the small hole nozzle had the highest penetration and flame area compared
to the single jet and the pressure data reflects the same if average phasing is considered. This is in
contrast with the lambda 1.0 and 1.25 cases. The variation in these pressure traces is also reflected

in the burn area plots shown in Figure 4-6.

In Figure 4-16, the averaged main chamber pressure traces for up to A=2.48 for the auxiliary
injected cases are shown for all 4 nozzles. The global lambda values include the prechamber fuel
in the overall lambda calculation. The no-nozzle configuration is not considered for the auxiliary
injection strategy. It can be observed that the diverging nozzle produces a higher and faster
pressure rise and is more repeatable as the global lambda increases. The small hole nozzle pressure
curves overlap with the average pressure curves for the converging nozzle. The differences in
combustion phasing in terms of burn rates will be further discussed in the burn rate section below.
A representative set of pressure traces showing a complete lambda sweep can be seen in Figure 4-
17 for the small nozzle configuration. Repeatability, and thus combustion stability, decreases as
we move away from the stoichiometric condition, with increased variability observed for the A=1.5
case in the passive configuration. Auxiliary injection begins at A=1.78 and it can be seen in Figure
4-16 that these test cases are as repeatable as the stoichiometric condition. For the non-auxiliary
injection case, A=1.25 can be considered to be an acceptable limit due to repeatability. Unlike a
conventional IC engine combustion environment, in the RCM the jet penetration is the major
source of turbulence. With no additional in-cylinder charge motion in the RCM, the improved
stability at A=1.78 is purely due to turbulent, thermal and chemical benefits provided by the TJI

system. As we further dilute the main chamber mixture, the repeatability of the main chamber
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pressure reduces. For this study, lean limit for a nozzle is defined as the lambda value before which
combustion of the main chamber charge is no longer observed [135]. Past the lean limit there is a
small initial pressure rise in the main chamber, which is mainly due to the prechamber combustion
process [81]. The small nozzle exhibits a lean limit of A =2.93. This lean limit value is similar to
that of the diverging nozzle case and is slightly lower than the 3.02 limit observed in the chapter 3
for large hole and converging nozzle configuration. It is possible that the reduction in lean limit
for the small hole nozzle is due to the higher heat losses experienced by the jet as it passes through
the smaller orifice or it may be due to the relatively higher level of wall impingement. Also, in the
passive prechamber configuration (Figure 4-15) it was observed that the repeatability of the
diverging nozzle and small hole nozzle was less compared to the others for the leanest case. This
coupled with the lower lean limits in the active mode most likely indicates that the heat loss due
to the jet distribution or excessive quenching decreases the lean limit but does not necessarily
affect the burn rates. The pressure records for global lambda leaner than 2.48 for the other three

nozzles can be found in chapter 3.
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Figure 4-13 Main chamber pressure for TJI nozzles in the passive configuration at A=1. The x-
axis 0 ms corresponds to the spark discharge event.
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Figure 4-14 Main chamber pressure for TJI nozzles in the passive configuration at A=1.25. The
x-axis 0 ms corresponds to the spark discharge event.
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Figure 4-15 Main chamber pressure for TJI nozzles in the passive configuration at A=1.5. The x-
axis 0 ms corresponds to the spark discharge event.

40

1
Single jet nozzle
Div jets nozzle
Conv jets nozzle
Small hole nozzle

35

30

25

Pressure (Bar)

20

= — = ——————=8park Discharge ===

== = = = = = = Startof AuxInj= = = = = = = =

10

50 75 100 125
Time (ms)

R
(&)]
o4 ==
N
[&)]

Figure 4-16 Comparison of averaged main chamber pressure curves in the active TJI mode for
up to a global lambda value of 2.48.
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from passive to active (past A=1.5) until lean limit is achieved.

4.6.8 Burn Rate Data

91

The pressure records for global lambda leaner than 2.48 for the other three nozzles can be found
in a previous publication in chapter 3 of this thesis. The pressure records in the main chamber were
further used to extract burn durations as illustrated in the RCM events section. The burn durations
in the passive and active TJI mode are presented separately and usability of these performance
metrics for future RCM experiments will be discussed. The 0-10% burn duration indicates the
effectiveness of an ignition device to initiate combustion [136]. The average burn duration 0-10%
for passive TJI operation is shown in Figure 4-18. At A =1.0 and A =1.25, all of the nozzles
exhibited a very similar burn rate. At A=1.5, a high deviation can be noted and based on the average
values, the smaller hole nozzle and dual diverging jet nozzle offer the faster initiation. Although
strong trends regarding performance of the individual nozzles cannot be determined from Figure

4-18, a trend of increasing 0-10% duration with increasing lambda can be observed overall.



In Figure 4-19 a comparison of 10-90% for all nozzles in passive TJI operation is shown.
Compared to the 0-10% plots, performance trends can be observed in the 10-90% burn duration
plot. The dual diverging jets consistently offer shorter combustion durations followed by the
converging jets configuration. Both the single hole nozzles exhibit similar but longer burn
durations throughout the lambda range. In chapter 3, for the active TJI configuration, it was found
that the 10-90% burn duration values converged as the nozzles approached their respective lean
limits, with the diverging jet configuration the slowest. However, such an observation was not
noted for the passive configuration, possibly indicating that the lean limit for the passive

configuration is not reached at A =1.5.
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Figure 4-18 0-10% burn duration comparison for the passive TJI (no auxiliary injection) test
points.
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Figure 4-19 10-90% burn duration comparison for the passive TJI test points.

In Figure 4-20 the 0-10% burn duration for the auxiliary fuel injected test points are shown. It can
be seen that similar times are observed for all the nozzles, independent of global lambda, with the
large nozzle showing the shortest duration at A=2.5. At A=2.72, the 0-10% burn durations appear
to converge. The smaller hole nozzle is slower than the diverging jets configuration in initiating
combustion at the lean limit. Unlike the 0-10% burn duration plot for the passive TJI test points,
the 0-10% burn durations show no sensitivity to the global lambda values. This indicates that the
0-10% burn duration is a strong function of the prechamber lambda, since the lambda values within
the prechamber were held constant in the active configuration but were variable in the passive

configuration.

The 10-90% burn duration for the active TJI configuration for the large hole and two-hole nozzle
configuration were previously discussed in chapter 3. Figure 4-21 shows the burn duration plot

updated with the smaller nozzle and interesting trends can be observed. In chapter 3 it was
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observed that the dual diverging jets offered the fastest burn rate until global A=2.5 was reached
after which the burn rates of all nozzles converged, however the diverging jet was the slowest at
its lean limit. It can be seen that the smaller single hole nozzle performs similarly to the converging
nozzle, however the large single hole nozzle has the longest burn duration. This difference between
the two single hole nozzles may be due to the increased heat losses that occur as the jet passes
through the smaller orifice, which leads to the jet having a lower thermal energy. However, the
smaller hole nozzle has comparable burn durations to the converging jet case despite exhibiting
higher impingement (hence loss of thermal and turbulent energy) as observed in the initial images.
There could be two explanations for this behavior. First, the pressure rise in the pre-chamber is

higher for the smaller hole case due to the larger restriction, promoting higher levels
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Figure 4-20: 0-10% burn duration comparison for the active TJI configuration.
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Figure 4-21 10-90% burn duration comparison for the active TJI configuration.

of turbulence in the main chamber and second, the converging jets may have reduced turbulent
kinetic energy levels due to the cross impinging nature of the jets. A CFD study may shed more
light on the latter observation. The smaller hole nozzle also has a shorter burn duration at the lean
limit. Based on the 10-90% burn duration data, the converging jet and smaller single hole nozzle
have similar performance and indicating a potential tradeoff between loss of kinetic energy and

thermal energy.

The burn duration data was analyzed for a prechamber lambda sweep, where the prechamber
lambda was varied for a fixed mainchamber lambda value of 1.78. In the previous section, for the
passive configuration, it was found that the 0-10% burn duration did not exhibit any sensitivity to
the nozzle type, and in case of the active TJI configuration no sensitivity was observed for the
nozzle type and global lambda values. In an earlier study by Gentz et al. [81], the 0-10% burn

duration data exhibited sensitivity towards prechamber lambda. In Figure 4-22, the 0-10% burn
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durations are plotted with the x-axis representing the pre-chamber lambda. It can be observed that
there is a minimum in the 0-10% burn duration at A=0.8, and hence this value was used in the rest
of active TJI test cases. This value is also consistent with previous research on the optimal
prechamber lambda value [13,137]. It should be noted that for prechamber lambda values in the
range of 0.75 to 1.0 the difference in 0-10% duration is less than 10% and this range represents the
tolerance that can be maintained with respect to prechamber lambda for optimum ignition
initiation. It can be concluded that the 0-10% burn duration is not a very relevant performance
metric for constant lambda within the pre-chamber irrespective of the nozzle type and main

chamber lambda.

In Figure 4-23, the 10-90% burn duration is compared in terms of the prechamber lambda. As
observed in the 0-10% burn duration data, A=0.8 has the shortest average combustion duration and
for the lambda range of 0.75 to 1.0 the difference in burn duration is less than 5%. Figures 4-22
and 4-23 indicate that it is essential to maintain a slightly rich lambda in the prechamber for natural
gas applications. Considering the potential loss of prechamber auxiliary fuel to the main chamber
during the injection event [138], it is possible that the actual prechamber lambda could be closer
to 0.9 compared to a theoretical value of 0.8. Details on the calculation of the theoretical lambda
value can be found in chapter 3. At A=0.9 the fastest laminar flame speed is achieved for
hydrocarbon mixtures because of higher adiabatic flame temperature [139]. In addition to high
thermal energy, pre-mixed flames from richer mixtures tend to produce higher unburned active
radicals with quenching. Since the prechamber fuel does not contribute much to power output,
excess auxiliary fueling should be avoided for improved efficiency and reduced prechamber

sourced emissions [140].
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Figure 4-22 0-10% burn duration comparison for the dual diverging nozzle in the active TJI
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Figure 4-23 10-90% burn duration comparison for the dual diverging nozzle in the active TJI
configuration for fixed main chamber lambda and varying prechamber lambda. The x-axis
indicates the prechamber lambda value.
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4.6.9 Characteristic Times

The 1% and 3" derivatives of the main chamber pressure curves were used to characterize the main
chamber ignition phase and the jet ignition phase. The direction of flow is from the pre-chamber
to the main chamber after spark ignition. During this phase the issued jet penetrates and consumes
the unburned main chamber charge and this phase is labelled the jet ignition phase. Once strong
ignition initiates in the main chamber, the direction of flow reverses from the main chamber to the
prechamber due to the higher pressure in the main chamber [141]. During this stage, combustion
is mainly controlled by the resultant flow from the jet ignition process and the flame area and
mixture properties of the main chamber since the hot jets are no longer issued from the pre-
chamber. This 2" phase is labelled the main chamber combustion phase. These two phases can be
identified in the pressure traces by a change in slope observed when transitioning from the jet
ignition to the main chamber combustion phase. This transition can be identified by locating the
3 derivative peaks after the spark discharge event as indicated in Figure 4-24. The pressure curves
are also used to extract maximum dP/dt (1% derivative) values due to the jet ignition phase and the
main chamber combustion phase and are labelled as 1% dP/dt and 2"¢ dP/dt. In a constant volume
environment, the dP/dt values are proportional to the heat release rate and hence offer key insights

with respect to combustion phases.
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Figure 4-24 Pressure and derivatives of the pressure curves illustrating inflection points during
the jet ignition phase and the main chamber combustion phase for the diverging nozzle in active
TJI mode.

The 1% dP/dt value refers to the maximum dP/dt value during the jet ignition phase. The jet ignition
phase is the time duration between the 3™ derivative peaks as indicated in Figure 4-24. During this
phase, flow happens from the prechamber to the main chamber. In Figure 4-25, for the passive TJI
configuration, it can be observed that the small hole nozzle exhibits the highest pressure rise rate
in comparison to the diverging jets. The converging and large hole nozzle shows minimum but
similar dP/dt values at A=1. At A=1.25, only the small hole nozzle shows the largest values, with
the other nozzles showing similar average values. For a fixed equivalence ratio, although the
absolute value of the dP/dt is changing based on the nozzle type, the elapsed duration from spark
(x-axis) does not vary to the same degree for different nozzle types until A=1.25. At A=1.5 high
variation is observed which is in line with the variation in the pressure curves and it can be
observed that the single jets shows the highest pressure rise rate during the jet ignition phase. Also,

in general it can be observed that the pressure rise rate reduces for all nozzles with decreasing main
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chamber lambda. As the global lambda decreases the elapsed time duration from spark to the
appearance of the 1% dP/dt is also increasing. Higher reduction in pressure rise rate is observed
when moving from A = 1.25 to 1.5 in comparison to 1.0 to 1.25. The small hole nozzle recorded
the highest average value across all lambda values but also shows the highest variation with respect
to time from spark. It is interesting to see that the diverging jets which have the highest penetration
area and fastest burn duration do not have the strongest ignition during the jet ignition phase. It is
possible that the higher pressure build-up within the prechamber due to smaller nozzle diameter is
the reason for the stronger jet ignition phase. As a general trend, it can be concluded that the small
hole nozzle and the diverging jets exhibited consistently higher values of dP/dt during the jet
ignition phase. From Figure 4-25 it can be seen that the no-nozzle type exhibits a weak 15t dP/dt
value indicating that the configuration resembles a jet ignition process during the initial stage of
ignition. The pressure rise rate value changes from 2.5 to 1 as the main chamber lambda decreases,
whereas the small hole nozzle showed a range of 10 to 3.5. This indicates a weak dependence of
pressure rise rate with main chamber lambda for the no-nozzle configuration. Based on this
observation, a dP/dt value below 2.5 is labelled as a weak jet ignition event. For a traditional spark
ignition process no such observation can be expected and the ignition process should contain a

single dP/dt value unless abnormal combustion events are present in the cycle.

In Figure 4-26, the 2"¢ dP/dt values during the main chamber ignition phase, which occurs past the
jet ignition phase, are shown. At A = 1, both the single hole nozzles exhibit similar dP/dt values
which occur in a similar time frame. This is consistent with the observation from the pressure
traces and the 10-90% burn duration plots where similarity was observed for both the single hole
cases. The trend reverses from the 1% dP/dt values, with the small hole nozzle exhibiting the lowest

dP/dt values, which are similar to that of the large hole nozzle. The major determining factor for a
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lower peak heat release for the single hole nozzles may be due to heat losses that occur in the main
chamber resulting from the higher jet impingent in comparison to the dual holes nozzles. For the
2" dP/dt a consistent trend can be observed, with the dual diverging jets showing the highest
pressure rise rates throughout the lambda range. The converging jets show the second highest
pressure rise rate and this observation is in line with the 10-90% burn duration plots. It is interesting
to see that these observations are not in line with the data trends observed in the jet ignition dP/dt
plot shown in Figure 4-25. It can be observed that the dP/dt values reduce with increasing lambda
values and hence indicate a similar lambda sensitivity as the first pressure derivative. With respect
to elapsed time from the spark, the difference is minimal over the lambda range of 1 to 1.25. In
comparison to the first dP/dt value it can be observed that the values of the pressure derivatives
are higher for the main chamber combustion phase. There is a 50% increase in the dP/dt value in
comparison to the jet ignition phase for the dual diverging jets at A = 1. This indicates that for TJI
operating in the passive configuration, the main chamber combustion phase is the strongest
indicator of the burn duration and that the jet ignition phase pressure rise rate values do not
necessarily indicate the combustion performance. The main chamber peak pressure occurs after
the jet issuance period has ended as shown in Figure 4-24 and hence indicates that the jet
distribution and main chamber heat losses primarily affect the main chamber combustion and not
the jet issuance pressure rise rate. In general, the main chamber dP/dt trends of the dual hole
nozzles and single hole nozzles follow the trends of the 10-90% burn duration, where it was
observed that the dual hole nozzles had shorter burn durations compared to the single hole nozzles.
However, the large hole nozzle had longer burn durations compared to the small single nozzle, a
trend that was not seen in the second dP/dt plots. For the no-nozzle configuration the second dP/dt

values, although they occur after longer duration, are of similar magnitude to the single hole
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nozzles. This behavior is in contrast to the first dP/dt values where smaller values were recorded
for no-nozzle configuration. This behavior may indicate that there is a trade-off occurring between
the turbulence and penetration effect benefits from TJI operation, which may be partially due to
the increased heat loss for the single hole configurations. For practical IC engine operation NVH
can be partially determined from the pressure rise rates, and for the non-auxiliary cases (passive
TJI) it is clear that shorter 10-90% burn durations correspond to higher pressure rise rates with the

highest recorded at stoichiometric conditions.
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Figure 4-25 The maximum values for the 1% derivative of pressure during the jet ignition phase
(1t dP/dt) for the passive TJI mode.
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Figure 4-26 The maximum values for the 1 derivative of pressure during the main chamber
combustion phase (2" dP/dt) for the passive TJI mode.

The 1% and 2"¢ dP/dt values were extracted for the active TJI configuration and the observed trends
are discussed below. From Figure 4-27, It can be observed that the large hole nozzle shows the
highest pressure rise rate values throughout the lambda range although this difference is only
pronounced up to A=2.21. Past A=1.78 the dP/dt values are located in a narrow region and do not
exhibit strong dependence on nozzle type. The small hole nozzle type shows higher variation from
the time of the jet ignition phase until A=2.21. The reason for this may be due to higher heat loss

and increased impingement for the small hole nozzle.

For mixtures leaner than A=2.21 the majority of the pressure rise rate values fall below the value
of 2.5, which is similar to the dP/dt values observed for the no nozzle case and are therefore
labelled as weak jet ignition. Although data is presented in the plots, detailed observations were
not made for mixtures past A=2.21 due to weak jet ignition. It can be observed that the time during

which the jet ignition phase dP/dt occurs does not strongly depend upon the global lambda. This
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is in contrast with the passive TJI configuration where a lambda dependence was observed for the
elapsed time from the spark. The maximum pressure rise rate at A =1.78 reaches 6.5 which is
similar to A =1.25 for the passive configuration. This shows that even though the pre-chamber is
maintained near stoichiometric conditions, for changing global lambda the pressure rise rate at jet
ignition is strongly influenced by the main-chamber lambda. The main chamber lambda strongly
controls the dP/dt during jet ignition phase. Unlike the passive TJI configuration the 1st dP/dt
duration lies in a very narrow range, between 2.2 and 4 ms. Also, unlike the passive TJI
configuration the large hole nozzle exhibits higher dP/dt values in the active mode. This shows
that nozzle diameter plays an important criterion in initiating combustion and the diameter
requirement changes from the active to passive configuration. For the passive configurations the
small hole nozzle achieved higher dP/dt values. It is observed in Figure 4-27 that there are few
cases for the large hole nozzle at A=2.93 that are above the weak ignition region, which could be
due to the presence of rich regions around the hot jet from the initial unburnt fuel-air mixture
coming out of the pre-chamber. This may become more pronounced for the leaner cases since

more fuel is injected into the pre-chamber to keep the same prechamber lambda.

For the 2" dP/dt value a clear peak was not visible for all nozzle types at A=1.78 as shown in
Figure 4-28. No visible peaks were observed for most nozzles past A=1.78 and in the case of the
converging jet nozzle no peaks were detected for any of the test points with the active TJI
configuration. Only the diverging jet had an identifiable peak at A=2.21. At A=1.78 both the single
hole nozzles showed similar absolute values, with the small hole nozzle recording larger variation
in time. Similar variation was observed with the small hole nozzle for the passive TJI
configuration. Only the diverging jets show a strong ignition event, which indicates that the main

chamber combustion continues to be strongly influenced by the configuration of the nozzle even
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after the jet ceases to exit the prechamber. This shows the importance of the pre-chamber nozzle
design for both the jet penetration phase and the main chamber combustion phase. In other words
the nozzle design continues to affect the main chamber combustion phase even after the cessation

of the jet.
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Figure 4-27 The maximum values for the 1% derivative of pressure during the jet ignition phase
(1%t dP/dt) for the active TJI mode.
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Figure 4-28 The maximum values for the 1% derivative of pressure during the main chamber
combustion phase (2" dP/dt) for the active TJI mode.

The pressure rise rate analysis was also completed for the prechamber lambda sweep runs. For
these test cases the main chamber lambda was held constant and hence the maximum dP/dt during
the jet ignition phase was affected only by the prechamber lambda. From Figure 4-29 it can be
observed that for the 1% dP/dt value, from lambda 0.75 to 1.0, very similar durations and very
similar dP/dt values are recorded. However, as the mixture becomes leaner the pressure rise rate
values reduce and the duration increases. The dP/dt values at A=1.1 and A=1.25 are very similar
but the duration increases with dilution. This trend suggests that the jet-ignition dP/dt is strongly

controlled by the main chamber lambda for a fixed nozzle design

Figure 4-30 shows the main chamber combustion phase and a similar trend can be observed for

the dP/dt values with respect to time at the maximum 2"¢ dP/dt. The dP/dt values lie in a narrow
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range with the highest value recorded for prechamber A=0.8. This shows that the maximum dP/dt
due to main chamber combustion is only a function of main chamber lambda and the pre-chamber
lambda only controls the combustion phasing. Based on Figure 4-29 and 4-30 it can be concluded
that the pressure rise rate during the jet ignition phase and the main chamber combustion phase do

not show any lambda sensitivity in the range of 0.75 to 1.0.

dP/dt (bar/ms)

1 2 3 4 5 6 7
Elapsed time from spark (ms)

Figure 4-29 Maximum values for 15 derivative of the pressure during the jet ignition phase (1%
dP/dt) for a prechamber lambda sweep study in the active TJI mode.
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Figure 4-30 The maximum values for the 1% derivative of pressure during the main chamber
combustion phase (2% dP/dt) for a prechamber lambda sweep study in the active TJI mode.

The elapsed time duration between the 3 derivative peaks, as illustrated in Figure 4-24, is the jet
ignition duration. The jet ignition duration measurements remove the effect of spark timing and
the time required for flame propagation within the pre-chamber. In Figure 4-31, for the jet duration
in the passive TJI mode, it can be seen that the diverging jets have the shortest duration indicating
quicker flow reversal. A trend of increasing jet duration with increasing lambda is observed only
past A=1.25. Although the duration is increasing, it can be seen that the maximum pressure rise
rate due to jet ignition is reducing with increasing lambda in Figure 4-25. The increasing jet
duration is mainly due to the delay in strong main chamber ignition which delays the flow reversal

process from main chamber to prechamber.

In Figure 4-32, the jet duration time comparison is extended for the lambda sweep study. The jet
duration does not change significantly until A=1.1, but at A=1.25 the jet duration increases, and the
variability increases as well. This shows that since the prechamber is not effective in initiating a

strong ignition sooner in the main chamber the jet duration increases hence delaying the flow
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reversal event. It can be concluded that lambda sensitivity is not observed for the jet ignition
duration in the lambda 0.75-1.1 range which is a wider lambda range in comparison to 1% and 2"
dP/dt measurements. Identifying the third derivative peak for the end of jet ignition is difficult past

A =1.8 so the jet ignition duration plot is not included for the auxiliary injection case.
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Figure 4-31 Jet ignition duration measurements for the passive TJI mode.
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Figure 4-32 Jet ignition duration measurements for the active TJI mode — prechamber lambda
sweep study.

4.7 Chapter Summary

In this chapter the high-speed images and pressure traces were used to extract secondary quantities
and their usefulness as TJI performance indicating parameters was evaluated. High-speed images
are an important input for the development of TJI systems since jet shapes and their interaction in
the main chamber environment explain the trends observed in the burn duration calculations. The
flame area plots are useful in assessing the completeness of the combustion and variation in flame
propagation pattern from test to test. The jet penetration analysis offered several key insights that
were not immediately apparent from the high-speed images. The fastest penetration was observed
at prechamber A=0.8, which correlated well with shorter burn durations for the active configuration
at a global A=1.78. For the diverging jets, the jet penetration with respect to time was similar for
the passive configuration at A=1 and the active configuration at A=1.78. The jet penetration plots

also indicated a reduction in penetration speed with increasing main chamber initial pressure. At
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higher main chamber pressure, the jet penetration speed showed less sensitivity to the prechamber
A. When analyzing the 0-10% burn duration plots, the data did not show any comparable trends
among the nozzles in both active and passive configuration. However, the duration increased with
increasing dilution for the passive configuration indicating that the 0-10% burn duration is a strong
function of the prechamber A. This was confirmed in the prechamber A sweep study where the
nozzle type and main chamber A were held constant. The 0-10% burn duration is indicative of
whether an optimum air-fuel ratio is achieved within the prechamber. Based on the pressure
records and burn duration, it was seen that in the passive configuration, the single hole nozzles
(1.85mm and 2.26mm) performed in a similar fashion. However, in the active mode the
performance of the converging jets and the 1.85mm single hole nozzle were identical. This
indicates that TJI nozzle performance is also dependent upon the prechamber fueling strategy and
hence that nozzle designs should be evaluated separately for both active and passive
configurations. The nozzle design affects both the jet ignition phase and the main chamber
combustion phase. In the TJI configuration, two distinct pressure rise rates were observed during
the combustion process. One during the jet ignition phase and one during the main chamber
combustion phase. Test points with high pressure rise rates during the jet ignition phase did not
necessarily correlate with high pressure rise rates during the main chamber combustion phase.
Nozzle design continued to affect the main chamber combustion pressure rise rates even past the
jet ignition phase. Hence, the main chamber pressure rise rates were found to be a function of both
main chamber lambda and nozzle design. The jet ignition duration, measured by locating the
inflection points of the 3™ derivative of pressure, is a strong function of main chamber lambda and
nozzle type in the passive mode. In the active mode, the jet duration exhibited a weak sensitivity

to the pre-chamber lambda indicating that the change in main chamber lambda and nozzle design
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would show a stronger dependence. Overall the diverging jets offered better performance in both

the active and passive configuration followed by the converging jets configuration.
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Chapter 5 Impact of CO; Dilution on Ignition Delay Times of Iso-Octane

at 15% and 30% Dilution Levels in a Rapid Compression Machine

5.1 Introduction

The main objectives of the experiments described in this chapter are to study the effect of CO»
dilution, at 15% and 30% dilution levels, on autoignition delay times of iso-octane in the low to
intermediate temperature range and also to evaluate the direct test chamber (DTC) charge
preparation approach which was used for introducing the iso-octane directly into the RCM test
chamber via a direct injector. Experiments were conducted over a temperature range of 650K-
900K at 20 bar and 10 bar compressed conditions for equivalence ratios (® =) 0.6, 0.8, 1.0 and 1.3
in a RCM. CO: dilution by mass was introduced at 0%, 15% and 30% levels with the O2:N> mole
ratio fixed at 1:3.76 (air equivalent) emulating the exhaust gas recirculation (EGR) substitution in
spark ignition (SI) engines. The results using this approach are compared with other RCM data
available in the literature at undiluted ® = 1.0 and 20 bar compressed pressure and show good
agreement. Although some ignition delay data for CO: diluted mixtures of iso-octane (or alkanes)
are available, an exclusive study accounting for the presence of CO; at low and high dilution levels
is not available. The experiments conducted in this chapter add to the database by including test
points at 15% and 30% by mass of CO; substituted for air. Since the temperature range in this
study includes the NTC region the effect of CO» dilution in the NTC region is analyzed in detail.
In addition, the validity of the DTC approach will be scrutinized for use in chapter 6 where full

blend gasoline fuels are studied.
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5.2 Research Questions

1. Is the direct test chamber (DTC) approach a viable replacement for a traditional mixing
tank based charge preparation technique for full blend gasoline fuels and its single and
multi-component surrogates?

2. What is the effect of CO2 dilution on ignition delay time of alkane-air mixtures and is the
effect consistent at all conditions?

3. Can CO; dilution provide any octane relaxation potential?

5.3 Background and Literature Review

Knocking in a SI engine is a result of auto ignition of fuel-air mixtures in the end gas regions of
an engine. Dilution of the intake charge with an inert gas such as CO; alters the auto ignition
propensity of the end gas thereby delaying knock or reducing its intensity. A cooled exhaust gas
recirculation (EGR) system, in which EGR temperature is reduced with an EGR cooler, is an
effective method to avoid abnormal combustion. Cooled EGR systems have already been
introduced in mass-produced naturally aspirated (NA) gasoline engines [10]. Cooled EGR
involves introducing CO; and N into the combustion chamber with or without water vapor,
depending upon whether the water has condensed during the process. As the amount of dilution
increases, the initial mole fraction of the reactants decreases, and hence the build-up of the radical
pool leading to autoignition increases in duration. This increases the delay required for autoignition
of fuel-air mixtures [142]. This results in extending the end-gas ignition delay time in SI engines
and decreasing the auto-ignition heat release rate. CO; dilution has further applications in ignition
timing control for low temperature combustion technologies exploiting flameless combustion in

homogeneous mixtures [55].
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In early work by Quader et al. [143], a first explanation was provided for the now experimentally
established fact that CO> dilution reduced NOx emission, because CO; is largely inert and lowers
compressed and combustion temperatures due to higher specific heat capacity, thereby inhibiting
thermal NOy formation. Hence with cold EGR strategy it is possible to operate at higher
compression ratios due to reduced knocking tendency and at the same time reduce NOx emissions
due to lower combustion temperatures. Kumana et al. [144] investigated the effect of knock
suppression by cooled EGR in a turbo charged SI engine. EGR was emulated by using a mixture
of N2+CO; and was injected upstream along with the intake. Up to an 8% EGR ratio was used and
they found that NOx emissions were reduced with no negative impact on the exhaust emissions.

For every 1% EGR ratio increase about a 1 deg CA spark advance was possible.

At high load condition, gasoline engines are often operated fuel rich to reduce exhaust gas
temperature and NOx emissions. Cairns et al. [66] completed a comparison for a boosted SI engine
operating at high load with excess fuel, excess air and cooled EGR charge dilution. It was
concluded that cooled EGR was a more effective suppressant of knock than excess air. Grandin et
al. [145] demonstrated the potential to replace fuel enrichment for high load knock control using
cooled EGR using a 2.3-liter PFI turbocharged engine. It was concluded that EGR dilution helped
control the mass burn rate with reduced temperature rise rate and enabled inhibition of knock. In
another work [146], Grandin et al. compared excess air with EGR for charge dilution and
concluded that EGR provided more stable burn together with NOx reduction. Recently Hyundai
[147] and Toyota [ 148], in their latest generation of naturally aspirated engines designed for hybrid
electric vehicles, used EGR as one of the key technologies that enable 40% brake thermal

efficiency.
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For our current study we aim to understand the decrease in knocking tendency with CO, addition
by studying its effect on total ignition delay times of iso-octane for up to 30% dilution levels.
Several studies have discussed the auto ignition behavior of paraffins, the main constituents of
commercial gasolines. The primary reference fuels, n-heptane and iso-octane are the benchmarks
of a very reactive straight chain molecular structure (ON=0) and a less reactive, highly branched
structure (ON=100). Most practical gasoline fuels have octane numbers higher that 85, and hence
iso-octane is the principal component in the PRF surrogates and strongly dictates the surrogate’s
combustion chemistry. Also, when iso-octane is added to relatively less reactive compounds, such
as toluene, the reactivity of the blend tends more towards iso-octane since the blend’s reaction
pathway is dominated by reactive intermediates formed by iso-octane decomposition [149].
Several fundamental combustion experiments have been conducted for iso-octane, including
ignition delay time and pyrolysis measurements in shock tubes [150], and rapid compression
machines (RCM) [151-155]. As a result, several comprehensive chemical kinetic models for iso-
octane combustion such as by Curran et al. [54] and Mehl et al. [156] are available for kinetic
modelling. In recent years additions to the above mechanisms are considered at low and
intermediate temperatures and at lean conditions. Atef et al. [53] recently added alternative
isomerization pathways for peroxy-alkyl hydroperoxide radicals, which has further improved low
temperature reactivity predictions. Due to the availability of several published ignition delay
datasets and a well validated reaction mechanism, iso-octane was chosen as the fuel for this study.
In recent work, Goldsborough et al. [157] published a compilation of ignition delay data from
different RCM facilities at 20 bar compressed pressure for iso-octane. This comparison was made

to get an understanding regarding influence of facility effects in measured ignition delay time. In
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the current study we additionally intend to assess the performance of the direct test charge (DTC)

approach by comparing our data with other RCM data reported in [157].

Few studies have explicitly examined the effects of CO, dilution on alkanes. In a recent work by
Tingas et al. [142], the authors explored the dilution effects of CO; and water separately on NOx
emissions and ignition delay times in methane mixtures. They performed adiabatic and isochoric
autoignition simulations at 800 K, ®=0.8 and 30 bar conditions with CO», H,O and Ar as diluents.
The study included data on 15% and 30% CO; dilution levels by mole fraction. They concluded
that the CO> impact on reactions is mostly thermal in nature and that the CO; acts predominantly
as a thermal buffer, while for H>O dilution they showed that water not only acts a thermal buffer
but also enhances reactivity through the reaction HoO>+H>O -> OH+OH+H>O. Because of the
chemical nature of this case, sometimes ignition delay can be shortened by H,O addition, however,
this effect was never observed with CO>. The final mass fraction values of NO and CO were both
reduced through dilution addition. The study did not include the NTC region since methane does
not exhibit NTC behavior [158]. He at al. [152] studied the ignition delay times of iso-octane
mixtures with trace amounts of H>O and CO; (0.5, 2.0 and 3% by mol) for 5-20 atm at high
temperatures of 943-1027 K. This study also did not include the NTC region since iso-octane does
not show NTC behavior over this temperature range. For these small amounts CO; dilution there
was no chemical effect, however the H O dilution did decrease the ignition delay by small
amounts. Di et al. [151] explored the effects of several buffer gases on iso-octane which included
Ar, No, and a mixture of COz and Ar. They did not explore the dilution effects in context with EGR
substitution due to a fixed buffergas:O> ratio at 1:3.76. Experiments covered 600-800K range at
20bar and ®=1. Their observations indicated that the effects of the buffer gases on the first-stage

ignition delay were very small, but the changing heat capacity of the buffer gas changed the final
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delay time during two-stage ignition. The higher heat capacity of CO; increased the total ignition
delay time in comparison to N. Di et al. also noticed the effect of the higher collision efficiency
of CO; on ignition delay times compared to N2 (COx> is 3.8 times higher than that of N»). Higher
collision efficiency reduces ignition delay times. When a single stage ignition event was observed,
which occurs at temperatures lower than the NTC region (700 K for isooctane), experimental data

and model predictions showed no influence of buffer gas composition on delay times.

5.4 Experimental Setup

Basic features of the RCM facility used for this study have been documented in Chapter 2. In this
study compressed gas temperatures were altered by modifying the compression ratio of the RCM
as explained in Chapter 2. A more traditional approach for achieving different compressed
temperatures by using fixed CR is to replace or substitute the non-reactive portion of the charge,
N, with a buffer gas consisting of N2, CO2, Ar [153]. Here different compressed temperatures are
achieved due to change in specific heat of the mixture made by altering buffer gas composition.
Usage of buffer gas can alter ignition delay times of the mixture mainly due to changing heat loss
characteristics or change in third body efficiencies. In a study by Davidson and Hanson [143], auto
ignition of isooctane using Ar and N> as the buffer gas was modeled, and results showed up to
50% difference in the ignition delay times depending on the reaction mechanisms used. In an
experimental study completed by Shen et al. [159] it was shown that ignition delay times for
isooctane mixtures, using Ar as the diluent, showed 20% shorter ignition delay durations when
compared to using No. Wiirmel et al. [158] compared the effect of Ar as a buffer gas in a shock
tube and an RCM. Ar was shown to enable ignition in the shock tube at certain conditions, but in
the RCM a retarding effect was observed. This was primarily due to post-compression heat loss

governed by the different thermal diffusivities of the buffer gases. In a computational study of
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auto-ignition times of iso-octane, n-heptane, and n-butanol performed by Wagnon and Wooldridge
[160], it was found that fuels that exhibit negative temperature coefficient (NTC) behavior may
show significantly higher buffer gas effects during two stage ignition, with a factor of two or more
impact on total ignition times. The above studies illustrate that buffer gases can affect delay times
based on the test conditions. Although the effect of buffer gases on ignition delay times are
eliminated in the current study, changing heat loss characteristics due to changing TDC volume
and wall temperature should be still considered and included in numerical simulations. There are
other studies, such as by Chen et al. [161], that have used and reported a similar strategy to achieve

different compressed conditions by changing CR, as was employed here.

Table 2-1 presents the CR and wall temperatures required for achieving various compressed
temperatures. The demand for higher initial pressures reduces as we increase the compression
ratio. This is important since our mixture preparation methodology relies upon mixing within the
combustion chamber and hence lower initial pressures helps in further lowering the partial pressure
requirement for liquid fuels. The lowest values for initial pressure and temperature shown are for
10 bar compressed condition for an equivalence ratio of 0.6 at 0% CO; dilution while the maximum
values are for the 20 bar compressed condition with an equivalence ratio of 1.3 at 30%

CO. dilution. Both the increase in fuel concentration and increase in CO; dilution will decrease
the total specific heat capacity of the mixture. Hence to achieve similar compressed temperature
targets across test points a 10°C increase in wall temperature is provided when there is an increase
in equivalence ratio at a given dilution or when there is an increase in dilution at a given
equivalence ratio. For the current study heating bands were installed on the RCM and controlled
using a LabVIEW® VI program to maintain the wall temperatures at the targeted temperatures.

Temperatures inputs were obtained through k-type thermocouples.
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5.5 Data Interpretation

5.5.1 Ignition Delay Definition

The primary data extracted from the RCM pressure trace is illustrated in Figure 5-1. End of
compression (EOC) is designated as the time when the dP/dt values becomes negative past the
start of compression. Here ignition delay time is defined as the the elapsed time duration from
EOC to maximum pressure rise rate due to ignition activity. All of the ignition delay data were
extracted from the filtered pressure trace (Butterworth filter with 5000Hz cutoff) for easy
interpretation of the inflection points. The reported ignition delay times in this work are capped
between 100ms on the higher end and 3ms for the lower limit. The higher limit was set based on
the study of Mittal et al. [162] who reported that above 100ms the adiabatic core assumption starts
losing its validity. Due to this reason the data set obtained at 10 bar compressed condition is not
exhaustive enough to observe trends and only limited information is provided in this study. The
lower limit for ignition delay times were set to 3ms [163] to avoid influence of pre-compression
reactions. The achieved compressed pressures are within +0.5 bar from the target pressures and

hence no pressure scaling is used when reporting the ignition delay times.

5.5.2 Measurement of Compressed Temperatures

Direct measurement of reactant gas temperatures is not possible in the rapid compression machine.
Direct measurements of core temperature with thermocouples can affect core homogeneity and
hence is not usually recommended. Due to high pressure conditions prevalent within the reaction
cylinder usage of non-intrusive absorption techniques also becomes difficult. For the autoignition

studies the compressed pressure is measured directly from this data while the compressed
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temperature is calculated using the widely used adiabatic core hypothesis (Equation 1), which uses

mixtures variable specific heats, initial conditions and final compressed pressure as inputs.

m= rer & 5.1
vy-1 T

In the current and the coming chapters, equivalence ratio @ is used instead of A. This is done to
be consistent with the general community guidelines where equivalence ratios are used when
reporting ignition delay times measured in an RCM. Equivalence ratio is equivalent to inverse of
the A value. For calculating equivalence ratio values of air-fuel ratio (AFR) were used for no
dilution runs and when CO; was present the oxygen-fuel ratio (OFR) values were used as shown

in Equations 2 and 3 below,

__ (AFR)stoich

0= (AFR)current 5.2
__ (OFR)stoich

0= (OFR)current 5.3
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Figure 5-1 Sample pressure and dP/dt curve (top) illustrating ignition delay definition and
pressure traces showing experimental repeatability for various dilution levels (bottom).
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5.6 Direct Test Charge Approach

Direct test charge (DTC) was initially developed by Allen et al. [164] for studying non-volatile
synthetic jet fuels in the RCM. A brief description of the direct test charge approach is presented
here and a more detailed explanation and validation can be found in [164]. The DTC approach
involves introducing volatile or non-volatile fuels directly into the RCM test chamber instead of
relying upon a traditional mixing tank technique. This enables quick preparation of different
equivalence ratio mixtures within the RCM test chamber and reduces risks associated with
traditional techniques such as thermal decomposition of the fuel and condensation in the lines
connecting them mixing vessel to the test chamber. Since initial pressure within RCM is between
0.4-2 bar, partial pressure requirement of the fuel and the wall temperature required for complete
evaporation are lowered. Fuel is precisely metered into the RCM using a production water cooled
7-hole GDI injector manufactured by Bosch. A hydraulic accumulator pressurized to 30 bar was

used to pressurize the fuel line.

5.6.1 Fuel Calibration

The fuel injector was calibrated by pulsing the injector 10 times into the RCM test chamber
maintained at 100 °C in vacuum. The injector was commanded with LabVIEW by sending TTL
signal pulses to a custom-made driver box. The pressure rise, measured using an absolute pressure
sensor, after fuel injection was used to calculate the mass injected using the ideal gas law. This
procedure was performed for a 0.5ms to 1.0ms pulse width range. Each test was repeated 5 times
and the partial pressure recorded across the tests displayed a negligible standard deviation in the
range of 1E-4. This highlights the repeatability of the injectors even for very small number of
injections in the pulse width range. The resulting linear fit from the injector calibration procedure

is shown in Figure 5-2.
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Figure 5-2 Fuel injector calibration curve showing pulse width vs mass injected information.

5.6.2 Mixture Preparation

Prior to each test the entire test section was emptied using a vacuum pump. The test section is then
filled with dry air or premixed CO;, O, and N> mixtures via a manifold while monitoring the
pressure using an absolute pressure transducer installed in the intake manifold. Since no mixing
tanks were used in this study dry air and CO,, Oz, N> custom premixed bottles were obtained from
Airgas® to ensure homogenous and consistent oxidizer mixtures. The premixed custom mixture
gas has 15% dilution level and 30% before fueling hence after addition of fuel the overall CO»
dilution level in the mixture goes down with increasing equivalence ratio up to 1% for when 15%
mixture and up to 2% when 30% dilution bottle is used. Based on the dilution level required
corresponding premixed-gas is filed into the RCM to target pressure. Now the manifold is closed,
and fuel is admitted into the chamber using the GDI injector as explained in DTC approach.

Mixture stoichiometry was controlled by varying the pulse width and number of pulses in the
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injector. Approximately three minutes [164] was allowed before firing to enable adequate mixing

time to obtain a homogeneous mixture.

5.7 Results and discussions

5.7.1 Validation with Other RCM Data

In order to validate the results of our current study, we have adapted the data obtained from
recent work of Goldsborough et al. [157] and overlaid it with data obtained from our current
study. As seen in Figure 5-3, the NTC region appears around 700-850K for isooctane at 20 bar
for air levels of dilution. This region is well captured by our tests and a reasonable agreement is
obtained over the temperature range. At 850K and 900K our data has slightly shorter ignition
delay times, which is likely due to the fact that for these temperatures the wall temperatures used
during our study was higher, as seen in Table 2-1, in the 130-170°C range and most of the
reported work shown in Figure 5-3 uses varying buffer gas composition in order to achieve
higher compressed gas temperature. This may have resulted in lower heat loses in our RCM

experiments and hence shortened the total delay time. As mentioned in [157], this highlights the
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challenges associated with comparing experimental results when only compressed temperatures

are used as a basis for comparison.
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Figure 5-3 Results comparing several RCM ignition delay data for iso octane as reported in [157]
overlaid with total ignition times form our current study at 20+0.6 bar compressed pressure.

5.7.2 Effect of Equivalence Ratio

The effect of equivalence ratio on ignition delay is investigated for all different dilution levels in
Figure 5-4. The data points were connected with straight lines in order to improve visualization
and all three data points taken to ensure repeatability at each point are shown. The data shows a
trend of decreasing ignition delay times with increasing equivalence ratio for the conditions
investigated. The increase in reactivity with increasing equivalence ratio is due to the effect of
maintaining a fixed N2/Oz ratio but varying the fuel concentration levels. An opposite trend where
lean mixtures become more reactive is observed when the equivalence ratio is varied while the

fuel concentration is held constant [28]. The higher reactivity is a byproduct of the increase in
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oxygen concentration leading to lower dilution levels. The same equivalence ratio effect is
observed over the entire temperature range and for all dilution levels, which consistent with other

published hydrocarbon data [15,22,23].

5.7.3 NTC Region Analysis

In Figure 5-4, for the equivalence ratios reported here, the NTC region can be seen between
Tc=700-850K with exception of ®=0.6 where the NTC region can be observed as early as 650K.
This is in line with the fact that as the mixture gets leaner the NTC region is shifts to lower
temperatures and is more pronounced [139,131,133]. A similar trend can be observed for increases
in CO; dilution levels at fixed equivalence ratios. From the figures it can be observed that the slope
of the connected lines does not show much change across equivalence ratios. However, this is not
true for the lines connected between the 650K-700K range. In this range, the NTC region shift,
with changing equivalence ratio and dilution levels, can be observed more clearly. The connecting
lines get flatter (or tend towards a more positive slope) as the dilution level increases across all
equivalence ratios. At the 30% dilution level this trend is more noticeable, with the ¢=0.6 case
entering the NTC region earlier, as indicated by a shift from a negative to a positive slope.
Similarly, for the richer cases at 30% dilution, although they still exhibit a negative slope, the
connecting lines are relatively flat compared to the lower dilution condition. This shows the
tendency of the NTC region to shift towards lower temperatures as dilution increases. At 650K for
the 0% dilution condition, it can be observed that the ignition delay times of all the curves have
converged irrespective of the equivalence ratio. However, as dilution increases, differences starts

to appear as the equivalence ratio changes.

At 800K the maximum ignition delay is observed, and this fact does not change with equivalence
ratio or dilution levels. Past 850K there is a sharp decrease in ignition delay times, signaling the
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departure to high temperature reactions pathways. It can be observed that the NTC trend does not
shift with increasing dilution levels which clearly indicates that CO2 acts purely as a thermal buffer
and it does not interfere with reaction pathways that were mentioned earlier. In other words, no

chemical activity of CO2 is observed in our current study.

5.7.4 Delta Ignition Delay Times

Increase in ignition delay times with increasing dilution levels is shown in Figure 5-5 as a
difference in ms from the 0% dilution case. The data in the figure is at 800K compressed
temperature, where the maximum delay times were observed. For 30% dilution, more than twice
the increase in differential ignition delay times were observed when compared to 15% dilution.
The trend holds irrespective of the mixture being lean or rich. This shows that higher dilution
levels can enable better knock mitigation control under the same thermodynamic conditions as
undiluted or mild dilution cases. This can manifest as spark advance or increase in compression
ratio in a SI engine thereby increasing thermodynamic efficiency. Increase in dilution levels can
increase burn durations leading to emission issues, but to counteract this other flame speed
enhancement techniques such increase in turbulence levels or ignition enhancement devices like
turbulent jet ignition can be used [165]. Similar bar charts for other temperature points are

presented in the appendix section.

128



100

Tion(MS)

i 20 bar (0% dilution)

1.0 1.1 1.2 1.3 1.4 1.5

1.6
1000/T (K-

100

Tign(MS)

20 bar (15% dilution)
1

1.0 1.1 1.2 1.3 1.4 1.5

1.6
1000/T (K1)

100

Tign(MS)

i 20 bar(30% dilution)
1.0 1.1 12 1.3 1.4 1.5 1.6
1000/T (K1)

Figure 5-4 Ignition delay times shown in Arrhenius form for ®=0.6,0.8,1.0 and 1.3 for
0%(upper),15%(middle) and 30%(lower) CO2 dilution levels at compressed pressure of 20+0.5
bar.
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5.7.5 Effect of CO; Dilution at Fixed Equivalence Ratio

The 20 bar ignition delay data is presented in Figure 5-6 (a to d) with fixed equivalence ratios but
varying CO: dilution levels. One striking feature across all the plots is that the NTC region remains
fixed as we maintain the equivalence ratio but increase the CO; dilution. This indicates that for the
temperature range studied here, at a given equivalence ratio, increasing the dilution does not shift
the NTC region or modify its trend. Also compared to the fixed dilution plots presented earlier in
Figure 5-4, the slope of the line between 650K and 700K is similar across the equivalence ratios
except for the ¢=1.3 case, where the ignition delay data converges at 600K irrespective of the
dilution levels. In terms of total ignition delay time, the 15% dilution level times were closer to
the 0% dilution case in comparison to the 30% dilution cases, although this trend is less
pronounced due to the nature of the log plots. Also, from the figures it can be observed that for the
30% dilution level the maximum compressed temperature attained was less than 900K. This is due

to the fact that the maximum stable wall temperature that can be maintained in the RCM was
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175°C. The diluted and undiluted test points were conducted at this fixed wall temperature since
further increased in temperature were not possible. Since CO» addition increases the specific heat

of the mixture, the compressed temperature values dropped from target as the dilution increased.

5.7.6 Pressure Dependence of NTC Region

When comparing the 10 bar and 20 bar data for 0% dilution (Figure 5-7) level the shift in NTC
delay with pressure level can be clearly observed. The observation holds for both the ®=1.0 and
1.3 data presented here. The observation is in line with other studies where it has been shown that
for alkanes the NTC region is observed to shift to higher temperatures with increasing pressure
[166]. At 20 bar the NTC region is less pronounced for ®=1.3 when compared to ®=1.0, which is
again a known trend observed for alkanes with increasing equivalence ratio [160]. These observed
trends further confirm the validity of the approach used in this study. The data sets corresponding
to the dilution runs were not included in the plots since several recorded delay times were above
100ms at thel0 bar condition. As an illustration, Figure 5-8 compares the ignition delay times for
the 10 bar compressed pressure for both the dilution and non-dilution cases. At ® =1.3 ignition
delay times above 200 ms (within NTC region) were recorded with CO> dilution, while a minimum
delay time of 35ms was noted for the no dilution condition. Also, high amount of variability were

observed as the ignition delay time increased beyond 100ms as seen at T=833K (1000/T(K)=1.3).
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Figure 5-6 Ignition delay times shown in Arrhenius form for 0%,15%, and 30% CO2 dilution
levels for ®=0.6(8a), ®=0.8(8b), ®=1.0 (8c) and ®=1.3 (8d) at compressed pressure of 20+0.5
bar.
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Figure 5-7 Ignition delay times at ®=1.3(top) and ®=1.0(bottom) comparing the effect of
pressure on ignition delay times for 10+0.5 bar vs 2040.5 bar.
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Figure 5-8 Ignition delay times at ®=1.3 for 10+0.5 bar comparing the effect of dilution.
Connecting lines not shown for the dilution cases due to long ignition times in the NTC region.
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5.7.7 Image Analysis

For this work a Photron SA4 color camera at 10,000 frames per second was used in conjunction
with NIKOR 105mm lens for imaging the autoignition event. Although the primary purpose of
this study was not optical imaging, a few images for observation purposes were recorded and are
presented in Figure 5-8. The images represent two undiluted tests at ®=1.0 and 0.5 at 700K and
20 bar compressed conditions (CR 9.6). The first three images in each of these frames were
enhanced to better observe the features and each subsequent frame is 0.1 ms apart. The first
luminous image in each of these experiments roughly occurred at 0.3ms before the peak pressure

rise rate and hence the observed events are very close to their ignition delay times.

For ®=1.0 (Figure 5-9 — top row) the auto ignition event is initiated in the top portion of the
combustion chamber. The auto ignition front can be seen accelerating downwards in the
subsequent frames. In the last frame the main autoignition event can be seen and the luminosity of
this event saturates the camera sensor obscuring further observations. For the ®=0.5 (Figure 5- 9
bottom row) test point, in the second frame, a hot spot centered on what appears to be a particle is
visible. The applied image enhancement makes this hot spot appear redder. The size of the spot
does not grow when moving from the second to the third frame. However, the luminosity of the
hot spot increases revealing a yellow core surrounded by a blue front suggesting a weak
deflagration. In the same frame the main auto ignition can be seen developing in the upper right

regions. The location of this zone indicates that hot spot does not initiate this main event. Although
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only limited optical data is shown the trends seems to be similar to images obtained from other

studies [155].

t=T,,-0.3 (ms) t= - 0.2 (ms) -0.1 (ms) t =T, (ms)

Figure 5-9 High speed images illustrating autoignition events at ®=1.0 (top row) and ®=0.5
(bottom row). First frame corresponds to ~0.3ms before total ignition delay time and each frame
is spaced 0.1ms apart.

5.7 Chapter Summary

In this chapter the application of the DTC approach for a known gasoline surrogate (iso-octane)
was first demonstrated. Using the DTC approach in conjunction with premixed gas bottles
eliminated the need for using a mixing tank and enabled faster preparation of the charge. Changes
in compressed conditions were achieved by using different compression ratios rather than varying
the buffer gas composition as is done in most previous studies. The data acquired for iso-octane
using the current methodology is in line with other RCM data [157] and the trends observed with
respect to changes in temperature and pressure is in accordance with other published hydrocarbon

data. The approach used in this study is a viable approach for studying full boiling range gasoline
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fuels and multicomponent gasoline surrogate fuels which will be shown in Chapter 6. For the full
boiling range fuels, a gas chromatography and mass spectrometry (GCMS) study was carried out
as an additional validation for identifying potential issues such as preferential evaporation or
thermal cracking. No chemical activity due to CO; substitution, for up to 30% by mass, was
observed in our study. This indicates that CO;, acts as a thermal buffer for the conditions
investigated here. This is in line with observations from other related studies [167]. Also at fixed
equivalence ratio, the NTC region temperature range is not altered with increasing CO; dilution
levels. At a compressed pressure of 20 bar, up to a factor of three increase in differential ignition
delay times were observed at 30% CO; dilution levels in comparison to 15% dilution levels. A

similar response for real gasoline blends is expected and will be discussed in the next chapter.
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Chapter 6 Impact of CO; Dilution on Ignition Delay Times of Full Blend

Gasolines in a Rapid Compression Machine

6.1 Introduction

Unlike air-dilution, EGR dilution can be implemented in current SI engines due to strategy
compatibility with existing three-way catalyst systems. Hence it is prudent to test the benefits of
cold EGR in context to current practical fuels such as gasoline. In this chapter autoignition delay
times of two full blend gasoline fuels (high and low RON) were explored using the RCM. Benefits
of using cold EGR were detailed in chapters 1 and 5. The work reported in the current chapter
continues the testing methodology adopted in chapter 5 and extends the results for full blend
gasoline fuels. The full blend gasoline fuels were admitted directly into the combustion chamber
for mixture preparation using the direct test chamber (DTC) approach. Unlike a single component
fuel such as iso-octane, full-blend gasolines are a complex mixture of several hundred
hydrocarbons. In order to assess the application of the DTC approach with these fuels, a GCMS
study was undertaken and the results are reported in this chapter. EGR was simulated using CO»
dilution at 0%, 15% and 30% by volume levels and maintaining a fixed O2:N> mole ratio of 1:3.76.
Experiments were conducted over the temperature range of 650K-900K and at 10bar and 20 bar

compressed pressure conditions for equivalence ratios of (® =) 0.6-1.3.
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6.2 Research Questions

Currently there is a lack of ignition delay times of full blend gasolines and their surrogates with
CO:2 dilution in the low to intermediate temperature range available in the literature. The majority
of the experimental studies on dilution in SI engines focus on dilution in the context of EGR
substitution as the gamma effect of EGR dilution lowers compressed temperatures [145]. This
effect is a primary driver in reducing combustion temperatures (NOx reduction) and together with
the dilution effect reduces knocking (autoignition) tendency. The main motivation and the novelty
of this study was in isolating the dilution effect by maintaining the same compressed temperatures
for all the tested dilution levels. The main constituents of EGR are N», H,O and CO». The inertness
of N is a well-established fact, with thermal NOx pathways most relevant at high temperatures.
H>O has been shown to retard combustion in certain conditions, while also promoting ignition at
other engine relevant conditions [152,168]. Hence H>O is not considered an inert constituent of
EGR. Ignition delay times of full blend gasolines with CO; dilution in the low to intermediate
temperature range is currently lacking and this work provides a first set of data on such a
comparison. Since the temperature range in this study includes the NTC region the effect of CO»
dilution in the NTC region will also be analyzed in detail. Additionally, the work reported in this
chapter is the first to use the novel DTC approach for mixture preparation of full blend gasolines

in the combustion chamber. The research questions below are sought to be answered,
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1. Can the DTC approach be successfully implemented for mixture preparation with full
blend gasoline fuels?

2. Can a single component surrogate iso-octane adequately capture the ignition delay trends
of the full blend gasoline over the temperature range for both diluted and undiluted
conditions?

3. Are the effects of CO» dilution for the full blend gasolines comparable to those found with

the CO»-iso-octane-air mixtures from Chapter 5?

4. Can COz dilution provide any octane relaxation potential?

6.3 Literature Review

Autoignition delay times of iso-octane (primary component of PRF) and its response to CO2
dilution was studied in Chapter 5. In comparison to ignition delay studies on simple and multi-
component gasoline surrogates, studies on full blend gasolines in the low to intermediate
temperature range has been limited with most of the recent work done at KAUST [169—171] on
full blend FACE fuels. Some of these works and the ignition delay trends observed are discussed
below. The initial work of Kukadapu et al [172] provided the first ignition delay data on full blend
gasoline (RD 387) at low to intermediate temperature. The work covered ¢=0.3-1.0 at compressed
pressures of 20 and 40 bar over the 665K-950K temperature range. The performance of chosen
surrogates was also tested using 0D simulations. It was observed that the pressure rise after the
first stage of ignition (when observed) reduced with increasing compressed temperature. The NTC
response of the gasoline was noticed to be flatter and also shifted to higher temperatures with
increase in pressure. In a study by Javed et al. [169] ignition delay times of FACE I and FACE J

fuels with an anti-knock index (AKI) of 70 and low octane sensitivity were compared. The two
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gasolines, despite of large differences in their compositions, exhibited similar reactivity due to
similar octane ratings. By comparing the results with low-temperature ignition delay data from
other studies it was shown that octane and compositional differences have negligible effect on low

temperature reactivity of low octane, low sensitivity gasolines.

Lee et al. [173] recently measured the ignition delay times of two oxygenated full blend gasolines
from Haltermann (RON=91) and Coryton (RON=97.5), at 650K-1250K and at 10-40 bar pressures
using both an RCM and a shock tube. Other than formulating suitable surrogates they also focused
on understanding the dependence of ignition delay times on RON/MON and fuel formulation. The
study showed that the effect of octane number (and fuel composition) on autoignition delay times
were more pronounced in the NTC (or intermediate temperature) region. Three surrogates with up
to eight components were used for comparison. The authors also observed that for the lower
sensitivity (due to more paraffins) Halterman gasoline, both two stage ignition and the NTC
behavior were more pronounced [14]. Irrespective of the fuel type the NTC region was observed
to be less pronounced at 40 bar pressure. The authors also observed that at temperatures above
900K, ignition delay times became independent of RON/MON. Also, dependence of ignition delay

times on the type of fuel was higher at 20 bar compared to the 10 bar and 40 bar experiments [14].

Chung et al. [174] studied a 95 RON gasoline, along with a few surrogates at temperatures between
650-1000K using a RCM. Their research indicated that the octane number of the fuel determines
the occurrence of two-stage ignition. Gauthier et al. [168] measured RD387 ignition delay times
in a shock tube at temperatures between 850 to 1280K and at pressures of 15-60 atm. Ignition
delay times were compared with two ternary mixtures containing iso-octane, n-heptane and

toluene. In addition, the study analyzed the effect of EGR (CO2, H20O, O2, N>) for 10% and 20 %
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EGR substitution. There was an increase in delay times with increased EGR loading at ¢=1.0 but

at ¢=0.5 the presence of EGR components did not affect the ignition delay times.

Studies explicitly examining the effect of CO» dilution on gasoline-air mixtures are nonexistent,
but several studies have been completed on alkanes, a major hydrocarbon type found in gasoline
and its surrogates. He at al. [152] studied the ignition delay times of iso-octane mixtures with trace
amounts of H>O and CO2 (0.5, 2.0 and 3% by mol) for pressures of 5-20 atm and at high
temperatures of 943-1027 K in a RCM. This study did not include the NTC region since iso-octane
does not show NTC behavior over this temperature range. For these small amounts of CO> dilution
there was no chemical effect, however the H>O dilution did decrease the ignition delay by small
amounts. Di et al. [151] explored the effects of several buffer gases on iso-octane which included
Argon(Ar), N», and a mixture of CO2 and Ar in a RCM. However they did not explore the dilution
effects in context with EGR substitution due to a fixed buffergas:O- ratio at 1:3.76. Experiments
covered the 600-800K range at 20bar and ®=1. Their observations indicated that the effects of the
buffer gases on the first-stage ignition delay were very small, but the changing heat capacity of the
buffer gas changed the final delay time during two-stage ignition. The higher heat capacity of CO;
increased the total ignition delay time in comparison to N». Di et al. also noticed the effect of the
higher collision efficiency of CO; on ignition delay times compared to N> (COz is 3.8 times higher
than that of Ny). Higher collision efficiency reduces ignition delay times. When a single stage
ignition event was observed, which occurs at temperatures lower than the NTC region (700 K for
isooctane), experimental data and model predictions showed no influence of buffer gas

composition on delay times.

OH + CO <=>H + CO2 is a known reaction pathway through which CO; participates in chemical

reactions and slows down the combustion process by competing for H radicals [175]. In recent
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work by Tingas et al. [167], the authors explored the dilution effects of CO, and water separately
on NOx emissions and ignition delay times in methane mixtures. They performed adiabatic and
isochoric autoignition simulations at 800 K, ®=0.8 and 30 bar conditions with CO,, H,O and Ar
as diluents. The study included data on 15% and 30% CO: dilution levels by mole fraction. They
concluded that the CO> impact on reactions is mostly thermal in nature and that the CO, acts
predominantly as a thermal buffer, while for H>O dilution they showed that water not only acts a
thermal buffer but also enhances reactivity through the reaction H,O,+H,O -> OH+OH+H,0O
[167]. Because of the chemical nature, sometimes ignition delay can be shortened with H,O
addition, however, this effect was never observed with CO,. The final mass fraction values of NO
and CO were both reduced through dilution addition. The study did not include the NTC region

since methane does not exhibit NTC behavior [158].

6.4 Experimental Methodology

6.4.1 Mixture Preparation

The mixture preparation methodology is very similar to the steps followed in Chapter 5. Based on
the dilution level required, the RCM was filled to the target pressure with the appropriate
premixed-gas was and the gas manifold was closed. The fuel was then metered into the test
chamber using a production water cooled 7-hole GDI injector manufactured by Bosch. A hydraulic
accumulator pressurized to 30 bar was used to pressurize the fuel line. In contrast to chapter 5, fuel
flow calibration was performed gravimetrically in the pulse width range of 0.5 to 1.0ms. The pulse
width range was chosen so that multiple injections could be used for a given equivalence ratio
during the mixture preparation process, reducing variability between tests [164]. At each pulse

width the injector was pulsed 100 times into a graduated cylinder. The weight of the cylinder
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before and after fuel injection event is measured with a calibrated scale with readouts showing two
significant digits. The results were used to obtain the final calibration curve for each fuel and its
injectors. Mixture stoichiometry was controlled within the test chamber by varying the pulse width

and number of injector pulses.

6.4.2 Fuel Characterization and Handling

Two full blend fuels, characterized and referred to as low RON and high RON fuels, were
considered for testing. The fuel properties such as RON, molecular weight of the fuel etc. are
proprietary information. Each of the fuels were stored in a separate fuel accumulator, with separate
fuel delivery lines and separate calibrated fuel injectors. The fuels used were of unknown
composition with only distinction being the RON characterization. Since the molecular weight of
the fuels were unknown AFR stoichiometric value of 14.6 for gasoline [11] was used for all the
fuels when calculating the stoichiometry. Stoichiometry was calculated using Eq 5.1 and 5.2.
Gasoline molecular weight can vary from ~85 to 110, higher RON gasoline is expected to have
higher molecular weight due to the presence of heavier molecules [7]. This could introduce
differences between the estimated equivalence ratio and actual equivalence ratio, hence some

deviation is to be expected.

6.4.3 GCMS Study

Verification of mass loading of the direct injectors used for DTC approach was completed by Allen
et al. [164] and hence was not repeated for this study. As a first step towards validation, ignition
delay data obtained for iso-octane-air mixtures prepared using the DTC approach was compared
with data from other facilities, as described in chapter 5. As iso-octane is a single component fuel,

determination of its vapor pressure for given initial conditions is straight forward. For the case of
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full blend gasolines containing numerous components spanning a range of boiling points, further
validation is required before using the DTC approach. The purpose of this current GCMS study is
to confirm evaporation of fuel blend components (without thermal decomposition or condensation)
and determine the appropriate duration for complete evaporation and mixing of the fuel prior to
testing. The GCMS gas-phase sampling study is very similar to what was reported in [164] except
for several key differences as follows. The GCMS samples were drawn from the RCM at wall
temperatures of 80°C, 100°C and 120°C. Gas phase samples were extracted at 2 minutes and at 10
minutes after fuel injection using a 10ml gas tight syringe equipped with a stopcock. After
extraction, the gas phase sample was bubbled through a HPLC grade chloroform solvent. This
chloroform solvent was premixed with known concentrations of stable labeled internal standards
which were used as references for obtaining concentration values of the C4-C10 n-alkanes present
in the sample. Before the sampling procedure, the RCM was pressurized to 1 bar and fuel
corresponding to ¢=1.4 was injected. This is richer than the maximum equivalence ratio target (¢
= 1.3) for our tests and the 1 bar pressure was chosen to avoid a pressure differential between the
solvent (stored at 1 bar) and hence avoid the formation of spray when inserting or removing the
gas tight syringe through the septum. This procedure was repeated three times at each test condition
and the GCMS results obtained for the gasoline fuels are shown in Figure 6-1 and 6-2. The results
suggest that, within the experimental error, a wall temperature as low of 80°C is adequate and 2
minutes of mixture preparation time is enough to achieve a homogeneous mixture. The intent of
this study is to determine the evaporation duration of gasoline, and hence only the normalized
concentration of the major species were compared at different wall temperatures. Apart from the
n-alkanes(C4-C10), this study did not reveal the actual composition of various components present

in the gasoline.
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Figure 6-1 Results from GCMS analysis showing normalized concentration values of n-alkanes
in the gas phase sample of low RON fuel.
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6.5 Results and Discussions

6.5.1 Effect of Equivalence Ratio and Pressure

The effect of equivalence ratio on ignition delay times (IDTs) is investigated for all dilution levels
in Figure 6-3. The data points were connected with straight lines in order to improve visualization
and a minimum of two data points taken to ensure repeatability at each point are shown. In Figure
6-3, for the high RON fuel (left column), the NTC region is observed between 750 and 800K at
the 20 bar compressed pressure condition. At undiluted conditions past 850K, the EOC was not
discernible at 20 bar pressures and hence the ignition delay data could not be recorded. At 10 bar,
the NTC region starts early at 700K and is more pronounced. This trend can be observed to hold
as the dilution level increases except that the delay times are now retarded. In general, a trend of
increasing reactivity with increasing equivalence ratio can be noted. The increase in reactivity with
increasing equivalence ratio is due to the effect of maintaining a fixed N»/O» ratio but varying the
fuel concentration levels. An opposite trend where lean mixtures become more reactive will be
observed if the equivalence ratio is varied while the fuel concentration is held constant. In such a
scenario, the higher reactivity is a byproduct of the increase in oxygen concentration leading to
lower dilution levels [77,176]. Also, it can be observed that the NTC region shifts to higher
temperatures with increasing pressures. The reason for this shift is due to the pressure dependence
of the ceiling temperature which controls H>O, decomposition [172]. For 0% dilution, and at 20
bar conditions, the ¢=1.0 and ¢=1.3 curves exhibit very similar ignition delay times at lower
temperatures. Similar behavior can also be observed for temperatures above 850K for the dilution
cases at both 10 bar and 20 bar conditions. The difference between ¢=0.6 and ¢=1.0 curves are
much more pronounced compared to the difference between stoichiometric and the richer

condition, indicating that for rich of stoichiometric conditions the mixture reactivity is very similar.
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It is also interesting to note that the profile of the ¢=0.6 at 20 bar looks very similar to the richest

condition at 10 bar for all dilution levels.

For the low RON fuel (Figure 6-3 — right column) at 20 bar and at temperatures below 700K, the
ignition delay times are independent of equivalence ratio and this trend holds for all dilution levels
and at 10 bar compressed pressure conditions. The lines connecting the data between 650 and
700K at 10 bar show crossover and this can be attributed to a possible shift in NTC region with
changing equivalence ratio. The NTC region moves to lower temperatures with decreasing
equivalence ratio and this is more pronounced at ¢=0.6 and at the 10 bar condition for this
temperature range. Hence a possible reason for this overlap is the shifting curvature due to the
changing NTC region not being captured due to the lack of resolution in the data points, since data
was only taken at 50K intervals. In future studies it is recommended that a minimum of a 25 K (or
less) temperature interval be maintained to appropriately capture this region. Here the NTC region,
can be observed between 750 and 850K irrespective of the compressed pressure. Compared to the
higher RON fuel, with the lower RON fuel the NTC region seems to lie in a narrow range and is
more pronounced. The shift in the NTC region with pressure is not apparent here and possible
causes are lack of resolution combined with the narrow NTC region. In terms of reactivity at lower
temperatures, the lower RON fuel exhibits a clear difference at ¢=0.6, while the richer cases
exhibit minimal difference. As a general trend, it can be concluded that at ¢=1.0 and ¢=1.3,
differences in reactivity is minimal at temperatures below 700K and above 800 K irrespective of

the pressure and fuels studied here.
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Figure 6-3 Ignition delay times shown in Arrhenius form for high RON fuel (left column) and
low RON fuel (right column) for 0% (upper), 15% (middle) and 30% (lower) CO> dilution levels
at a compressed pressure of 20+0.5 and 10+0.5 bar. Line type indicates different experimental

sets.
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6.5.2 Effect of CO, dilution and comparison with surrogate (iso-octane)

Figures 6-4 and 6-5 show ignition delay times for the high RON (green) and Low RON (red) fuels
respectively, with 0%, 15% and 30% CO; dilution at equivalence ratios of 0.6, 1.0 and 1.3, at 20
bar (left) and 10 bar (right) compressed conditions. For the high RON fuel, at 20 bar conditions,
the effect of CO, dilution is more pronounced within the NTC region. At lower temperatures, the
reactivity of diluted and undiluted mixtures are similar at ¢=1.3 but with decreasing ¢ differences
emerge. This reactivity trend is similar to equivalence ratio effect observed in Figure 6 and is line
with results from previous work by the authors on iso-octane [177]. At higher temperatures the
response to CO» dilution is even less noticeable and this can be clearly observed for the 10-bar
data. It can be noted that the addition of diluent (CO;) does not interfere with the NTC trends
observed with the gasoline-air mixtures, with this observation consistent with previous chapter.
Based on observations from current chapter and chapter 5, it can be stated that the CO> dilution
only increased the delay times. The reactivity trend of the undiluted fuel-air mixture is preserved
throughout the temperature range. This denotes that no significant chemical reactivity due to CO»

addition is present since any such chemical activity would easily influence the NTC trend.

As a preliminary step, the ignition delay times for the full blend gasolines have been compared to
previous results for iso-octane reported in chapter 5. Development of suitable surrogates is key
for accelerating numerical simulations aimed towards developing high efficiency IC engines.
Currently surrogates with 4 or more components (multicomponent) are preferred for capturing the
ignition delay trends of gasoline observed in the low and intermediate temperature range [1]. For
higher temperatures, as encountered in shock tubes, PRF mixtures are sufficient for capturing the
reactivity of gasoline due to the fuel molecular structure becoming less important at higher

temperatures [1]. Iso-octane is widely considered a single component gasoline surrogate and this
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preliminary comparison is expected to aid in comparing the performance of multicomponent
surrogates, which are tested in the next chapter. Only the trends for the 20 bar data is discussed
here since iso-octane was much less reactive at 10 bar conditions and data points for comparison
was limited. Compared to the high RON fuel, as expected, iso-octane shows longer ignition delay
throughout the temperature range studied here. This indicates that the high RON fuel is of lower
ON than iso-octane. Iso-octane’s response to CO> dilution is also more pronounced than for the

high RON fuel.

The NTC region is very poorly captured by the iso-octane, however the trend in the ignition delay
times is matched at 800K and for higher temperatures. The NTC region is observed for fuels such
as gasoline due to the shift in reaction pathways from the low to intermediate temperature range.
In the case of iso-octane, the iso-octyl radicals are converted to alkylperoxy radicals through
addition reactions with molecular oxygen. At low temperatures, followed by subsequent O»
addition and series of isomerization reactions, ketohydroperoxide (containing carbonyl group) and
OH radicals are formed. Additional OH radicals are formed by decomposition of
ketohydroperoxides, thus leading to exponential growth in the OH radical leading to ignition [178].
At intermediate temperatures (NTC region), HO> production pathways dominate, and a slowing
down of the chemistry occurs, which can be observed as the NTC region. In the NTC region,
concerted elimination reactions (with HO being eliminated) forming alkenes and HO> from RO,
R+0O2 or QOOH is favored over subsequent Oz addition [179]. HOz is primarily converted to H>O:
which later decomposes to two OH radicals via chain branching leading to the final stage ignition.
At ©=0.6 the NTC region is not very pronounced for the full blend fuels and similar effect is
observed for the iso-octane as well. Within the NTC region, both the high RON fuel and iso-octane

show peak IDTs at 800K. But the IDTs are an order of magnitudes different between the fuel and
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the surrogate with differences decreasing with increases in temperatures. Additionally, the NTC
curve appears different for the iso-octane in comparison to the high RON fuel. For the high RON
fuel, the NTC region is less pronounced and plateaus in the 750K - 800K range. The NTC region
starts at 700K for the iso-octane and 750K for the high RON fuel. Due to this difference, the 20
bar data for ¢=1.3 and 1.0, shows ignition delay times that are similar between the iso-octane and

the full blend fuel at 750K and 700K.

At 20 bar conditions and for 800K target compressed temperatures, the first stage ignition occurred
very close to EOC. Hence the test target temperature was shifted to higher values as can be seen
in Figure 6-5. At 800K for ¢=1.3, the ignition delay times for the 0% dilution and 15% dilution
cases are similar. This may be due to the flat NTC profile exhibited by the 15% dilution case and
the lack of test data resolution in the region. The observations made previously for the high RON
fuel regarding response to CO> dilution hold for the low RON fuel as well. The IDTs of the low
RON fuel and iso-octane show a significant mismatch throughout the temperature range. However,
the trend is somewhat improved in the temperature range of 750-900K for ¢=1.3, 1.0 and 0.6.
Similar to the high RON fuel, with the low RON fuel the NTC region starts at lower temperature
and is more pronounced for the iso-octane compared to the low RON fuel. The differences in the
NTC response of the fuels can be linked to the octane sensitivity [180]. Compared to full blend
gasolines which possess inherent sensitivity in the range of 7 to 11 [60], the isooctane (and PRFs)
possess no sensitivity due to their paraffinic nature. Here sensitivity is defined as the difference
between the RON and MON rating of the fuel. HO2 production is favored more for fuels with
higher paraffin content (or lower sensitivity) compared to a higher sensitivity fuel. This is the
reason for the enhanced NTC behavior of the iso-octane compared to the full blend gasoline [178].

Fuels possessing high octane sensitivity show reduced to no NTC behavior due the electron
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delocalization phenomenon that occurs for fuel components such as alkenes, alcohols and
aromatics [58]. Such components tend to produce stable intermediates through reaction with H.O»
and remain unreactive until high temperature capable of breaking O-O bonds are achieved [58].
Since the full blend gasoline is a mixture of such components, the NTC region is less pronounced
compared to iso-octane. The results from Figure 6-4 and 6-5 clearly show that a single component
surrogate is a rather poor choice for capturing gasoline reactivity in the low and intermediate
temperature range. It is expected that at temperatures higher than 900K the differences would
further reduce for both diluted and undiluted cases due to the fuels’ compositional differences
having a less pronounced effect at higher temperatures due to a shift towards high temperature

reaction pathways [46].
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Figure 6-4 Ignition delay times of high RON fuel (green) and surrogate (iso-octane) shown in
Arrhenius form for 0% (circles), 15% (squares) and 30% (triangles) CO> dilution levels for

®=0.6, ®=1.0 and ®=1.3 at a compressed pressure of 20+0.5 bar (column) and 10+0.5 (left
column) bar. Line type indicates different experimental sets.
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Figure 6-5 Ignition delay times of low RON fuel (red) and surrogate (iso-octane) shown in
Arrhenius form for 0% (circles), 15% (squares) and 30% (triangles) CO- dilution levels for
®=0.6, ®=1.0 and ®=1.3 at a compressed pressure of 20+0.5 bar (right column) and 10£0.5 (left

column) bar. Line type indicates different experimental sets.
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6.5.3 Effect of Octane Number

Figure 6-6 shows a comparison between the IDTs of high RON versus low RON fuels for all
dilution levels and equivalence ratios at both 10 and 20 bar compressed conditions. For these fuels,
at the 20 bar conditions and at ¢=0.6, the NTC region for the high RON fuel starts at a relatively
lower temperature (T=700K) compared to the low RON fuel which shows NTC behavior between
750K-850K. For temperatures above 700K (including the NTC region and the high temperature
region) the 30% dilution curve of the low RON fuel overlaps with the 0% dilution curve of the
high RON fuel. For all the equivalence ratios studied here, except at the lowest temperature
(T~675k), the lower RON fuel at the 30% dilution level overlaps with the 15% or the 0% dilution
curve of the higher RON fuel. It can be observed that the lower RON fuel shows a very pronounced
NTC region while the higher RON fuel exhibits a flatter NTC curve. The lower RON fuel also
exhibits a shorter NTC region. It is possible that the lower RON fuel shows a more pronounced
NTC behavior due to the high amount of paraffinic components expected in this fuel when
compared to the higher RON fuel which is expected to have higher amount of aromatics [7]. High
amounts of n-alkanes in fuels tends to produce large amounts of H,O», OH and HO», leading to
the fuel displaying a more pronounced NTC behavior [181]. Within the NTC region, the higher
RON fuel responds to dilution more prominently compared to the lower RON fuel, showing that
the effect of dilution also depends on the octane rating of the base fuel. A similar trend was
observed in the earlier comparison between the fuels and iso-octane, where iso-octane had a higher
RON compared to the full blend fuels. This indicates that the retardation effect of CO» scales with
increasing RON values. Interestingly it can be seen that the lower RON fuel is less reactive at
650K compared to the higher RON fuel at 20 bar conditions. For temperatures above 800K, at a

given dilution level, irrespective of the octane number the ignition delay times are very similar at
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the 0% and 15% dilution levels. However, for temperatures lower than 800K, the 30% dilution
data from the high RON fuel does show a discernable difference. For T > 800K, the impact of
dilution is less pronounced, and it can be expected that at temperatures higher than 900K this
difference should become negligible. At 850K and higher temperatures, the lower RON fuel is
observed be more reactive compared to the high-octane fuel. At 10 bar conditions, for the high
RON fuel, the entire data set lies within the NTC region. A similar overlap between the high RON
fuel’s no dilution level and the low RON fuel highest dilution point is seen for temperatures greater
than 750K. However, this trend is not strongly evident due to the differing NTC profiles of the
fuels. At 850 K and 900 K the reactivity is independent of dilution levels or octane numbers. The
reason for this is that at high temperatures H202 -> OH+OH (+M) and H+O2->OH+O reactions
controls the chain branching process for a wide range of practical fuels and surrogates. Hence the
ignition delay times at these temperatures were not found to be octane sensitive [170]. Overall as
a general trend it can be seen that with 30% CO- substitution the lower RON fuel matches the
higher RON ignition delay times at 0% dilution and sometimes up to 15% dilution. This shows the
octane relaxation potential of CO» dilution when used in SI engine operation. High levels of CO»
dilution can impact combustion stability, under such circumstances ignition enhancement

techniques such as turbulent jet ignition (TJI) can be used[182].
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Figure 6-6 Ignition delay times of low RON fuel (red) and high RON fuel (green) shown in
Arrhenius form for 0% (circles), 15% (squares) and 30% (triangles) CO; dilution levels for
®=0.6, ®=1 and ®=1.3 at a compressed pressure of 20+0.5 bar (right column) and 10+0.5 (left

column) bar. Line type indicates different experimental sets.
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6.6 Chapter Summary

In this chapter, experimental methodology developed for testing iso-octane-air mixtures in chapter

5 was successfully applied for testing full boiling range gasoline fuels in the RCM. Additionally,

GCMS tests were carried out to ensure complete vaporization of the injected gasoline. Ignition

delay times of two full blend gasolines were measured using an RCM for a range of equivalence

ratios and COz dilution levels, over a 650-900K temperature range and at 10 and 20 bar compressed

pressures. Major observations are summarized below,

1)

2)

3)

4)

The DTC approach was successfully applied for preparing gasoline-oxidizer mixtures
within the RCM test chamber. GCMS results indicated complete vaporization and mixing

for wall temperatures around 80°C and mixing time of 2 minutes.

CO; dilution retarded the ignition delay times of gasoline-oxidizer mixtures for the
temperature range studied here. The retardation effect was more pronounced within the
NTC region when compared to low and high temperatures. Even at 30% dilution levels the
reactivity trend of the undiluted fuel-air mixture was preserved indicating no significant

chemical reactivity from CO; addition.

Response to dilution was more pronounced (higher retarding effect) with increasing RON
values. This effect was observed for the full blend fuels and for the surrogate(iso-octane).

The retardation effect of CO, scales with increasing RON values.

The single component surrogate (iso-octane) failed to capture the reactivity trends of both
the gasolines for the conditions studied here. Multicomponent fuels will be explored in a
future study with focus on capturing the reactivity in the NTC region for both diluted and

undiluted mixtures.
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5) At 20 bar conditions, the ignition delay times of the 30% CO- substituted low RON fuel
mixtures overlapped with undiluted delay times of the high-RON fuels. This shows that

CO, substitution can provide octane relief for use in modern downsized SI engines.
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Chapter 7 Impact of CO; Dilution on Ignition Delay Times of

Multicomponent Gasoline Surrogates in a Rapid Compression Machine

7.1 Introduction

In this chapter autoignition delay times of two multi-component surrogates with characteristics
similar to that of the full blend gasoline fuels (high and low RON) studied in chapter 6 were
investigated in an RCM. The reactivity of the multicomponent surrogates were compared to that
of the gasoline-air mixtures at both diluted and undiluted conditions. EGR was simulated using
CO; dilution at 0%, 15% and 30% by volume levels and maintaining a fixed O2:N> mole ratio of
1:3.76. Experiments were conducted over the temperature range of 650K-900K and at 10bar and
20 bar compressed pressure conditions for equivalence ratios of (® =) 0.6-1.3. The surrogates were
admitted directly into the combustion chamber for mixture preparation using the direct test charge

(DTC) approach.

7.2 Research Questions

The following research questions are sought to be addressed in this chapter,

1. Can the multi-component surrogates capture the ignition delay trends of the full blend gasoline
over the intermediate temperature range at both diluted and undiluted conditions, in comparison

to the iso-octane surrogate?

2. Are the effects of CO; dilution for the multi-component surrogates comparable to those found

with the CO»-gasoline-air mixtures from chapter 6?
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3. Does the CO» dilution exhibit similar sensitivity to RON numbers as observed with the CO»-

gasoline-air mixtures in chapter 6?

4. What is effect of CO. dilution on first stage ignition delay times, for compressed conditions

where two stage ignition behavior is observed?

7.3 Literature Review

Based on author’s knowledge, no ignition delay time data exists for multicomponent gasoline
surrogates with CO; dilution at the low to intermediate temperature range in the literature.
Studies on full blend gasolines in the low to intermediate temperature range have been scarce
with most of the recent work done at KAUST [169-171,181] on full blend FACE fuels. Most of
these studies also focused on developing a suitable surrogate with minimum number of
components to emulate target properties of the full blend fuels. Some of these studies and the
ignition delay trends observed are discussed below. The initial work of Kukadapu et al.
[52,172,183] provided the first ignition delay data on full blend gasoline (RD 387) at low to
intermediate temperature. The work covered ¢=0.3-1.0 at compressed pressures of 20 and 40 bar
over the 665K-950K temperature range. A three-component surrogate consisting of n-heptane,
iso-octane and toluene (TPRF) and a four-component surrogate containing an additional olefin
(2-pentene) component was compared with the reactivity of RD387. It was found that the 4-
component surrogate was able to better capture the gasoline’s reactivity under RCM conditions.
In a study by Javed et al. [169] ignition delay times of FACE I and FACE J fuels with an anti-
knock index (AKI) of 70 and low octane sensitivity were compared. The two gasolines, despite
large differences in their compositions, exhibited similar reactivity due to similar octane ratings.

Performance of a PRF surrogate matching the octane numbers and two multicomponent
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surrogates containing up to 7 components were tested using chemical kinetic simulations [169].
The multicomponent surrogates captured the reactivity in the low temperature and NTC region

better in comparison to the PRF surrogate.

Lee et al. [173] recently measured the ignition delay times of two oxygenated full blend
gasolines from Haltermann (RON=91) and Coryton (RON=97.5), at 650K-1250K and at 10-40
bar pressures using both an RCM and a shock tube. In this study three surrogates were
formulated which included a TPRF mixture, a quaternary surrogate (TPRF+Ethanol) and an 8-
component surrogate. The authors concluded that only complex surrogates can adequately
capture the reactivity trends of high sensitivity gasoline. Other than formulating suitable
surrogates they also focused on understanding the dependence of ignition delay times on
RON/MON and fuel formulation. The study showed that the effect of octane number (and fuel
composition) on autoignition delay times were more pronounced in the NTC (or intermediate
temperature) region. The authors also observed that for the lower sensitivity (due to more
paraffins) Halterman gasoline, both two stage ignition and the NTC behavior were more
pronounced [173]. Irrespective of the fuel type the NTC region was observed to be less
pronounced at 40 bar pressure. The authors also observed that at temperatures above 900K,
ignition delay times became independent of RON/MON. Also, dependence of ignition delay
times on the type of fuel was higher at 20 bar compared to the 10 bar and 40 bar experiments

[173].

Chung et al. [174] studied a 95 RON gasoline, along with a few surrogates at temperatures
between 650-1000K using a RCM. Their results indicated that both octane number and chemical
structure of the gasoline determines the occurrence of two-stage ignition. The surrogates tested

included iso-octane, TPRF and two 7-component surrogates. The authors concluded that up to
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20% cyclic alkenes are required in the surrogates in order to capture both the first and final stage
ignition delay times of the target gasoline. Gauthier et al. [168] measured RD387 ignition delay
times in a shock tube at temperatures between 850 to 1280K and at pressures of 15-60 atm and
compared ignition delay times with two TPRF mixtures. Since the study did not cover the NTC
region, the reactivity of the surrogates matched the gasoline well since complex surrogates are
not required to match high temperature reactivity. In addition, the study analyzed the effect of
EGR (CO, H20, 02, N>) for 10% and 20 % EGR substitution. There was an increase in delay
times with increased EGR loading at ¢=1.0 but at =0.5 the presence of EGR components did
not affect the ignition delay times. A more comprehensive list on ignition delay time studies

conducted over several simple and complex gasoline surrogates is available in [1].

7.4 Test Data Interpretation

Testing methodology and mixture preparation techniques carried out in this chapter have already
been described in chapters 5 and 6. The primary data extracted from the RCM pressure trace
with definitions are illustrated in Figure 7-1. End of compression (EOC) is designated as the time
when the dP/dt values becomes negative after the start of compression. Here 11 is defined as the
first stage ignition delay (if observed) which is the elapsed time duration from EOC to maximum
pressure rise rate due to first stage ignition activity. 12 is measured from the end of t; period until
dP/dt becomes maximum due to the main ignition event. T+ 12 is the total ignition time.
Repeatability and the influence of CO: dilution on the pressure curves are shown in Figure 7-2.
The achieved compressed pressures are within +0.5 bar from the target pressures and hence no

pressure scaling is used when reporting the ignition delay times. Test conditions registering

164



ignition delay times greater than 100ms are generally not included unless it helps in visualizing

the trend of the delay times.
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Figure 7-1 Sample pressure and dP/dt curve illustrating durations of ignition events.
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Figure 7-2 Pressure traces showing repeatability and influence of CO> dilution. Line type
indicates different experimental sets.

7.5 Surrogate Formulation

A major challenge associated with the formulation of a suitable surrogate is in determining its
composition so that it mimics the relevant properties of interest (or combustion property targets
[184]) of the real fuel, while keeping the number of components small in order to reduce the
modelling complexity. High and Low RON fuel surrogates were developed by FCA US LLC,
and they, including the corresponding target fuels, were supplied to MSU for testing and
validation. Information on the details of the fuel surrogates development process, including their
compositions and target properties/application, are the proprietary of FCA US LLC, and may be

published by FCA in the near future.
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7.6 Results and Discussions

7.6.1 Effect of Equivalence Ratio and Pressure

The effect of equivalence ratio on ignition delay times (IDTs) is investigated for all dilution
levels in Figure 7-3. The data points were connected with straight lines in order to improve
visualization and a minimum of two data points taken to ensure repeatability at each point are
shown. At 20 bar and undiluted conditions, for the high RON surrogate, only one test point could
be taken at 900K due to difficulty identifying the EOC. In general, a trend of increasing
reactivity with increasing equivalence ratio can be noted. Also, reactivity increases with
increasing pressure. These trends can be observed even as the dilution level increases except that
the delay times are now retarded in the presence of a diluent. At 0% dilution level, it can be
observed that the NTC region shifts to higher temperatures with increasing pressures. The reason
for this shift is due to the pressure dependence of the ceiling temperature which controls H,O»
decomposition [52]. The shift in the NTC region with pressure cannot be observed at diluted
conditions due to test points exhibiting delay times greater than 100ms within the NTC region.
The NTC peak can be observed at 800K for both pressures. At 20 bar conditions, for ¢=1.0 and
¢=1.3, the IDTs are very similar ignition delay times at lower temperatures. The difference
between ¢=0.6 and ¢=1.0 curves are much more pronounced compared to the difference between
stoichiometric and the richer condition, indicating that for rich and stoichiometric conditions the
mixture reactivity is very similar. It should be noted that the trends observed here were also

applicable to the gasoline fuels studied in chapter 6.
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For the low RON fuel, pre-compression heat release was noted at temperatures above 800K at
undiluted conditions for ¢ =1.3. As noticed for the high RON surrogate, the reactivity at ¢=1.0
and ¢=1.3, are very similar in comparison to ¢=0.6. At 10 bar conditions, the lines connecting
the data between 650 and 700K shows crossover and this can be attributed to a shift in NTC
region with changing equivalence ratio. The NTC region moves to lower temperatures with
decreasing equivalence ratio and this behavior is more pronounced at the 10 bar conditions.
Hence a possible reason for overlap of the curves is due to the changing NTC region not being
captured due to the lack of resolution in the data points, since data was only taken at 50K
intervals. In future studies it is recommended that a minimum of a 25 K (or lower) temperature
interval be maintained to appropriately capture this region. Here it can be seen that the NTC
region shifts to lower temperatures and that the low temperature data has a change in slope at the
10 bar compressed conditions. The slope of the line changes from negative to positive in the 700-
750K range. As observed in chapter 6, the reactivity of the surrogate fuels and gasoline are very
similar at ¢ =1.0 and ¢ =1.3, particularly in the low temperature region, as shown in Figure 7-3.
As a general trend, it can be concluded that at ¢=1.0 and ¢=1.3, differences in reactivity is
minimal at temperatures below 700K (1000/T~1.42) and above 850K (1000/T~1.18) irrespective
of the pressure for gasoline and surrogate fuels studied here, as shown in Figure 7-3. The profile

at ¢=0.6 and 20 bar looks very similar to the richest condition at 10 bar for all dilution levels
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Figure 7-3 Ignition delay times shown in Arrhenius form for high RON surrogate (left column)
and low RON surrogate (right column) for 0% (upper), 15% (middle) and 30% (lower) CO»
dilution levels at a compressed pressure of 20+0.5 and 1040.5 bar. Line type indicates different

experimental sets.
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7.6.2 Performance of Surrogates and Effect of Dilution

In chapter 6, as a preliminary step, iso-octane was used as a surrogate for both low RON & high
RON gasoline due to the lack of information on the gasoline properties. Iso-octane mixtures
generally exhibited longer ignition delay times relative to the gasolines for the temperature range
studied here, as can be seen in Figure 7-4. This indicated that the high RON fuel is of lower ON
than iso-octane. Iso-octane’s response to CO» dilution was also more pronounced compared to
both the fuels, due to pure paraffinic nature of the former. As a result, significant difference
between the IDTs of the fuels and iso-octane was observed throughout the temperature range.
Also, the NTC region of the iso-octane was also more pronounced compared to the fuels due to
the iso-octane possessing no sensitivity. Here sensitivity is defined as the difference between the
RON and MON rating of the fuel. HO; production is favored more for fuels with higher paraffin
content (or lower sensitivity) compared to a higher sensitivity fuel. This was the reason for the
enhanced NTC behavior of the iso-octane compared to the full blend gasoline [178]. Fuels
possessing high octane sensitivity show reduced to no NTC behavior due the electron
delocalization phenomenon that occurs for fuel components such as alkenes, alcohols and
aromatics [58]. Such components tend to produce stable intermediates through reaction with
H>0; and remain unreactive until high temperature capable of breaking O-O bonds are achieved

[58].
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Figures 7-5 and 7-6 show ignition delay times for the high RON and Low RON fuels and
surrogates respectively, with 0%, 15% and 30% CO; dilution at equivalence ratios of 0.6, 1.0 and
1.3, at 20 bar (Left) and 10 bar (right) compressed pressure conditions. In Figure 7-5, it can be
seen that for the 0% and 15% dilution levels, the ignition delay times (when observed) are both
similar at 650K. This shows that the impact of dilution is not pronounced at low temperatures.
The NTC region for the surrogate starts at lower temperatures when compared to the original
fuel. The surrogate is less reactive than the original fuel at all dilution levels although the
response to CO; dilution is similar. At stoichiometric and rich conditions, except for the shift in
delay times, the surrogate captures the delay trends of the fuel at 750K and 800K. The surrogate
is observed to match the ignition delay times at lower and higher temperatures outside of the
NTC region. At =0.6, within the NTC region, the difference between the IDTs of gasoline and
the surrogate fuel are within a factor of two. It can be seen that the performance of the surrogates
in the NTC region improves as the mixture gets richer, which is mainly due the differences in the
NTC region trend. It can be generally noted that the addition of CO» does not interfere with any
of the NTC trends observed with the gasoline or its surrogate. This observation is in line with
trends observed in chapter 5 and 6. CO» dilution only increases the delay times while preserving
the reactivity trend of the original fuel throughout the temperature range. At the 10 bar
conditions, the surrogate is less reactive and has longer delay times (>100ms) and also shows a
different NTC curve as observed by the slope of the line connecting the 700K and 750K points.

The surrogates and fuels show very good agreement past 800K irrespective of the pressure.
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At both the 20 bar and 10 bar conditions, the NTC region is well captured by the surrogate as
seen in Figure 7-6. The reactivity of the fuel is well represented in the NTC region, although at
lower temperatures the surrogate is more reactive compared to the fuel. It should be noted that at
20 bar conditions; the surrogates were tested at 800K while the fuel was tested at higher
temperatures as can be seen in Figure 7-6. This was due to the occurrence of first stage ignition
activity during the compression stroke with the surrogate and hence the test target temperature
was shifted. At 800K for ¢=1.3, the ignition delay times for the 0% dilution and 15% dilution
cases are similar. This may be due to the flat NTC profile exhibited by the 15% dilution case and
the lack of test data resolution in this region. Past 800K the agreement between the surrogate and
the fuel improves. In terms of dilution response, the surrogate matches the dilution response of
the low RON fuel very well. At ¢=0.6, the gasoline fuel is more reactive than the surrogate.
When compared to the fuel, the surrogate exhibits NTC behavior at a relatively lower
temperature of 700K. At the 10 bar conditions good agreement can be seen for temperatures
higher/lower than 750K, however within the NTC region the surrogate is less reactive and shows
a pronounced response to the increase in dilution. Similar to observations made at the 20-bar

condition, the surrogate’s NTC behavior can be observed at lower temperatures (700K).
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Figure 7-4 Ignition delay times of fuels and their surrogates, iso-octane and multicomponent,
(high RON-top, low RON-bottom) shown in Arrhenius form for 0% (circles),15%, (squares) and
30% (triangles) CO2 dilution levels for ®=0.6, ®=1.0 and ®=1.3 at compressed pressure of
20+0.5 bar (right column) and 10+0.5 (left column) bar. Line type indicates different
experimental sets.
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Figure 7-5 Ignition delay times of high RON fuel (green) and its surrogate (orange) shown in
Arrhenius form for 0% (circles),15%, (squares) and 30% (triangles) CO> dilution levels for
©®=0.6, ®=1.0 and ®=1.3 at compressed pressure of 20+0.5 bar (right column) and 10+0.5 (left

column) bar. Line type indicates different experimental sets.
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Figure 7-6 Ignition delay times of low RON fuel (red) and its surrogate (blue) shown in
Arrhenius form for 0% (circles),15%, (squares) and 30% (triangles) CO- dilution levels for
©®=0.6, ®=1.0 and ®=1.3 at compressed pressure of 20+0.5 bar (right column) and 10+0.5 (left
column) bar. Line type indicates different experimental sets.
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7.6.3 Effect of Octane Numbers

Figure 7-7 shows a comparison between the IDTs of the high RON and low RON surrogates for
all dilution levels and equivalence ratios at both 10 and 20 bar compressed conditions. NTC
region of both the surrogates occurs within the same temperature range of 700K — 850K. This
NTC region is similar to that of the high RON gasoline (chapter 6) and that of iso-octane
(chapter 5) at 20 bar compressed conditions. Also, the NTC region is roughly the same for the 20
bar and 10 bar compressed conditions for these surrogates. It can be observed that the lower
RON surrogate shows a very pronounced NTC region while the higher RON fuel exhibits a

flatter NTC curve.

The lower RON surrogate is less reactive than its high RON counterpart throughout the
temperature range for both the compressed conditions. For both the fuel and the surrogate strong
octane dependence was noted in the NTC region and this trend is in line with other studies [173].
At 10 bar compressed conditions, a comparison between the two surrogates is only possible at
higher temperatures outside the NTC region. This is due to much lower reactivity of the high
RON surrogate in the NTC region, with IDTs greater than 100ms. For temperatures greater than
800K, at 10 bar conditions, the reactivity levels are very similar between both the surrogates
irrespective of the dilution levels. For 20 bar conditions and at 900K, the ignition delay times of
both the surrogates at the corresponding dilution levels are very similar. The reason for this is
that at high temperatures the H202 -> OH+OH (+M) and H+O2->OH+O reactions control the
chain branching process for a wide range of practical fuels and surrogates. Hence the ignition

delay times at these temperatures were not found to be octane sensitive [170].

Both the surrogates respond to CO; dilution in a very similar way. The retardation effect of CO»
scaling with increasing RON number, observed for the full blend gasolines (chapter 6) was not
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observed with the multicomponent surrogates. This is evident in the bar charts shown in Figure
7-8, where the ratio of the IDTs at diluted and undiluted conditions are shown for temperatures
within the NTC region at ®=1.0. The higher RON gasoline shows higher retardation effect in
comparison to its lower RON counterpart. However, in the case of the surrogates, both exhibit a
similar CO, retardation effect. This suggests that in addition to octane number, the fuel
composition can also have an impact on the retardation impact of CO,. Overall as a general trend
it can be seen that, at 20 bar conditions and with 30% CO substitution, the lower RON surrogate
matches the higher RON ignition delay times at 0% dilution. With this same trend observed for
the gasolines as well (chapter 6), this shows the octane relaxation potential of CO; dilution when
used in SI engine operation. High levels of CO» dilution can impact combustion stability, under
such circumstances ignition enhancement techniques such as turbulent jet ignition (TJI) can be

used [182].
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Figure 7-7 Ignition delay times of low RON surrogate (orange) and high RON surrogate (blue)

shown in Arrhenius form for 0% (circles),15% (squares) and 30% (triangles) CO> dilution levels

for ®=0.6, ®=1 and ®=1.3 at compressed pressure of 20+0.5 bar (right column) and 10+0.5 (left
column) bar. Line type indicates different experimental sets.
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7.6.4 Impact of Dilution on First Stage Delay Times

The low to intermediate temperature range is of interest for low temperature combustion (LTC)
engines. The evolution of low temperature heat release (LTHR) plays a critical role in the
operation of such engines [185], where CA10 is related to the onset and magnitude of LTHR.
Occurrence of low temperature chemistry is manifested either through a single stage or two stage
ignition process related to phenomena such as cool flames and NTC behavior [57]. The effect of
CO:2 dilution on the first stage heat release was analyzed by using the pressure traces from
diluted and undiluted runs. In order to make this analysis more comprehensive, the first stage
delay data from the full blend gasoline and iso-octane (single component surrogate) were
included for comparison. In Figure 7-9(top), the first stage heat release at 750K, if observed, is
plotted for all three equivalence ratios and dilution levels. First stage heat release was observed
for all the fuels studied here within the temperature range of 700-800K at 20 bar compressed
conditions. At 800K the first stage heat release moved closer to the EOC, hence exhibiting very
short first stage delay times. Also, at lower temperatures, the pressure rise due to the first stage
delay was very closer to the final stage making the identification of inflection points difficult.
Also, weaker first stage heat release at leaner conditions and high dilution levels made recording
the first stage delay more difficult at these conditions. Hence a common compressed temperature
of 750K at 20 bar compressed pressure was chosen to observe the trends in first stage delay at

undiluted and diluted conditions.

For the low RON fuel at 750K, the first stage heat release could not be discerned since the heat
release occurred close to the final stage, hence was not included in the figure. Also, the high
RON surrogate & iso-octane exhibited a weak first stage release at 9=0.6 hence a clear pressure

rise from the first stage delay was not observed. It was observed from the pressure traces that the
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CO2 dilution other than prolonging the first stage also made the pressure rise due to first stage
event lower. The effect of equivalence ratio on the first stage delay can be observed in these
plots. The most pronounced response to equivalence ratio is exhibited by the high RON gasoline.
Comparatively, the surrogates including iso-octane shows relatively less dependence on
equivalence ratio. The total ignition delay times corresponding to the data shown in first stage
delay plots are included in Figure 7-9(bottom). It can be seen that both the first stage and total
delay times show a trend of extended delay time with increasing dilution. With the ability to alter
the first stage and total ignition delay times, CO; dilution is a viable option for ignition timing
control in LTC strategies [55]. The general trend of similar reactivity between ¢=1.0 and ¢=1.3

observed with total delay times is not seen for the first stage delay times.
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7.7 Chapter Summary

In this chapter ignition delay times of two multi-component surrogates (high RON and low

RON) were measured using a RCM for a range of equivalence ratios and CO» dilution levels,
over a 650-900K temperature range and at 10 and 20 bar compressed pressures. The recorded
autoignition times and trends were compared with the corresponding the respective full blend

gasoline fuel and isooctane. Major observations from this chapter are summarized below,

1) The reactivity of the multicomponent surrogates relative to the base fuels were compared
at both diluted and undiluted conditions. Better agreement compared to the iso-octane

surrogate was observed.

2) CO; dilution did not introduce any additional chemical activity and resulted in retardation
of the undiluted delay times. The retardation effect was more pronounced in the NTC

region with the shape of the NTC curve remaining unaffected.

3) With respect to first stage ignition activity, CO> dilution extended the first stage heat

release of the fuel and reduced its pressure rise when compared to undiluted conditions.

4) For the full blend fuels, the retardation effect of CO2 was more pronounced with
increasing RON. However, this trend was not observed in this study with the

multicomponent surrogates.

5) Test points were captured at 50K intervals, this resulted in a lack of resolution while
observing NTC trends and a temperature interval of 25K is recommended for future

work.
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6) At 20 bar conditions, the ignition delay times of the 30% CO; substituted low RON
surrogate overlapped with undiluted delay times of the high-RON surrogate, indicating

octane relief potential.
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Chapter 8 Effect of Ethanol Substitution on Ignition Delay Times and Ron

Values for PRF and TRF Blends for Up To 40% by Volume

8.1 Introduction

In the previous chapters it was observed that the RON difference across the gasoline blends and
surrogates manifested in terms of difference in the reactivity within the NTC region. This
showed that there is a fundamental link between IDTs measured in the RCM and the octane
numbers measured from a CFR engine. This link was not explored in detail in the previous
chapters due to lack of RON values of the tested fuels and the data measured at the intervals of
50K did not provide enough resolution. In this chapter, ignition delay times for six different
gasoline surrogates, with known RON and MON values, were measured in the RCM facility.
The chosen surrogates were PRF and TRF mixtures containing ethanol for up to 40 % by
volume. The chosen fuels possessed sensitivity (defined as the difference between RON and
MON) and hence resembled practical gasoline fuels. Blending behavior of ethanol with gasoline
surrogates is highly non-linear with respect to resulting octane numbers and is a topic of current
research interest. This blending behavior arises due to binary interactions of ethanol with
components present in the surrogates. The RCM tests in this chapter specifically focused on the
intermediate temperature region where gasoline like fuels exhibit NTC behavior. Kinetic analysis
was performed for the tested blends in order to understand the source of reactivity in the tested

temperature range.
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The objective of this chapter is twofold,

1) identify a link between IDTs and the fuels octane numbers (ON) in the NTC region using

test data obtained from the MSU RCM facility

2) understand the blending behavior of ethanol with gasolines surrogates using kinetic

analysis

8.2 Background and Literature Review

The current methodology for measuring RON (600 RPM and 52°C intake) and MON (900 RPM
and 149°C) in a CFR engine is time consuming and does not truly represent the modern engine
operating conditions [6]. Estimation of RON and MON values from sources other than a CFR
engine have been previously attempted. Westbrook et al. [78] proposed chemical kinetic analysis
as an alternate for traditional RON, MON testing methods in order to save effort and cost. The
prerequisite for this technique was the availability of well validated reaction mechanisms. An
alternate methodology for evaluating the ON values would be to use a linear or non-linear
blending laws. In a work by Knop et al. [186] a simple linear mole blending law to predict octane
numbers of TPRF fuel mixtures was derived. Morgan et al, [187] conducted 20 experiments
measuring RON and MON for various TRF mixtures. Using their inhouse data and other RON
and MON measurements from Andrae et al. [188] and Kalghatgi et al. [189] they calibrated a
non-linear fitting algorithm. Badra et al. [61] collected data points for TRF blends containing
varying volume percentage (10% to 80%) of toluene. Using their correlation, they found that the
predicted ON values had uncertainties lower than that of experimental measurements. However,

such laws do not predict correct octane number if oxygenates such as ethanol is used. Hence a
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simple methodology for identifying the absolute or relative octane numbers, when new fuel

components are introduced in a TRF blend, does not exist.

A brief description on gasoline surrogates and effects of each fuel component in determining the
ignition behavior of the final blend is provided here. An ideal gasoline surrogate fuel blend must
contain enough variety of fuel components representing the important classes of hydrocarbons
present in the actual fuel, and at the same time be simple enough and focus on only a limited
number of each class of these fuel compounds [1]. Actual gasoline contains a mixture of n, iso
and cyclo paraffins, olefins, aromatics and oxygenates. Strong low temperature reactivity of fuel
components (e.g. paraffins) correlates well with a lack of fuel sensitivity [58]. The degenerate
chain branching kinetics, in which O addition to R radicals followed by internal isomerization
leading to ignition, are responsible for low temperature heat release (LTHR) in paraffins [46].
The temperature limits for LTHR occurrence is determined by the lowest temperature during
which the molecular oxygen addition reactions can take place. Conversely, the lack of LTHR
identifies high sensitivity values for a given fuel component. The specific mechanisms that
prevents or limits the low temperature reactivity differs depending upon the class of
hydrocarbon. For 1-alchohols such as ethanol, Westbrook et al. [58] describes that due to the
smaller size of the molecule, radical isomerization reactions are not supported at low
temperatures. Similarly, for alkylated benzene such as toluene, low temperature reactions begin
in their side chain termed as benzylic C-H bonds. The reaction sequences at low temperature
starts by abstraction of the benzylic H atom and is then followed by additional reactions
involving Oz, HO; or OH [53]. Further reactions involving the side chain leads to production of
stable structures (within the side chain) and does not allow for the occurrence of cool flame

phenomenon [58]. The term ‘cool flame’ also describes the LTHR phenomenon.
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Higher sensitivity fuels show higher reactivity in the intermediate temperature range due to a
lack of NTC behavior [76]. In blended fuels, the radical pool produced by the alkanes are
scavenged by aromatic and alcohol components thus inhibiting LTHR [58]. Due to this, high
sensitivity fuels display longer ignition delay times at lower temperatures. With increasing
alcohol and aromatic components, the high temperature pathways of these fuels interfere with the
NTC behavior of paraffins and accelerate IDTs of the overall mixture [60].Also, at higher
temperatures all surrogates exhibit similar high temperature reactivity due to a shift in reaction
pathways favoring unimolecular decomposition and B-scission reactions [46] . Hence within the
NTC region it becomes difficult to predict the reactivity of blends possessing varying levels of
sensitivity. The NTC region is typically where knock is observed in SI engines [60] and hence

this study will provide valuable insight into the behavior of the tested blends in the NTC region.

8.3 Research Questions

1. LTHR is sensitivity controlled and high temperature heat release (HTHR) is temperature
controlled. Will the reactivity trends in the intermediate temperature region shows any

relation to the RON and MON values of the tested gasoline surrogate blends?

2. The tested fuels contain various levels of sensitivity (~4 to 13). Will the low sensitivity
fuels’ pronounced NTC behavior interfere with the identification of a RON, MON vs.

IDT relation?

3. Can the kinetic analysis provide insights on the source of a blend’s reactivity in the tested
range and provide an explanation for the antagonistic or synergistic blending nature of

ethanol with toluene or alkanes?
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8.4 Methodology

The gasoline surrogates chosen for this study are shown in Table 1. The PRF surrogates only
represent the n-alkane and iso-alkane fraction of the fuel components present in gasoline.
Toluene reference fuels (TRF) additionally contains toluene, an aromatic component present in
concentrations up to 30% in commercial gasoline, and hence is a more appropriate surrogate [1].
Toluene is an octane booster and hence is present in large quantities as shown in Table 1.1 .
Ethanol is commercially blended at up to 10 % volume levels in the USA and this blending level
could potentially increase in the future. In this study PRF and TRF blends containing ethanol up
to 40 % by volume are studied. The oxygenated TRF and PRF mixtures will be referred to as
PRFE and TRFE in order to indicate the presence of ethanol in the blends. The three (PRFE) and
four component (TRFE) surrogates used in this study possess sensitivity similar to practical
gasolines. The surrogates used in this study do not contain other classes of hydrocarbons such as

cycloparaftins (e.g. cyclohexane) and olefins (e.g., hexene).

Ethanol blends synergistically with alkanes and antagonistically with aromatics [190] and the
blending laws should accurately predict such behaviors. Without the use of a CFR engine it
could be possible to predict the RON and MON values using blending laws as illustrated in
[61,186,189], however the accuracy of predictions will depend upon the blend laws considered.
Hence in order to remove the dependency of the estimated RON and MON on the accuracy of
blending laws, the octane numbers of the tested fuels were extracted directly from [191]. The
surrogate blend composition was determined based on the study by Foong et al. [191] in which
RON and MON ratings of these fuels were measured using ASTM standard tests in a CFR
engine. Hence no blending laws have been applied for estimating the octane values. Foong et al.

[191] used PRF91 and three different TRF91 blends with a final RON of 91 in order to resemble
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Australian gasoline. The digits ‘91’ indicates the RON number of the base mixture when no
ethanol is present in the mixture. Among the fuels studied in [191] only PRF91 and TRF91-45 is
analyzed in this work to understand the blending nature of ethanol for up to 40% by volume with
surrogate mixtures containing only alkanes and alkanes together with a high level of aromatics.
For ‘TRF91-45’ the last two digits indicating the vol% of the toluene in the blend. It must be
noted that TRF91-45 blend is referred to as just TRF91 in this work for brevity. Foong et al.
[191] also studied TRF91-15 and TRF91-30 mixtures, with same base fuel RON but these are
not included in the experimental test matrix in the current work. Uncertainties for RON and
MON values are +-0.7 and +-0.9 ON respectively as reported in [191]. Based on this uncertainty,
it can be considered that all three PRF mixtures in Table 1 have similar MON, while the
PRF91E20 and TRF91E40 forms an identical RON pair. Also, PRF91E20 and TRF91E10 as
well as PRF91E20 and TRF91E40 pairs exhibits similar sensitivity. Hence the chosen fuel
matrix allows for grouping and comparison of surrogates based on their specific octane related

properties.

Table 8-1- RON, MON and sensitivity values of the surrogate blends used in this study.

PRF91- | PRF91-E20 | PRF9I- TRF91- TRF91- TRF91-
10 E40 E10 E20 E40

RON 98.7 103.8 108 96 100.2 104.6
MON 94.3 95.3 94.5 87.2 89.1 90.9
Sensitivity 4.4 8.5 13.5 8.8 11.1 13.7
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8.5 RCM Test Conditions

For the RON and MON test conditions, the temperature vs pressure trajectory is shown in figure
1.1. It can be observed that for a fixed pressure, the RON and MON test conditions lie at a
specific temperature. In this work the RCM experiments are performed in the region between the
RON and MON trajectory at 21 bar. Since the fuels chosen for this study have RON numbers
higher than 90, the compressed pressure of 21 bar is chosen to avoid ignition delay times greater
than 100ms in the RCM. In chapter 5, for iso-octane-air mixtures at 10 bar compressed pressures,
ignition delay times higher than 100ms were observed. Such long delay times introduce non-
ideal temperature distributions within the combustion chamber and hence should be avoided for
accurate estimation of compressed temperatures [ 154]. Within the RON and MON trajectory, the
constant pressure line at 21 bar overlaps the RON curve at 720K and the MON curve at 855 K.
Since the chosen pressure and temperature intersects the RON and MON trajectory, a correlation
among fuels with the same MON and RON number, if existing, will be attempted. The chosen
pressure value spans a temperature range of 720K to 855K and this range lies in the intermediate
temperature region for gasoline fuels. In this temperature range practical gasoline fuels displays

NTC behavior for the given pressure.
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Figure 8-1 RON and MON trajectory extracted from [192] with the green line indicating the test
conditions covered in this study.

In order to achieve this temperature range without the use of buffer gases such as Argon and
COy, the compressed temperatures are modified by using a combination of wall temperature and
different compression ratios (CR 9.6 and CR13). Buffer gases influence the overall ignition
delays if two stage ignition is observed [151] and hence are not preferred in this study since in
the temperature range studied for the fuels would exhibit NTC behavior and could potentially
influence the RON and MON correlation. Strong NTC behavior is not expected for the TRFE
fuels and PRFEA4O0, since they contain significant toluene and alcohol content and hence higher
sensitivity. Strong NTC behavior is observed for fuels with low to zero sensitivity [54]. CR9.6 is
used for the temperature range of 720-770K and CR13 is used to reach higher temperatures of up
to 850K. The change is CR is achieved by changing the clearance volume without altering the

stroke length. Hence two different heat loss scenarios exist during the test conditions based on

the CR.
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The ignition delay times measured from the test conditions and non-adiabatic simulations are
based on the time delay between the EOC and the maximum pressure rise rate during the main
ignition event. This is illustrated in figure 5.1 while the CV simulations are based on a delta

400K temperature rise during the main ignition event.

8.6 Surrogate Composition

The surrogate blends used in this study are prepared based on the volume % and the
compositions are provided in figure 8.2. Although the blends are prepared on volumetric basis,
mole fraction values are also included in figure 8.2 since the reactivity of the resulting blends
scales strongly with mole % of the components. Ethanol is known to synergistically blend with
alkanes, i.e. resulting octane numbers are higher than the individual components in the blends
and antagonistically with aromatics such as toluene []. The resulting effect of such behavior will
be studied in terms of autoignition delay times in this work. It can be seen from figure 8.2, as the
amount of toluene in the blend increases in order to maintain the same level of RON the amount
of n-heptane is increased, and the iso-octane fraction is significantly reduced. Among the test
fuels PRFE10 contains the highest amount of paraffinic content and is expected to show the
highest NTC response. Among PRFE40 and TRFE40, the former has the highest amount of
alkanes and hence is expected to have a lower reactivity in the NTC region. TRFE40 has a higher

% of octane boosters and hence is another fuel of interest.
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Figure 8-2 Volume fraction (top) and mole fractions (bottom) of various fuel components present
in the PRFE mixtures and the TRFE mixtures tested in this study.

8.7 Simulations

In this study CHEMKIN-PRO simulations are performed in order to identify how fuel
composition impacts the ignition delay times. The LLNL gasoline mechanism [193] consisting
of 5935 reactions and 1387 species is used to simulate the autoignition process using

CHEMKIN-PRO software. Fixed volume homogeneous reactor simulations are performed for a
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total of nine fuels including the six fuels tested in the RCM. Non-adiabatic variable volume
simulations are performed by importing the volume profile derived from the pressure data of
non-reactive tests in the RCM. These non-reactive pressure profiles include the effects of the
compression process and associated heat loss after the compression process in the numerical
simulations. For achieving this, non-reactive tests are conducted in the RCM to obtain the
pressure data. The non-reactive test cases are performed under the exact same set of conditions
as the normal tests except that the oxygen portion of the mixture is replaced with nitrogen. Since
the specific heat ratio of nitrogen and air are very similar, the heat losses are very well
approximated, and the chemistry is frozen in these tests. The non-reactive tests are also useful to
check if precompression reactions happen during compression process. This is very important if
the fuel surrogate contains substantial amount of highly reactive components such as n-heptane.
The obtained non-reactive pressure history is imported into CHEMKIN-PRO as a variable
volume profile. Details on this conversion can be found in [79]. In figure 8.3, sample pressure
outputs from the RCM experiments and from the simulations is shown. The compression ratio
for this sample case was maintained at CR13.8 and TRFE40 was used as the fuel with a
compressed temperature of 736K. It can be seen that the variable volume simulations accurately
captures the compression and the heat losses past TDC. In addition to the variable volume

simulations, constant volume simulations are also performed for 9 different fuels.
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Figure 8-3 Comparison of pressure from RCM experiment and CHEMKIN-PRO simulation for
TRFE40-air mixture at stoichiometric conditions for P=21 bar and T.=736K

8.8 Results and Discussions

8.8.1 RCM Experiments

From figure 8.4, it can be observed that for the PRFE40 blend no NTC behavior is observed and
the test data shows largely Arrhenius behavior which is representative of the high volume of
ethanol present in the mixture. There is a slight shift in Arrhenius behavior at 800K but this
could be attributed to the change in compression ratio. The higher compression ratio has a
smaller clearance volume which leads to higher heat losses that can slightly increase the ignition
delay times. The ignition delay trend is captured by the simulations; however, the IDTs are under
predicted by the constant volume (C-V) simulations. For the variable volume (non-adiabatic)
simulations, the predictions improve but the mechanism remains more reactive at the lower

temperatures. It is possible that the reaction mechanism is under predicting the effect of large
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fractions of ethanol in the resulting blend. Lee et al. [173] proposed that the discrepancies in the
prediction may be due to the deficiency in the ethanol chemistry or the cross reactivity of ethanol

with the alkanes and toluene.
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Figure 8-4 Comparison of total ignition delay times from RCM experiments (filled circles),
variable volume (dashed line) and constant volume (solid line) numerical simulations for PRF91
with varying ethanol % by volume.

For the PRFE20 blend, the constant volume simulations captures the IDTs of the test data very
well for CR9.6 compression ratio. However, at the CR13.8 conditions the C-V simulation under
predicts the reactivity. However, for the variable volume simulations, with heat loss effects
included, the predictions match the test data. Based on this observation it can be concluded that if
the C-V simulations captures the IDT trends well, then the accuracy of the prediction can be
improved by conducting variable volume simulations. Test data is not available for PRFE10 at
800 and 820K due to first stage heat release occurring before the end of compression. For

PRFEIO, predictions at low temperature and high temperatures are well captured by the
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simulations, however, the fuel exhibits very strong NTC behavior due its high paraffinic content
and this behavior is not captured by the simulations. For PRF mixtures a longer period between
the timing of the first peak production of HO; radicals and the final ignition results in increasing
concentration of HO, and H>O» radicals. This makes the system unreactive leading to strong
NTC behavior [51]. This is a more unreactive pathway to produce OH compared to paraffinic
isomerization mechanisms [46]. Overall, it can be observed that for lower volumes of ethanol the
NTC behavior of the fuel is over predicted by simulations and at higher ethanol volumes the

reactivity is underpredicted by the mechanism.

Similar to the observations made for the PRFE40 blends, the TRFE40 delay times as shown in
figure 8.5, are under predicted by the simulations but the deviation is lower in comparison. The
TRFE40 blend shows Arrhenius like behavior in the tested region. For blends with lower ethanol
volume fraction the IDTs are over predicted except at high temperatures. However, the
numerical predictions fall within 20% of the test data values in comparison to the variable
volume simulations. For the TRFE10 and TRFE20 fuels the experimental data shows enhanced
NTC behavior in comparison to the predictions. This is similar to the observation made with the
PRFEI10 fuels. Overall, for the numerical predictions using the LLNL mechanism it can be
concluded that predictions deviate when NTC behavior is observed in the test data. At 40%
ethanol levels, the fuel shows largely Arrhenius behavior since the fuel is 60% ethanol by mole
fraction and the simulations over predict the reactivity here. Longer delay times at CR13.8 could
also be due to the fact that the heat losses are more since the increase in compression ratio is
achieved by the reduction in clearance volume. Hence facility effects could play a role here

which cannot be accounted for completely in the variable volume simulations [157].
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Figure 8-5 Comparison of total ignition delay times from RCM experiments (filled circles),
variable volume (dashed line) and constant volume (solid line) numerical simulations for TRF91
with varying ethanol % by volume.

In figure 8.6, the experimental average IDT values are plotted and connected with straight lines
to improve visualization. Around 740K the reactivity trends, as indicated by the IDTs, match the
reactivity trends as dictated by the fuel’s RON values. For reducing knocking phenomenon in SI
engines higher sensitivity fuels are preferred [7].The TRFE40 and PRFE40 have similar
sensitivity values (~13.6) but the RON values dictate the reactivity of these fuels as seen from
the IDT values, hence higher sensitivity and higher RON fuels are preferred for knock
mitigation. The test conditions chosen for this study lie on the NTC region where high paraffinic
fuels are supposed to be less reactive but we can see that the higher sensitivity fuels still maintain
higher autoignition resistance throughout the range. It can be concluded for the tested fuels in
the MSU RCM facility, that the fuel blends’ reactivity at 740K and 21 bar resembles their
relative RON numbers. At 740K the reactivity of the PRF surrogates (with high RON) are
predicted to be lower than their TRF counterparts in the c-v simulations as illustrated in figure
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8.7 and hence the simulations do not show a similar RON-IDT trend to the experiments. Since
RON captures the low temperature reactivity, it is expected that longer delay times be recorded
for PRFE10 at 720K, however the c-v simulations predict lower reactivity. For the simulations,
a similar region where reactivity corresponds to relative RON values, is located at approximately
790K. This region cannot be verified for the experimental data due to the lack of test points at
800K for the PRFE10 blend. However, it is expected that in this region, PRFE10 (RON 98.7),
due its NTC behavior, would have exhibited longer delay times in comparison to the TRF91E20
(RON 100.2) blend. PRFs with higher sensitivity showed much lower reactivity in the NTC
region and this corresponds to their higher MON values. Although TRF91E10 have a higher %
volumes of toluene and ethanol their RON and MON values are lower than PRFE10. This is due
to the antagonistic blending nature of ethanol with toluene. A dependence for MON values vs
IDT was not found in the tested range. Mittal et al. [59] suggested that MON tests capture
chemical kinetics occurring above 900K and the limited range could be a possible reason for lack
of correlation. For e.g. PRFO1E10 and PRF91E40 have very similar MON values and but are
spaced apart at 850K. Judging by the slope of the curves, since Arrhenius behaviour is expected

at high temperatures, a possible crossover might occur at the higher temperatures.

CHEMKIN-PRO simulations predict similar reactivity between PRFE10 and TRF15E10. This is
applicable because the fuel is only 15% toluene leading to fewer antagonistic blending effects.
The c-v simulations also predict crossover between TRFE20 and PRFE10 as observed in the
experiments. TRFE20 has a higher RON value but a lower MON value in comparison to
PRFE10. This crossover is also captured in the testing except that the initial and final crossover
happens at lower temperatures. The test data also shows that PRFE20 remains the least reactive

compared to all other fuels containing less than 40% ethanol. However, at the lowest temperature
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the delay times of TRFE20 and PRFE20 are similar and this is captured as a crossover points in

the simulations.
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Figure 8-6 Average IDTs obtained from experiments for PRF and TRF surrogates substituted
with ethanol for up to 40% by volumes.
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Figure 8-7 IDTs obtained from constant volume simulations for various PRF and TRF surrogates
substituted with ethanol for up to 40% by volumes.
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In figure 8.8, RON and IDTs are compared at the compressed condition Tc=740K and P.=21 bar.
This compressed condition is very similar to condition (750K at 25 bar) obtained as RON vs IDT
correlation by Singh et al. [60] using kinetic simulations for various non oxygenated gasoline
surrogate mixtures. A curve fit is not attempted here due to limited number of data points
available. The trend suggests that for sensitivity values below 11.1, the IDT lies in a narrow
range, but for the higher sensitive fuels a different slope is observed. The sensitivity is imparted
by ethanol and toluene contents in the fuel. Presence of high levels of ethanol and unsaturated
compounds reduces the low temperature reactivity of the fuel and results in extended delay
times. However, the TRFE mixtures exhibits lower delay times even for a sensitivity value of
11.1 (TRFE20). This is due to the molecular level interactions occurring between ethanol and
toluene fractions of the fuel or could be due to presence of relatively higher percentages of low
reactivity component such as n-heptane which could promote LTHR. This would be analyzed by
looking at the reaction pathways in the next section. For the E40 blends, the mole fraction of
ethanol present at TRFE40 is 60% in comparison to 65% present at PRFE40. The 5% difference
is not suspected be the sole reason for the large difference in ignition delay times and the RON
values. Hence a rate of production analysis using chemkin-pro is carried out in the next section

to identify the kinetic reason for this behavior.
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Figure 8-8 RON vs IDT relationship obtained at T=740K and P.=21 bar for PRFE and TRFE
mixtures. RON values, sensitivity values and ethanol % are shown for each data point. Note:
Data shown for PRFE40 is at T=750K, P=21 bar.

OH rate of production (ROP) analysis was performed using Chemkin PRO software and the
results are discussed here. H atom abstraction reactions from parent molecules by OH radicals
are one of the major reaction classes that control ignition in the intermediate temperature region
[60]. In this work in order to understand the chemistry of toluene and ethanol in the NTC region
ROP analysis is performed for OH and HO2 radicals. ROP at 2/3 reaction time of OH peak,
which also corresponds to 2/3 of the ignition delay time was used by Javed et al. [178]. 10% of
OID was used by Kukadapu et al. [52] for comparing ROP of OH to understand the initial radical
pool formation. In this work, ROP analysis was performed at 80% OID following the

recommendation of Fan et al. [192].

From figure 8.9 for the PRFE10 mixture, isooctane-the largest fraction of fuel, consumes the

majority of the OH in the high temperature range, but at lower temperatures the relative
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importance of ethanol increases. Consumption by n-heptane remains constant for all the
temperatures studied for PRFE10. For PRFE20, with increasing ethanol mole fraction (%),
ethanol shows higher consumption in comparison to the PRFE10, however isooctane is
responsible for the ignition behavior at 860K and at lower temperatures isooctane and ethanol are
equally responsible for ignition. For PRFE40, which has ethanol in the highest mole fraction, the
ethanol strongly controls the ignition process and is followed by the isooctane. Temperature
dependence in ROP, as observed in PRFE20 and PRFE10 is not seen at PRFE40. The
contribution of n-heptane remains similar for all of these fuels and at all temperatures and n-
heptane does not control the ignition process significantly. This can be mainly attributed to the

lower concentrations of n-heptane present in the PRFE mixtures.

In figure 8.10, for the TRFE10 mixture it can be observed that toluene strongly controls the
ignition by abstracting the OH radicals with a high consumption rate exhibited at the lower
temperature. This indicates that toluene levels in the mixture completely dictate the ignition
behavior for this blend. N-heptane and ethanol shows very similar OH abstraction rates. In the
TRFE20 mixtures toluene continues to dominate the reactivity of the mixture even though equal
mole fractions of ethanol and toluene are present. This indicates that ignition is primarily
controlled by the toluene and this could be the reason for the antagonistic effect observed in the
blends. N-heptane competes equally with ethanol for the TRFE10 mixture. In the TRFE40
mixture with 60% of ethanol by mole fraction, ethanol strongly dictates the ignition behavior,
and this explains the similarity of the ignition curve with PRF40 since both of these fuels contain

very similar levels of ethanol by mole fraction.

For TRFE10 with respect to n-heptane OH-abstraction, a different behavior is observed in

comparison to the PRFE mixtures. The TRFE mixtures contain a higher % of n-heptane and at

205



high temperature n-heptane consumes the most OH, in comparison to isooctane and ethanol.
Excluding toluene, for the TRFE10 mixture, high temperature combustion is strongly controlled
by n-heptane. But as the temperature decreases contributions from ethanol and isooctane
become equally important to the n-heptane. However, as ethanol concentration increases, the
ethanol strongly controls ignition at all temperatures, followed by n-heptane with the isooctane
having very similar reactivity to the n-heptane. For TRFE40 fuel, like in PRFE40, ethanol
strongly contributes to ignition and the relative importance among n-heptane and isooctane
remains similar to TRFE20. TRFE40 and PRFE40 have similar sensitivity, but TRFE40 has a
lower MON compared to the PRF. The lower MON can be attributed to the high temperature
reactivity of the n-heptane. It is interesting to note that the toluene reaction pathway
C6H5CH3+OH<=>HOC6H4CH3+H does not actively participate in OH abstraction and hence

is not included in this analysis.
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Figure 8-9 OH consumption rate by fuel components at different temperatures at 80% of ignition
delay time for PRFE10 (top), PRFE20 (middle) and PRFE40 (bottom).
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Figure 8-10 OH consumption rate by fuel components at different temperatures at 80% of
ignition delay time for TRFE10(top), TRFE20(middle) and TRFE40(bottom).

208



8.8.2 HO2 ROP Analysis

Aromatics, when present in fuel blends, tends to increase the reactivity of the fuel mixtures in the
intermediate temperature range (800-950K) due to abstraction of HO; radicals and accelerated
formation of H,O» [194]. In addition, HO; reacts with benzylic radicals to form benzoxyl radicals
and highly reactive OH radicals. In the NTC region, these reactions increases OH production and
prevent the OH radical consumption as seen in the PRFs [58]. Ethanol has rapid consumption of
HO; via C2H50H + HO2 <-> CH3CHOH + H20, in the low temperature range [173]. In order
to further analyze the participation of toluene and ethanol in reactions with the other ignition
controlling radical HO2[60], a similar ROP analysis is carried out for HO2 at 80% OID. Alkenes
and aromatics are also known to abstract HO2 radicals produced by alkanes at intermediate

temperatures [1].

For TRFE10 the mole fraction of toluene is twice that of the ethanol. For this fuel toluene is
effective in consuming HO2 radicals in comparison to ethanol. A similar trend was observed
with the OH ROP analysis, but we can see that ethanol competes more effectively in HO2
consumption with toluene. As we move to TRFE20, in which equal mole fractions of ethanol and
toluene are present, ethanol is more effective than toluene in abstracting HO2 radicals. In the
case of TRFE40, ethanol now exhibits a significantly higher HO2 abstraction rate. It can be
concluded that given equal amounts of ethanol and toluene in the fuel, ethanol shows very high a
HO?2 abstraction and is also effective in abstracting OH radicals. Additionally, it can be observed
that the HO2 abstraction potential of ethanol and toluene are temperature invariant unlike the

alkanes as seen earlier for the OH abstraction process.

209



C6H5CH3+HO2 <=> C6H5CH2J+H202
C2H50H+HO2 <=> C2H50+H202
C2H50H+HO2 <=> SC2H40H+H202
C2H50H+HO2 <=> PC2H40H+H202

860K

C6H5CH3+HO2 <=> C6H5CH2J+H202
C2H50H+HO2 <=> C2H50+H202
C2H50H+HO2 <=> SC2H40H+H202
C2H50H+HO2 <=> PC2H40H+H202

& 780k
=

CBH5CH3+HO2 <=> C6H5CH2J+H202
C2H50H+HO2 <=> C2H50+H202
C2H50H+HO2 <=> SC2H40H+H202
C2H50H+HO2 <=> PC2H40H+H202

720K

T T T T
-1.8x10° -9.0x10° 0.0 9.0x10°
ROP HO2 (mol/cm®-sec)

C6H5CH3+HO2 <=> C6H5CH2J+H202
C2H50H+HO2 <=> C2H50+H202
C2H50H+HO2 <=> SC2H40H+H202
C2H50H+HO2 <=> PC2H40H+H202

860K

C6H5CH3+HO2 <=> C6H5CH2J+H202
C2H50H+HO2 <=> C2H50+H202
C2H50H+HO2 <=> SC2H40H+H202
C2H50H+HO2 <=> PC2H40H+H202

780K

TIK]

C6H5CH3+HO2 <=> C6H5CH2J+H202
C2H50H+HO2 <=> C2H50+H202
C2H50H+HO2 <=> SC2H40H+H202
C2H50H+HO2 <=> PC2H40H+H202

720K

r T T T T
-2.7x10° -1.8x10° -9.0x10° 0.0 9.0x10°
ROP HO2 (mol/cm®-sec)

CB6H5CH3+HO2 <=> C6H5CH2J+H202
(C2H50H+HO2 <=> C2H50+H202
[C2H50H+HO2 <=> SC2H40H+H202
C2H50H+HO2 <=> PC2H40H+H202

860K

CBH5CH3+HO2 <=> C6H5CH2J+H202
g 780K C2H50H+HO2 <=> C2H50+H202
[ C2H50H+HO2 <=> SC2H40H+H202
C2H50H+HO2 <=> PC2H40H+H202

CBH5CH3+HO2 <=> C6H5CH2J+H202
C2H50H+HO2 <=> C2H50+H202
C2H50H+HO2 <=> SC2H40H+H202
C2H50H+HO2 <=> PC2H40H+H202

720K

T T T T T T
-4.50x10° -3.00x10° -1.50x10°  0.00  1.50x10° 3.00x10°
ROP HO2 (mol/cm®-sec)

Figure 8-11 HO2 consumption rate by toluene and ethanol at different temperatures at 80% of
ignition delay time for TRFE10(top), TRFE20(middle) and TRFE40(bottom).
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8.8.3 Average Pressure Rise Rate (PRR) Analysis

In figure 8.12, the average pressure rise rate for the CR9.6 and CR13.8 cases are presented for
the PRFE and TRFE mixtures. The intention of analyzing the PRR data is to get a preliminary
idea of the autoignition intensity depending upon the end gas conditions. At CR9.6, for the PRFE
mixtures, the pressure rise rates lies in the 150 to 225 bar/ms range with the max PRR located in
the 740K and 760K compressed temperature range. The lowest PRRs are located at outer ends of
the test conditions, i.e. at the lowest temperature and the highest temperature for 9.6 compression
ratio. The PRFE10 and PRFE20 fuels do not show different autoignition intensity except at
720K. The PRFE40 blend shows much lower PRR at 760K and 780K, however these tests also
had very long ignition delay times in excess of 150ms. In such circumstances the toroidal
combustion core region would be cooler than the estimated compressed temperature and this
could be the primary reason for the lower autoignition intensity. Moving on to the TRF mixtures
a similar trend to the PRF mixtures is seen. The TRFE10 and TRFE20 have very similar pressure
rise rates, with lower pressure rise rates exhibited by the TRFE40 mixtures. This suggests that
higher ignition delay times could potentially reduce autoignition intensity. For the PRF mixtures
the ignition delay times are similar at 710K and 760K, with 710K showing the lowest intensity.
Hence it is possible that other than longer delay times the higher ethanol content in the fuel is

also affecting the PRRs.

Moving onto the CR13.8 test points, at 860K, IDT values for all six fuels are available.
Comparing the IDTs for the six fuels, it can be seen that the PRRs scales with IDTs and a similar
observation was made from the PRF plots by comparing the average delay times 760K and 780K
for all six fuels. This shows that shortened delay times are associated with higher pressure rise

rates or heat release and hence autoignition intensity observed in the engine could be based on
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how soon the end gas autoignites. However, this is only true at a given temperature condition,
since at 800, 840 and 860K compressed conditions the TRFE10 ignition delay times are 11.3,
12.33, and 9.96 ms respectively but the lowest PRR is observed at the shortest delay time.
Hence, the maximum PRR depends upon thermodynamic conditions and does not necessarily
scale with temperature and for a given compressed condition the maximum PRR depends upon

the reactivity of the fuel-air mixture.
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Figure 8-12 Average pressure rise rates (PRR) for all the tested fuels at CR9.6 (top) and CR13.8
(bottom).
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8.9 Chapter Summary

In this work a preliminary attempt is made to relate RON values with IDTs obtained from the
MSU RCM facility. Several past and recent works [61,78,190,195] in this essence have been
done using numerical analysis and not using experimentally measured delay times. Such
methods depend upon the accuracy of the available reaction mechanisms. The results from our
current study indicates that for the experiments performed at the MSU RCM facility, a
qualitative RON value can be obtained by measuring the fuels IDT at 740K and 21 bar for
gasoline surrogate blends containing a range of sensitivity values. This presents a valid case for
testing new second generation biofuel blends in the RCM as a next step. For such blends,
experimentally measured octane numbers, well-validated reaction mechanism or blending laws
to estimate ON seldom exists. Hence this approach enables us to record both the reactivity of the
fuel and to assess the qualitative RON value of the resulting blends. The major conclusions in

this chapter is listed below,

1) Variable volume simulations improved the predictions of the C-V simulations. The
longer delay times observed in the RCM data due to heat loss effect is properly captured
when the volume profile is imported. However, the variable volume simulations follows
the trend of the constant volume simulations. The NTC region in PRF mixtures with

lower ethanol content is underpredicted by both of these simulations.

2) Inthe 720K -850K range at 21 bar, RON values of the fuel were represented by ignition
delay times at 740K. A correlation is not attempted in this chapter due to limited number

of data points.
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3)

4)

S)

6)

A dependence for MON values vs IDT was not found in the tested range. Mittal et al [59]
suggested that MON tests capture chemical kinetics occurring above 900K and the
limited range could be a possible reason for lack of correlation. For eg PRF91E10 and
PRF91E40 have very similar MON values and but are spaced apart at 850K. Judging by
the slope of the curves, since Arrhenius behaviour is expected at high temperatures, a

possible crossover might occur at the higher temperatures.

The numerical simulations reveal that ethanol strongly controls the ignition process for
PRF fuels with ethanol content greater than 10% by volume. Toluene actively
participates in the OH abstraction, hence controlling ignition, in comparison to ethanol
for ethanol content less than 40% by volume in the blend. Toluene scavenges HO2
radicals more effectively compared to ethanol when toluene has higher mole fraction than
ethanol. However, when equal mole fractions are present ethanol strongly scavenges

HO2 radicals.

In the TRF mixtures, n-heptane actively competes with ethanol in scavenging the OH

radicals when 10% ethanol is present by volume.

Comparing the average pressure rise rates, it was found that the PRR depended upon
compressed conditions and did not necessarily increase with temperature. For the same
compressed conditions, the PRR of different fuels shows a one to one relation with their

ignition delay times.
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Chapter 9 Summary and Conclusions

This dissertation presented experimental results supporting efficiency improving strategies for SI
engines through the use of excess air or EGR dilution, and by altering the composition of the fuel
used. Although conclusions have been drawn at the end of each chapter with respect to the
applied test strategies and the obtained results, concluding remarks and discussions based on the

research questions raised in Chapter 1 are presented here.

1- For a methane fueled TJI system, how does a single jet and/or converging jets compare

with the burn durations and lean limit extension observed with diverging jets?

Chapter 3 focused on this aspect and a set of experiments were carried out for varying main
chamber lambda starting from A=1.78 up to the lean limit. The prechamber lambda was fixed
A=0.8 for all the tests. It was found that until A~2.5 the diverging jets had shorter 10-90 burn
durations and up to 50% reduction in duration was recorded. Hence for practical applications,
diverging jets would be a better choice with the added benefit of reduced impingement.
However, the single jet and converging jet had a slightly higher lean limit extension and
exhibited a similar burn duration to the diverging jets as the lean limit was approached. Hence

these configurations exhibited better dilution tolerance.

2- Performance metrics derived from main chamber pressure such as 0-10%, 10-90% burn
durations, and the durations of the peak first and third derivative values of pressure are
compared for various TJI configurations. Can this information be used to evaluate and

compare TJI performance in both active and passive configurations?

This question was partly investigated in Chapter 3 and exclusively investigated in Chapter 4. The

0-10% burn duration values for varying nozzle designs and main chamber lambda values
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remained constant for a fixed prechamber lambda value. A series of tests were performed by
varying the prechamber lambda and holding the main chamber at A=1.8. It was concluded that 0-
10% burn duration was a strong function of prechamber lambda and hence it is a suitable metric
to evaluate prechamber mixture conditions. However, the overall performance of nozzles was

indicated by the 10-90% burn durations without any ambiguity.

In the main chamber pressure trace, two maximum peak pressure rise points were located during
combustion, one during the jet ignition phase and other during the main chamber phase. The jet
ignition and the main chamber combustion dP/dt values were a stronger function of main
chamber lambda. The duration of the jet ignition phase was further measured using 3™ derivative
pressure peaks. The jet ignition duration measurements remove the effect of spark timing and
the time required for flame propagation within the prechamber. Longer jet ignition durations
typically corresponded to the delay in strong main chamber ignition which in turn delayed the

flow reversal events.

3- Can the direct test chamber (DTC) charge preparation technique replace the traditional

mixing tank-based charge preparation approach for ignition delay studies in an RCM?

The DTC approach avoids issues with traditional mixing tank techniques such as thermal
cracking of fuel molecules and condensation of fuel along the transfer lines. Hence in order to
study the ignition delay times of different gasolines and their surrogates the DTC approach was
used. The results were validated by comparing the ignition delay times of iso-octane air mixtures
across different facilities in Chapter 5. For full blend gasolines, a GCMS study was conducted to
ensure complete evaporation of non-volatile fractions of the gasoline fuel, when the DTC
technique was used. The results indicated that reasonable RCM wall temperatures together with

2 minutes of mixing time were enough to prepare a homogenous gas-phase mixture. By
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employing the DTC approach combined with the use of premixed gas bottles, air-fuel mixtures at
different equivalence ratios can be quickly prepared relative to the only fixed equivalence ratios

possible with the mixing tank technique.

4- What is the effect of CO: dilution on ignition delay times for full blend gasolines, and

their simple and multicomponent surrogate-air mixtures?

For gasoline-air and surrogates-air mixtures, the addition of CO> retarded the ignition delay
times significantly in the NTC region when compared to the low temperature and the high-
temperature region. CO; addition did not show significant chemical reactivity since the effect of
dilution on delay times resembled the case of reduced reactivity due to a reduction in the
concentration of fuel in the final mixture. If significant chemical reactivity existed, then it is
possible that the ignition delay times of the diluted mixture would be very similar to the
undiluted mixture [72]. Also, the CO; dilution effect was found to scale with the octane numbers
for the full blend gasoline. However, such behavior was not noted for the multi-component
surrogates suggesting the CO> retardation potential depends both on the octane number and the

chemical make-up of the fuel.

5-Can CO; dilution provide any octane relaxation potential?

Octane differences in terms of ignition delay times is manifested in the NTC region as observed
in Chapters 6 and 7. Similarly the effect of CO- dilution was pronounced in the NTC region as
well. It was seen that with increasing dilution, ignition delay times of low RON gasoline
overlapped with undiluted high RON gasoline in the NTC region. Since knock typically occurs

in the NTC region CO dilution can provide octane relaxation potential.
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5-Ethanol is an octane booster and it blends antagonistically with aromatics such as toluene
and synergistically with alkanes. What are the resulting trends in ignition delay times when
ethanol is blended by up to 40% by volume to PRF (alkane only) and TRF (alkane
aromatics) mixtures? What is the reason for the observed trends in terms of underlying

fuel chemistry?

ROP analysis from the numerical simulations indicated that when only 10% ethanol was present
in a PRF91 mixture, iso-octane controlled the final ignition in the NTC region. However, for the
increased levels of ethanol, ethanol controlled the ignition and resulted in reduced reactivity of
these mixtures. However, for the TRF mixtures, toluene influenced the final ignition and ethanol-
controlled ignition only at 40% volume levels. This was the kinetic reason for antagonistic
blending behavior since ethanol was not actively controlling the final ignition. The trends
indicated that mixtures with a higher percentage of ethanol largely showed Arrhenius behavior
while the other mixtures generally showed a region of no change in reactivity with increasing

temperature in the tested temperature range.

6-Is there a relationship between measured ignition delay times in the RCM and measured

RON and MON values from a CFR engine?

The experiments conducted in Chapter 8 indicated a trend of increasing RON values with
decreasing reactivity at 740K and 21 bar. But no such relation was identified for the MON
values. MON value correlation is expected at higher temperatures and it is possible that the

tested range did not cover the corresponding compressed temperature condition.
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9.1 Recommendation for Future Work

In the first part of this work, TJI nozzle design optimization for a methane fueled TJI system was
carried out. The second part of the work focused on cold-EGR strategy and the implementation
of the DTC approach for studying gasoline fuels and their surrogates in a RCM. It was noted that
higher RON fuels exhibited lower reactivity in the NTC region, indicating a potential correlation
between the RON numbers and ignition delay times of the fuel-air mixture in the NTC region.
Finally, in order to confirm if any RON vs IDTs correlation existed, the effect of fuel
composition on reactivity and RON values was studied from experimental and numerical results.
Various PRF and TRF fuels blended with varying levels of ethanol were tested in the RCM and
trends regarding reactivity and kinetic activity were identified. In order to answer some of the
new questions that were raised in the dissertation chapters, additional avenues of future work

were identified and are discussed below,

» In the TJI experiments, the converging jets appeared as a single jet instead of two
separate jets. Also, during the later stages of combustion, a tail like flame front appeared
in the right portion of the combustion chamber as observed from the high-speed images.
The reason for this single-jet appearance and tail formation for the converging jets is not
completely understood and supporting CFD simulation needs to be performed in order to

understand the physics of the converging jets.

» Also, the effects of the cold jet (unburned charge pushed out from the prechamber due to
the propagating flame) on pressure rise rates during the jet ignition phase is not
completely understood. In the TJI experiments, it was found that pressure rise rates were

a strong function of main chamber lambda. However, for a fixed main and prechamber
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lambda, the large hole nozzle had higher pressure rise rate compared to the small hole
nozzle and it is suspected that the behavior is due to the issuance of a relatively larger
fraction of the cold jet from the large hole configuration. Visualization of the cold jets
using schlieren techniques would be useful to understand the main chamber fuel

stratification just before the hot reacting jets begins to consume the main chamber charge.

In Chapter 5, the DTC approach was introduced, and validation was performed by
comparing ignition delay times and by conducting GCMS analysis. As an additional
validation, the delay times obtained from the DTC approach can be directly compared
with delay times obtained using a mixing tank technique to verify if homogenous mixing
is achieved. For these tests, a high volatile fuel would be preferred in order to remove

problems related to condensation of fuel along the transfer lines.

CO; dilution did not show any significant chemical reactivity in the diluted mixtures as
observed from the delay times. Additional test results using known inert components

such as N> would confirm if any reactivity existed at all.

In Chapter 8, reactivity trends of the fuel-air mixtures matched the relative RON values
of the tested fuels at 740K and 21 bar despite the high alkane fuels showing reduced
reactivity in the NTC regions. However, no such relation was identified for the MON
values. MON value correlation is expected in the high-temperature range and hence
additional tests using additional fuel mixtures could be performed at higher temperatures

to identify the MON relation.

The RON and MON values of TRFE40 were lower in comparison to the PRFE40 even

though higher fractions of octane boosting components like ethanol and toluene were
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present in the mixture. This is due to the antagonistic blending nature of ethanol with
toluene and this blending behavior will vary depending on other fuel components [191].
Anisole a second-generation biofuel can potentially replace the toluene fraction in
gasoline as an octane booster. The presence of ethanol increases the vapor pressure of the
anisole in a gasoline surrogate blend and hence could prove to be a viable blend for future
use [196]. Preliminary RCM experiments for anisole-air mixtures at stoichiometric
conditions compared with numerical predictions are shown in the Appendix. Experiments

can be conducted with the toluene fraction in the TRFE blends replaced by Anisole.

The effect of fuel composition on ignition delay times was explored in Chapter 8. The
effect of fuel composition on ignition by a TJI system can be explored in a future study.
This would show the impact of fuel composition on burn rates and dilution tolerance of a

TJI system.
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APPENDIX Additional Ignition Delay Data for Iso-Octane and Anisole-Air Mixtures
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Figure A-4 Ignition delay times of anisole-air mixtures at stoichiometric condition and 20 bar
compressed pressure. Preliminary experimental and numerical results for chapter 9
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