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ABSTRACT
Consumption of fossil and bio-derived fuels is growing due to energy demands associated with
increase in population and standard of living across the globe. Power generation and transportation
sectors are the primary two sources of fuel consumption, which have raised the demand for crude
oil and led to serious environmental pollution issues. This demand for energy forced various
government agencies to strengthen the allowable exhaust pollutant concentration limits. Recently,
CO, CO2, particulate matter, and nitrogen oxides (NOx) emission restrictions have become more
stringent to the extent that engines must operate at higher energy densities and efficiencies.
Towards this goal, this doctoral study focused on evaluating advanced ignition systems and testing
new biofuels for automotive combustion applications. First, a natural gas lean combustion mode
was assessed by using advance ignition systems to provide higher brake power while maintaining
the exhaust limits. A rigorous combustion data analysis was performed to identify the main reasons
leading to improved performance in the case of prechamber equipped laser ignition. An overall
efficiency improvement of 2.1% points was observed, compared to spark ignition, which in turn
leads to save 633 PJ per year. In the second part of this dissertation, a spherical chamber was
designed and validated to measure the laminar burning velocity (LBV) of a promising biofuel: 2,4Dimethyl-3-pentanone, (DIPK), for homogenous charge compression ignition engines. LBV
measurements were carried out with various diluent species (N2, Ar, and He) in order to provide
several data points for development and validation of DIPK chemical kinetic mechanisms. It has
been found that DIPK does not only have higher temperature and pressure sensitivities (compared
to iso-octane), but additionally enabled a faster laminar burning velocity which leads to higher rate
of heat release in reciprocating engines.
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laser beam diameter
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data acquisition
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laser pulse energy
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CHAPTER 1: INTRODUCTION
1.1

Motivation

Tremendous development had been carried out for internal combustion engines since their
invention in the 19th century. Strategies such as turbocharging [1], downsizing [2], variable valve
timing [3], variable intake length [4], and direct injection systems [5] were used to increase the
cyclic efficiency without compromising exhaust emissions. Even though a dramatic increase of
engine efficiency has been achieved, the massive demand for the automotive application and
power generation in our modern life forced the U.S. Environmental Protection Agency (EPA) to
strengthen the allowable exhaust pollutant concentration limits. Recently, carbon monoxide,
carbon dioxide, particulate matter, and NOx emission restrictions have become more stringent to
the extent that engines must operate at higher energy densities; and future requirements in 2025 of
California State pushes the exhaust limit even further [6-8].
It is getting extremely challenging to improve reciprocating engine efficiency because of the
limitations set by fuel properties, ignition strategies, and combustion stability. To meet some of
these engineering challenges, the United States Department of Energy proposed the CoOptimization (Co-Optima) project, where novel fuel formulations and combustion concepts are
developed simultaneously to optimize engine operation at higher loads [9]. Towards this goal, this
dissertation focused on the two aspects of Co-Optima program, testing new biofuels and
investigating innovative engine strategies that deliver higher thermal efficiencies. First, natural gas
lean combustion mode was assessed by using a prechamber equipped laser ignition (PCLI) to
operate with leaner mixtures and provide higher brake power while maintaining the exhaust limits.
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Second, a new combustion chamber was developed and validated to measure the laminar burning
velocity of a promising biofuel for homogenous charge compression ignition engines (HCCI).
1.1.1

Internal Combustion Engine Research

Natural gas is a promising fuel to reduce exhaust gas emission (compared to coal and
petroleum), exhibiting a low carbon to hydrogen ratio (1:3.89), and a high-octane number (RON
≥ 110). Those are needed properties to reduce CO2 emissions and to operate at a higher load
without engine knock. Recently, several natural gas shale reserves were found within the United
States, and the extraction rate increased significantly since 2006 (see Figure 1.1A) [10]. Also,
advancements in fuel cracking technology [11] and the implementation of natural gas distribution
grids promote natural gas utilization over other energy resources. In fact, the latest Energy
Information Agency report shows that the natural gas production is expected to account for 40%
of U.S. production in 2040 [10]. Hence, natural gas availability and its excellent properties
increased its consumption relative to other fuels in the past; and higher growth is predicted in the
future as shown in Figure 1.1B. Clearly, there is a good market for natural gas reciprocating
engines for automotive and power generation sectors; and improvement in engine efficiency is
crucial of the path forward.
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A

B

Figure 1.1. Energy production and consumption of The United States (adapted from [10]).
Lean combustion is a promising strategy that delivers higher thermal efficiency over
stoichiometric and rich combustion [12-18]. For example, in lean combustion the combustion
chamber temperature drops by igniting lean mixtures and results in lower dissociation and heat
transfer losses. As engine knock is directly related to the in cylinder temperatures, it is believed
that this combustion mode can enable engine operation at higher loads without knock. Lean
mixtures also provide higher specific heat ratios which in turn increases the compression and cyclic
3

efficiencies. In addition, pumping losses can be reduced by controlling the fuel flow rate instead
of throttling the intake air which improves the fuel economy.
While it is evident that there are numerous advantages of lean combustion, most reciprocating
engines operate near the stoichiometric ratio because of the three-way catalytic converter
requirements [13]. Namely, the three-way catalytic converter efficiently oxidizes CO and
unburned hydrocarbons while reducing NOx using a catalytically assisted reaction which becomes
feasible at engine exhaust temperatures only nearby the stoichiometric ratio. Additionally, NOx
emissions increase for slightly lean mixtures because of both high combustion chamber
temperatures and excess oxygen avaliability in the exhaust gases. Currently, no practical aftertreatment system is available for spark-assisted lean burn combustion mode [16]. This limitation
requires the air to fuel ratio be pushed further toward the lean limit, where the maximum
temperature drops significantly and provides acceptable NOx emission even without using a
catalytic converter [19, 20]. Unfortunately, due to the lower temperatures the maximum chemical
reaction rates decrease which in turn reduces, the laminar burning velocity that is directly related
to the combustion duration. However, there are several means to reduce the combustion duration
which will be discussed later.
Furthermore, it is very difficult to ignite lean mixtures, not only because the required ignition
energy increases exponentially nearby the lean limit [21] but, also because the energy density of a
lean charge is lower than a stoichiometric mixture; requiring the use of higher boost pressures or
compression ratios to compensate. Due to this fact, ignition is compromised as the lean mixtures
are under sufficiently high pressures at the time of ignition. The situation demands spark gap
voltages in excess of 40 kV, which standard electrical ignition systems cannot reliably transmit.
This is attributed to increases in the breakdown voltage which is directly related to the gas density,
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and the mean free path of impact electron ionization [12]. Even if a high voltage system is
employed, corrosion of spark plug electrodes increases maintenance cost [22]. An increase in
indicated mean effective pressure (IMEP) from 17 to 22 bar reduces the service life of a spark
ignition system to the half [23]. This is in contrast to current trends in which engine manufacturers
would like to increase the maintenance interval to 8000 hrs, which is more than double the current
used period [16].
Market demands for lower fueling costs and higher specific powers in reciprocating engines
have engine designs trending towards higher in-cylinder pressures and leaner combustion
operation. Stationary natural gas engine loads increased from 12 bar in 1994 to 24 bar in 2013 to
provide 9% gain in engine efficiency [7]; this trend is expected to increase further in order to
comply with anticipated future emission regulations [23]. However, ignition remains as the main
limiting factor in achieving further performance improvements in these engines. To comply with
future emission regulations, several ignition systems are proposed in the literature to overcome the
limitations with a spark ignition system [13, 24]: plasma ignition [14], pilot fuel injection [25], rail
plugs [15], and laser ignition [12, 22, 26-29] among others [30]. Out of those listed ignition
systems, laser ignition is the most favorable as it exhibits several benefits [28, 31, 32]:
(i)

enables ignition under higher pressures,

(ii)

extends the lean ignition limit,

(iii) enables multi-pulse ignition, i.e., use of consecutive multiple pulses,
(iv) enables multi-point ignition, i.e., multiple spatially separated ignition locations, and
further
(v)

allows optimal placement of the ignition kernel in the combustion chamber.
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Moreover, under lean conditions, flame speed is slow thereby offsetting any efficiency gains
resulting from the higher ratio of specific heats. The laminar burning velocity (LBV) values
calculated by using CHEMKIN PRO [33] tool employing the GRI-Mech 3.0 [34] chemical kinetic
mechanism for typical pressure and temperature conditions at the time of ignition are shown in
Figure 1.2. It is clear that the laminar burning velocity strongly decreases at lean mixtures, for
example, LBV at  = 1.75 are about 40% lower as compared to similar values at  = 1.54. The
actual combustion rate, however, is influenced by local turbulence and mixing in addition to
laminar burning velocity. The decreased combustion rate offsets any potential gains with lean
combustion mode. To compensate for this effect, one could use a prechamber in tandem with laser
ignition to promote volumetric ignition under extremely lean conditions. This concept minimizes
the flame travel path, and hence lowers the dependence on LBV.

Figure 1.2. Laminar burning velocities calculated for typical conditions at the time of ignition
for three different excess air ratios
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In an unscavenged prechamber (see Figure 1.3), residual exhaust gases from previous
combustion cycle are displaced by fresh combustible mixture during the upward compression
stroke. After that, when an ignition kernel is created, it ignites the mixture within the prechamber,
and the pressure is locally increased. Jets of radical partially combusted gases issue from the
prechamber nozzle holes, each of which acts as an ignition source for the lean mixture in the main
combustion chamber and provides the following advantages [35-37]:
(i)

Volumetric ignition – spatial distribution of the jets leads to faster combustion in
the main combustion chamber

(ii)

In-cylinder turbulence enhancement – each of the partially combusted jets issues
from the prechamber nozzles at very high velocities (Reynolds numbers in excess
of 30,000) and in turn enhance the turbulence within the main combustion chamber
[38].

(iii) Ignition energy amplification – depending upon the amount of the fuel-air mixture
trapped in the prechamber at the time of ignition, amplification of ignition energy
occurs up to 300 fold.
One of the objectives of this dissertation was to evaluate the efficiency of prechamber when
used in tandem with laser ignition to overcome all challenges in lean combustion mode. First, the
prechamber geometry was optimized through several tests in a single cylinder research engine.
Subsequently, tests were performed comparing the performance of the three ignition systems:
Standard spark ignition (SI), single point laser ignition (2P-LI), and prechamber equipped laser
ignition (PCLI). Figure 1.3 illustrates ignition points for the three-tested ignition systems in this
study as well as the partially combusted jets with the prechamber ignition system.
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Figure 1.3. Schematic representation of the combustion chamber with three ignition systems.
PCLI reduces the dependence on LBV by providing distributed jets
1.1.2

Advanced Biofuel Development

The transportation sector is a primary source of liquid fuel consumption, which has raised the
demand for crude oil and led to severe environmental problems [39-42]. These reasons, along with
new government legislation increasing regulations on exhaust emissions are the driving forces for
researchers to find new fuel alternatives (e.g. biofuels) [40]. Due to the fact that internal
combustion engines will still dominate the market for the immediate future [41], biofuels research
[43, 44] is vital in order to investigate their fundamental properties such as ignition energy,
flammability limit, octane number, ignition delay, and laminar burning velocity.
As mentioned earlier, one reason due to limited engine performance is the fuel combustion
characteristics (engine knock at high load, combustion instability in lean combustion, and fuel
sensitivity in homogeneous charge compression ignition engines); it is belived that biofuels could
extent that margin. To investigate the benefit of biofuels, the Co-Optimization (Co-optima) project
[9] was initiated, where fuel and combustion concepts are developed simultaneously to meet more
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stringent exhaust emissions regulations, without compromising engine efficiency. Recently, the
United States government incentives program increased biofuel utilization for automotive
application to account for 5% of the total fuel consumed. Under this program, annual ethanol as
fuel consumption went from 1.4 billion gallons in 1995 to 14.4 billion gallons in 2016; and those
numbers are expected to increase further in the future [45]. Figure 1.4 presents the percentage of
each fuel utilized in 2016 for the transportation sector. Oxygenated fuels like methanol and ethanol
have been used as an octane booster or to reduce emissions by inhibiting soot formation [46, 47];
in the United States and part of Europe ethanol is blended with gasoline at 10% by volume [48].

Figure 1.4. Liquid fuel consumption for transportation sector in the United States [45].
The biofuel and engine co-development framework which was initiated earlier than the Cooptima effort at Sandia National Labs [49] had similar goals. Here, the synthetic biologists develop
and engineer a new platform for drop-in fuel production from lignocellulosic biomass, using
several endophytic fungi. Hence this process has the potential advantage that expensive
pretreatment and fuel refining stages can be optimized thereby allowing scalability and cost
reduction; two major considerations for widespread biofuel utilization. Large concentrations of
9

ketones along with other volatile organic compounds were produced by fungi grown over
switchgrass media. The combustion and emission properties of these new large ketones are poorly
known. Therefore, fundamental measurements of representative molecules are needed to provide
feedback on their desirability in advanced combustion engines (e.g., HCCI: homogeneous charge
compression ignition engines [50, 51]) and their impact on emissions, as well as other combustion
devices such as micro-combustors.
There is a vast potential for these new biofuels in automotive applications due to their
advantages in mitigating greenhouse gases, improve air quality, and reduce the dependence on
foreign oil (energy security) [52]; however, their oxidation chemistry is not well understood. The
2,4-Dimethyl-3-pentanone, also known as diisopropyl ketone (DIPK), is a promising candidate
biofuel for automotive applications produced by the fungal conversion process [52]. The autoignition enhancement at increasing boost pressures and DIPK’s higher temperature and pressure
sensitivities provide significant advantages over gasoline for HCCI [52, 53]. The high pressuresensitivity reduces the required inlet temperature for DIPK as the inlet pressure increases in HCCI
engines; which allows for more advanced combustion timing. As a result, DIPK provides a higher
thermal efficiency compared to gasoline at high-load boosted conditions Pin ≥ 2.36 atm [52].
There are few studies in the literature on ignition delay times of DIPK, but no laminar burning
velocity (LBV) measurement was found. LBV is defined as: the velocity at which unburned gas
moves through the combustion wave in the direction normal to the wave surface [54]; LBV is a
function of local composition, temperature, and pressure. LBV is not only important in
understanding several aspects of combustion in spark ignition engines, and fuel comparisons; it is
commonly used to validate chemical kinetic schemes [54, 55]. Therefore, LBV measurements are
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needed for DIPK at low/high pressure conditions to understand the heat release rate in
reciprocating engines, and deliver several validation points for chemical kinetic mechanisms.
A new combustion chamber has been designed, assembled, and post processing validated with
iso-octane & synthetic air mixture a well-known fuel in the literature, before conducting
experiments with the fuel of interest. Experiments at a wide range of equivalence ratios, and initial
conditions were carried out by diluting the mixture with N2, He, and Ar. The constant volume
approach with multilayer thermodynamic model was used in the analysis of data points to provide
accurate LBV measurements. Since flame develops diffusional-thermal instability as the pressure
increases, several diluents have been used to suppress flame instability and offer a wider range of
useful data points along one isentrope. Also, flame propagation was captured to determine the
onset of hydrodynamic flame instability in order to eliminate those data points from the LBV
values. This investigation aims to provide values in the range of pressure 1 to 10 atm and
temperature 400 to 500 K for representing reciprocating engine initial conditions.
1.2

Scope and Organization of Dissertation

Chapter 2 includes theory behind the use of a laser ignition system and design consideration of
optical components. The limitations of spark ignition and advantages of laser ignition systems are
also discussed in detail. A literature review of laser ignition in constant volume combustion
chamber and reciprocating engines is presented. Advanced laser ignition concepts are presented to
show their promising benefits for future reciprocating engine research. Thereafter results of three
laser ignition investigation studies are discussed.
The first study shows the laser characterization process as well as the measurements of methane
LBV at atmospheric pressure and two initial temperatures 297 K and 393 K. Laser and spark
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ignition systems were used to initiate the combustion process, and LBV values were compared to
determine the accuracy of values obtained with laser ignition. Also, this study investigates the
effect of laser ignition energy on the LBV, pressure traces, and methane flammability limits. These
experimental results were compared with numerical predictions by GRI-Mech 3.0 [34] and
ARAMCO-Mech 1.3 [56] kinetic mechanisms for a wide range of equivalence ratios (Φ 0.7-1.4).
Additionally, the benefit of laser ignition for initiating combustion in CH4/O2 mixtures diluted
with CO2 was investigated in a separate section of this dissertation (Appendix B).
The results of reciprocating engine tests utilizing a water-cooled, passively Q-switched,
Nd:YAG µlasers are discussed in the second study. The µlasers were installed in the individual
cylinders of Cummins engine (QSK19G), 350 kW, inline 6-cylinder, open-chamber, spark ignited
engine and tests were conducted. The operating conditions were held constant at 298 kW load, and
1800 RPM rated speed, while sweeps of ignition timing and excess air ratio were performed by
keeping the NOx emissions below the EPA regulated value (BSNOx < 1.34 g/kW-hr), and while
maintaining ignition stability at industry acceptable values (COV_IMEP < 5%). A rigorous
combustion data analysis was made and the main reasons leading to improved performance in the
case of laser ignition was presented.
The third study in chapter 2 investigates the capabilities of a prechamber equipped laser ignition
(PCLI) system to extend the lean limit of a natural gas research engine. The optimal geometry of
PCLI was identified through several tests in a single-cylinder engine as a compromise between
autoignition, NOx and soot formation. Subsequently, tests were conducted to compare the
performance of three ignition systems: standard electrical spark ignition (SI), single-point laser
ignition (2P-LI), and prechamber equipped laser ignition (PCLI). Efficiency gain of 2.1% points
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could be achieved while complying with EPA regulation and the industry standard for ignition
stability.
Chapter 3 gives a comparison of methods used in the literature for determining the laminar
burning velocity in combustion chamber. The latest thermodynamic models for the constant
volume approach were evaluated with methane and compared against a numerical prediction using
CHEMKIN PRO [33]. After that, LBV measurements of a new promising biofuel candidates for
automotive applications have been introduced in Chapter 3. Experiments were conducted at a wide
range of initial condition by employing SI system and utilizing three diluents (N2, Ar, and He).
Flame propagation was captured using schlieren imaging to ensure that the flame is spherical and
stable in order to provide accurate data points. This chapter also includes flame instability
discussion and suggests a diluent to suppress flame instability and increase the range of useful data
point along one isentrope. Finally, it provides DIPK LBV values in the range of 1 to 10 atm, 400
to 500 K, and equivalence ratio 0.8 to 1.6.
Chapter 4 summarizes the conclusions of the main findings of this doctoral study. Also,
publications made during this doctoral study are listed and recommendations for future work are
provided.
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CHAPTER 2: LASER IGNITION FUNDAMENTALS AND EXPERIMENTS
2.1

Theory and Background

Many proposed combustion schemes have the potential to increase the thermal efficiency and
to lower exhaust gas emissions for reciprocating engines. The latest proposed concepts are direct
injection, lean combustion, and homogeneous charge compression ignition (HCCI) engines.
However, those concepts suffer from flame instabilities that result in high cyclic variation and
limited operating ranges. Laser ignition can be used to enhance the combustion process in all those
cases. For instance, in lean combustion, the laser ignitor offers a reliable ignition source without
conduction heat transfer losses which will extend the lean limit (wider equivalence ratio range)
and provides better initial flame propagation. Similarly, in HCCI engines, a small energy can be
deposited to assist flame initiation in order to deliver a wider range of engine speed, and reduce
the cyclic variation (spark assisted HCCI engines). Lastly, optimal placement of the ignition kernel
in direct injection gasoline engines reduces the time for complete combustion; hence, the
maximum output power can be increased.
The combustion process can be initiated by several methods such as compression, evaporation,
or depositing energy based on the application/reciprocating engine type. In a diesel engine, fuel is
injected near the top dead center (TDC) where the temperature is high enough to start the
combustion process. However, fuel evaporation and the mixing processes control the diffusion
flame in this concept. The HCCI engine compresses the premixed lean combustible mixture to an
extent where auto-ignition occurs instantaneously. Alternatively, spark ignition (SI) engine
compresses the premixed mixture to an extent below the auto-ignition temperature to prevent the
occurrence of engine-knocking in a slightly rich mixture. In this type of combustion, energy must
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be introduced to provide heat generation quicker than the losses associated with heat transfer to
electrodes and the unburned mixture [57].
Ignition is defined as an unsteady event where chemical reaction rates dramatically increase
enabling the onset of stabilized combustion [19, 21, 58] by depositing a thermal or electronic
energy into the combustible mixture. The minimum ignition energy (MIE), is the energy required
to raise a sphere of gas with characteristic flame thickness (𝛿𝑓 ) to the adiabatic flame temperature
[19, 21, 58]. Here, the MIE and minimum kernel radius can be estimated using equations (2.1) and
(2.2) respectively [21]. Where 𝜌𝑓 , 𝑐𝑝 , 𝑘, 𝑣𝑓 , and 𝛿𝑓 are density, specific heat at constant pressure,
average heat conductivity, propagation velocity and minimum kernel radius respectively; while
𝑇𝑓 , 𝑎𝑛𝑑 𝑇𝑢 are the kernel and unburned gas temperature. This energy enables sustained combustion
where the heat generation in excess of net heat losses. In the early stage of the combustion process,
the shape of the flame is called flame kernel [21] that exists after the transition from plasma to
self-sustained flame. Engine turbulence influences the flame kernel shape and spreads flame
propagation, however, in extreme cases, turbulence might extinguish the flame kernel [59].

𝑀𝐼𝐸 ≈

4𝜋𝛿𝑓3
𝜌𝑓 𝑐𝑝 (𝑇𝑓 − 𝑇𝑢 )
3
𝛿𝑓 ≈

𝑘
𝜌𝑢 𝑐𝑝 𝑣𝑓

(2.1)
(2.2)

Like wise, many parameters affect the ignition process such as the air to fuel ratio, impurities,
homogeneity, pressure, and temperature [21]. It is evident from equation (2.1) that an increase in
unburned gas temperature reduces the MIE. Similarly, initial pressure changes the gas density as
well as the quenching distance (minimum gas volume that can be ignited) that results in indirect
relationship between MIE and pressure shown in equation (2.3), this behavior has been observed
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in numerical and experimental studies for a wide range of pressure 1-10 atm [60-62]. However,
the limiting factor in spark ignition system is the required breakdown voltage that increases with
pressure according to Paschen's law. The air to fuel ratio must be within the flammability limit for
the mixture, otherwise, combustion will not be initiated even at very high ignition energy. These
boundaries exist because in very lean and rich mixtures the amount of energy released is not
enough to sustain flame [21]; Tauer et al. observed that the flammability limits increases with
pressure and temperature until the auto-ignition temperature is reached [21].
𝑀𝐼𝐸 α 𝑃𝑖−2

(2.3)

The maximum energy released in the combustion process occurs at slightly rich mixture; and
decreases for both lean and rich mixtures due to the reduction of hydrocarbons and oxygen
molecules respectively. Also, if a mixture is not homogeneous, having a spatially dependent
concentration gradient, the local equivalence ratio (Φ) deviates and reduces the fuel reactivity.
Under extreme conditions, the non-homogeneity might prevent the ignition process.
Historically, spark ignition systems were used to initiate the combustion process by utilizing a
high voltage current across the spark plug electrodes in both gas turbines and reciprocating engines
[19]. In an ideal case of a homogenous mixture near the stoichiometric ratio, a 1 mJ spark energy
pulse delivered for a few micro seconds would be sufficient to initiate the combustion [19].
However, non-homogeneity and turbulence, among other reasons inhibit ignition in reciprocating
engines. Generally, a 40-50 mJ spark energy for 0.5 ms provides reliable ignition source in entire
engine working range [19]. Also, the required energy increases during the life span of a spark plug
due to the erosion problem. Spark plug gap is usually in between 0.7 to 0.9 mm which might be
increased to 1.2 mm for extremely diluted mixture [19]. The spark ignition system works properly
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with current cycles. However, market demands for lower fueling costs and higher specific powers
have engine designs trending towards higher in-cylinder pressures that requires more innovative
ignition techniques to overcome the limitation of SI system.
Many researchers [18, 21-23, 28, 63-66] have reviewed the advantages of laser over spark
ignition systems. All SI system limitations discussed earlier can be eliminated by using laser
ignition (LI) system as LI provides greater timing control. LI processes are on the order of 5~ 10
ns that offers a proper combustion phasing to achieve the maximum brake torque over the entire
engine speed. Also, the absence of electrodes in LI results in a longer life span and a reduction in
the conduction heat losses during the combustion event. The life span of a conventional SI system
is in between 2000-4000 h while a diode-pumped laser ignition system has a potential lifetime up
to 10,000 h [28].
The plasma location in LI can be adjusted by changing the lens focal length to provide an
optimum position of the ignition kernel. A reduction in flame travel path helps in faster burning
rates (compare Figure 2.1A and B), which is a concern in a lean combustion mode due to a slower
flame speed. In addition, multi-point LI reduces the combustion duration substantially; in this
process multiple laser paths are used to generate multiple ignition sources Figure 2.1C and D [23].
The most motivating feature of LI system is the indirect relationship between initial pressure and
the required pulse energy to start the combustion process [22, 64]. This feature is significant
because engines running with lean mixtures must increase the boost pressure to compensate for
the reduction of energy density, hence, lower ignition energy can be deposited [64].
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(A)

(B)

(C)

(D)

Figure 2.1. Schematics of reciprocating engines ignited by (A) a spark plug, (B) a laser ignitor
with a single pulse, (C) two laser ignitors with two focal lengths (D) a laser ignitor with multipoint ignition.
In a reciprocating engine, turbulence is used to increase the burn rate, however, the heat transfer
to the wall also increases due to high gas velocity. Ronney [64] proposed the multi-point ignition
to enhance the combustion process in a laminar flow field in order to develop engines with high
burn rate and low heat transfer losses. In another study, Dearden and Shenton [66] suggested laser
ignition for automotive application with high exhaust gas recirculation (EGR). Diluting
combustible mixtures with EGR lowers the NOx formation and rises thermal efficiency. However,
the poor ignitability of highly diluted mixture limited its use in spark ignition engine. In a similar
manner, laser ignition can be employed for lean (near the flammability limit) combustion mode
because of the seam reason.
In gasoline direct injection systems, studies showed that optimum spark position is within the
spray cone [67]. However, the spark plug electrodes erode in such circumstance. Therefore, laser
ignition system can circumvent this issue by forming a plasma within the spray cone. Since, an
optical plug can be designed to be smaller than a regular spark plug, cylinder heads can be
18

optimized to enhance engine turbulence, and to increase the overall volumetric efficiency. Without
a doubt LI is capable of eliminating all SI limitation (more examples are given in section 2.1.3)
and delivers higher engine efficiencies because it can be used in a wider range of operating
conditions. However, there are some drawbacks like the cost, windows durability and the
propagation of laser beam, which are going to be discussed later [22].
The basic idea of the LI system is to direct Q-switched short laser pulses of a few nanosecond
toward a bi-convex lens to focus the beam; optical breakdown occurs if the intensity in the focal
region exceeds a threshold value 1010-1011 W/cm2 in atmospheric pressure [18, 21, 22, 28, 32, 63].
Figure 2.2 illustrates the laser induced plasma formation process and the minimum cross sectional
dimeter. The laser pulse is characterized by the wavelength, pulse energy, profile, and duration
(full width at half maximum, FWHM). Several authors [21, 47] have noticed a bigger plasma
expansion toward the incoming laser after the optical breakdown. Approximately after 0.5 µs from
the laser pulse, an acoustic shockwave detaches from the plasma [68] and transports energy away
from the focal region and causes a temperature rise to the surrounding. The shockwave energy
losses are predicted to be bigger than 60% of the deposited energy [47]. After that, if the deposited
energy is high enough, a smooth transition occurs around 10-50 µs from plasma to a developing
flame kernel [21]. The plasma size and the required MIE does not only depend on the mixture
properties but also on the specification of the laser beam as well as the optical setup (mirrors,
lenses) [28].
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Figure 2.2. Laser-induced plasma formation.
2.1.1

Laser Ignition Theory

There are four mechanisms by which laser radiation may interact with the combustible mixture:
(i) thermal ignition (ii) photochemical ignition (iii) resonant ignition (iv) non-resonant breakdown
[18, 28, 32, 66]. In thermal ignition, the mixture absorbs thermal energy through vibrational and
rotational modes without generating an electrical breakdown [63]. This method is often plagued
by low radiant intensity, which results in a longer ignition delay. Therefore, it is not appropriate
for practical propulsion applications [31] where ignition has to be controlled precisely. In some
cases, a strong target absorber (solid) is placed in the beam path to absorb and transfer energy to
the gases [18]. However, erosion problem such as those exist with a SI system limits its utilization.
Photochemical ignition occurs when laser radiation dissociates a molecule and ionizes its
constituents to initiate combustion [18]. This mechanism requires highly energetic photons to
target a certain molecule. Lasers in the range of ultraviolet (VU) or shorter wavelengths must be
employed in this mechanism to provide the necessary energy for ionization. Even though this is a
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promising technique, the close match between laser radiation and molecule absorption, laser cost,
size, and weight currently prohibits its use in reciprocating engines [18].
The most favorable LI mechanism is non-resonant breakdown; this process starts when
electrons absorb laser irradiance from a focused high laser pulse to generate a plasma. Plasma
formation requires a free seed electron that might exist because of impurities in the mixture, or by
multi-photon ionization of few gas molecules that releases an electron. Thereafter, electrons absorb
more photons easily to increase their kinetic energy. As a result, more collisions between the
electrons and molecules leads to an electron avalanche and breakdown [18, 28, 63]. This
mechanism does not have a wavelength dependence. Namely, the laser wavelength is not
corresponding to any absorption line of the medium. Conversely, the resonant breakdown starts
by non-resonant breakdown; followed by a resonant photoionization of atoms [18, 63]. This type
has a higher energetic efficiency than the non-resonant ignition. However, it is not commonly used
because it requires a precise spectral selection to target certain molecules [28].
In non-resonant breakdown, the plasma is generated by focusing a high laser pulse energy to a
very small volume, if the intensity exceeds 1010-1011 W/cm2 a breakdown occurs. In this type, high
energy is required because it was found that laser interacts weakly with gases, and ionizations was
responsible for its absorption [32]. Gas ionization can be achieved by either multi-photon
ionization where an electron absorbs photons to an extent that provide a free state electron (extract
it from the atom). Or by cascade ionization which requires at least one seed free electron that
absorbs energy by laser radiation. It is worth to note here that the initial seed electron is available
in practical applications because of impurities present in the combustible gas mixture (aerosol
particles, dust, vapor, or soot) [18, 21]. After that, the accelerated electrons collide with neutral
atoms to ionize them [21, 32, 69].
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In multi-photon ionization (MPI), the electron absorbs a sufficient number of photons for
ionization. This process is proportional to the photon flux and depends on electric field state (quasistatic or not during the pulse duration). However, the MPI occurs only at a very short wavelength
(λ < 1 μm) or at very low pressure (P < 10 mbar) where electron-atom collision effect is negligible
[21, 32]. The multi-photon ionization may provide the initial electrons, but, the cascade breakdown
mechanism is the dominant mechanism for practical combustion application where the mixture is
ignited at high pressure.
Cascade breakdown increases the electron energy and eventually ionizes the atom by inelastic
collisions that lead to avalanche process. When the laser intensity reaches a critical threshold value
Ithr, the medium absorbs the energy efficiently by the discussed mechanism [21, 32]. The number
of electrons increases exponentially with time as shown in equation (2.4). Where 𝑡𝑝 , 𝜏𝑒 , 𝑁 are the
pulse duration, time constant, and number of electrons respectively. It is obvious that the final
number of electrons have a weak and a strong dependence on the initial electrons number and time
constant respectively. Equation (2.5) can be used to calculate the time constant that depends on
the laser intensity (𝐼) and diffusion losses represented by the diffusion rate of electrons escaping
from the plasma (𝑣𝑑 ). It is clear that, the time constant decreases as the laser intensity increases,
more detail analysis can be found in appropriate references [18, 21, 32].
𝑡𝑝
𝑁𝑒 = 𝑁𝑒,𝑜 exp ( )
𝜏𝑒
𝜏𝑒 = [𝑣𝑑 (

𝐼
𝐼𝑡ℎ𝑟

(2.4)

−1

− 1)]

(2.5)

The critical threshold laser intensity (Ithr) is indirectly proportional to the laser wavelength and
initial pressure. The cascade ionization threshold value can be estimated using equation (2.6). For
sub ns laser pulses, the diffusion losses are negligible and the constant, n equals 1. However, for
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longer pulses, which are common in affordable lasers today, the diffusion losses of the electron
must be considered, and the constant n is 2. Under extremely high pressure, the critical intensity
behaves differently; the critical intensity increases with pressure due to electrons collisions losses
[70], however, this range is also outside the scope of our work for the reciprocating engines.
𝐼𝑡ℎ𝑟 ∝

1 1
𝑝𝑛 𝜆2

(2.6)

2.1.1.1 Optical Geometry
The laser intensity (irradiance) is defined as the laser power per beam cross section area; that is
mainly because beam divergence prevents a theoretical point focused beam (see Figure 2.2). Since
plasma requires high laser intensity that cannot be delivered with an unfocused laser beam, an
optical setup is used to concentrate the beam cross sectional area, and hence provides the required
intensity. Intensities as high as trillions W/cm2 can be reached with a proper optical setup and pulse
duration in the order of ns or fs [32]. Laser intensity depends on several parameters as described
below, and can be evaluated after determining the beam cross sectional area within the focused
volume.
The beam quality is reflected by the quality factor (M2) which is a measure of the beam profile
compared with the fundamental Gaussian mode. Equation (2.7) provides the quality factor by using
the laser beam diameter (𝐵𝐷 ), divergence half angle (𝜃), and wavelength (𝜆). The quality factor of
a pure Gaussian mode is 1, any divergence from that mode results in a bigger focal volume and
hence, reduces the laser intensity [32]. The beam quality factor value increases with the deviation
from Gaussian mode, typical values used in the literature varies from 1.3-10 [32].
𝑀2 =

𝜋𝐵𝐷 𝜃
2𝜆
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(2.7)

In a similar manner, the beam cross sectional area within the focused volume is a function of
the lens focal length, wavelength, laser beam diameter, and source profile. After evaluating the
quality factor by equation (2.7), equation (2.8) can be used to estimate the diameter of the focal
spot, neglecting aberrations. Under the assumption of perfect focusing conditions, the field
intensity is proportional to the square of the focal diameter, which compensates for the larger
threshold intensity value [21, 32].

𝐷𝑓 ≈

4𝜆𝑀2 𝑓
𝜋𝐵𝐷

(2.8)

Tauer et al. showed that for a fixed focal length, the required breakdown intensity of a 532nm
wavelength is less than that required for 1064 nm. Conversely, a compassion under the same focal
diameter by employing different focal lenses revealed an opposite trend. This observation
demonstrates the importance of the focal volume in LI which can be controlled using several
parameters given in equation (2.8). Also, if the pulse energy is varied, there will be a point where
the absorption of the 1064 nm radiation exceeds the 532 nm even though the minimum pulse
energy (MPE) at 1064 nm is larger than at 532 nm. This effect is due to the wavelength dependency
of absorption process by inverse bremsstrahlung lying somewhere between λ2 and λ3 [21].
The laser intensity can be calculated by using equation (2.9). In stationary natural gas engines,
a MPE of 15 mJ is needed to initiate the combustion as will be shown in section 2.3, however,
only part of that energy is available for ignition due to the absorption and reflection losses. In an
ideal case where windows/lenses losses are neglected, and the laser profile assumed to be
Gaussian, 15 mJ, 1064 nm, 2 mm diameter, 4.72 ns pulse with 12 mm focal length provides a
minimum cross-sectional area of 5.19 × 10−7 cm2, and a laser intensity in the order of 6.12 × 1012
W/cm2. This value is two order of magnitude less than the value suggested for multiphoton
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ionization (1014 W/cm2) [69]. Therefore it is valid to conclude that the cascade ionization is the
mechanism behind plasma formation.
𝐸𝑝 𝜋𝐵𝐷2
𝐼= 2 2 2 2
4𝜆 (𝑀 ) 𝑓 𝑡𝑝

(2.9)

2.1.1.2 Window/lens Considerations
There are currently two approaches to deliver laser ignition in an automotive applications, a
diode-pumped solid-state laser mounted directly on the cylinder head, with necessary cooling [71]
or by transporting laser pulse by fiber which has its own challenges pertaining to beam degradation
and pulse energy limitations. Regardless, the laser ignitor is located outside the combustion
chamber, which requires a window for laser beam transmission. Accordingly combined and
separated configurations are employed in the literature (see Figure 2.3). A combined design
provides an optimum seal, but it is expensive compared with the separate configuration. As the
name implies, in the separate configuration, the window and focusing lens are separated by a
gasket (or a spacer) that can be used to change the focusing point inside the combustion chamber.
This is a great advantage for research engines, but, reflective losses and sealing are the drawbacks
of this concept. The author used a separate configuration optics with a laser ignition in section 2.2
while a combined configuration was employed in sections 2.3 and 2.4 for the reciprocating engine
tests.
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Figure 2.3. Schematic representation of combined (a) and separated (b) focusing optical
configurations for laser beams
In a LI system, the window does not only have to withstand the harsh engine environment, but
also must provide a long term operation with minimal reduction of pulse energy due to window
fouling [21]. Window fouling is a phenomenon that exists if combustion chamber deposit (CCD)
forms on the window surface causing a reduction of window transmission. Therefore, a high
optical transparency for the laser wavelength and no reaction with the combustion are desired
substrate properties. An estimation of the minimum required window thickness [21] can be
determined by using equation (2.10). where 𝑑𝑚 , P, S, and 𝜎𝑡𝑓 are the diameter of unsupported
area, pressure, design safety factor (8-10 for windows), and the allowable tensile strength
respectively.

𝑡𝑑 = 0.55𝑑𝑚 √

𝑝𝑆
𝜎𝑡𝑓

(2.10)

Durability of windows depends on the material properties, geometry, and the design thickness.
Sapphire windows are preferred over other materials, espically at high cylnder pressures, because
of its high tensile strength and thermal shock resistance. Harris [72] examined the durability,
reflectivity, emissivity, and transmissivity for several infrared window materials under high
temperature. The emissivity was found to be linearly proportional to the absorptivity and increases
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with temperature. The refractive index of fused silica, sapphire, and aluminum oxynitride (AlON)
are 1.46 1.77 and 1.8 respectively at a 0.5-µm wavelength, the lower the refractive index, the lower
the losses. In regards to thermal stress resistance, the relative resistance was calculated to be 9.7,
2.6 and 1.2 for fused silica, sapphire, and AlON, respectively. A higher relative resistance indicates
that the material can withstand thermal shock without facing problems [72]. Even though sapphire
has a higher refractive index than fused silica, properties such as tensile strength and excellent
thermal resistivity promote the substrate for high pressure and temperature applications.
In another study, Lackner et al. [73] reviewed four types of windows: quartz, sapphire, zinc
selenide (ZnSe), and AlON by conducting experiments with spark ignition system for 2 hours.
Table 2.1 presents substrates specification used in their study. The windows were mounted on the
cylinder head (by copper rings/mica gaskets) to estimate the effect of conduction heat transfer on
combustion chamber deposits (CCD). The difference in the windows weight before and after each
test was utilized to determine the accumulated CCD mass. Lackner et al. [73] found that CCD
decreases by increasing the window temperature. Since the temperature is a function of mounting
position, engine load and speed, sealing material, and the thermal conductivity of the windows, all
those factors contribute to CCD formation.
It has been found that CCD increases with decreasing substrate thermal conductivity (the lower
the thermal conductivity, the lower the heat losses are) [73]. Similarly, a sealing material with low
thermal conductivity lowers CCD. It has been noticed that with a better thermal insulation (for the
window) the CCD formations are very low; the benefit of Klingersil gaskets instead of copper was
shown. Lackner et al. [73] also showed that the Calcium Sulfonate in the lubricating oil is a reason
behind deposits even in four stroke engines. That being said, several studies in the literature proved
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that the combustion chamber deposits could be removed by laser ablation as will be shown in the
window fouling section of this dissertation.
Table 2.1. Specification of windows material (taken from [73]).
Material
Sapphire AlON
Tensile strength, [Mpa]
800
380
Melting point, [C]
2000
2150
Thermal conductivity, [W/mK]
42
12.6
2
Hardness, [kg/mm ]
2000
1950
-6/
Coefficient of thermal expansion, [10 K]
5
7.5

ZnSe
100
1850
18
105
7.3

Quartz
80
1550
1.4
600
0.13

The next two subsections provide a literature review of experiments conducted in constant
volume chamber and reciprocating engine, respectively, to appreciate and deliver the latest
technologies in that field to the reader. The constant volume chamber tests provide a general
understating of laser parameters on the plasma formation, the effect of absorption and reflection
losses on the minimum ignition energy. Also, flame propagation shape was illustrated to realize
the reasons behind the toroidal shape formation and to understand its advantage for combustion
applications. After that, the improvement of engine efficiency and combustion stability will be
addressed in the reciprocating engine section. Solutions for combustion chamber deposits, laser
delivering systems, and high laser temperature problems are discussed later.
2.1.2

Laser Ignition in Constant Volume Chamber

2.1.2.1 Effect of Optics, Laser Parameters, and Initial Conditions
The steady state nature of experiments conducted by constant volume combustion chamber
provided a repeatable and accurate platform for studying the effect of laser parameters and optics
configurations on LI. This fact motivated several authors in the literature [21, 28, 31, 69, 74-78]
to evaluate the effect of initial conditions, focal length, wavelength, ignition energy, beam
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diameter, quality factor, reflection, and absorption losses on laser ignition. Srivastava et al. [28]
studied the behavior of natural gas combustion by utilizing Q-switched Nd:YAG laser at the
fundamental wavelength. The beam quality M2 was 4.6, and a plano-convex lens with a focal
length of 100 mm were used to ignite the mixture at several initial pressures. It has been noticed
that the minimum pulse energy for 100% ignition probability decreased from 17 to 7 mJ by
increasing the initial pressure from 1 to 10 bar. This fact is beneficial for lean burn engine, where
energy density can be compensated by increasing the pressure. Srivastava et al. [28] justified this
behavior by the increase of absorption efficiency for a denser mixture (higher number of gas
molecules in the focal volume).
Strozzi et al. [31] determined the MIE of n-decane air mixtures at several initial condition and
equivalence ratios. Nd:YAG laser at the fundamental wavelength with a beam quality factor of
1.95, and 150 mm focal length lens were employed in experiments. MIE values were corrected for
the windows absorption (4.5% per window) of the incoming beam. The mixture composition
versus the MIE gave a U-shaped trend where the minimum value is near stoichiometric ratio, and
the ignition energy increases for lean and rich mixtures. However, MIE increases at a faster rate
for lean mixtures. Initial pressure was inversely proportional to the minimum ignition energy; the
required energy was reduced from 104 to 48 mJ by increasing the initial pressure from 0.5 to 4 bar
[31].
In another study, Rudz et al. [74] evaluated the MIE of α-pinene/air mixtures at atmospheric
pressure and 347 K. An overlap between the breakdown and ignition energies were noticed in the
range of Φ (0.9 – 1.7). However, mixtures outside that region require higher pulse energy to initiate
combustion. This behavior can be understood because breakdown at atmospheric condition
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requires high energy, unlike experiments at an elevated pressure where breakdown might happen
at an energy lower than that needed to ignite the mixture.
Kopecek et al. [75] evaluated the characteristic of laser ignition using a Nd:YAG laser at 1064
nm with a quality factor less than 2, and a maximum output energy of 40 mJ. A sapphire window
with a surface reflectivity of 7% was used, and the losses were considered in the minimum ignition
energy calculation. In their experiments, 30 bar and 200°C were chosen as initial conditions to
simulate a reciprocating engine environment. It has been noticed that the required energy dropped
dramatically compared to tests at atmospheric condition. Also, the lean limit increased from Φ =
0.55 to 0.46 by increasing the pulse energy from 4 to 40 mJ. The analysis showed that the
transmitted energy was found to be only in the range of 2 to 6 mJ because of the losses associated
with windows and shockwave formation. Also, the time required to reach 5% of the maximum
pressure during the combustion event increased by four times with a leaner mixture (comparing Φ
= 1.0 to 0.5).
Gupta et al. [76] compared combustion parameters such as pressure rise, ignition delay, and
lean limits by employing laser and spark ignition systems. Nd:YAG at the second harmonic was
used to generate a laser pulse for 7 ns while a capacitor ignition system was utilized for SI. In
regards to pressure rise and ignition delay, no difference was observed between the two ignition
systems [76]. However, Gupta et al. found that the absorbed energy within the plasma increases
as the laser pulse energy increases. Namely, higher energy rises the absorption and provides a
larger plasma kernel. Also, a higher energy absorption was recorded with shorter focal length.
They concluded that the laser ignitor was capable of initiating the combustion process efficiently
for mixtures with an initial pressure of 20 bar, unlike the conventional system that was limited to
15 bar.
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The effect of focal length, wavelength, pulse duration, and equivalence ratio on the MIE was
investigated in Ternel et al. [77] study. Nd:YAG laser at two wavelengths (1064 and 532 nm), and
two focal lenses (25 to 200 mm) were used to ignite propane/air and iso-octane/air mixtures. It has
been noticed that optical breakdown requires more energy at 1064nm, and a higher ignition energy
was needed as the focal length increases. This observation agrees with the optical geometry
guidelines explained earlier; longer focal length or wavelength provides a bigger focal volume
[77], hence, decreases the laser intensity. In their experiments, MIE was always greater than the
energy required for the optical breakdown in air. That is mainly because of the necessary energy
to sustain combustion process after the optical breakdown. Furthermore, MIE was almost constant
in the range of Φ (1-1.3) and increases dramatically for lean mixtures. Ternel et al. [77] found that
more intensive irradiance can be delivered as the pulse duration decreases because of the inverse
proportionality between focal volume intensity and pulse duration, see equation (2.9).
Similarly, Kopecek et al. [78] investigated the effect of pressure, focal length, wavelength, and
equivalence ratio on the MIE for methane/air mixtures. A sapphire window with 13 mm thickness
was utilized to withstand 300 atm design pressure; several convex lenses were employed to provide
focal lengths in the range of (50 to 300 mm). They observed a similar trend; MIE decreases by
increasing the chamber pressure and utilizing shorter focal length. Also, Kopecek et al. realized
that the lean flammability limit could be extended by using laser ignition system, however, MIE
increases dramatically near the lean limit. Also, MIE increases with wavelength especially with
longer focal length 300 mm [78].
In another study, Xu et al. [69] studied the wavelength dependence on MIE of gasoline mixture,
by considering the absorbed energy in the plasma rather than the laser incident energy in other
studies, using Nd:YAG laser. 1064 and 532 nm wavelength are employed with a 500 mm focusing
31

lens. They noticed that significant energy loss is associated with the absorbance of quartz windows.
Also, a higher absorbance was observed with 1064 nm pulse. Xu et al. [69] found that the same
ignition probability can be achieved at all equivalence ratios by utilizing only half of the incident
energy with 523 nm. However, the absorbed energy within the plasma will be identical. This
observation was attributed to the wavelength dependence for initial free electrons that is crucial
for plasma formations not energy absorbance. The general u-shaped for minimum ignition energy
was determined by using laser and spark ignition systems. Even though MIE was defined as
absorbed energy with laser systems, it is still higher than that required for conventional spark
ignition system.
From the literature review, it is clear that laser ignition improved the combustion process in
general. It extended the lean limit and was capable of igniting mixtures at very high pressure, two
crucial aspects of lean combustion natural gas reciprocating engine operation. It is noticed that
laser ignition requires higher energies relative to the standard ignition system because of the losses
associated with optics and shockwave. However, in most combustion applications the ignition is
initiated at high pressure, which results in acceptable laser pulse energy. Also, the effect of beam
quality factor, wavelength, focal length, and beam diameter was found to match the trend
suggested from geometrical optics in equation (2.9). Higher intensities can be achieved by utilizing
shorter wavelength, focal length, pulse duration and larger initial beam diameter.
2.1.2.2 Plasma Formation and Flame Kernel Propagation
Though laser ignition has been researched since 1960’s, recent studies have brought new
insights into the processes associated with laser ignition [70, 79-83] and the picture that emerges
can be summarized as follows:
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(i)

When a high power laser pulse is focused in a gaseous medium, high field gradients
are introduced at the focal volume, which result in stripping of the electrons from the
local molecules via a multi-photon ionization process. A similar result is attained with
cascade ionization if one seed free electron exists because of impurities in the
medium. These free electrons, in turn, absorb laser energy via inverse bremsstrahlung
absorption, accelerate, and result in the release of more electrons when they collide
with other gas molecules. This results in a cascade breakdown leading to the electron
concentration increasing almost exponentially with time.

(ii)

The resulting plasma kernel is opaque and absorbs the remaining incoming photons.
A tear-drop shaped plasma kernel forms that extends towards the incoming laser. As
the resulting high-temperatures ( 50,000 K) and high-pressures ( 100 atm.) are
localized close to the focal spot position, a blast wave develops and propagates into
the surrounding gas. This shock wave, though tear drop shaped initially, expands into
an elongated ellipsoid before forming a spherical wave as it expands into the
surrounding gas. In parallel, the plasma core collapses and fluid elements move from
the front of the plasma kernel in a direction opposite to laser propagation. This results
in a roll-up leading to an expanding toroid.

(iii) Following the shock wave propagation, energy is transferred to the surrounding fuelair mixture primarily through advection. In the immediate vicinity where
temperatures reach 2000-3000 K, combustion reactions commence and a flame front
develops. The energy released in this thin flame region helps sustain an expanding
flame that results in “successful ignition.”
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The next few paragraphs deliver a literature review on LI plasma formations and flame
propagation to the reader in order to understand the reasons leading to an efficient ignition system.
Chen et al. [84] investigated the spatial and temporal profiles of LI plasma formation in
atmospheric pressure. The Nd:YAG laser was operated at the fundamental wavelength with a pulse
energy in the order of 100 mJ and 6.5 ns pulse width to develop a plasma in air. The 6 mm laser
beam diameter expanded to 2 cm before focusing it with 10 cm focal length lens. The plasma
emission was captured with the help of neutral density filter and CCD camera. In general, the laser
plasma is smaller by volume, has a spatial symmetry along the beam axis, and quicker than the
spark ignition plasma. The uncertainty of absorption (developing plasma) depends on the laser
power, if the power is near by the threshold value, the uncertainty increases and the difference in
initiation time can be as high as half of the pulse width. Namely, the probability of plasma
formation decreases nearby the threshold laser intensity. On the other hand, higher energy reaches
the threshold value earlier which increases the absorption time and hence provides a significant
reduction in the uncertainty of plasma formation [84].
Several pulses of energy (16-80 mJ) were used to evaluate the absorbed energy within the
plasma, the maximum absorption was detected for a pulse energy of 45 mJ. Laser pulses lower or
higher than 45 mJ reduced the absorbance because of shorter initiation time, and plasma saturation
respectively. The optimum pulse energy was found to be approximately three times the threshold
value (16 mJ). Chen et al. [84] attributed the lower degree of plasma saturation to the expansion
in size. Also, if the pulse energy is higher than the threshold value, plasma might form before the
focal point and expands opposite the laser beam.
In another study, Yalcin et al. [85] studied the effect of ambient condition on plasma properties
such as electron density and temperature by using a focused laser in atmospheric air. It is believed
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that the local thermodynamic equilibrium can be achieved in the plasma because the electron
density and temperature are high enough to generate collision rate much faster than the radiative
rate. A new approach based on Saha and Boltzmann equations was developed and used to estimate
the electron density and temperature [85]. Nd:YAG laser at 532 nm, pulse width (10-13 ns), and a
pulse energy in the range of 40-150 mJ was focused by 10 cm lens to create the plasma. Also, a
spectrometer was employed to analyze the light emission.
They found that the change of plasma temperature and electron density was within 5% by
changing the incident laser energy from 4 to 150 mJ, which is within the uncertainty of the
experimental setup. However, the expansion velocity increases as the laser energy increase which
results in a longer plasma at the same temperature [85]. This study suggests that by increasing the
laser energy, the plasma becomes bigger instead of denser or hotter. A similar observation was
seen in Strozzi et al. [31] experiments; the absorbed energy tend to stabilize at high laser pulse
where saturation occurs (around 150 mJ). Any further increase in pulse energy will increase the
plasma size, not the temperature or the density.
In Almansour et al. laser ignition tests [86, 87], an elongated ellipsoid shockwave was observed
by the high-speed camera. Figure 2.4 presents two frames of CH4/air mixture diluted with carbon
dioxide at atmospheric pressure and room temperature. The pulse energy was just above the
required to create a plasma in air. The reader is advised to read Appendix A for more details about
the experimental setup and Appendix B for effect of CO2 diluted mixture on LBV measurements.
Due to the fact that the flame speed was captured at 20000 fps, the shockwave was seen in only
two frames 50 µs apart. One notices that the shape of the shockwave transformed from elongated
ellipsoid in the first frame to a perfect sphere after 50 µs (see the black arrows). Also, it is clear
that shockwave has a slightly bigger end on the left side, this observation attributed to the fact that
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the laser was coming from the left side, where higher absorption occurs as suggested by Endo et
al. study [81].

t=0

t = 50 µs

Figure 2.4. Shockwave formation in methane mixture diluted with carbon dioxide at
atmospheric pressure, room temperature, and an equivalence ratio 0.8. Nd:YAG laser at 1064
nm is incident from left side.
Since the behavior of plasma and shockwave formations is not dependent on the mixture
composition, further experiments were carried out by using atmospheric air. The high-speed
camera setting was altered to a smaller observable window focused on the plasma location.
Because of that, the high-speed camera was capable of recording at 67000 fps. The result is shown
in Figure 2.5 where the shockwave appears in three frames. It is clear that the elongated ellipsoid
shockwave still exists after 14.9 µs, however, after approximately 30 µs small sections of a circular
shockwave were observed (see the white arrows). Unfortunately, plasma formation could not be
captured even with the 67000 fps; a faster camera is required to study that phenomenon. However,
the author believes that plasma forms as tear drop shaped, this explains the shape of the shockwave
in the early stage before developing to a perfect sphere.
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t=0

t = 14.9 µs

t = 29.8 µs

Figure 2.5. Shockwave formation in air at atmospheric pressure and room temperature.
Nd:YAG laser at 1064 nm is incident from left side.
Regarding the flame shape, a toroidal flame kernel and propagation has been observed in
several laser ignition studies [18, 21, 28, 88, 89]. Two-stage toroidal flame propagation, in the first
stage, the flame propagates in a faster rate toward the incoming laser. After developing the toroidal
shape, the flame propagates at the same speed in all directions. Figure 2.6 illustrates flame kernel
formation and propagation of methane mixture along the first 900 µs of combustion process
(frames are 100 µs apart). Several explanations of this toroidal behavior were proposed in the
literature; like preheating process by the focused laser beam (ionized gas absorb more laser energy)
[28, 81], and the initial flow field due to the radiation laser beam [81, 89, 90]. This flame shape
enhances the combustion process by introducing unburned gases to the initial flame kernel (black
arrow in third frame of Figure 2.6).
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Figure 2.6. Flame kernel formation and propagation of methane mixture diluted with carbon
dioxide at atmospheric pressure, room temperature, and an equivalence ratio 0.8. Nd:YAG laser
at 1064 nm is incident from top, a toroidal flame is shown (frames are 100 µs apart).
Bradley et al. [89] examined the flame propagation of a LI system under quiescent and turbulent
environment. Nd:YAG laser at the fundamental wavelength was used to generate pulse energy of
200 mJ for 15 ns to ignite the iso-octane mixture. An elongated ellipsoid shape was noticed for the
plasma with the major axis along the laser beam. They attributed the shape to the exponential
decay of the absorbed energy with respect to the focal point. Flame propagates after several
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hundred µs with a generation of a third lobe which explained by the effect of gas dynamics [89].
Endo et al. [81] gave a similar justification for the flame shape, except that a cylindrical plasma
was assumed in their analysis. Additionally, Morsy and Chung [88] simulated the initial flame
kernel development numerically using a lean methane mixture. A cylindrical plasma was assumed
with a symmetric absorption in the direction of laser beam. The kernel shape was attributed to the
vortical motion generated by the interaction of pressure field and flow (hydrodynamic effects). It
is worth noting that the gas dynamics effects occur in both reacting and non-reacting mixtures.
Recently, Endo et al. [81] compared the ignition ability of laser and spark ignition in a quiescent
lean-fuel propane/air mixture at atmospheric conditions. Several laser configurations as well as
spark ignition system were employed to examine ignition probability, pressure trace, and flame
kernel size. One of the laser configurations was with a dummy electrode to provide a setup that
has conduction losses such as those exist in SI system. Following a rigorous analysis, Endo et al.
[81] concluded that improved ignitability of a laser-induced spark is not only due to the avoidance
of heat loss to the electrodes, but also due to the initial flame kernel enhancement as its apparent
energy is augmented by the rapid heat release from the combustible mixture drawn into the kernel
by a non-spherical inward flow which is created by the laser-induced spark.
2.1.2.3 Advanced Laser Ignition Concepts
Multi-point ignition provides spatially separated plasmas that minimizes flame travel path.
Radial and longitudinal separation can be used by employing prisms/diffractive lens and multi
focal length lenses, respectively. In the literature, up to 4 µlasers were used in a single plug to
improve combustion in reciprocating engines. However, the complexity of this concept comes
from fitting several optics within a small volume as well as maintaining a good seal on the
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combustion chamber. Ronney [64] suggested that the heat transfer losses through combustion
chamber wall can be decreased significantly by employing a laminar flow field combustion. In
that case, multi-point ignition can be employed to enhance the combustion process where turbulent
burning velocity decreases because of a lower gas velocity.
Phuoc [91] evaluated the benefits of multi-point laser ignition in a constant volume combustion
chamber for CH4 and H2 fuels. Three ignition strategies were tested: (i) a single point near by the
wall; (ii) a single point at the center of the combustion chamber; and (iii) two points 37.5 mm
apart. Two Nd:YAG laser with a pulse duration of 5.5 ns were used, the pulse energy was fixed to
18.5 mJ for the single pulse tests, and 9.25 mJ per pulse for the two-point ignition. Results showed
that the multi-point ignition concept reduces the combustion duration and increases the maximum
pressure. Phuoc [91] attributed this observation to the shorter flame path which reduces the time
for complete combustion and heat transfer losses to the wall. Also, the effect of multi-point ignition
was most prevalent in lean and rich mixtures, due to a lower flame speed. For example, combustion
duration of a methane mixture with Φ = 0.77 was reduced from 115 to 75 ms by utilizing the multipoint ignition. In another study, Herdin et al. [23] demonstrated similar benefits of multi-point
laser ignition, faster and higher heat release was observed in a constant volume chamber. A
laboratory scale laser was used to initiate combustion after directing the beam by mirrors and a
diffractive lens. Four plasmas were generated from a single laser beam (6 mm), but the plasmas
gap was limited to only 5 mm. This is a limiting factor for multi-point laser ignition because the
effectiveness of this approach is more evident with a significant plasma separation.
Conversely, laser ignition can also be improved by utilizing several pulses in a single location
which is usually referred as multi-pulse or train of pulses laser ignition system. Several studies
employed this approach because lasers can be operated at high repetition rate to deliver multi40

pulse without any additional component on the ignition setup, a train of pulses up to 20 has been
used [29]. Boker and Bruggemann [92] examined the benefits of multiple laser pulses in hydrogen
mixtures, and investigated the wall heat transfer losses relative to the spark ignition system. The
experiments were carried out in a constant volume combustion chamber with initial conditions
similar to a reciprocating engine, 3 to 25 atm and 420 K. It has been noticed that the multi-pulse
laser ignition enlarged the overall flame front with the help of gas velocity. Also, the heat transfer
to the wall can be reduced because of the ability to choose the plasma location.
Tsunekane et al. [65] conducted tests on a constant volume chamber to evaluate a new design
of high-brightness solid state laser (Nd:YAG/Cr:YAG). A pulse energy of 3 mJ was employed in
a series of pulses up to 5, in order to ignite a lean mixture after focusing the beam by 10 mm focal
length lens. Tsunekane et al. [65] proved that multi-pulse laser ignition offers 100% ignition
probability by using five pulses for a mixture with equivalence ratio 0.88; spark ignition system,
for comparison, doesn’t provide 100% ignition probability even at Φ =0.97 [65].
Endo et al. [81, 93] evaluated the capability of redirecting laser beams in a constant volume
combustion chamber. A corner cube was employed to reorient the laser pulse toward the
combustion chamber after developing the first plasma. This concept utilizes a waste energy by
forming a secondary plasma that increases laser absorption and enhances the ignition process. The
Endo et al. concept also delivered consistently higher pressure rise and a bigger flame kernel
compared with standard LI system at the same pulse energy (50 mJ). It is worth noting here that
increasing the pulse energy with a standard LI system to 64 mj, gave a result similar to the 50 mJ
with a corner cube. This behavior was attributed to the fact that the absorbed energy in those cases
were identical.
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In another approach, Morsy et al. [94] and Ryu et al. [95] proposed a laser-induced cavity
ignition, where the laser is directed into a conical cavity that absorbs and reflects the laser beam
toward the apex. Several cavity geometries were assessed, and 40-55 mJ of pulse energy was
enough to initiate combustion. A hot gas jet similar to plasma ignition was observed by utilizing a
lower ignition energy. Shorter combustion duration and higher maximum pressure were noticed
with the laser-induced cavity compared to regular laser ignition system.
2.1.3

Laser Ignition in Reciprocating Engines

The first laser ignition study on reciprocating engines was conducted by Dale et al. [96] in 1978.
A four-stroke single cylinder engine running at 1000 RPM was employed to investigate the
effectiveness of laser ignition on combustion performance under several conditions (equivalence
ratio, ignition timing, pulse energy, and plasma location). A CO2 laser at 10.6 µm wavelength, 300
ns pulse duration, and 300 mJ pulse energy was utilized to ignite the mixture through a window
located on the side of the combustion chamber. A higher maximum pressure and a faster pressure
rise were noticed but the NOx emission also increased with the LI system. Dale et al. [96] noticed
a minimal effect of plasma location except the case where plasma location was very close to the
cylinder. The benefit of EGR on reducing the NOx emission was evaluated by using up to 16%
EGR; a lower NOx emission was achieved. A brake specific fuel consumption (BSFC) vs. NOx
emission map showed that there is a good operating range for laser ignition where lower BSFC
can be attained under the same NOx emission level [96].
After the promising results of Dale et al. [96] experiments, several studies [22, 23, 97-99]
conducted to assess laser parameters such as focal length and pulse energy on reciprocating
engines. While others [75, 100-102] examined the capability of laser ignition to extend the lean
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limit of gasoline and natural gas engines. On the other hand, some researchers utilized laser
ignition in an advanced combustion concept like direct injection [67] and prechamber ignition
systems [103]. A lower brake specific emissions and higher brake thermal efficiency observed in
most studies, however, the size of a laboratory laser prohibited the use of such a system in the
automotive industry. The µlaser development brought back the attention of laser ignition because
of its reasonable size that can be attached directly to the combustion head. This section of the
dissertation shows the attractive results of laser ignition experiments with both laboratory and
µlasers before discussing some of its limitation and concerns in reciprocating engines.
2.1.3.1 Effect of Laser Parameters
Srivastava et al. [22] examined the: (i) heat release; (ii) coefficient of variation in term of
indicated mean effective pressure (COV_IMEP); and (iii) engine emissions of a compressed
natural gas (CNG) reciprocating engine. A laboratory Nd:YAG laser at the fundamental
wavelength with 6-9 ns pulse duration was focused by a 30 mm focal length lens. A sapphire
window with a diameter of 12.5 mm and 3 mm thickness was utilized to isolate the focusing lens
from the harsh engine environment. The plasma location was adjusted to be exactly in the same
position as the spark ignition system. Tests were conducted on a single cylinder engine at 1500
RPM with a spark timing of 25 degrees before top dead center (BTDC). Srivastava et al. found
that the minimum ignition energy was only 8.5 mJ, however, ignition energies in the range of 9.7
to 24 mJ were tested. It is worth mentioning that the 24 mJ ignition energy (2.82 of threshold
value) coincides with the optimum pulse energy suggested by Chen et al. [84] for maximum
absorption.
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The maximum rate of heat release increased by using higher energy pulses, while the trend of
the heat released shifted closer to the TDC. This trend was attributed to a higher irradiance by
increasing the pulse energy that enhances the combustion process by providing a bigger volume
of plasma. However, according to Chen et al. [84] study, plasma expands after reaching the
saturation level which was defined as three times the threshold value for plasma breakdown. In
either event it is clear that the increase of ignition energy improved the combustion process. In
addition, Srivastava et al. [22] noticed a decrease in the COV_IMEP by increasing the pulse
energy. The NOx emission was constant for a stoichiometric mixture, however, for lean mixtures
the NOx emission increased by utilizing a higher pulse energy. This trend is reasonable because in
a stoichiometric mixture, the reaction is fast and a small change in the plasma size produces a
negligible difference, unlike the lean mixture that exhibits slow turbulent burning velocity.
In the same experimental setup, Srivastava and Agarwal [100] continued the laser and spark
ignition investigation at wide open throttle position for a range of air to fuel ratio and spark timing.
LI provided a higher maximum pressure, a faster pressure rise, and a higher rate of combustion.
This improvement was attributed to an earlier combustion 1-4° crank angle with laser ignition via
changes in ignition delay, time from the laser signal to the start of the combustion compared to the
spark process. Such advancement in timing may be attributed to LI provides ignition energy in ~ns
time scale, unlike spark ignition system where energy deposition takes ~ 1μs [100]. Lower
COV_IMEP, BSFC, CO emissions were observed with laser ignition system. Also, higher brake
power and NOx emission were found, Srivastava and Agarwal [100] believed that the higher NOx
is due to a faster ignition process that results in spark advancement with laser ignition.
In a different study, Srivastava and Agarwal [98] studied the effect of plasma location on the
combustion performance. A laser spark plug consisting of two parts (window and lens holders)
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was designed to allow 14 mm plasma movement inside the combustion chamber. Figure 2.3B
shows a similar configuration were plasma location can be adjusted by changing the spacer width.
Nd:YAG laser at 1064 nm with 6-9 ns pulse duration and 15 mJ pulse energy was focused via a
50 mm focal length lens. The evaluation of plasma location was conducted every 2 mm starting
from the location of spark ignition system. The effect of plasma position was minimal in terms of
brake mean effective pressure (BMEP) and thermal efficiency. However, BSFC decreased to a
minimum value by lowing the plasma location 6 mm from the location of the spark plug, beyond
which the BSFC increased. Similarly, a faster mass fraction burned was noticed at the 6 mm plasma
position. Srivastava and Agarwal [98] attributed this behavior to a lower propagation distance and
a reduction in the heat transfer losses. Also, a higher NOx emission was measured at 6 mm plasma
location due to a higher heat release rate.
Mullett et al. [97] investigated the effect of focal length (15-36 mm), beam quality and pulse
energy by using a laboratory laser on a gasoline reciprocating engine. A flash lamp pumped Qswitched Nd:YAG laser was used at 1064 nm wavelength with different laser cavity apertures 1.3,
2, and 3 mm. The optical plug utilizes a 6 mm diameter, uncoated BK7 plano-convex lens with a
5 mm diameter and 1 mm thick sapphire window. It was noticed that a larger cavity aperture allows
higher energies but with lower beam quality [97]. Also, the MIE increases with focal length. This
result consistent with the constant volume experiments, because of a bigger focused volume that
reduces the maximum intensisty.
It was also noted that the MIE is less than the required for optical breakdown in air because of
the increase in both pressure and temperature during the compression stroke. Unlike the study
performed by Srivastava et al. [22], the combustion performance and stability increases with
higher laser pulses until a threshold level, any further increase in laser pulse energy doesn’t affect
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the combustion process. The reason behind this difference is the small range of ignition energy
used in Srivastava et al. experiments, where the ignition energy was always lower than the
saturation energy. However, Mullett et al. [97] found that the pulse-to-pulse variation increases
with pulse energy, and elevates the cyclic variation in reciprocating engines. The most successful
configuration was with the 15 mm focal length, 3 mm laser cavity, and a 24 mJ pulse energy.
Alternatively, the 4 mJ MIE was acheived with a different configuration 15 mm focal length, and
1.3 mm laser cavity. It is worth noting here that the inspection of the laser window after tests
revealed that the thermal ablation of CCD on the window maintained a clear laser path. This issue
will be discussed in detail in the next sections.
McMillian et al. [101] tested the lean and knock limits of a natural gas reciprocating engine by
employing SI and LI systems. 68 mJ and >50 mJ ignition energies were used for spark and laser
ignition system, respectively. The losses due to window reflection absorption were considered in
the calculation of minimum ignition energy, however, the losses in spark ignition were not
determined. Due to the fact that the laser plug geometry is different than the regular spark plug,
the clearance volume was increased by 1% resulting in a reduction of compression ratio from 13.3
to 13.2. A Ricardo four stroke engine, running at 1800 RPM was employed at several ignition
timing, equivalence ratio, and BMEP. In general, laser ignition was capable of igniting leaner
mixtures. However, the knock limit was also reduced. Similar to Srivastava and Agarwal [100],
McMillian et al. [101] found that the combustion starts earlier in LI, ~2° crank angle, at the tested
engine speed. Even after compensating for the 2° difference in spark ignition, the spark ignition
provided better knock limit.
The lean combustion limit was investigated in Kopecek et al. [75] research by using laser
ignition on a one cylinder 1 MW reciprocating natural gas engine. A 200 mm focal lens and a
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laboratory Nd:YAG laser at 1064 nm with a maximum pulse energy of 150 mJ, and 5 ns pulse
duration were used while the reciprocating engine was running at 1500 RPM with several
equivelance ratios. It was observed that 15 mJ was enough to ignite the mixture if the pressure is
above 10 bar for Φ = 0.55. Also, Kopecek et al. [75] noticed an increase in the mean and maximum
pressure by increasing the pulse energy from 15 to 60 mJ. Even though 60 mJ pulse energy is
above the optimum value suggested by Chen et al. for maximum absorption [84], Kopecek et al.
saw combustion improvement. The lean limit was near to Φ = 0.48, and the lowest NOx formation
was 0.22 g/kWh recorded at Φ = 0.49.
Ahrens et al. [99] developed an open path laser plug where plasma location can be changed for
two stroke natural gas engines. A laboratory laser with series of mirrors were used to direct the
laser toward the optical plug. Four plasma locations were tested, it was found the central geometric
spot doesn’t give the fastest rate of fuel consumption. This is attributed to the gas turbulence and
the variation of equivalence ratio within the combustion chamber. Ahrens et al. [99] proved that
higher peak pressure and lower cyclic variation could be attained by changing the plasma position
compared to the SI system.
Furthermore, Liedl et al. [67] showed the benefits of laser ignition in gasoline direct injection
by conducting experiments on a single cylinder research engine. The concerns of exposing spark
plug electrodes to fuel spray may cause erosion; and the effect of flow velocity within the vicinity
of the electrodes are cleared out by LI. A cylindrical mount was designed to change the 50 mm
focusing lens position, and a laboratory Nd:YAG laser used with two wavelengths (1064 and 532
nm). Wavelength dependence was not noticed during the experiment, however, there was a
reduction of fuel consumption and exhaust gas emission by using laser ignition. The best result
was achieved by focusing the laser beam within the fuel spray which is not possible with spark
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ignition system [67]. A similar observation has been made by a Graf et al. [104] study, in which
igniting the gasoline mixture within the spray volume provided the optimum fuel consumption and
lowest unburned hydrocarbons in direct injection reciprocating engines.
Herdin et al. [23] not only demonstrated a benefit of LI in terms of lower COV_IMEP but also
for NOx emission on a single cylinder reciprocating engine. A laboratory scale laser was used to
initiate the combustion after directing the beam by mirrors and a lens. Single plasma laser ignitor
provided a faster and higher rate of heat release compared to SI system. Since LI extends the lean
limit, a lower NOx emission was recorded relative to SI and diesel pilot injection ignition systems.
Richardson et al. [102] investigated the effect of hydrogen enrichment to reduce the cyclic
variations in a lean natural gas engine. It is well known that laser ignition extends the lean operating
mode, however, the COV_IMEP increases beyond the manufacturer limits 5% in some cases.
Since hydrogen has a higher flame speed than natural gas, it is valid to expect lower COV_IMEP
by using hydrogen. A laboratory Nd:YAG laser was used at the fundamental wavelength to
generate a 50 mJ, 5 ns pulse that has been directed to an optical plug. A Ricardo single cylinder
engine with a compression ratio of 13.3 was used with the help of SI and LI systems, offering
approximately the same deposited energy. Tests were conducted at 1800 RPM, by igniting the
mixture at a fixed timing 28° BTDC under several equivalence ratios and hydrogen enrichments
(0 – 40%).
Richardson et al. [102] observed that under the same ignition system and equivalence ratio, the
addition of hydrogen increases the NOx emission. This is inductive of a faster combustion process
which in turn increases the in-cylinder temperature and leads to higher NOx formation. It has been
noticed that laser ignition provides a wider operation range in comparison with the conventional
spark ignition system. Also, at the same equivalence ratio, same NOx emission can be achieved by
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utilized lower hydrogen enrichment with laser ignition system. On the other hand, the effect of
ignition system decreases as the percentage of hydrogen in the mixture increases [102].
Joshi et al. [103] investigated three ignition systems on one cylinder of 16 cylinder caterpillar
engine at 1723 kW and 1800 RPM. Laser ignition focused in the main chamber, laser ignition with
plasma in the middle of a prechamber, and spark ignition with a spark at the end of the prechamber
were tested. A laboratory scale Nd:YAG laser was operated at the fundamental wavelength
providing 34 mJ at 10 ns pulse duration. A 9 mm focal lens with a sapphire window between two
copper rings were utilized to focus the beam either at the prechamber or the main chamber. Even
though 100% ignition was observed by depositing plasma in the main chamber, COV_IMEP was
higher. This observation is reasonable because prechambers provide partially combusted jets that
reduce the combustion duration dramatically. In addition, the results of laser ignition prechamber
gave a slight increase of COV_IMEP compared to the spark prechamber. This difference can be
attributed to the prechamber volume with laser ignition, it was 18% smaller, and the intensity of
the jets are directly correlated to the prechamber volume. Furthermore, the location of the plasma
might affect the early flame propagation; turbulent intensity and flow field near by the kernel must
be evaluated to understand the increase of COV_IMEP.
2.1.3.2 Multi-Cylinder Engine Operation by Laser Ignitions
Mullett et al. [105] ran a multi cylinder engine by employing only lasers and series of mirrors.
Two laboratory scale Nd:YAG lasers were used for a four cylinder, four stroke gasoline engine.
Two laser pulses at the end of compression and exhaust strokes were utilized in each cycle; the
second laser pulse removes window deposits by thermal ablation in order to provide better laser
transmission for the subsequent ignition process. Uncoated sapphire windows with 1 mm thickness
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and an uncoated BK7 lens were used for optical plugs with the resulting transmission loss found
to be nearly 30%. A lower cyclic variation was noticed with LI in comparison with an engine
running with regular SI system which suggests enhanced combustion [105].
Bihari et al. [106] employed laser ignition system on a six cylinder stationary natural gas engine
running at 900 RPM and 15 bar BMEP to extend the lean limit and to enhance engine performance.
Instead of directing/mounting a laser ignitor on each cylinder, a single laser can be multiplexed to
deliver pulses for all six cylinders. This concept minimizes heat and vibration concerns by keeping
the laser away from the engine harsh environment. However, the optical fiber used to deliver laser
pulses doesn’t maintain the beam quality. Bihari et al. [106] utilized a laboratory Nd:YAG laser
at the second harmonic wavelength to generate intensity > 200 GW/cm2. Experiments proved that
the lean limit was extended from Φ = 0.55 to 0.52 for spark and laser ignition systems respectively
with a COV_IMEP of 15%. Bihari et al. [106] concluded that since laser ignition delivers lower
COV_IMEP, then higher thermal efficiency can be achieved for the same NOx emission value but
by utilizing a leaner mixture.
Similarly, transmission of the high power laser output using optical fibers has been attempted
by Yalin et al. [107, 108], however, proved extremely challenging considering the fact that the
required peak laser powers were close to the material breakdown thresholds. Alternately,
researchers in Japan primarily led by efforts at the Institute of Molecular Science, have devised a
scheme wherein the long pulse from a pump laser is transmitted via conventional optical fibers
and temporally compressed closer to the spark plug well [109]. Gupta et al. [110], have even
evaluated the use of free-space transmission and mechanically multiplexing the pulsed laser output
among various cylinders of the engine. However, variation in the time-response of electromechanical actuators limited the use of this approach to engine speeds lower than 1200 RPM.
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Recently, Almansour et al. [71] operated a six-cylinder natural gas engine by using µlaser
ignitors attached directly on all cylinders. To the author’s knowledge, this is the first study in the
literature that utilizes only µlaser ignitors to run an engine. More details about the laser ignitors
and experimental setup are presented in section 2.3. Engine tests revealed that two consecutive
pulses of Nd:YAG laser on each cylinder lowered the cyclic variation, provided a higher average
pressure, and a faster heat release. Also, laser ignition extended the lean limit of natural gas engines
and provided higher thermal efficiencies under identical NOx emission levels.
2.1.3.3 µLasers Mounted Directly on Engine Head
µLasers have been designed, tested, and used in several reciprocating engine studies [65, 71,
111-113]. Unlike laboratory lasers that need a special arrangement to direct the laser toward the
combustion chamber, µlasers can be mounted directly on the cylinder head. This approach
minimized the beam travel distance, enabling less beam divergence, and offered a direct
replacement with traditional spark plugs. The simple, inexpensive µlaser designs raised the interest
in laser ignition for reciprocating engines, especially with high-pressure applications were spark
ignition system does not maintain successful combustion. The only concern in this approach is the
effect of temperature on the laser crystal and ignition timing. The literature review shows several
proposed designs to overcome the temperature limitation of laser ignition systems as detailed here.
Kroupa et al. [112] developed a solid state Nd:YAG laser plug which can be mounted directly
on the cylinder head. A side-pumped configuration directly coupled to the laser rod was chosen to
create a compact design. The laser provided 25 mJ with 3 ns pulse duration that generates a plasma
even with 80 mm focal length. To minimize the heat transfer to the laser, a ceramic spacer was
used as insulating material. Tests showed that the laser works properly within a range of +-10°C
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from the optimum crystal temperature, this range can be achieved effortlessly with a cooling
system. Kroupa et al. [112] experiments were conducted for a homogenous and a stratified charge
on a reciprocating engine with a blend of iso-octane and n heptane to simulate the gasoline with
octane rating 95. The laser extended the lean operating limit from λ 1.3 to 1.5. However, it was
noticed that the stratified combustion mode requires more energy to sustain flame propagation.
Therefore, the minimum ignition energy was found to be 5 and 10 mJ for homogeneous and
stratified combustion mode respectively.
In another study, Myers et al. [113] designed a longer life span laser ignition system which has
been called high-efficiency side pump (HCEP) laser. The diode pump solid state lasers are
sensitive to the changes of temperature, a wavelength centerline drift of 0.25 nm/°C was observed.
Since the absorbance of pump band Nd:YAG is narrow, there will be a significant impact on the
laser performance. However, Mayer et al. used Nd:Glass crystal that delivers excellent absorbance
over a wider temperature range. In addition, a new conduction cooled package was installed to
minimize the thermal effects. Experiments revealed that the HCEP was running properly even after
43 million shots, which provides ~700 hours of continuous operation. This concept offers an
economical solution for reciprocating engines.
Similarly, Tsunekane et al. [65] conducted tests on reciprocating engines to validate a new
design of high-brightness solid state laser (Nd:YAG/Cr:YAG). The results showed that the laser
delay time is not dependent on the pump duration, however, both number of pulses and pump
duration strongly affect the jitter of the delay time on the magnitude of 0.5%. The effect of
temperature was tested by using a thermo-electric heater attached to the laser. The output energy
of a standard Nd:YAG laser decreased by increasing the temperature from 25° to 150°C. On the
other hand, the addition of Cr:YAG provided a stable and a higher output energy even at 150°C
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crystal temperature, making such a technology feisalbe for automotive applications which have an
engine temperature coolant maintined near 100°C.
The reciprocating engine tests were conducted using a commercial Toyota gasoline direct
injection, 2 liter, and 4 cylinder engine in the Tsunekane et al. study [65]. Engine operation was
stable, and no misfire was detected during several minutes of operation with a stoichiometric
mixture. The initial LI flame propagates faster and moves freely, unlike SI where the flame
propagation is impeded by the electrodes. However, the new laser couldn’t ignite lean mixtures on
the reciprocating engine because of the limited pulse energy in their design.
Recently, Almansour et al. [111] investigated the benefit of laser ignition by using two
mounting techniques, directly on the cylinder head and within a prechamber. Initial experiments
showed that the laser pulse retards from the intended ignition timing as the temperature of µlaser
increases. However, this issue can be circumvented by utilizing a water cooling system to maintain
consistent ignition timing. After attaining a tight temperature control, the ignition timing was
consistent, and higher thermal efficiencies were observed. The distributive ignition jets minimize
the dependence on flame speed, and hence, delivered a faster combustion even with very lean
mixtures. Several prechamber geometries were tested at 10 bar BMEP and 1800 RPM. The new
approach provided a stable combustion with an increase in brake thermal efficiency of 2.1% while
maintaining the EPA limit and industrial standard.
It is clear that several crystals and cooling techniques can be used to provide reliable laser
ignition systems for reciprocating engines. Hence, leaner mixtures at higher pressure can be ignited
to deliver higher engine efficiencies. Alternatively, as technology proceeds, more efficient optical
fibers will be designed to provide higher pulse energy and quality. In that case, a multiplexed

53

technique similar to the one proposed by Bihari et al. [106] study can be employed to place the
laser unit away from the high-temperature environment.
2.1.3.4 Window Fouling
In laser ignition systems, the laser ignitor is located outside the combustion chamber, which
requires a window for laser beam transmission. The window has to withstand the harsh engine
environment, and also provide a long-term operation with minimal reduction of pulse energy [21].
Window fouling is a phenomenon that occurs if combustion chamber deposit (CCD) formed on
the window/lens surface. This is a critical topic for laser ignition system because CCD reduces
window transmission and ultimately loss of plasma formation in severe cases. Several studies in
the literature discussed window fouling [66, 67, 71, 73, 97-99, 101, 102, 104, 105, 111, 112, 114116], some suggested laser ablation as a solution while other focused on window material or
mounting configurations.
The ability of laser pulse to remove CCD depends on the intensity of the pulse at the window
inner surface, and the rate of CCD formation. Pulse energy, focal length among other parameters
discussed in the optical geometry section 2.1.1 reflect the intensity on that surface. While laser
intensity calculation is a straightforward procedure, the estimation of CCD formation rate is
complicated and highly dependent on several factors including the operating condition as will be
shown. For example, heavy hydrocarbons generate CCD at a higher rate relative to natural gas;
and lubricating oil is a primary source of deposits. Some studies proposed a train of pulses while
other suggested a pulse at the end of exhaust stroke to ensure a clear path for the ignition pulse
[105]. Also, Dearden and Shenton [66] recommended a longer pulse duration to overcome the
optical damage that might occur due to the required laser intensity for ablation process. Since the
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experimental setup varies from one study to another (test duration, pulse energy, optics, and fuel),
the studies that did not encounter window fouling will be shown first. After that, proposed
strategies to overcome window fouling will be addressed later.
Since natural gas has several promising characteristics (for lean combustion mode) such as high
octane number and relatively clean fuel compared to heavy hydrocarbons, different test durations
were investigated in the literature. Inspection of transmission optics after those tests showed that
laser ablated deposits and maintained excellent transmission rate. For example, Richardson et al.
[102] ran an engine for 10 hours; the window withstands the harsh environment without damage
or degradation. Similarly, Srivastava and Agarwal [98] did not observe window fouling during 50
hours of natural gas engine operation. McMillian et al. [101] used the Ricardo four stroke natural
gas engine with several ignition timing, equivalence ratio, and brake mean effective pressure. A
clear window was seen after running experiments for approximately 100 hours. Moreover,
Almansour et al. [71, 111] carried out tests near the lean limit of natural gas reciprocating engines
for weeks (>120 hours). The inspection of the plano-convex lens revealed a transparent surface
even at the edges.
For liquid fuel, the rate of CCD formation is expected to be higher because of condensation,
inhomogeneity, among other variations which are observable in practice but not easily replicable
in the lab. Mullett et al. [97] employed a Q-switched Nd:YAG laboratory laser to ignite
gasoline/air mixture, on one cylinder of the four cylinder engine. Window inspection after
operation tests revealed that CCD formed only on the sides where laser does not pass, the laser
thermal ablation (self-cleaning) maintained a clear laser path.
Liedl et al. [67] tested the ability of laser ignition to remove combustion chamber deposits after
running an engine with SI system and attaching a window on the combustion head for 20 hours. A
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dark layer of CCD was observed; however, laser ignition ran the engine successfully from a cold
start (even with the dark layer). They concluded that the laser pulse clears the laser path, a higher
laser pulse was recommended for the first few cycles to ensure the removal of deposits [67]. Liedl
et al. also suggested multi-pulse laser, the first pulse will be used to remove window deposits while
the other one ignites the mixture if the first one did not.
Griffith et al. [114] investigated the removal of combustion chamber deposits by altering
plasma positions relative to the window. Nd:YAG laser at 532nm wavelength, 200 mm focal
length, and borosilicate window covered with a graphite spray (0.15 mm) were used in a constant
volume chamber. The intensity within the inner window surface was changed by moving the
chamber. Also, single and two pulses techniques were employed with the same total pulse energy.
Griffith et al. found that if the window placed 10 mm before the plasma location, only a 7 mJ
pulse is needed to remove the carbon layer. That is attributed to the fact that laser intensity
decreases exponentially with distance from the focal point; this energy is even lower than that
required to create a plasma in air [114]. Furthermore, it has been noticed that to ensure 100%
removal of the graphite layer by using a total energy of 15 mJ, the window must be placed 25 mm
and 50 mm from the focal point for single and two pulses respectively. Even though each pulse in
the two pulses technique is half the energy, the two pulses provided substantial removal of the
deposited layer and offered wider range of ignition energy.
Griffith et al. believed that there are two mechanisms for removing CCD, vaporization, and
impact; impact removal occurs when a significant amount of the deposited layer is displaced from
the pulse [114]. Therefore, employing multiple pulses improves the laser ablation process. The
two-pulse technique was recommended because it offers a broader operation range in terms of
laser energy and mounting position in comparison with a single pulse ignition system. It is obvious
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that maintaining a clear laser path was accomplished by employing multiple pulses or shorter focal
length lens with lower laser energy. This finding is crucial for laser plugs where optical damages
might occur in some designs because localized heating causes a thermally induced local stress.
The unconstrained expansion will enable the transfer of shear stresses into the surrounding area of
the optical window which in turn enables relatively easy fracture of the window.
Ahrens et al. [99] investigated the effect of optical substrate on window fouling, BK7, and fused
silica lenses were used on a two-stroke engine. Two stroke natural gas engines are expected to
generate higher rate of CCD formation because, large quantities of lubricating oil are burned
during tests. The engine stopped after running 12 hours with the BK7, however, the fused silica
maintained proper ignition without misfire for 21 hours. It is evident that the optical substrate
influences combustion chamber deposit formation due to the change in thermal properties and the
surface layer interactions with the adjacent gas phase.
In another investigation, Graf et al. [104] examined optics contamination and self-cleaning
effect of laser ignition on gasoline engine. Two optics configurations, separated and combined
optics (explained earlier in section 2.1.1) were tested on a two-cylinder engine for 200 hours. The
combined optics provided ignition at a lower pulse energy, however, the separated optics offered
better self-cleaning and longer test duration. This is attributed to the laser intensity at window inner
surface that can be increased by focusing the laser beam from a longer distance in the separated
optics configuration.
Several laser energies (40 mJ, 45 mJ, and 50 mJ) were utilized in Graf et al. study [104]. Misfire
was noticed after 7 and 31 hours for a pulse energy of 40 mJ and 45 mJ respectively. On the other
hand, 50 mJ pulse was successful without misfire for 200 hours of continuous operation. Indicating
a significantly higher laser power is used, though at 200 hours that would correspond to ~12k miles
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on the highway which is approaching a reasonable service limit. In addition, 50 mJ pulse was able
to clean windows that had CCD from earlier tests (40 mJ and 45 mJ) and provide continuous
operation. It seems that in this study the 50 mJ provided intensity just below the required for
complete laser ablation. Furthermore, the transparency of the window was checked by using
spectra-photometric measurements, which consisted of an incoherent light source, beam collecting
optics, and a photodetector. carbon, silicon, zinc, and phosphor were found in the CCD formation
after analyzing it which suggests that those deposits generated from lubricating oil and combustion
residue.
Similarly, Kroupa et al. [112] inspected the laser plug after running homogeneous and stratified
charge gasoline combustion. CCD were covering only the outer lens area where laser light does
not pass. They concluded that three to five pulses cleared the window and sustained the combustion
process [112]. The conclusion of this study agrees with Griffith et al. [114] recommendation,
multi-pulse laser ignition is more efficient strategy for laser ablation than a single pulse with higher
energy.
In another approach, Ranner et al. [115] investigated the laser ablation mechanism on a
reciprocating engine running with spark ignition. A small gasoline engine that has a high gasoline
and lubricating oil consumption was modified and used as a testbed. Running the engine for 1 hour
generated a thick layer of CCD which estimated to be a worst-case scenario for regular gasoline
engines. Nd:YAG laser at 1064 nm with a pulse energy in the range of 80 mJ and 5 ns pulse
duration was used to remove the contamination on ALON window. The location of the focal lens
was changed to provide a range of laser intensity on the inner surface.
Ranner et al. [115] determined that 10 mJ/mm2 energy density is needed to remove
carbonaceous and mineral deposits. Optical microscopy, secondary scanning electron microscopy,
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and energy dispersive x-ray spectroscopy diagnostic tools were used for the windows. The element
spectrum of a new ALNO window was compared with the tested windows before and after the
cleaning mechanism (laser). The ablation process removed zinc, phosphorus, calcium, and sulfur.
A small trace of carbon was still detected after their cleaning mechanism, however, the detected
quantity (1 µm) will not disturb the ignition process.
Since laser diagnostic techniques provide valuable information such as temperature, species
concentration, and equivalence ratio, Alfier et al. [116] examined window transmission. Errors in
spectroscopy diagnostic techniques (SDT) which may arise because of window contaminations
that lower laser transmission and correspond to underestimation of electron density and
temperature. The fundamental wavelength of a Nd:YAG laser with energy pulses of 25-330 mJ
was utilized to remove windows contamination. Since the laser pulses were delivered through an
optical fiber, the threshold power that provides effective cleaning without damaging the optical
fiber was determined by varying the input laser power. After that, the irradiance of the beam was
changed by moving two lenses with respect to the windows (fused silica).
Alfier et al. [116] noticed that 40 mJ is required to clean window in an open laser path, however,
experiments where laser transmitted through an optical fiber, 80 to 100 mJ was needed to
compensate for transmission losses. Before cleaning windows, the transmission was measured to
be in the range of (5-30%) in compression to (60-80%) for new windows. The single pulse 40 mJ,
8 ns with an average energy density of 8 mJ/mm2 was capable of recovering 90-97% of the initial
transmission. Unlike other investigations, Alfier et al. [116] found that a lower energy doesn’t
recover the loss of transmission even with multiple pulses. At an average density of 4 mJ/mm2,
only a small section in the center recovers 90% of the transmission while remaining area recovered
only 60%. That is mainly because the intensity changes with radius based on the beam profile. The
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threshold value was estimated to be in the range of 0.6-1.2 MW/mm2 [116]. This observation is
opposite to what Griffith et al. found in [114] where two low energy pulses delivered better laser
ablation. The difference can be attributed to the fact that in Griffith et al. study [114] even the low
energy pulse may produced an intensity higher than the threshold value for removing CCD.
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2.2

Laser Characterization and Measurements of Methane LBV Under Spark and Laser
Ignition Systems

In this section, laser and spark ignition systems are evaluated in a constant volume chamber
under several initial conditions in order to understand the reasons leading to an efficient
combustion. Laminar burning velocities of CH4/air are obtained by using the University of Central
Florida (UCF) spherical combustion chamber and utilizing the constant volume approach. Highspeed shadowgraph photography is utilized to present the flame development and propagation in
select cases. First, the lean flammability limit of CH4/air mixtures is studied by using a Nd:YAG
laser ignition system. Pressure traces as well as flame images are presented near the flammability
limit. Additionally, three LI energies are used to evaluate their effect on the pressure trance as well
as the LBV. CH4/air mixtures are evaluated for an initial temperature of 297 and 393 K,
equivalence ratio range 0.7-1.4 and an initial pressure of 1 and 3 atm. It is noticed that the
maximum burning velocity for CH4/air occurs at an equivalence ratio of 1.05. LBV values obtained
using spark ignition (SI) system are compared against those determined by LI system. It is found
that the spark ignition provides a higher maximum pressure, and the two ignition systems offer
laminar burning velocity values within 2.7%. The results are compared with the laminar burning
velocity in the literature and the predicted values obtained by CHEMKIN PRO [33] software using
GRI-Mech 3.0 [34] and ARAMCO-Mech 1.3 [56] mechanisms.
Since the spherical combustion chamber is a new facility, validation experiments were
conducted to assess the consistency, uncertainty, and feasibility of the experimental setup. The
reader is advised to review Appendix A for a detailed description of the spherical combustion
chamber and its utilities; design limitations, measurements accuracies, and experimental procedure
are also stated. The LBV of CH4/air mixtures has been studied extensively in the literature, which
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makes the fuel a good candidate for calibration of post-processing. Easy mixture preparation at
room temperature, Lewis number ~ unity, and linear relationship between the propagation speed
and stretch rate are important factors in obtaining accurate LBV measurements. CH4/air mixture
possesses all those excellent combustion properties, and considered a promising fuel for lean
combustion mode as explained in Chapter 1.
2.2.1 Methane LBV Studies
Recently, Tahtouh et al. [117] obtained the laminar burning velocity of the CH4/air mixture at
room temperature and atmospheric pressure by using a linear extrapolation method. A novel
method was introduced to minimize the amplification of experimental noise on the LBV by
obtaining an exact solution of the flame radius via a first-order non-linear ordinary differential
equation (3.18) [117]. Miao and Liu [118] determined the effect of nitrogen concentration on the
laminar burning velocity of the CH4/air mixture. Both linear and nonlinear extrapolation methods
were used in the analysis of LBV, results show that the stretch model effect is insignificant in the
case of CH4 as both models give similar results [118]. However, the Markstein lengths obtained
by using linear method are slightly higher than those from the nonlinear approach, especially at
rich mixtures. Miao found that the LBV decreases and the flame stability increases by increasing
the N2 concentration [118]. This reasonable observation can be attributed to the variation of Lewis
number with N2 concentration as shown in Figure 2.7.
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Figure 2.7. Lewis number variation for methane mixture diluted with several nitrogen
proportionalities.
The above figure demonstrates the change of Lewis number versus equivalence ratio at 393 K
and 1 atm. Four N2 concentrations in the range of (3.76 to 6.76) were assessed, it is evident that
the deviation from unity Lewis number decreases as N2 concentration increases. This fact
suppressed the diffusional-thermal instability for lean mixtures. In contrast, the density difference
between burned and unburned gases promotes hydrodynamic instability. This matter was not
crucial in Miao and Liu’s [118] study as the early part of the combustion process was utilized for
the constant pressure approach. However, the increase of density difference along one isentrope
during the combustion process promotes hydrodynamic instability in the constant volume
approach. LBV decreases because of the cooling effect of diluent as its proportionality increases
in the mixture. Namely, N2 reduces the adiabatic flame temperature which has a direct effect on
mixture reactivity and LBV. At high N2 concentrations, care must be taken in the evaluation of
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LBV because body forces and heat transfer losses will dominate and must be considered in the
combustion model.
Bradley et al. [119] carried out a numerical investigation based on spherical flame propagation
where explosion, implosion, and stationary flames are studied. They found that ignition energy
effects are negligible on LBVs if the flame radius is bigger than 6 mm. Additionally, the effect of
strain rate and flame curvature on stretch rate were examined. Recently, Jayachandran et al. [120]
considered the molecular transport and thermal radiation loss in the assessment of LBV data by
using a one-dimensional direct numerical simulation. In general, a mixture with Le≠1 or a mixture
with a noticeable difference between fuel and O2 diffusivity results in a bigger extrapolation error.
Also, Jayachandran found that for heavy hydrocarbons, the sign of the Markstein number changes
from positive to negative for lean and rich mixtures respectively. In addition, the effect of stretch
on the flame of rich and lean mixtures are characterized by the differential diffusion and Lewis
number respectively [120]. Also, the result of radiation runs shows that the cooling of burned gases
increases away from the stoichiometric condition due to a longer combustion event which results
in a systematic underprediction of the LBV values.
Several values of methane flammability limits were reported in the literature. Tahtouh et al.
[117] ignited CH4/air mixtures at Φ = 0.55 with spark ignition system; the minimum ignition was
noticed to increase with lean mixtures. In Wang et al. [121] investigation, the LBV of CH4/air
mixture near the lean flammability limit was studied under microgravity condition; they
successfully ignited a mixture with an equivalence ratio of 0.512. Alternatively, Dumitrache et al.
[122] initiated methane combustion at Φ = 0.4 by utilizing rapid compression machine (RCM) and
a laser ignition system. RCM compressed the test mixture to an extent below the auto-ignition (782
K and 39.7 atm) just before forming the laser plasma.
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Farrell et al. [123] obtained the laminar burning velocities of 45 hydrocarbons by using an
experimental setup similar to the one used in this study. Farrell utilized the constant volume
approach and Metghalchi and Keck [124] model to obtain LBVs by LI and SI systems; negligible
differences was found in LBV measurements using these two ignition methods. Also, Bradley et
al. compared the laminar burning velocity of laser and spark ignition system by tracking the flame
position with respect to time which is referred to as the constant pressure approach [125]. The
study concluded that, if the spark ignition energy is just enough to initiate flame, the LBV obtained
with laser ignition system is only higher at the beginning of the combustion process. The main
reason for that difference is the conduction losses in spark ignition experiment; after a radius of 36
mm (larger radius), the flame speed of the spark ignition system was close to that obtained by laser
ignition system [125].
In this section, laser and spark ignition systems are employed to investigate several combustion
properties of the CH4/air mixture. The laser characteristics are shown before discussing the
experimental uncertainty. The validation of methane experiments, flammability limits, and the
effects of ignition energy are presented in the result section. The LBV of CH4/air mixture at several
equivalence ratios and initial conditions are studied by utilizing two ignition systems are presented
next. Finally, the laminar burning velocity is compared with recent experimental results and
numerical predictions from the literature.
2.2.2

Combustion Model

In this work, LBV has been calculated by using the constant volume method, which requires
evident pressure change during the analysis which occurs after the flame has grown to a large size.
A detailed discussion on LBV theory and thermodynamic models is given in Chapter 3. The
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original Metghalchi and Keck model [124] was used for this section. The burned and unburned
mixture properties (specific heat ratio and enthalpy) are found from NASA polynomials (taken
from GRI-Mech 3.0 [34] thermo file); the highest thirteen species are utilized to reflect the burned
gas properties.
Detailed description of the UCF spherical combustion chamber facility including ignition
systems, pressure measurements, shadowgraph imaging system, and fuel/oxidizer mixture
preparation are provided in Appendix A. The schematic representation of the experimental setup
with laser ignition (LI) system is shown in Figure 2.8. The ignition setup consists of the 1064 nm
laser pulse passing through a simple bi-convex lens with the focal plane centered in the spherical
combustion chamber. The laser pulse passes through a focusing lens and two quartz windows
before it reaches the ignition point; windows thicknesses were 3.175 mm and 12.7 mm for the
oven and sphere respectively. Since the primary aim of this effort was not investigation of
minimum ignition energy, reflection and absorption losses were neglected for simplicity. The
reported values were measured using an energy meter (Coherent J-50MB-YAG) and a beam
splitter; therefore, it is a pulse energy rather than absorbed ignition energy. In the tests presented
here, a pulse energy of 155 mJ was used which was just above the minimum threshold energy for
plasma formation. In addition, two pulse energies 227 mJ and 356 mJ were employed to investigate
the effect of pulse energy on LBV.
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Figure 2.8. Schematic representation for the experimental setup with laser ignition system.
2.2.3

Laser Characterization and Stability

Laser beam profile and characterization is imperative in understanding the initial plasma
development and consequently the ignition process. Non-ideal beam profiles lead to excess energy
requirements and can influence plasma development. As the focus of this study is centered on
flame propagation as opposed to plasma formation characteristics, only a rudimentary
characterization of the laser was conducted. The minimum pulse energy required for the formation
of plasma via optical breakdown was approximately 155 mJ. This reported pulse energy is higher
than the range of values reported by other authors (15 mJ to 100 mJ) [21, 126]. One reason for this
comes from the geometry of the optical ignition setup. The diameter of the focal waist size is
directly proportional to the laser wavelength and lens focal length; and indirectly proportional to
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the initial beam diameter (before the focal lens). An approximate expression for the diameter of
the focal waist has been given in section 2.1.1 (see equation (2.8)).
Here, relatively long focal length lenses (500/250 mm) were used because the chamber placed
in an oven, as well as an unexpanded input laser beam into the lens leading to a reduction in the
energy density at the focal plane. A second justification for the high pulse energies reported comes
from the laser operational energy. It is known that Nd:YAG lasers typically experience a reduction
in beam quality when operated below their maximum power. Since the laboratory laser was
operated at roughly 15% of its full range, it is reasonable to expect a reduction of beam quality,
hence, higher pulse energy was required to achieve the energy density required for plasma
formation. Figure 2.9 shows the probability of plasma formation as a function of the laser pulse
energy as well as the shot to shot energy fluctuation. The probability of plasma formation increases
to approximately 70% at the energy level of 155 mJ used in this study.
50 shot sample of the inherent shot-to-shot energy fluctuations were recorded for a mean energy
level slightly above the plasma formation threshold. Shot to shot energy fluctuations were
characterized using a Coherent J-50MB-YAG detector, where the beam was found to have a
standard deviation of 5 mJ yielding a pulse uncertainty of 10 mJ at 95% confidence. The pulse
energy is of importance in affecting the kernel formation and the beginning of combustion process.
However, energy fluctuations of 5-10% will have virtually no impact on the burning velocity as
will be shown later. Therefore, despite small laser flaws, the pulse quality was sufficiently high to
provide an ignition source which would yield reliable data for propagation studies.
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Figure 2.9. Laser characterization for quanta-Ray Lab 190 Q-switched Nd:Yag, probability of
Plasma formation (a), and energy fluctuations (b).
2.2.4

Consistency and Uncertainty

Consistency analysis is a crucial part of experimental investigations. Since the pressure is
recorded during the combustion event, the author decided to present the inconsistency in terms of
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the variation of pressure traces during the combustion process. Several experiments carried out for
CH4/air utilizing both SI and LI systems at different initial conditions; the comparison of pressure
traces of all tests showed consistent results. It is evident in Figure 2.10 that the three runs are
virtually identical with a negligible difference in run #2. The maximum difference found to be less
than 0.01 atm between runs 1 and 3 in the utilized region for LBV measurements.

Figure 2.10. Pressure traces of CH4/air mixture ignited by a spark ignition system at an
equivalence ratio of 1.2.
The uncertainty of experimental measurements depends on several factors such as environment
condition, sensors accuracies, and experiment/analysis procedure. For example, the contributions
of fuel preparation and mixing process occur from the entrance of atmospheric air into the system,
chamber vacuum limit, and accuracy of 628 and E27 MKS Baratrons. Also, the accuracy of 603B1
Kistler dynamic pressure transducer and thermocouples are possible causes of measurement
uncertainty. Additionally, LBV calculation and extrapolation methods (filtering and curve fitting)
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also have a direct effect on LBV values. Therefore, all those factors must be considered in the
uncertainty analysis. Since two ignition systems were used in this study, uncertainty analysis was
performed for laser and spark ignition systems to evaluate their influence. Table 2.2 provides the
result of each parameter for CH4/air mixture at Φ 1; the total uncertainty in current experiments is
around 5.8% and 3.8% for laser and spark ignition systems respectively.
Table 2.2. Uncertainty analysis for CH4/air at Φ = 1.
Uncertainty source
Laser ignition
Spark ignition
Initial pressure
(+-) 0.84%
(+-) 0.74%
Initial temperature
(+-) 0.54%
(+-) 0.18%
(+) 1.8%,
(+) 1.8%,
Mixture composition
(-) 3.82%
(-) 2.3 %
LBV curve fitting
(+-) 3.11%
(+-) 2.1%
Random error for 3
(+-) 3%
(+-) 2%
experiments
Overall uncertainty
5.80%
3.8%
2.2.5

CH4/air LBV Results and Comparisons

The general trend of LBV was observed were CH4/air mixture burning velocity increases and
decreases by increasing the initial temperature and pressure respectively. For the first sets of
experiments conducted by LI at room temperature, the equivalence ratio was changed from 0.9 –
1.3 in steps of 0.2 in addition to stoichiometric ratio. The laminar burning velocity changes from
29.51 cm/s at Φ = 0.9 to 36.58 cm/s at Φ = 1. The second sets of experiments carried out at an
initial temperature of 393 K for four equivalence ratios (0.8 – 1.4) in steps of 0.2. This result is
presented in Figure 2.11 (pressure traces) and Figure 2.13 (LBV), it is obvious that the fastest
burning velocity was noticed for a stoichiometric mixture, as the 1.05 equivalence position was
skipped. A similar conclusion can be made from the pressure traces figure (faster pressure rise
relative to other Φ’s). Also, the laminar burning velocity increased from 24.79 cm/s to 57.02 cm/s
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by varying the equivalence ratio from 1.4 to 1 respectively. The observed maximum burning
velocity occurs at an equivalence ratio of 1 for the two sets of experiments with laser ignition.
However, the trend of data points suggests that a maximum value for a slightly rich mixture similar
to the one obtained by numerical prediction.
Figure 2.12 presents the flame propagation of CH4/air mixture with LI system at Φ = 1 and
initial temperature of 393 K. It is clearly that an elongated ellipsoid flame (vertical to the laser
beam) was formed up to 1 ms due to the laser ignition effects. This shape is attributed to gas
dynamics near the plasma as described in Bradley et al. [89] study. However, flame grows toward
a spherical shape as illustrated in the figure after 4.5 ms. Also, the LBV model requires an evident
pressure change which does not happen while the flame propagates within the observable window.
This fact increases the model feasibility of utilizing a nearly spherical flame spread. It is worth
mentioning that the window diameter is only 47.24 mm, and the figure shows the early flame
propagation 4.5 ms from a combustion event that lasts 36.3 ms. Additionally, tests at different
initial pressures were also conducted at room temperature, and the author found that the LBV at Φ
= 1 decreased from 36.58 to 24.97 cm/s by increasing the initial pressure from 1 to 3 atm.
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Figure 2.11. Pressure traces of CH4/air mixture at an initial temperature of 393 K and 1 atm
initial pressure.

Figure 2.12. Flame propagation of CH4/air mixture at equivalence ratio 1, 393 K initial
temperature and 1 atm initial pressure. Laser enters from top.
CH4/air LBV data at 297 K and 1 atm are compared with experimental and numerical studies
in the literature [117-120]. A good agreement is illustrated in Figure 2.13 between all studies,
especially in the range of Φ = 0.9 to 1.2. However, there is a noticeable deviation at an equivalence
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ratio of 1.3. The numerical data points obtained by Bradley et al. [119] is much slower than the
experimental values in this work and those determined by Tahtouh et al. [117]. This difference
reveals the importance of using advanced chemical kinetic mechanisms for numerical simulation.
Conversely, Jayachandran et al. numerical simulation provided good agreement at Φ = 1.3. Bradly
et al. [119] and Jayachandran et al. [120] numerical prediction of LBV are slightly higher than the
experimental data near the stoichiometric region; such variation is inductive to heat transfer losses
encountered in experimental setup. A similar deviation between numerical and experimental
results has been noticed in this study after obtaining the LBV by using the one-dimensional
premixed flame model in CHEMKIN PRO [33] (shown later).
The variation between our experimental values and Tahtouh et al. results were 4.8 and -2.9%
for Φ = 1 and Φ = 1.3 respectively. This is attributed to the experimental method (constant pressure
or volume approach), and thermodynamic model (Metghalchi and Keck) used in the analysis. The
reader is advised to review chapter 3 for better exposure on thermodynamics models (multilayer
models provide accurate LBV values).
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Figure 2.13. The laminar burning velocity for CH4/air mixture at 297 K and 1 atm initial
pressure are illustrated with those from Tahtouh et al. [117], Maio H. & Liu Y. literature [118],
Bradley et al. [119]and Jayachandran et al. [120].
The author determined the laminar burning velocity by using CHEMKIN PRO [33] software
as a second reference to validate the spherical combustion chamber. Both GRI-Mech 3.0 [34] and
ARAMCO-Mech 1.3 [56] chemical kinetic mechanisms have been used for different initial
conditions and equivalence ratios. These two mechanisms are discussed in detail in chapter 3;
number of species, chemical reactions, and validation range are presented in Table 3.2. Figure 2.14
compares the CH4/air experimental values at two initial temperatures with CHEMKIN PRO
numerical prediction. ARAMCO-Mech 1.3 provides LBV values closer to the experimental results
for lean mixtures, while GRI-Mech 3.0 gives a better estimation for rich mixtures. The LBV trend,
as well as location of maximum value using SI system has a better agreement with the GRI-Mech
3.0 mechanism. Even though the experimental data are very close to the predicted results, the
numerical values are slightly above the experimental values. That is mainly because of the
simplified kinetics used in the simulation, and heat transfer losses during experiments.
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Figure 2.14. The laminar burning velocity for CH4/air mixture at two initial temperatures and
1 atm initial pressure are illustrated. The black squares and triangles show the LI experimental
values for 297 and 393 K initial temperature respectively. Red and blue lines present the
CHEMKIN PRO results for GRI-Mech 3.0 and ARAMCO-Mech 1.3 mechanisms, while green
circles shows SI values.
2.2.5.1 Ignition Energy
The author carried out tests to evaluate the effect of ignition energy on the laminar burning
velocity, and Figure 2.15 illustrates the results of pressure traces. Utilizing higher energy is
predicted to increase the reaction rate at the beginning of the combustion process due to bigger
volume of plasma formation. Experimental results agree with this prediction, as it is apparent in
Figure 2.15 the pressure increases at a fixed time during the combustion process by using higher
pulse energy. This is an intuitive behavior because pressure rise is directly proportional to the
burned gas volume, which increases due to higher pulse energy.
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Instead of achieving higher energy density plasma by increasing the pulse energy, the plasma
tends to expand in size as suggested by [84]. The author believes this expansion (bigger flame
kernel) is the reason behind the differences of pressure traces. Despite the increase in pressure with
ignition energy, variations in the pressure rate of change are virtually nonexistent. Since the
laminar burning velocity is a function of the rate of change of pressure, the obtained laminar
burning velocity values are almost identical, the deviation is less than uncertainties of the
experimental setup.
The result is presented in Table 2.3 (LBV) and Figure 2.15 (pressure traces), the difference in
laminar burning velocities between 356 mJ and 158 mJ is only 1.6% compared with an
experimental uncertainty of 5.8%. Others suggested that a stronger shockwave may result in a
better compression of the unburned mixture, hence, higher unburned gas temperature, and LBV’s
are expected. However, the author did not notice an increase in laminar burning velocity or the
effect is very small relative to experimental uncertainties in the test range of pulse energy.
Table 2.3. Laminar burning velocities of CH4/air mixture are presented for the different ignition
energies.
Ignition energy [mJ]
Laminar burning velocity [cm/s]
158
36.58
227
36.71
356
37.16
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Figure 2.15. Pressure traces of CH4/air mixture at atmospheric conditions and stoichiometric
ratio, three ignition energies 158 mJ, 227 mJ, and 356 mJ were chosen.
2.2.5.2 Methane Flammability Limit
Although there is little use for experiments near the flammability limits in reciprocating
engines, those data are valuable for safety applications, and there is interest in examining laser
ability in that region. The flammability limits of premixed fuel using spark ignition (SI) system
are well defined in the literature. However, there is a need to understand the limits when an
advanced ignition system is employed. In a SI system, the electrodes provide a venue of energy
dissipation which tends to absorb energy from the ignition point and therefore increase the required
fuel concentration in a mixture for successful ignition. Conversely, there is no similar energy
dissipation with LI, hence, a leaner mixture can be ignited. This is a growing industrial concern as
powerful lasers are finding their way into an increasing amount of applications were combustible
gases might coexist.
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In the flammability limit regime, the thermodynamic losses approximately balance the energy
release of the flame; quenching of the flame occurs if the heat release is less than the losses.
Although the flammability limit can be classified as a regime as opposed to a specific point, it is
significant to note that in this regime small changes in equivalence ratio can lead to significant
variation in combustion processes. Pressure traces near the flammability limit are shown in Figure
2.16 at an initial temperature and pressure of 297 K and 1 atm. One notices that the peak pressure
location is not a well-defined point compared to other pressure traces shown earlier, however, a
region of the maximum value is illustrated (due to slow combustion). Also, pressure traces reveal
that the flame quenches earlier, and correspondingly lower peak pressure is achieved as the
equivalence ratio decreases. The combustion timescale is significantly bigger compared to the
previous runs; the maximum pressure is attained around 500 ms compared to less than 50 ms with
stochiometric mixture (see Figure 2.15).
The maximum recorded pressure for the case of Φ = 0.51 and Φ = 0.5 are only 1.34 atm and
1.09 atm respectively. It is evident that the flammability limit obtained in this study by LI is less
than those values suggested by Tahtouh et al. [117] and Wang et al. [121] for spark ignition
systems. Figure 2.17 presents the flame propagation of a methane mixture at Φ = 0.53. The laser
enters from the left, and a clear toroidal flame shape (propagating toward the laser) is forming up
to 2 ms. After that the flame shape deviates randomly; even after 20 ms the flame still exists within
the observable window (shown in a black arrow).
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Figure 2.16. Pressure traces of the ignition process near the flammability limit for CH4/air
mixture.
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Figure 2.17. Shadowgraph images of the flame propagation for Φ = 0.53, which is near the
flammability limit. Laser enters from left side.
2.2.5.3 Laser Vs Spark Ignition Systems
Experiments with SI system are carried out for a range of equivalence ratio (0.7-1.3) to assess
and compare LBV values obtained by LI system. A Lucas ignition circuit is assembled [127], and
controlled by LabVIEW software to provide the ignition energy (details in Appendix A). Also, a
spark plug was modified by welding two tungsten electrodes (1 mm) to produce a spark at the
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center of the combustion chamber. Figure 2.18 presents spherical flame propagation for methane
mixture at room temperature and atmospheric pressure for Φ = 1.05. For that case, the flame left
the observable window after 10 ms when the recorded pressured was 1.06 atm.

Figure 2.18. Schlieren imaging of methane flame propagation at 297 K and 1 atm initial
conditions for Φ = 1.2, spark ignition system is used to ignite the mixture.
In terms of pressure traces, the laser ignition system gives a faster pressure rise (shorter
combustion duration) than spark ignition system. That is mainly because of the conduction heat
transfer losses associated with the two electrodes which lower fuel reactivity, particularly at an
early stage. The figure above presents a small flame after 3 ms by SI, while flames cover
approximately half of the observable window with LI system. However, the laser ignition system
provides a lower maximum pressure; this might be attributed to flame distortion from the spherical
shape which creates more unburned mixture zones. Although there is a difference in the pressure
traces, the LBV values are very close (the pressure rate of change was almost identical) with a
maximum difference of 2.8% for the case of Φ = 1.3. Table 2.4 shows the LBV values of laser and
spark ignition systems for four equivalence ratios. The results in term of LBV vs equivalence ratio
is presented in Figure 2.14 for comparison. It is obvious that in spark ignition experiments the
maximum LBV is obtained at 1.05 which matches the numerical prediction [33]. Farrell et al.
[123] observed a similar trend between laser and spark ignition systems, the laminar burning
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velocities obtained for 45 hydrocarbons with negligible differences. Therefore, it is valid to
conclude that laser ignition system provides accurate LBV values even with initial toroidal flame
propagation; because flame tends toward spherical propagation as it expands.
Table 2.4. Laminar burning velocities (cm/s) of CH4/air mixtures are presented for the different
ignition systems.
Φ
LI
SP
Difference [%]
0.9
29.51
30
-1.63
1
36.58
35.95
1.75
1.1
34.98
34.53
1.30
1.3
24.16
24.85
-2.78
2.2.6

Conclusion of LI experiments in a constant chamber

Although the Nd:YAG laser profile is not a Gaussian profile and long focal length lenses were
employed, the laser was capable of igniting the mixture consistently and the energy density is
similar to the value found in the literature. The laminar burning velocity increases and decreases
with initial temperature and pressure respectively. Also, LBV values are not a function of ignition
energy; even though the maximum pressure occurs earlier with higher ignition energy, the
difference between LBV values were negligible. The higher maximum pressure is attributed to a
larger flame kernel. Toroidal and spherical flame propagations have been noticed during the
experiments, more investigation is required to justify the flame shape after the ignition process.
Laser and spark ignition systems are compared, the LBV values are almost identical with a
maximum difference of 2.8% for the rich mixture (Φ = 1.3). The maximum laminar burning
velocity occurs at an equivalence ratio of 1.05 for the CH4/air mixture. Also, the highest recorded
LBV value was 57.02 cm/s for stoichiometric mixture at initial conditions of 1 atm and 393 K.
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2.3

Performance of a Laser Ignited Multi-Cylinder Lean Burn Natural Gas Engine

In this section, laser and spark ignition systems are evaluated in a six-cylinder natural gas engine
to illustrate the benefit of LI near the lean limit. The engine was operated at high-load (298 kW)
and rated speed (1800 RPM) conditions. Ignition timing sweeps and excess air ratio () sweeps
were performed while keeping the NOx emissions below the EPA regulated value (BSNOx < 1.34
g/kW-hr), and while maintaining ignition stability at industry acceptable values (COV_IMEP <
5%). Through such engine tests, the relative merits of (i) standard electrical ignition system, and
(ii) laser ignition system were determined. A rigorous combustion data analysis was performed
and the main reasons leading to improved performance in the case of laser ignition were identified.
The work provided in this chapter has been published in the Journal of Engineering for Gas
Turbines and Power NOVEMBER 2017, Vol. 139 / 111501.
2.3.1

The Laser Igniters

Recent advancements in laser materials and laser pumping schemes have resulted in µlasers
having sufficient laser pulse energies to be able to create sparks when focused [109, 128-130].
While such designs are still evolving, we report here the results from ignition tests conducted using
one such state-of-the art µlaser design. Schematic representation of the µlaser along with a
photograph is shown in Figure 2.19. It consists of a water cooled high power Vertical Cavity
Surface Emitting Laser (VCSEL) pump whose output is focused using a single positive lens to
end-pump a Nd:YAG rod having appropriate anti-reflection coatings. At the other end of the
Nd:YAG rod is a Cr4+:YAG saturable absorber that acts as a passive Q-switch. This type of laser
is known for less beam divergence and bigger beam diameter. The pump VCSEL is operated up
to 500 µs resulting in an output comprising of two 1064 nm pulses, approximately 190 µs apart,
83

each with 14.5-16.5 mJ and 4.72 ns pulse width at FWHM. On account of various advanced design
features of this µlaser, it had a wall-plug efficiency of 2.22%, which amounts to the requirement
of a mere 1.35 J of electrical energy per combustion cycle for laser operation. Considering the fact
that these are passively Q-switched lasers (as opposed to actively Q-switched lasers) they are also
known as PQLs in the literature [82]. Table 2.5 presents some of the advantages of VCSEL over
edge emitters lasers.
Table 2.5. Advantages of vertical cavity surface emitting laser.
Edge Emitter laser
VCSEL
Circular simpler optical
Elliptical with high aspect ratio
Beam quality
train
Reliability
≈500
10-3
FIT number of failures in
p-n junction intersects the facet
p-n junctions do not
billions of hours of
mirrors, facet coatings are prone
intersect the surface
operation time
to catastrophic optical damage
Efficiency
55%
50-65%
(at room temperature 25°C)
Efficiency
>50%
≈35%
(at room temperature 60°C)
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Figure 2.19. Schematic (a) and photograph (b) representation of the laser igniter equipped with
water-cooled VCSEL pumped µlaser [71].
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The µlaser of above design was placed at the distal end of a hollow tube. The 1064 nm pulsed
output was focused into the combustion chamber using a single sapphire lens having a back focal
length of 8.6 mm. The focusing lens has a thickness of 6.35 mm that is capable to with stand to a
maximum pressure of 100 bar and a safety factor 4 according to equation (2.10). While the beam
quality was not measured, it was sufficient to successfully create sparks in 1 atm. air when the
laser beam of 2 mm diameter was focused using the sapphire lens. Copper seals placed beneath
the sapphire lens prevent the leakage of hot combustion gases into the hollow tube. Overall, the
arrangement shown in Figure 2.19 had the same footprint as a standard spark plug and would fit
in the spark plug well without any interference.
Initial tests performed on the engine by placing the laser igniter in the cylinder with the hottest
environment showed that the µlasers on these igniters would attain temperatures as high as 72°C
under full load conditions. Furthermore, a thermal analysis performed using temperatures
measured at various points on the igniter showed an overall heat flux of 25 Watts, which could be
removed by circulating cooled water. With the passive Q-switching used here, a pump laser
operating at a slightly higher temperature results in delayed emission of the laser pulses from the
rising edge of the trigger pulse. This, in turn, translates to delayed ignition timing (IT) in the
engine. To improve the accuracy of IT, the cooling water temperature was tightly controlled to be
22 ± 1°C, and further the timing was monitored using a photodiode installed on the walls of the
laser igniter (see Figure 2.19).
2.3.2

The 6-Cylinder Engine Test Platform

A Cummins QSK19G, turbocharged, inline 6-cylinder, 350 kW, lean-burn natural gas fueled
stationary engine was used as the test platform. Further specifications of the test engine are
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provided in Table 2.6. This engine was coupled to a 465 kW AC dynamometer to facilitate engine
tests at controlled engine load and speed. Individual cylinders were instrumented with pressure
transducers (Kistler 6067C) and in-cylinder pressure data was recorded using an AVL indicom
system after signal amplification using Kistler 5010B charge amplifiers. Cummins supplied
Calterm-II software enabled control of various engine operational parameters.
Table 2.6. Specifications of the Cummins QSK19G engine.
Cummins QSK19G
Engine
6-Cylinder,4-Stroke,
SI
Bore [mm]
159
Stroke [mm]
159
Comp. Ratio
11:1
Displacement [L]
19
Power [kW/hp]
350/469
Speed [RPM]
1800
Ignition System
CDI / Laser
Lube oil
35 gal.
Dynamometer
623 hp AC drive
The standard Capacitance Discharge Ignition (CDI) system on the engine was replaced with six
laser igniters to perform the laser ignition tests (see Figure 2.20). The engine control system used
a UEGO sensor in conjunction with a Woodward throttle actuator to allow variation of the  value.
A National Instruments FPGA based control system that used signals from an encoder mounted
on the crankshaft enabled changing the IT. The intake airflow and fuel flow were measured using
appropriately sized laminar flow meter and a Coriolis flow meter. Emission measurements were
performed using a Horiba 7100D emissions bench. Subsequently, the measured emission values
were processed per the procedure given in the SAE J1003 standard.
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Figure 2.20. View of standard spark ignition systems (left), and laser ignition system (right) as
seen from cylinder#1 of the engine at Argonne National Lab.
2.3.3

Results and Discussion

For an ideal Otto cycle one can represent the cycle efficiency by equation (2.11) where, CR is
the compression ratio and  = (Cp/Cv), the ratio of specific heats. In lean fuel-air mixtures  value
increases and as a result efficiency increases. However, in leaner mixtures the flame speed
decreases leading to lower efficiencies. In addition to these two counteracting phenomena,
efficiency strongly varies with IT. All of these manifest themselves in the trends shown in Figure
2.21. For the remainder of this section, the term efficiency, , is used to represent Brake Thermal
Efficiency = (dyno power/ fuel energy rate).
𝜂𝑐𝑦𝑐𝑙𝑒 = 1 −
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1
𝐶𝑅 (𝛾−1)

(2.11)

In these set of tests, for a given excess air ratio, , the IT was varied between 13° and 40° CA
BTDC. However, the actual test points closely confirmed to the two limitations corresponding to
BSNOx < 1.34 g/kW-hr, and COV_IMEP < 5%, that are marked by horizontal red lines in Figure
2.21B, C, E, and F. As shown in the case of  = 1.68 in Figure 2.21B, COV_IMEP decreases with
initial IT advance, however, it starts increasing at larger IT advance as the number of partial burns
and misfires increase. Such a convex-up trend is not shown in some of the curves in Figure 2.21B
and E, especially those corresponding to richer mixtures at advanced ignition timing, as the test
points with BSNOx significantly higher than 1.34 g/kW-hr. were excluded from the test matrix.
In a typical Otto cycle engine, with IT advance efficiency increases but eventually decreases
after the MBT timing is exceeded. Within the range of IT variation used here (see Figure 2.21A
and D), the engine efficiency monotonically increases with IT advancement. Figure 2.21C and F
show a similar trend for BSNOx variation with ignition timing. Additionally, noticing the trends
for 2P-LI in Figure 2.21E and D, one notices that for a given ignition timing (say, 30° CA BTDC),
COV_IMEP increases with increasing , whereas, efficiency shows the opposite trend.
In the case of 2P-LI, extension of the lean ignition limit up to  = 1.7 is possible, however, the
reduction in apparent flame speeds under lean-burn conditions appear to offset any efficiency gains
due to increased  values. As a result, identification of the optimal engine operating condition
having high efficiency, low NOx emissions and low COV_IMEP requires variation of both ignition
timing and excess air ratio.
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Figure 2.21. Efficiency, COV_IMEP and BSNOx variation with ignition timing.
The measured values of COV_IMEP, BSNOx for the above two ignition strategies are shown
as a function of engine efficiency in Figure 2.22. The current EPA emission regulation for BSNOx
of 1.34 g/kW-hr is marked by a horizontal red line. The industry accepted value for ignition
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stability, i.e., COV_IMEP = 5% is shown similarly marked by a horizontal red line. Confirming
to these two limitations, one notices by taking the baseline SI point to correspond to  = 1.6 and
IT = 24° CA BTDC and the 2P-LI optimal operational point as that corresponding to  = 1.68 and
IT = 36° CA BTDC, an efficiency gain of 2.6% points is possible. This efficiency gain may not be
attributable only to the fact that an ignition advance of 12° CA is facilitated by improved ignition
with the use of 2P-LI. As one shifts from  = 1.6 to  = 1.68, the transition of ignition kernel into
a sustained flame front and the subsequent combustion of in-cylinder charge are slower
necessitating optimal ignition phasing. To gain further insight into the associated combustion
processes, in-cylinder pressure data was processed to compare ignition delays and combustion
durations.
Due to the design of the cooling passages in the inline 6-cylinder engine used here, Cyl#1 is the
coolest and Cyl#6 is the hottest in operation. To capture the trends midway between these
extremes, cylinder pressure data corresponding to cyl#4 were processed and shown in Figure 2.23
and Figure 2.24. In actuality, the trends presented in these figures are observable in all 6 cylinders.
Figure 2.23A shows the rate of heat release (ROHR) ensemble averaged over 500 cycles for 
= 1.68 and IT = 29° CA BTDC. The corresponding ROHR plots for individual combustion cycles
are shown in light color in the background. In spite of the cyclic variations that are typical of lean
burn combustion, the ensemble averaged curve is representative of the overall combustion process.
Similar plots for 2P-LI, as shown in Figure 2.23B, show a narrower spread about the ensemble
average indicating smaller cyclic variation. Both of these plots were merged in Figure 2.23C to
compare combustion performance in SI and 2P-LI. As noticed, the ensemble averaged ROHR for
2P-LI shows earlier ignition and further accelerated combustion, which is representative of the
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trends in individual cycles. For the remainder of the discussion, values derived from individual, as
well as, ensemble averaged ROHR curves were used.

Figure 2.22. BSNOx vs. Brake Thermal Efficiency tradeoff (left), COV_IMEP vs. Brake Thermal
Efficiency (right). Allowable limits for NOx emissions and ignition stability are marked with
horizontal red arrows.
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Figure 2.23. Rate of heat release in cylinder#4 for SI and 2P-LI.
For the purposes of discussion, we will define “ignition delay” to correspond to the time period
between ignition timing and that corresponding to 10% mass fraction burned. In the case of SI and
2P-LI, this definition somewhat coincides with Sjoberg and Zeng’s “inflammation time” [131],
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wherein the flame kernel survives its nascent laminar state and transitions to a fully developed
turbulent deflagration. During this time scale, especially in lean mixtures, the stochastic variations
in temperature, velocity, and turbulence could influence the fragile flame kernel to result in
significant cycle-to-cycle variations.
In a similar manner, we will define “combustion duration” to correspond to the time interval
between 10% and 90% mass fraction burned. This time period corresponds to most of the fuel
chemical energy being converted to mechanical energy in the form of high-pressure combustion
gases. A short combustion duration that is phased appropriately results in a major fraction of the
heat release to occur at the top dead center, i.e., leading to constant volume combustion, which in
turn leads to higher thermal efficiency.
These values corresponding to cylinder#4 with a spread of ±standard deviation are shown in
Figure 2.24. As noticed, 2P-LI always results in shorter ignition delays and shorter combustion
durations, with these effects more pronounced under leaner conditions. Additionally, reduction in
cyclical variations with laser ignition, especially under lean mixtures conditions, is clearly
illustrated. For example, by comparing values of MFB50% of SI and 2P-LI at λ = 1.68, one notices
considerably less spread in the case of 2P-LI. Similarly, a closer observation of the standard
deviation values of MFB 0-10%, MFB 10-90% and MFB 50% at the optimal points with baseline
SI ( = 1.6 and IT = 24° CA BTDC) and 2P-LI ( = 1.68 and IT = 36° CA BTDC), shown with
continuous line circles and dashed line circles in Figure 2.24, reveals that combustion not only
occurs earlier and faster but is also more stable with 2P-LI.
An important point to note is that for the baseline SI case an ignition delay of 29° CA leads to
a combustion start at 5.5° CA ATDC. Whereas, for the 2P-LI optimal point an ignition delay of
37° CA leads to combustion start at 0.8° CA ATDC. With combustion durations being similar (see
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Figure 2.24B), this results in combustion phasing, i.e., MFB 50%, in the case of 2P-LI to precede
that of baseline SI by 5° CA (see Figure 2.24C).

Figure 2.24. Ignition delay (A), combustion duration (B), and MFB50% (C) in cylinder#4 for
SI and 2P-LI systems.
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Recently, Sjoberg and Wei [131], in their tests using a gasoline engine have reported a mixed
mode of combustion, wherein the end gas auto ignites following a brief period of deflagration. For
the 2P-LI optimal point, a graph similar to the ones shown in Figure 2.23. is plotted in Figure 2.25.
Due to the absence of a bimodal distribution in the ROHR curves, both in individual as well as
ensemble averaged ones, we can rule out the possibility of such a mixed mode of combustion.
Indeed, it is difficult to auto ignite natural gas which has an octane number ≥ 110 as compared to
gasoline which has octane number in the range 87 to 93.
From the above discussion, the observed net benefit of  = 2.6% points for 2P-LI optimal
point over SI baseline case is attributable to two effects: First, laser ignition improves ignition
stability to enable highly advanced ignition timing. Second, laser ignition enables ignition of leaner
fuel-air mixtures. Improved efficiency from the former effect overcomes the loss in efficiency
resulting from the latter to result in a net benefit of  = 2.6% points.

Figure 2.25. Rate of heat release plots for the optimal operational point with the use of 2P-LI.
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Measured values of brake specific unburnt hydrocarbons (BSHC) and brake specific carbon
monoxide (BSCO) emissions are shown in Figure 2.26 for the optimal operating conditions under
SI and 2P-LI. As noticed, the difference in these emission levels is very small for optimal
conditions using either ignition system to have a noticeable impact on combustion efficiency.

Figure 2.26. BSCO and BSHC emissions for SI (λ = 1.6) and 2P-LI (λ = 1.68). Circles mark the
ideal conditions for either ignition system.
2.3.4

6-Cylinder Engine Study Conclusions

The 6-cylinder natural gas engine was successfully operated at rated speed and high load
conditions with µlasers igniting all 6 cylinders. To the best of the knowledge, this is the first time
that this has ever been performed in the world. Ignition timing sweeps and excess air ratio sweeps
were performed and the engine performance was compared for the cases of SI and 2P-LI. A brake
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thermal efficiency improvement of 2.6% points was observed with the use of 2P-LI. A detailed
analysis shows that laser ignition leads to significantly improved ignition under advanced ignition
timings, which, in turn, enables optimal phasing to result in efficiency improvements. Further
efficiency gains can be envisioned as strategies promoting multi-point ignition or “volumetric
ignition” can be devised using laser ignition.
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2.4

Prechamber Equipped Laser Ignition (PCLI) for Improved Performance in Natural
Gas Engines

In this section, the optimal geometry of prechamber was identified through several tests in a
single-cylinder engine as a compromise between autoignition, NOx and soot formation within the
prechamber. Lean-burn operation of stationary natural gas engines offers lower NOx emissions
and improved efficiency. However, under lean conditions, flame speed reduces thereby offsetting
any efficiency gains resulting from the higher ratio of specific heats. The reduced flame speeds, in
turn, can be compensated with the use of a prechamber to result in volumetric ignition, and thereby
lead to faster combustion. Tests were conducted in a single-cylinder natural gas engine comparing
the performance of three ignition systems: SI, 2P-LI, and prechamber equipped laser ignition
(PCLI). Out of the three, the performance of PCLI was far superior compared to the other two.
Efficiency gain of 2.1% points could be achieved while complying with EPA regulation and the
industry standard for ignition stability. Test results and data analysis are presented identifying the
combustion mechanisms leading to the improved performance. The work provided in this chapter
has been published in the Journal of Engineering for Gas Turbines and Power OCTOBER 2017,
Vol. 139 / 101501, and was presented in Proceedings of the ASME 2017 Internal Combustion Fall
Technical Conference.
2.4.1

The Argonne Single Cylinder Engine Test Platform

A single cylinder natural gas engine (RSi-130Q) in Argonne National laboratory was utilized
in this study. Engine specification and schematic representation are shown in Table 2.7 and Figure
2.27 respectively. It is known that the single cylinder engine suffers from high cyclic variation due
to the pulsation in the intake and exhaust manifolds. Because of that two surge tanks were
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employed to dampen the flow pulsation (see Figure 2.28). Also, with the help of two electronic
valves, the surge tanks were used to simulate the turbocharger condition. An intake pressure in the
range of 5 to 24 psi gauge was used to achieve the required brake mean effective pressure (BMEP)
for each excess air ratio (λ 1.54, 1.58, 1.65, 1.67, 1.7 and 1.75). The engine is coupled to a 111 kW
AC dynamometer to facilitate ignition testing. Also, an external lubrication oil and coolant systems
were employed to supply the required lubricant oil at 85°C and maintain the optimum engine
temperature at 90°C respectively.
Table 2.7. Cummins engine specification (RSi-130Q).
Engine
Single cylinder, four stroke
Bore (mm)
130
Stroke (mm)
140
Displacement (L)
1.857
Compression ratio
11
Power (kW)
33
Speed (RPM)
1800

Figure 2.27. Schematic of the engine test setup.
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Figure 2.28. View of Cummins research engine (RSi-130Q) at Argonne National Lab
Pipeline natural gas (PLNG) was used during the experiments. The composition of the natural
gas changes slightly on a daily basis, however, a gas chromatography analysis was carried out to
evaluate the composition over several days. The stoichiometric air to fuel ratio was found to be
16.39; the composition of one of the tests is presented in Table 2.8. The natural gas was compressed
from 5 to 130 psi gauge by using a CompAire natural gas compressor before directing it to the
injector block. The PLNG flow measurement was obtained by utilizing a Micro Motion Coriolis
flow meter downstream of the compressor. While fuel was injected into the intake manifold with
the help of two electronically controlled natural gas injectors (CAP Inc.). Additionally, Horiba
MEXA-7100D emission bench was used to measure the composition of exhaust gases (CO, CO2,
NOx, UHC, and O2). In each test case data were recorded over three minutes and average values
utilized for subsequent analysis.
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Table 2.8. Composition of pipeline natural gas (PLNG).
Gas
Molar [%]
Nitrogen
1.08
Carbon dioxide
0.7
Methane
94.53
Ethane
3.43
Propane
0.21
C4-C6
0.04
The in-cylinder pressure was recorded by using a piezoelectric pressure transducer (Kistler
6013B) mounted on the cylinder head. Also, a charge amplifier (Kistler 5010) was employed to
convert the charge into a voltage signal. The transducer records at 100 kHz which gives
approximately 10 data points every crank angle at 1800 RPM. Kistler 2614A optical shaft encoder
was coupled with the engine crankshaft to determine the exact piston location. The data was
recorded with a high-speed data acquisition system (AVL indicom) to perform the
thermodynamics analysis. 500 consecutive cycles were recorded for each test after reaching a
steady state engine condition, to minimize the cyclic variation, an average pressure was utilized to
perform the heat release analysis using AVL Concerto software.
2.4.2

Ignition Systems

Following ignition systems were used:
1) Spark Ignition (SI): A standard Capacitance Discharge Ignition system (Altronic CD200)
was used in tandem with a standard 18 mm J-style spark plug (Altronic L1863ip). The
system was capable of generating up to 30 kV pulses across the gap with an average energy
of 35 mJ/strike.
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2) Laser Ignition (2P-LI): The laser igniter was identical to the one used in the 6-cylinder
engine study and described earlier in section 2.3.1. Further details of the laser igniter are
given in the author previous publications [71, 111].
3) Prechamber equipped laser ignition (PCLI): The PCLI was similar to the laser igniter in all
respects, except that a prechamber was affixed to its distal end. A schematic representation
of the three ignitors is shown in Figure 2.29. As previous studies by Roethlisberger and
Favrat [37, 132] show prechamber geometry such as, volume, number of nozzle holes,
nozzle diameters and their placement has a profound impact on ignition performance, and
the formation of NOx, CO and unburnt hydrocarbons. Using the basic frame work laid out
by these researchers, optimization of the prechamber that can be used with a laser ignitor
entails:
(i)

Avoiding soot formation within the prechamber;

(ii)

Minimizing NOx formation both in the prechamber as well as in the jets;

(iii) Avoiding autoignition within the prechamber [35] – occurrence of one such event in
the prechamber imparts a fast rising pressure pulse that often leads to failure of the
window/ lens material.
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Figure 2.29. Ignition geometries that were tested: (a) Spark Ignition (SI), (b) single-point laser
ignition (2P-LI), and (c) prechamber laser Ignition (PCLI).
2.4.3

Test Matrix

The engine tests were performed at a fixed speed of 1800 RPM, and a load of 10 bar BMEP.
For gradually decreasing values of , IT sweeps were performed. Other researchers [14], especially
those working with gasoline engines, have used optimal combustion phasing to correspond to MFB
50% coinciding with a fixed value of 5° ATDC. However, to accurately identify the optimal IT
for the slow burning natural gas fuel that was used here, for a given , IT was varied between
ignition advance corresponding to the EPA emissions regulation (BSNOx <1.34 g/kW-hr.) and
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ignition retard corresponding to the limit for ignition stability (COV_IMEP < 5%) as accepted in
the industry. This approach illustrates how engine efficiency is compromised with some ignition
systems, and provide guidance toward higher brake thermal efficiency.
2.4.4

General Trend of Spark Ignition System

In a reciprocating engine, the optimum point of spark timing is obtained by swiping the ignition
timing to achieve the maximum brake torque (MBT) at a fixed operating condition. In general, this
point is attained if the maximum pressure and mass fraction burned 50% happen to be around 15°
and 5°-10° CA ATDC respectively. However, engine knock and emission requirements might limit
the use of such IT. If the spark advanced beyond that timing without encountering engine knock,
the negative compression work increases and results in a lower engine torque. Figure 2.30 shows
a relative engine torque with respect to IT where the MBT occurred by igniting the mixture at 33°
CA BTDC.

Figure 2.30. Engine relative torque versus ignition timing. The maximum brake torque timing
happens at IT 33° CA BTDC.
Recently, Zhu et al. [133] developed a closed loop control system based on the highest
acceleration of mass fraction burned to maintain optimal IT with engine aging and operational
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conditions. It was found that the MBT timing is reached on all operation conditions if the
maximum acceleration of heat release is just after TDC. It is obvious that the optimum IT is a
function of all engine parameters such as load, speed, turbulence, ignition system, and the air to
fuel ratio. Also, since combustion duration is a function of turbulent burning velocity, it can be
minimized by increasing the turbulence or by burning a mixture with higher LBV. Though with
lean combustion mode other strategies must be employed to minimize the combustion duration.
In the beginning, the SI experiments are discussed to evaluate the general trend of a single
cylinder research engine. As mentioned earlier, this engine suffers from high cyclic variation. Even
though that two surge tanks were utilized to minimize the pulsation in intake and exhaust manifold,
the cyclic variations were incomparable to the 6-cylinder engine study (presented earlier in section
2.3). In fact, the main reason for observing a lower engine efficiency gain with LI in the single
cylinder engine is attributed to the cyclic variation.
Previous studies [134-136] have shown the inflammation phase, i.e., the transformation of the
ignition system generated plasma kernel into a self-sustaining flame front, is highly tenuous and
depends upon the local equivalence ratio, flow field, as well as, turbulent intensities. Once the
flame propagates to a sufficiently large radius, the cycle-to-cycle variation decreases dramatically.
Several cyclic variation metrics have been proposed in the literature to understand this phenomena
which is prominently enhanced under lean or highly diluted mixture conditions [135]. Here, the
assessment was performed based on IMEP, location of maximum pressure (LOMP), and value of
maximum pressure (MP).
Figure 2.31 shows the cyclic variation for λ = 1.58 at several IT. In this example, it is evident
that the cyclic variation decreases with ignition timing advance from 15° to 21° CA BTDC. This
is inductive of a shorter combustion duration as the IT approaches the MBT timing. However,
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exhaust gas emission forbids the advance ignition timing 19° and 21° CA BTDC as will be shown
later. Also, a comparison of cyclic variation metrics under fixed ignition timing showed that the
intensity increases as we go leaner because of the reasons discussed earlier. One notices that the
intensity of cyclic variation is more pronounced with the location and value of maximum pressure
(see Table 2.9), which is in agreement with the results of Reyes et al. study [136]. The high
fluctuations in LOMP is a markedly pronounced indicator of the performance limit of an ignition
system, and is consistently observed before exceeding the acceptable industrial COV_IMEP value.
Table 2.9. Coefficient of variation for SI system at λ = 1.58.
IT [° CA BTDC]
15
17
19
21
COV_IMEP [%]
5.33
4.13
4.12
3.09
COV_MP [%]
10.4
9.9
10
8.5
COV_LOMP [%]
38.63
13.47
10.69
9.18
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(A) Indicated mean effective pressure

(B) Location of maximum pressure

Figure 2.31. Cyclic variation of a single cylinder engine ignited with spark ignition system at λ
= 1.58 and several IT.
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Analyzing individual cycles is a tedious procedure especially if a full map of IT and λ is carried
out. Also, sometimes the result might not be conclusive because of high cyclic variations
associated with the single cylinder research engines. Ensemble averaged pressure trace based on
500 consecutive cycles are used in most studies to deliver a general combustion trend. This
methodology has been adapted in this section to compare pressure and heat release traces.
Figure 2.32 shows pressure traces for three different λ values at fixed ignition timing 19° CA
BTDC. As expected the peak pressure decreases, and the location of the peak pressure shifts away
from the TDC as λ increases. This is an inductive of the reduction in LBV which is directly related
to the combustion duration. However, IT can be advanced to compensate for the increase in
combustion duration.

.
Figure 2.32 Pressure traces of natural gas reciprocating engine operated with spark ignition at
a fixed ignition timing and several air to fuel ratios.
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Figure 2.33 illustrates the pressure traces for four experiments at fixed λ and different IT. One
notices that the maximum pressure increases with IT advance from 15° to 21° CA BTDC due to a
higher rate of heat release (see Figure 2.34). Although the mixture temperature decreases with
spark advancement (lowers the LBV at fixed λ), the volume at which the charge is burnt decreases
and improves the overall combustion process.
Pressure traces shown in Figure 2.33 at λ = 1.58 illustrate a clear example of SI system
limitation with lean combustion mode. Thermodynamic analysis revealed that the maximum
pressure, MFB 50%, and maximum accelerations of heat release at IT 21° CA BTDC, occurred at
16.8°, 14.8°, and 3° CA ATDC respectively. Even though the MBT timing was not attained at IT
21° CA BTDC, the NOx exhaust emission exceeded the allowable EPA limit (more details given
later).

Figure 2.33. Pressure traces of a natural gas reciprocating engine operated with spark ignition
at λ = 1.58 and several ignition timing.
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Figure 2.34. Rate of heat release of a natural gas reciprocating engine operated with spark
ignition at λ = 1.58 and several ignition timings.
The acceptable operating points can be found after mapping BSNOx emission and COV_IMEP
versus brake thermal efficiency. Figure 2.35 shows the two parameters mapped for several λ and
IT. The EPA allowable BSNOx limit and the industrial accepted COV_IMEP value are shown as
red lines; only data points below those lines can be employed in stationary natural gas engines.
Since NOx emissions are proportional to the temperature, the BSNOx increases as air to fuel ratio
decreases for lean mixtures. Similarly, under fixed λ, engine efficiency increases with spark
advancement (see Figure 2.35), however, the limiting factor the is BSNOx emission. It is apparent
that for λ = 1.5, no data point can be used because of a high NOx emission. Since the NOx emission
is expected to be even higher with more advanced ignition system due to shorter combustion
duration and lower heat transfer losses, tests at λ = 1.5 were neglected with 2P-LI and PCLI
ignition systems.

111

Spark advancement

Figure 2.35. Brake specific NOx emission and COV_IMEP for spark ignition system at several
operating conditions.
Out of the 12 operating conditions shown in Figure 2.35 with SI system, only three points
maintained the EPA regulated value of BSNOx, and provide acceptable COV_IMEP. The optimum
operating point found to be for λ = 1.58, and IT 17° CA BTDC that delivered brake thermal
efficiency of 33.65%. Conversely, the COV_IMEP shows an opposite trend in the tested range of
SI experiments; a lower COV_IMEP can be attained by utilizing richer mixture and advancing the
IT. For lean mixtures, the LBV increases as λ decreases; as a result, a faster combustion process
occurs which in turn leads to lower COV_IMEP. Utilizing a mixture leaner than λ = 1.58 with SI
system was not an option because the COV_IMEP increases dramatically to values close to 10%
due to partial combustions and some misfire events. It is concluded that SI system is not sufficient
to ignite a mixture leaner than λ = 1.58 under 10 bar BMEP engine load.
Unlike NOx emission, other emission gasses like carbon monoxide and unburnt hydrocarbon
can be oxidized easily by employing after treatment system. Experiments with SI system showed
that the IT has a minimal effect on BSCO and no evident trend with BSHC. The range of BSCO
was within 2 – 3.7 g/kW-hr for all tested mixtures and IT. Similarly, the BSHC was in between 4
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– 6 g/kW-hr. In contrast, the trend of both emissions was clear as a function of λ, BSHC and BSCO
increase by utilizing leaner mixtures. That is mainly because of the reduction of adiabatic flame
temperature, and hence the increase of oxidation time which in turn leads to higher emission if the
tests are conducted at constant engine speed.
2.4.5

Laser Ignition

The results of SI system showed that advancing the IT while utilizing a leaner mixture can
promote the system toward higher engine efficiency. However, igniting a mixture leaner than λ =
1.58 was not possible because of the sudden rise of COV_IMEP. This is attributed to the increase
of breakdown voltage with higher boost pressure that is needed to compensate for the reduction of
available charge energy. On the other hand, laser absorption increases with pressure and promotes
its utilization for lean combustion mode. However, before demonstrating how higher engine
efficiency can be achieved with 2P-LI, it behooves us to examine the COV_IMEP and
COV_LOMP for identical cases with SI and 2P-LI systems.
Figure 2.36 shows two comparison cases between SI and 2P-LI system where λ = 1.58 and IT
= 15° and 17° CA BTDC. One notices that laser ignition minimizes the COV_IMEP from 5.33%
to 4.01% for IT 15° CA BTDC. Similarly, the reduction of COV_IMEP at IT 17° CA BTDC was
from 4.13% to 3.17% (compare Table 2.9 and Table 2.10 for other cyclic variation metrics). The
reduction of cyclic variation is more noticeable for the LOMP; 2P-LI eliminated the variation
compared to SI under identical operating conditions. Even if spark ignition system were to be
compared with a retarded laser ignition case, the 2P-LI leads to a more stable operation. For
example, the COV_LOMP with SI at IT 17° CA BTDC was 13.47% while COV_LOMP for 2P-
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LI at IT 15° CA BTDC was only 8.4%. Since cyclic variation decreases by spark advancement
(see Figure 2.35B), this observation demonstrates the capabilities of 2P-LI with lean mixtures.
Table 2.10. Coefficient of variation for 2P-LI system at λ = 1.58.
IT [° CA BTDC]
13
15
17
COV_IMEP [%]
4.19
4.01
3.17
COV_MP [%]
9.71
10.3
8.8
COV_LOMP [%]
17.88
8.4
8.2
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(A) Indicated mean effective pressure

(B) Location of maximum pressure

Figure 2.36. Comparison of cyclic variation of a single cylinder engine ignited with SI and 2PLI systems at λ = 1.58 and IT 15° and 17° CA BTDC.
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Also, the benefit of laser ignition can be visualized by comparing the averaged pressure traces.
Figure 2.37 presents pressure traces of laser and spark ignition systems in red and blue colors
respectively for λ = 1.58 at IT 15° CA BTDC. As noticed, the pressure trace of 2P-LI system is
narrower and higher than the SI system. This is attributed to a shorter combustion process which
in turn leads to higher engine efficiency. Similarly, the rate of heat release analysis revealed a
faster and higher values with 2P-LI (shown in Appendix C). The reader is advised to check Figure
2.51 for other examples with λ = 1.58 at IT 15° CA BTDC, and λ = 1.54 at IT 13° CA BTDC,
similar trends were observed.

Figure 2.37. Comparison of spark and two pulse laser ignition pressure traces at λ = 1.58 and
two ignition timing 15° and 17° [CA BTDC].
In the literature, there are some speculations about laser ignition benefits which suggests that
lasers provide only a spark advancement in reciprocating engines. To eliminate this concern, the
SI system was advanced 2° CA and compared with the 2P-LI. The solid black line shows the result
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of SI at IT 17° CA BTDC; even after advancing IT, 2P-LI provided a faster combustion process.
This result proves that the laser ignition improves combustion process in general by providing
lower heat transfer losses, shorter ignition delay, and combustion duration as will be shown later.
In addition, a similar advantage of 2P-LI can be noticed by comparing cyclic variation metrics (see
Table 2.9 and Table 2.10 for SI and 2P-LI systems respectively). The COV_IMEP of 2P-LI for λ
= 1.58 at IT 15° CA BTDC was 4.01% while SI system provided 5.33% and 4.13% for IT 15° and
17° CA BTDC respectively. It is worth noting here that engine operation under identical
conditions, i.e., same IT and λ, leads to 2P-LI exhibiting higher BSNOx values than SI, which may
be attributed to the resulting accelerated combustion.
The author explained earlier the limitation of lean combustion mode in section 2.3; where the
LBV reduction offsets the gain from higher specific heat ratios and lower heat transfer losses. This
limit exists because of the increase in combustion duration which in turn leads to higher cyclic
variations. It has been noticed that the limit varies from engine to engine, based on the number of
cylinders as well as the general design of the combustion chamber. In the 6-cylinder engine study,
the engine successfully operated at λ = 1.68, however, the single-cylinder engine faced high cyclic
variation. Even though that 2P-LI can ignite the lean mixture, the stable engine operation point
was shifted to λ = 1.65. This trend is reasonable because single-cylinder engines suffer from high
cyclic variations due to the pulsations in intake and exhaust manifolds. However, extending the
lean limit from λ = 1.58 in SI to λ = 1.65 with 2P-LI, and using advance IT increased the brake
engine efficiency.
Figure 2.38 presents ensemble averaged pressure traces with 2P-LI at λ = 1.65 and several IT.
One notices that the IT shifted to more advance values compared with other λ to compensate for
the reduction of turbulent burning velocity. The general trend of pressure traces with 2P-LI system
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matches those obtained with SI system, an improved combustion process with IT advancement.
Also, the rate of heat release analysis given in Figure 2.39 shows a higher rate of heat release.
Since a leaner mixture was used in the case of 2P-LI system, the NOx production met the EPA
limit with IT 21° CA BTDC.
Only for IT 23° CA BTDC the BSNOx emission surpassed the EPA limit of 1.34 g/kW-hr (see
Figure 2.54). In that case, represented by an orange line in the pressure trace and rate of heat release
analysis figures (see Figure 2.38 and Figure 2.39), the maximum pressure was 66.28 bar at 15° CA
ATDC while the highest rate of heat release was 88.43 kJ/m3deg at 9° CA ATDC. Subsequent
thermodynamic analysis revealed that the MFB 50% occurred at 12.7° CA ATDC. Likewise, the
location of maximum acceleration of heat release occurred at the TDC which is the optimum point
of operation according to Zhu et al. study [133]. To conclude, IT 23° CA BTDC was the MBT
timing at λ = 1.65, but due to the fact that the engine was running without a catalytic converter,
the EPA limit could not be met. Therefore, the IT 21° CA BTDC was used for further analysis
during the comparison of SI, 2P-LI, and PCLI ignition systems. The optimum points for SI, 2PLI, and PCLI system will be discussed in detail in section 2.4.7.
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Figure 2.38. Pressure traces of natural gas reciprocating engine operated with 2 pulse laser
ignition at λ = 1.65 and several ignition timing.

Figure 2.39. Rate of heat release of a natural gas reciprocating engine operated with two pulse
laser ignition at λ = 1.65 and several ignition timing.
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The cyclic variation in terms of IMEP and LOMP are shown for 2P-LI system in Figure 2.40
at λ = 1.65 and several IT. Also, several COV metrics are given in Table 2.11. It is evident that the
cyclic variation reduces by advancing the IT, due to the shift of operating condition toward the
MBT timing that is known for a stable combustion. Comparing Figure 2.40 for 2P-LI at λ = 1.65
and Figure 2.31 for SI at λ = 1.58; one notices that even though a leaner mixture was used with
2P-LI the LOMP was more stable. For instance, at IT 19° CA BTDC, COV_LOMP were 9.63%
and 10.69% for 2P-LI and SI system respectively. Similarly, COV_IMEP was almost identical
4.14% and 4.12% for 2P-LI and SI systems at the same point.
Table 2.11. Coefficient of variation for 2P-LI system at λ = 1.65.
IT [° CA BTDC]
17
19
21
23
COV_IMEP [%]
4.34
4.14
3.91
3.44
COV_LOMP [%]
12.07
9.63
9.46
9.51
COV_MP [%]
9.53
9.53
9.82
9.02
Unlike the result of COV_LOMP at identical IT and different λ (discussed above), the
COV_IMEP and COV_MP show benefits for SI system in some cases. This is attributed to the
change of air to fuel ratio, and its direct effect on combustion rate. As noticed, COV_IMEP and
COV_MP were slightly lower with SI at λ = 1.58 relative to 2P-LI at λ = 1.65 under fixed IT (see
IT 21° CA BTDC in Table 2.9 and Table 2.11). Therefore, it is valid to speculate that λ is more
dominant factor than the ignition system. However, EPA regulations limit the range of operating
points which in turn leads to a different conclusion. As explained earlier, IT cannot be advanced
beyond 17° CA BTDC with SI at λ = 1.58, unlike 2P-LI that offers acceptable BSNOx emission at
21° CA BTDC with λ = 1.65. Comparing cyclic variation metrics of those points revealed the
importance of ignition systems. All cyclic variation metrics are reduced with 2P-LI system due to
the shift of operating point toward MBT timing.
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(A) Indicated mean effective pressure

(B) Location of maximum pressure

Figure 2.40. Cyclic variation of a single cylinder engine ignited with 2 pulse laser ignition
system at λ = 1.65 and several IT.
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2.4.6

Prechamber Optimization

In our efforts, the prechamber volume was kept constant at 1600 mm3 corresponding to 0.08%
of the combustion chamber clearance volume, and four different designs were tested. Table 2.12
presents the diameter, number of holes, and the surface area of each design, while a schematic
representation is shown in Figure 2.41. Designs D1 and D3 have the same total nozzle crosssectional area. Designs D2, D3, and D4 have the same configuration, except for the fact that hole
sizes were different. Only few tests conducted with D4, three holes 2 mm diameter, but they
provided a result similar to those attained by D3. Hence, the fourth design has been neglected in
this evaluation.
Table 2.12. Prechamber geometries.
Design
Number of holes
D1
6
D2
3
D3
3
D4
3

Diameter of holes [mm]
2&1
1.6
2.23
2

Total surface area [mm2]
11.78
6.03
11.72
9.42

Figure 2.41. Schematic representation of three prechamber geometries.
Even though that the optimum IT might be different for each ignition system or prechamber
configuration, here a first comparison was made under fixed IT and λ to understand the benefit of
spatial distribution and nozzle diameter. After that, the full analysis is shown for the most
promising design. Figure 2.42 and Figure 2.43 present the pressure traces and rate of heat release
for λ = 1.58 with two IT. It is evident that D1 which has six holes in staggered configuration gave
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the best performance, higher and faster pressure rise. The rate of heat release also provided the
same conclusion with the most rapid combustion in D1 compared to D2 and D3 (Figure 2.43
illustrates faster rate of heat release with D1, shown in red color).
Design 2 which has three holes, 1.6 mm diameter, gave a slightly higher rate of heat release
(maximum value) because of its optimum IT in that case. The full thermodynamic analysis of D1
revealed that the IT was advanced beyond the MBT timing as shown in Table 2.13. Alternatively,
D2 at IT 15° CA BTDC and D3 at IT 14° CA BTDC attained the MBT timing according to the
maximum acceleration of heat release criterion.
Table 2.13. Combustion parameters for the three prechamber designs at λ = 1.58.
D2
Design
D1
71.44
Maximum pressure [bar]
75.07
14°
13.4°
Location of Max. pressure [CA ATDC]
9.65°
8.5°
Mass fraction burned 50% [CA ATDC]
0
-3°
Maximum acceleration of heat release [CA ATDC]

D3
68.84
14.7°
10.6°
0

The cross-sectional area of D1 and D3 are the same, but the spatial distribution of flame jets
(six compared to three) in D1 provided a shorter ignition delay and combustion duration (see
Figure 2.44). Similarly, comparing D2 and D3 that has the same hole configuration but with
different diameters reveals a definite advantage. D2 provided shorter combustion duration because
the flame jets velocity increases as the nozzle diameter decreases, thereby, deeper penetration and
better spatial distribution were accomplished. However, the ignition delay shown in Figure 2.44
increased slightly in D2 because of higher flow restriction. In that design, engine knock was
detected for λ ≥ 1.65 after reaching the target engine load (10 bar BMEP). Hence, D2 was tested
only at λ = 1.58, and the full range was evaluated for D1 and D3. In case of engine knock, the
weakest spot is the focusing lens that cracks after few knocking cycles.
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Figure 2.42. Pressure traces of natural gas reciprocating engine equipped with several designs
of PCLI at λ = 1.58 and 10 bar BMEP.

Figure 2.43. Rate of heat release of natural gas reciprocating engine equipped with several
designs of PCLI at λ = 1.58 and 10 bar BMEP.
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In lean combustion mode, the spatial distribution of jets has a dominant effect by minimizing
the flame travel path which in turn leads to faster combustion. Therefore, instead of advancing IT
with lean mixtures, IT was retarded in PCLI relative to SI and 2P-LI systems. Ignition delay and
combustion durations for the three geometries at  = 1.58 are shown in Figure 2.44. It is obvious
that D1 provided a shorter ignition delay, the difference was approximately 1-1.5° CA compared
with the other designs. The MFB 10% was almost constant with IT, however, the MFB 10-90%
decreases as the IT advanced because of a better charge utilization. As seen, the combustion
durations are somewhat similar at λ = 1.58.

Figure 2.44. (A) Ignition delay and (B) combustion duration for the three prechamber
geometries for λ = 1.58.
Subsequent tests comparing D1 and D3 (see Figure 2.45) showed that both ignition delay and
combustion duration were lower with D1. It has been noticed that the benefit of D1 is more
noticeable with a leaner mixture. For example, the difference in ignition delay between D1 and D3
at IT 13° CA BTDC for λ = 1.58 was only 0.65° CA while the difference increases to 1.7° CA at
λ = 1.7. Similarly, at the same conditions, the difference in combustion duration was almost
negligible for λ = 1.58 while it was 3.1° CA with λ = 1.7. This observation shows how crucial is
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the spatial distribution with very lean mixture combustion. Additionally, there was no incidence
of autoignition in the case of D1 even with a very lean mixture (λ = 1.75). The superior
performance of D1 is attributable to the fact that it uses 2 and 1 mm diameter holes in a staggered
fashion, which in addition to the spatial separation, leads to temporally separated issuance of jets
from the larger and smaller holes.

Figure 2.45. (A) Ignition delay and (B) combustion duration for D1 and D3.
Overall design D1 - prechamber volume 1600 mm3, 3 holes 2 mm Dia. and 3 holes 1 mm Dia.
at 45° to the igniter axis - was the optimal geometry that would offer low NOx emissions and at
the same time avoid autoignition and soot formation. This prechamber geometry was used in PCLI
for subsequent tests comparing the three ignition systems shown in the next section.
A wide range of IT 11-21° CA BTDC, and λ 1.54-1.75 were used for the PCLI D1 to evaluate
its performance, and compare it with SI and 2P-LI. The trend of pressure traces and rate of heat
release with IT was identical to the results presented earlier with SI and 2P-LI systems; a faster
combustion with spark advancement. Figure 2.46 shows the rate of heat release for PCLI D1, λ =
1.58, and several IT. The maximum acceleration of heat release analysis revealed that IT 15° and
17° CA BTDC were advanced beyond the MBT timing. Even though the engine was stable,
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running at those conditions results in a lower brake thermal efficiency due to the negative work
against the compression stroke. The reduction of brake thermal efficiency was observed clearly
with λ = 1.54 where the value reduced from 36.13% to 35.95% by advancing the IT from 15° to
17° CA BTDC. It is worth mentioning that running the engine with PCLI at λ ≤ 1.58 generates
high BSNOx emission, but the author carried out those tests in order to compare the PCLI with SI
system at identical conditions IT and λ.

Figure 2.46. Rate of heat release of natural gas reciprocating engine equipped with PCLI D1
at λ = 1.58, several ignition timings, and 10 bar BMEP.
Since the cyclic variations were presented under fixed air to fuel ratio and several IT with SI
and 2P-LI systems, the author intended to show the effect of λ for the PCLI system. This illustration
does not only demonstrate the capability of PCLI system but also emphasize the effect of λ on
cyclic variation Figure 2.47 compares the cyclic variation at IT 15° CA BTDC and a range of 1.58
≤

λ ≤ 1.7. Also, the COV_IMEP, COV_LOMP, and COV_MP are presented in Table 2.14.
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It is clear that under fixed IT all cyclic variation metrics increases by using leaner mixtures
because of the reduction in turbulent burning velocity. The COV_IMEP was within the acceptable
industrial value for all tests except at λ = 1.75 where a sudden jump of COV_IMEP was noticed
as will be shown later. Similarly, the COV_MP increased but at a relatively higher rate. This is an
inductive of COV_MP sensitivity to λ which has a drastic effect on combustion duration. The
COV_LOMP was almost constant for 1.54 ≤ λ ≤ 1.7 (see Table 2.14), and it was very small
compared to SI 38.6% and 2P-LI 8.4% at identical operation condition. Overall, PCLI system
improved engine cyclic variation by distributing the ignition sites and minimizing the dependence
of flame speed. This feature is crucial for stationary large bore natural gas engines because brake
thermal efficiency can be improved by using a lean mixture if the cyclic variation can be
maintained within acceptable values.
Table 2.14. Cyclic variation of PCLI D1 system at IT 15° CA BTDC and several λ.
λ
1.58
1.65
1.68
1.7
COV_IMEP [%]
2.21
2.7
3.01
3.7
COV_LOMP [%]
6.15
6.15
6.23
6.71
COV_MP [%]
4.95
6.51
6.75
7.52
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(A) Indicated mean effective pressure

(B) Location of maximum pressure

Figure 2.47. Cyclic variation of a single cylinder engine ignited with prechamber D1 at IT of
15° CA BTDC and several air to fuel ratios.
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The average pressure traces for 500 consecutive cycles are illustrated in Figure 2.48 at IT 15°
CA BTDC. The maximum pressure increases and shifts toward the TDC by utilizing richer
mixtures due to the increase in combustion rate. However, at IT 15° CA BTDC, only λ ≥ 1.68
provides acceptable BSNOx emission with PCLI because of the rapid combustion process.
Mass fraction burned analysis is shown in Figure 2.49 under several IT and λ. One notices that
the ignition delay was almost constant with spark advancement, only at λ = 1.75, the ignition delay
was increasing with IT. Conversely, the ignition delay was increasing with λ; for instance, the
MFB 10% increased 1.35° CA by increasing λ from 1.68 to 1.7 at IT 15° CA BTDC. The general
trend for all data points was an increase in the range of 0.8-1.8° CA in between the considered λ.
Only at λ = 1.75, the increase was 3.65° CA compared to λ = 1.7 at IT 17° CA BTDC. This sudden
rise is attributed to the high cyclic variation encountered during those tests which revealed the limit
of PCLI system.
The trend of combustion duration with the excess air ratio was identical to the ignition delay.
The MFB 10-90% increased 2.8° CA by increasing λ from 1.68 to 1.7 at IT 15° CA BTDC.
However, the combustion duration decreases with IT as illustrated in Figure 2.49B. This is
indicative of burning the charge in a smaller volume which in turn leads to a faster combustion
process. For the cases at λ = 1.75 and IT 17-21° CA BTDC, no clear trend was observed due to
high cyclic variation as stated earlier.
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Figure 2.48. Pressure traces of natural gas reciprocating engine equipped with PCLI D1 at IT
15° CA BTDC, several excess air ratio, and 10 bar BMEP.

A

B

Figure 2.49. (A) Ignition delay and (B) combustion duration for PCLI D1.
Figure 2.50 shows BSNOx emission as well as COV_IMEP for all the data points taken by PCLI
D1. The scale of y-axis was increased to accommodate the wide range of engine operating
conditions taken with PCLI. The BSNOx emission increases while the COV_IMEP decreases with
spark advancement. One notices that all data points taken with λ = 1.54 and 1.58 provide BSNOx
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emission higher than 1.34 g\kW-hr (EPA limit). Also for λ = 1.65, only one data point can be
employed with PCLI at IT 11° CA BTDC.
Likewise, all data points taken with λ = 1.75 offers COV_IMEP higher than the industrial
accepted value. The sudden rise of COV_IMEP was noticed for all ignition systems but at a
different λ. For the case of PCLI system, the COV_IMEP increased from the range of 3.7-5.11%
at λ = 1.7 to 10.24-13.82% at λ = 1.75. Since those data points do not comply with EPA regulation
and the industrial accepted COV value, they were disregarded. Therefore, the PCLI system
operating range was limited to 1.65 ≤ λ ≤ 1.7 and IT 11°-17° CA BTDC.

Figure 2.50. Brake specific NOx emission and COV_IMEP for PCLI system at several air to fuel
ratio.
2.4.7

Results and Discussion of the Three Ignition Systems

The averaged pressure curves for the three ignition systems, for two different test conditions IT
13 at  1.54, and IT 17 at  1.58 are shown in Figure 2.51A and C respectively. One notices that
in both conditions, 2P-LI leads to faster combustion that results in a higher peak pressure value as
compared to SI. As evident from the rates of heat release shown in Figure 2.51B and D, LI also
leads to shorter ignition delay. This may be attributed to larger flame kernel developed in the case
of LI, which gets further amplified by heat released from combustion gases entrained from the
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surroundings [81]. The net effect is accelerated combustion leading to higher peak pressures and
stable engine operation.

Figure 2.51. Pressure traces and heat release rates.
Similarly, in the case of PCLI D1, the partially combusted jets issuing from the prechamber
introduce spatially distributed ignition sites at multiple locations, especially at the jet head vortices
[137], leading to earlier and much faster combustion. This results in peak cylinder pressures
approximately 20 bar higher than in SI or 2P-LI. These trends are further evident when one
compares ignition delays (see Figure 2.52) and combustion durations (see Figure 2.53) for the
three ignition systems. Ignition delays for prechamber ignition system are approximately 10° CA
shorter than those corresponding to SI. Similarly, the difference was about 6.8° CA compared with
the laser ignition. Combustion durations are reduced on an average by 8° CA in the case of PCLI
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D1. Such trends warrant delayed ignition phasing in the case of 2P-LI and PCLI D1 for optimal
engine operation.

Figure 2.52. Ignition delay for the three ignition systems.

Figure 2.53. Ignition duration for the three ignition systems.
The BSNOx vs. brake thermal efficiency and the corresponding COV_IMEP vs. brake thermal
efficiency plots for the three ignition systems are presented in Figure 2.54. Also shown in this
figure with red horizontal lines are the allowable levels for BSNOx per EPA regulation (1.34 g/kWhr) and the acceptable industry value for ignition stability (COV_IMEP = 5%). Only data points
close to those limits are shown for each ignition system (the full range was illustrated earlier). One
notices that for all three ignition systems, for a given  value, NOx emissions increase with increase
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in brake thermal efficiency (resulting from spark advancement), whereas COV_IMEP decreases
(i.e., combustion stability improves). This behavior was captured for all ignition systems before
reaching their lean limits, after that, a sudden jump in the order of an additional 5-7% COV_IMEP
were recorded.
Laser ignition (2P-LI) extends lean operation to  1.65, whereas PCLI extends it even further
to  1.7. As a result, the optimal operating point for a given ignition system was chosen as the 
and IT combination that offers the maximum brake thermal efficiency. This results in 2P-LI
exhibiting an incremental efficiency improvement of  = 1.3%, whereas PCLI performs even
better with an improvement of  = 2.1% (see Figure 2.54A, C, and E). As mentioned before, this
is primarily attributed to the spatially distributed ignition sites facilitated by PCLI, which lead to
faster combustion and close to the top dead center. It is believed that the PCLI system will provide
even higher efficiency improvement on the 6-cylinder engine due to its stable operation.
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Figure 2.54. Relative performance of SI, LI and PCLI.
As the performance of each of the ignition systems is governed by different physical processes,
the optimal operational point for each one of them, i.e., λ and IT were different. For example, the
optimum SI point happened to be with λ = 1.58 at IT 17° CA BTDC. Similarly, the 2P-LI optimum
point occurred with λ = 1.65 and IT 21° CA BTDC, whereas for PCLI, λ = 1.7 and IT 17° CA
BTDC yielded the highest efficiency.
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Figure 2.55 shows the average pressure trace for the optimal operating points in each ignition
system. Arrows and diamond marks were used to present the IT and the time for mass fraction
burned 90% respectively. Orange arrow was used for IT 17° CA BTDC because both SI and PCLID1 share that point. One notices that the time required for achieving 90% MFB decreases by using
advance ignition systems such as 2P-LI or PCLI. This reflects efficient combustion process as
shown in the rate of heat release figure. Also, it is evident that the peak pressure was increasing in
the order of SI, 2P-LI, and PCLI while the location of peak pressure was shifting toward the top
dead center. A similar observation was noticed for the rate of heat release, but the values were very
close. Table 2.15 compares several combustion parameters for spark, laser, and prechamber
ignition systems at optimal operating conditions.
Table 2.15. Combustion parameters for the three ignition systems at optimal operation
condition.
Ignition system
SI
2P-LI
PCLI D1
Maximum pressure [bar]

53.8

62

67.1

Location of Max. pressure [CA ATDC]

19.8°

16.1°

14.7°

Maximum rate of heat release [kJ/m3-deg]

84.8

85.9

87.6

Location of Max rate of heat release [CA ATDC]

17°

12°

9°

20.3°

14.95°

13°

7°

3°

0 (@TDC)

Mass fraction burned 50% [CA ATDC]
Maximum acceleration of heat release [CA BTDC]
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Figure 2.55. Pressure traces of optimal operating points on natural gas reciprocating engine
equipped with several ignition systems at 10 bar BMEP.

Figure 2.56. Rate of heat release of optimal operating points on natural gas reciprocating
engine equipped with several ignition systems at 10 bar BMEP.
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Subsequent thermodynamic analysis revealed that the angle at which MFB 50% is attained
shifted from 20.3° CA ATDC with SI to 14.95 and 13° CA ATDC by using 2P-LI and PCLI
respectively. An observation worthy of mention is the fact that maximum acceleration of heat
release gradually moves towards the TDC, and in the case of PCLI occurs at TDC. As argued
earlier, it might be a better metric for optimal combustion phasing as compared to others. It is
evident that the SI was running with at retarded point relative to the MBT timing. That is mainly
because BSNOx emission exceeds the EPA limit with advance IT at λ = 1.58. On the other hand,
2P-LI was very close to the MBT timing with a difference of only 1.1° CA for LOMP and 5° CA
for MFB 50% criteria. The engine was running exactly on the MBT timing with PCLI system as
shown in several combustion parameters in Table 2.15. To conclude, PCLI system was stable
enough to reduce λ to an extent where MBT was achieved without compromising BSNOx emission
or cyclic variation; an operating condition that cannot be fulfilled with SI and 2P-LI systems.
Figure 2.57 shows the cyclic variation in terms of IMEP and LOMP for the optimum operating
points. It is evident that the PCLI system reduced the cyclic variation even though it was running
with a leaner mixture. The reduction of cyclic variation can also be seen in Table 2.16 that
compares the COV of several metrics. A reduction of COV_IMEP was observed from 4.13% with
SI to 3.68% using PCLI. Similarly, there was a huge reduction of COV_LOMP from 13.46%with
SI to 7.05% by PCLI. Also, the sensitivity of combustion instability is more noticeable with the
LOMP metric; a similar observation was made earlier with SI and 2P-LI under different IT. The
reduction of cyclic variation is primarily attributed to the multiple partially combusted turbulent
flame jets issuing from the prechamber, because of their spatial distribution, lead to volumetric
and faster ignition.
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(A) Indicated mean effective pressure

(B) Location of maximum pressure

Figure 2.57. Cyclic variation of a single cylinder engine ignited with several ignition systems at
the optimum operational condition.
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Table 2.16. Cyclic variation at optimal operating points of each ignition system at ignition
timing 15° CA BTDC and several λ.
SI
2P-LI
PCLI D1
COV_IMEP [%]
4.13
3.91
3.68
COV_LOMP [%]
13.46
9.46
7.05
COV_MP [%]
9.87
9.82
8.33
BSHC and BSCO emissions are compared in Figure 2.58; the optimal operating points are
shown as black circles. One notices that there is a small rise in the BSHC emission from 5.47
g/kW-hr using SI to 6.7 g/kW-hr with PCLI. This behavior is attributed to the lower adiabatic
flame temperature as λ increases which in turn leads to slower chemical reactions. However, the
unburned hydrocarbon can be tackled easily using post cylinder oxidation strategies. As noticed,
the BSHC decreases with spark advancement for all ignition system. This is inductive of the
increase of available time to convert fuel molecule to products with spark advancement.
Conversely, BSCO emissions were very close in all ignition systems around 2.36 g/kW-hr. The
value remains constant with PCLI D1 tests conditions while it shows slightly increase with spark
advancement in 2P-LI and SI systems. This behavior might seem counterintuitive for 2P-LI and
SI, however, a reduction of BSHC was seen with spark advancement which results in more
combustion products such as CO. It is believed that the BSCO remain constant during PCLI tests
because of utilizing leaner mixture that requires longer oxidation time.

141

Figure 2.58. Unburned hydrocarbon and carbon monoxide emission of the optimum operational
points.
2.4.8

Prechamber Study Conclusions

The main objective of this task was to evaluate the efficacy of using a prechamber in offsetting
the reduction in efficiency that results from lower flame velocities under extreme lean burn
conditions facilitated by laser ignition. Towards this direction, through a series of systematic tests
performed on a single-cylinder natural gas engine, prechamber geometry was optimized for use
with laser ignition. In the process, using a unique prechamber geometry, the primary concern for
integrity of laser delivery optics, i.e., auto-ignition within the prechamber, was avoided.
Subsequently, tests were conducted comparing the performance of three ignition systems: SI, 2PLI and PCLI. Out of the three, PCLI proved to have the best performance as it not only led to
extension of the lean ignition limit, but also shortened ignition delay and combustion duration
significantly. As a result, within the bounds of EPA emissions limits and industry accepted ignition
instability limits, an overall efficiency improvement of 2.1% points was observed.
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CHAPTER 3: IGNITION AND LAMINAR BURNING VELOCITY
MEASUREMENTS
3.1

Theory of Laminar Burning Velocity

The Laminar burning velocity (LBV) is defined as the velocity at which unburned gases move
through the combustion wave in the direction normal to the wave surface [54, 58, 138-141]. It is
an important fundamental property of a fuel/air mixture for engine applications, and it depends on
the composition, temperature, and pressure. At specified initial conditions, there is a single LBV
value in a 1 D stretch-free flame that provides information about mixture exothermicity,
diffusivity, and reactivity. Therefore, the LBV is not only crucial in understanding several aspects
of combustion in spark ignition engines, and fuel comparatives; it is commonly used to validate
the chemical kinetic mechanisms [54, 55, 58, 138-141] that are used for numerical studies. Since
the planar, adiabatic, and stationary flame is difficult to attain, significant amounts of studies in
literature focused on multiple approaches for evaluating the LBV. In a recent literature review,
Egolfopoulos et al. [142] described difficulties, limitation, and uncertainties associated with
several LBV measurement approaches.
There are many methods used for determining the LBV, for both stationary and non-stationary
flames [55, 58, 138, 139]. A stationary flame is achieved by feeding a burner with a constant
velocity fuel and air mixture in order to establish a standing flame. Common stationary flame
examples are Bunsen burner, counterflow burner, and stagnation flow burner. Each of these
burners has its difficulties in obtaining the LBV. For example, in a Bunsen burner, the LBV can
be calculated after evaluating the surface area of the cone and measuring the flow rate. However,
it should be noted that the Bunsen burner is controlled by complicated physics involving the
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negative stretch from the burner base to its main surface, the strong curvature at the tip, and a
nonuniform flame speed over the flame surface [142, 143].
As the name implies, the non-stationary flame is a flame that propagates along a path. The
simplest example is a flame propagating down a length of the tube; however, this approach suffers
from difficulties in evaluating the heat transfer losses to the wall during combustion. The
outwardly propagating spherical flame is the most favorable method for obtaining LBV at relevant
engine conditions according to Metghalchi [141]. A spherical flame develops from the ignition
kernel at the center of the combustion chamber, and propagates toward the unburned mixture.
The outwardly propagating flame can be analyzed by either constant pressure or constant
volume methods. In the constant pressure method, the flame speed is found from the measurement
of flame radius with respect to time by schlieren/shadowgraph photography [125]. This approach
utilizes the early stage of the combustion process where the pressure can be assumed constant,
which limits the useful part of experiments. However, a dynamic pressure transducer is utilized in
the constant volume method to record the chamber pressure during the combustion process. After
which, a thermodynamic model is employed to determine the LBV after reaching an evident
pressure change. Even though that each method uses a different stage of the combustion process,
the obtained LBV values between the two methods are very close. Accounting for stretch effect
and determining several data point from one test are the advantages of constant pressure and
constant volume approaches respectively.
3.1.1 Constant Pressure Method
In this work, the spherically expanding flame was used to obtain the laminar burning velocity.
The fundamental parameters of the constant pressure approach will be discussed to enlighten the
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reader on their importance before explaining the constant volume method which has been used in
this work. The flame radius and its rate of change, Sb, can be obtained using a high-speed
shadowgraph imaging. Flame visualization is not only vital to ensure spherical flame but also used
to eliminate experiments with flame instability: hydrodynamic, diffusional-thermal, and body
forces [58]. Also, since the pressure and temperature of the unburned mixture are almost constant
in the early part of the combustion process, the flame speed is only a function of stretch [143], due
to strain rate and flame curvature, and a stretch-free LBV can be estimated using an extrapolation
method.
The intensity of the stretch is represented by the stretch rate K, which is defined to be the rate
of change of flame area divided by the flame area [58]. The equations below show the stretched
flame speed and stretch rate for a spherical coordinate.
𝑑𝑅𝑓
𝑑𝑡

(3.1)

1 𝑑𝐴𝑓
2 𝑑𝑅𝑓
=
𝐴𝑓 𝑑𝑡
𝑅𝑓 𝑑𝑡

(3.2)

𝑆𝑏 =
𝐾=

The stretch free flame speed can be obtained by using linear or nonlinear extrapolating methods
suggested in the literature [117, 120, 142-151]. The linear extrapolation is developed by Markstein
[152] for a weak stretched flame and considered the most used method because of its simplicity.
Markstein, expanded the stretch sensitivity expression via a Taylor’s series and utilized only the
first order term to determine a simple equation for the stretch-free flame speed [140]. The
expression is shown in equation (3.3); Markstein length, Lb, and stretch-free flame speed, 𝑆𝑏𝑜 , are
found by a linear regression after plotting the stretched flame speed versus the stretch rate. Here,
Markstein length reflects the flame sensitivity to stretch, however, parameters such as Markstein
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Number and Karlovitz number (normalizing with respect to flame thickness and 𝑆𝑢𝑜 ) are also
commonly used in the literature to describe the effect of stretch on the flame.
Ronny and Sivashinksy [153] and Kelley and Law [58, 154] suggested a nonlinear extrapolation
approach for mixtures that deviates from unity Lewis number (Le), see equation (3.4). However,
Chen [150] found that the suggested nonlinear model accuracy is limited for mixtures with Lewis
number > 1 which lead Kelley et al. [155] to propose a generalized nonlinear model (3.5).
According to the continuity equation, the density ratio can be used to determine the laminar
burning velocity 𝑆𝑢𝑜 after evaluating the stretch-free flame speed.
𝑆𝑏 = 𝑆𝑏𝑜 − 𝐿𝑏 𝐾
𝑙𝑛(𝑆𝑏 ) = 𝑙𝑛(𝑆𝑏𝑜 ) − 𝑆𝑏𝑜 𝐿𝑏
2

(3.3)
2
𝑅𝑓 𝑆𝑏

(3.4)

2

𝑆𝑏
𝑆𝑏
2𝐿𝑏 𝑑𝑆𝑏
( 𝑜 ) 𝑙𝑛 ( 𝑜 ) = ( 𝑜 ) (
− 𝐾)
𝑆𝑏
𝑆𝑏
𝑆𝑏
𝑑𝑅𝑓

(3.5)

The above analysis assumes that the velocity of burned mixture is zero. However, as the
combustion develops, the compression induced flow (thermal expansion) reduces the accuracy of
laminar burning velocity significantly as illustrated in [143]. Peter [156] demonstrated the behavior
of burned and unburned mixture velocities in the continuity equation by defining the positive
velocity in the outward direction. In such a reference frame, the continuity equation is shown in
(3.6) by assuming infinitely thin flame where the difference in flame area can be neglected. 𝜌 and
𝑈 are used for the density and velocity respectively, while the subscripts u and b represent the
unburned and burned mixture. It is obvious that in this expression the flame speed differs by the
velocity of burned mixture.
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𝜌𝑢 (𝑈𝑢 −

𝑑𝑅𝑓
𝑑𝑅𝑓
) = 𝜌𝑏 (
− 𝑈𝑏 )
𝑑𝑡
𝑑𝑡

𝑆𝑏 =

𝑑𝑅𝑓
− 𝑈𝑏
𝑑𝑡

(3.6)

(3.7)

Rearranging the continuity equation in the above expression gives the stretch laminar burning
velocity. Similarly, Markstein linear expression for weak stretch can be developed based on
continuity equation. Therefore, an accurate value can be achieved when there is a pressure change,.
however, several studies in the literature utilize the constant pressure segment of the combustion
process, and good stretch laminar burning velocity can be found by neglecting the second term.

𝑆𝑢 = (

𝜌𝑏 𝑑𝑅𝑓
𝜌𝑏
)
− ( )𝑈𝑏
𝜌𝑢 𝑑𝑡
𝜌𝑢

𝑆𝑢 = 𝑆𝑢𝑜 − (

𝜌𝑏
)𝐿 𝐾
𝜌𝑢 𝑏

(3.8)
(3.9)

The constant pressure method provides a simple way of evaluating LBVs without calculating
the instantaneous properties of reactants and products. However, the author noticed that the method
is highly sensitive to the numerical approximation that is used to obtain the rate of change of flame
radius. Also, Farzan et al. [157] developed a theoretical model based on geometrical optics for
flame tracking; their analysis showed that the sudden change of light intensity does not coincide
with the flame edge in schlieren photography if the flame thickness is not negligible. Others [125]
defined two laminar burning velocities; one for the propagation of flame front and the other one is
based on the formation of products. Those two definitions converge to a single value as the flame
expands to a large radius where stretch effects are minimal. It is evident from the three stated
reasons that there are several sources of discrepancies associated with the constant pressure
method.
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3.1.2 Constant Volume Method
In this study, the laminar burning velocity is calculated by using the constant volume approach
which requires evident pressure change during the analysis. By definition, the LBV is proportional
to the instantaneous mass of burned gases 𝑚𝑏 passing through the area of the flame 𝐴𝑓 [141] (see
equation (3.10)). Fiock et al. [158] developed the first laminar burning velocity expression in 1940.
However, due to difficulties in evaluating some parameters such as the instantaneous flame
position and thickness, the expression was not used in the literature. Also, it has been noticed that
the errors associated with the measurement of flame radius and thickness magnify the error in LBV
measurements [159]. On the other hand, Lewis and Von Elbe [138] employed burned gas
assumptions such as adiabatic compression, and a constant average specific heat ratio in 1961 to
develop a LBV formula that is a function of mass fraction burned and pressure. Relatively accurate
values of LBV were found because their expression does not require complex measurements like
those in Fiock et al. [158] equation.
𝜌𝑢 𝑆𝑢𝑜 =

1 𝑑𝑚𝑏
𝐴𝑓 𝑑𝑡

(3.10)

O'Donovan and Rallis [159], Bradley and Mitcheson [160], and Takizawa et al. [68] among
others presented the expressions for the flame radius and LBV by dividing the control volume into
burned and unburned regions, assuming the isentropic compression, spherical flame, and spatially
uniform pressure. The derivation of the flame radius Rf and its inclusion in the definition of LBV
expression are described in the literature [68, 138, 159-161] and presented here for the reader. In
this derivation we define 𝑚𝑏 and 𝑚𝑢 as the mass of products and reactants respectively, X as the
mass fraction burned, V as the chamber volume, M is the total mass inside the combustion
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chamber, 𝑣𝑏 & 𝑣𝑢 are the specific volumes of burned and unburned mixtures respectively.
According to the continuity equation, the reactant and product mass fractions can be presented as:
𝑀 = 𝑚𝑏 + 𝑚 𝑢
𝑋=

(3.11)

𝑚𝑏
𝑀

(3.12)

𝑚𝑢
=1−𝑋
𝑀

(3.13)

The total volume is conserved and accordingly:
𝑉 = 𝑋𝑀𝑣𝑏 + (1 − 𝑋)𝑀𝑣𝑢

(3.14)

Assuming a spherical flame and that the unburned mixture is compressed isentropically during
combustion, we have:
𝑉=

4 3
𝜋𝑅
3

𝑋𝑀𝑣𝑏 =

(3.15)

4 3
𝜋𝑅
3 𝑓

(3.16)

1⁄
𝛾𝑢

𝑃𝑖
𝑣𝑢 = 𝑣𝑢0 ( )
𝑃

(3.17)

Here, 𝑅 and 𝑅𝑓 is the combustion chamber and flame radii respectively, 𝛾 is the specific heat
ratio, and the subscript, i, denotes initial condition. Substituting back to the conservation of volume
provides the flame radius expression as a function of mass fraction burned and pressure as shown
in equation (3.18) [138].
1
1⁄
𝛾𝑢 3

𝑃𝑖
𝑅𝑓 = 𝑅 [1 − (1 − 𝑋) ( )
𝑃
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]

(3.18)

Replacing those equations in the LBV definition, utilizing the specific volume of the unburned
mixture, and the surface area of a sphere. Also, the burned mass can be obtained by using the mass
fraction burned gives:

𝑚𝑏 = 𝑋𝑀 = 𝑋

𝑉
4𝜋𝑅 3
=𝑋
𝑣𝑢0
3𝑣𝑢0
1⁄
𝛾𝑢

𝑅 3 𝑃𝑖
𝑆𝑢 =
( )
3𝑅𝑓2 𝑃

(3.19)

𝑑𝑋
𝑑𝑡

(3.20)

Substituting the flame radius in the above equation leads to the LBV expression:
1⁄
𝛾𝑢

𝑅
𝑃𝑖
𝑆𝑢 = [1 − (1 − 𝑋) ( )
3
𝑃

−2⁄
3

]

1⁄
𝛾𝑢

𝑃𝑖
( )
𝑃

𝑑𝑋
𝑑𝑡

(3.21)

Above, 𝑅 indicates the vessel radius, while 𝑃𝑖 and 𝑃 represent initial and instantaneous
pressures. 𝑆𝑢 is the laminar burning velocity, 𝛾𝑢 is the specific heat ratio of unburned mixture, and
X is used for the mass fraction burned. During the combustion event, temperature of unburned
mixture increases according to the isentropic compression assumption, and the value of specific
heat ratio varies. Similarly, along one isentrope LBV increases due to the change in unburned
mixture properties. Unlike the constant pressure approach, one experiment in the constant volume
approach provides a range of useful laminar burning velocity data points along one isentrope [54,
141, 162]. However, solving this equation requires knowledge of the variation of X with time.
Therefore, several models are proposed in the literature, Linear model [138], Metghalchi and
Keck’s model [124], and the Multilayer model [54, 163] for evaluating the mass fraction burned.
A detail discussion based on accuracy and limitation of each model is presented in section 3.1.3.
In a different approach, Lewis and Von Elbe [138], and Bradley and Mitcheson [160]
differentiated the conservation of mass to evaluate the LBV. They assumed that the burned mixture
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behaved as an ideal gas and compressed isentropically during combustion. Solving the equation
based on the fact that the rate of reduction of reactant is proportional to mass flow rate toward the
reaction layer gave the second expression of 𝑆𝑢 .
𝑑𝑚𝑢
𝑑𝑚𝑏
=−
𝑑𝑡
𝑑𝑡

(3.22)

𝑑𝑚𝑢
= −4𝜋𝑅𝑓2 𝜌𝑢 𝑆𝑢
𝑑𝑡

(3.23)

𝑚𝑏 = 𝑉𝑏 𝜌𝑏 =

4𝜋 3
𝑅 𝜌
3 𝑓 𝑏

𝑑𝜌𝑏 1
𝑑𝑃 1
=
𝑑𝑡 𝜌𝑏 𝑑𝑡 𝛾𝑏 𝑃
𝑆𝑢 =

𝑅𝑓 𝑑𝑃
𝜌𝑏 𝑑𝑅𝑓
[
+
]
𝜌𝑢 𝑑𝑡
3𝛾𝑏 𝑃 𝑑𝑡

(3.24)
(3.25)

(3.26)

The second expression of laminar burning velocity requires the density ratio, specific heat ratio
of burned mixture, and the flame radius as a function of time. The density ratio (density jump) can
be calculated using the isentropic compression of reactant and equilibrating the unburned mixture
at constant enthalpy and pressure along one isentrope. Similarly, the flame radius and its rate of
change can be evaluated from expression shown earlier after utilizing a thermodynamic model
(Linear, Metghalchi and Keck’s, or Multilayer models).
Errors associated with evaluating mass fraction burned exist for both LBV expressions.
However, in the second expression, the error magnifies due to the specific heat ratio of burned
mixture; which is a function of the temperature that varies inside the combustion chamber based
on the flame radius and time. Namely, the first burned layer exists at a higher temperature due to
the isentropic compression as the combustion proceeds. The specific heat ratio of burned mixture
can be evaluated using an average burned gas temperature, like the one obtained in Metghalchi
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and Keck’s model [124]. However, this assumption simplifies the combustion process dramatically
because large temperature gradient has been determined with the Multilayer model. It is worth
mentioning here that the second expression of laminar burning velocity looks identical to the one
derived by the constant pressure method with compression induced flow in equation (3.7). The
reader can get the parameters of burned gas velocity Ub by comparing the two expressions.
One of the assumptions of this method is the spherical flame propagation which might be
compromised due to gravity (or buoyant) force. The flame surface area alters from the spherical
shape if the LBV is slow. Takizawa et al. [68] showed the deviation of the flame shape for
fluorinated compounds with 5.4 cm/s LBV. Freefall experiments illustrate that the buoyancy effect
can be neglected if the laminar burning velocity is higher than 15 cm/s [164]. In general,
hydrocarbons LBV’s are in the range of 40 cm/s at standard initial conditions; and higher values
will be attained during the compression process. Therefore, it is valid to assume that, in most cases,
gravity distortion can be ignored and the flame propagates spherically.
3.1.2.1 Linear Model
As stated earlier, X can be calculated using several models. The Linear model is the most widely
used thermodynamic model for the constant volume method because of its simplicity. Lewis and
Von Elbe [138] assumed that the mass fraction burned is linearly proportional to the pressure rise
during the combustion event in 1961. Two problematic assumptions arose in the derivation of the
Linear model, constant unburned gas temperature and constant equilibrium temperature for the
burned gases [165]. Even though those assumptions are not reasonable as will be shown in the
Multilayer model, Several studies [143] showed a slight overestimation of LBV values using this
method. Under the Linear model, the mass fraction burned, flame radius, and laminar burning
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velocity can be obtained directly from the pressure trace without calculating properties of burned
and unburned mixtures. Replacing mass fraction burned in the flame radius and LBV equations
provide:
𝑋=

𝑃 − 𝑃𝑖
𝑃𝑒 − 𝑃𝑖

𝑅𝑓 = 𝑅 [1 − (1 −

(3.27)
1
1⁄
𝛾𝑢 3

𝑃 − 𝑃𝑖 𝑃𝑖
)( )
𝑃𝑒 − 𝑃𝑖 𝑃
1⁄
𝛾𝑢

𝑅
𝑃 − 𝑃𝑖 𝑃𝑖
𝑆𝑢 = [1 − (1 −
)( )
3
𝑃𝑒 − 𝑃𝑖 𝑃

−2⁄
3

]

(3.28)

]

1
𝑃𝑖
( )
𝑃𝑒 − 𝑃𝑖 𝑃

1⁄
𝛾𝑢

𝑑𝑃
𝑑𝑡

(3.29)

Above, 𝑃𝑒 is the theoretical maximum pressure during the combustion event which can be
evaluated using a chemical equilibrium at constant internal energy and volume. Since the
maximum pressure depends on the used chemical kinetic mechanism in simulation, there are
discrepancies in reported LBV values. This is the paramount limitation of the Linear model,
because mechanisms predict different maximum pressure values. As a result of using simple
approximation for mass fraction burned, the Linear model overestimates the LBV in comparison
with more advanced models as will be shown in section 3.1.3.
The laminar burning velocity obtained using the constant volume method is usually treated as
an unstretched value because the approach requires evident pressure change that happened when
the flame expands to a large radius. This is a valid assumption because as combustion proceeds
the rate of change of flame radius and flame surface area decreases and increases respectively; two
factors minimize the stretch effect in the outwardly propagating spherical flame [55]. It has been
reported [147] that if the pressure rise is bigger than 1.2Pi, a stretch free LBV can be obtained
accurately by using the constant volume approach. Furthermore, Moghaddas et al. [166] examined
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the stretch effect in a constant volume chamber by conducting experiments at different initial
conditions but along one isentrope. Each experiment gives a LBV value at different stretch rates;
negligible differences were observed which suggest that an accurate stretch free LBV is
determined with the constant volume method.
However, other researchers like Chen et al. [143] raised the importance of stretch effect in
constant volume method for mixtures that deviates from unity Lewis number. Since the Markstein
length is a function of unburned gas temperature, the stretch rate must be considered only in the
early part of combustion process where the temperature can be assumed constant. Chen et al. [143]
used the region where the pressure varies between the initial pressure Pi and 1.05(Pi) in their
calculation.
The analysis was based on linear extrapolation of a weak flame stretch proposed by Markstein
[152]. Chen et al. [143] differentiated the flame radius equation with respect to time and employed
the definition of the stretch rate given in equation (3.2) to obtain the stretch rate expression (3.31).
The zeroeth order approximation was used for a hydrogen/air mixture, and the calculation revealed
that the effect of stretch on flame speed is more than 10% when the pressure is below 1.2Pi. Keep
in mind that this significant variation is due to the used fuel (hydrogen) that has a highly deviated
Lewis number. It is worth noting here that this analysis requires accurate pressure measurements
because small fluctuations in that stage of combustion process might have a drastic effect the final
value.
1⁄
𝛾𝑢

𝑑𝑅𝑓
𝑅 3 𝑃𝑖
=
( )
𝑑𝑡
3𝑅𝑓2 𝑃

1⁄
𝛾𝑢

2𝑅 3 𝑃𝑖
𝐾=
( )
3𝑅𝑓3 𝑃

1
𝑃𝑒 − 𝑃 𝑑𝑃
[1 +
]
𝑃𝑒 − 𝑃𝑖
𝛾𝑢 𝑃 𝑑𝑡

1
𝑃𝑒 − 𝑃 𝑑𝑃
[1 +
]
𝑃𝑒 − 𝑃𝑖
𝛾𝑢 𝑃 𝑑𝑡
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(3.30)

(3.31)

𝑆𝑢𝑜 − 𝑆𝑢 𝐾𝐿𝑢
≈
𝑆𝑢𝑜
𝑆𝑢

(3.32)

3.1.2.2 Metghalchi and Keck’s Model
Instead of using the linear assumption for the mass fraction burned, Metghalchi and Keck [124,
141] developed a thermodynamic model in 1976. They noticed that the equations for conservation
of energy and volume can be solved iteratively using the Newton-Raphson method. A rigorous
explanation was given in [124, 141], followed by other studies [68, 161-163, 167, 168] that gave
a simplified description and eliminated some of the assumptions in the model. In addition to the
previously stated assumption for spherical expanding flame, the model divides the gases into two
regions, burned and unburned mixture. The model also assumed that there is no heat or mass
transfer between the two regions, and the dissociation products are in chemical equilibrium. Under
those assumptions, the substitution of the ideal gas equation into the conservation of energy and
volume provides two equations with only two unknowns X and Tb.
𝑉/𝑀 = 𝑋𝑣𝑏 + (1 − 𝑋)𝑣𝑢

(3.33)

𝐸/𝑀 = 𝑋𝑒𝑏 + (1 − 𝑋)𝑒𝑢

(3.34)

Above, 𝑣 and 𝑒 represent the specific volume and internal energy respectively, while b and u
indicate burned and unburned mixtures. Also, E is the total internal energy that can be evaluated
at the initial conditions. In this model, the burned species fraction is constant during the analysis,
determined by the chemical equilibrium at constant volume and internal energy. This is one of the
limitations of this approach because combustion process is not instantaneous and properties
(temperature and pressure) vary as the flame travels inside the combustion chamber. In addition,
there is a variation in species mole fraction of burned gases due to the isentropic compression
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which has been neglected in this model. Only ideal combustion where all unburned mixture is
utilized instantaneously delivers the mole fraction, temperature, and pressure of constant UV
equilibrium. It is clear that errors exist in this method because of the simple adaptation of constant
UV species mole fractions.
X, and Tb are found by dividing the chamber into two regions. The combustion event at twotime steps are illustrated in Figure 3.1A and B. The yellow and green colors indicate burned and
unburned mixtures respectively, while a darker color was used to represent higher temperature.
Also, a Multilayer model representation is shown for comparison in the same figure. Unburned
mixture temperature increases due to the isentropic compression, and the model determines the
variation of burned gas temperature as combustion proceeds. There is a temperature distribution
within the burned gases, however, the model solves for an average value. The properties of burned
and unburned mixture are evaluated at each time step based on NASA polynomials (3.35) and
(3.36). Since the properties of burned mixture depends on the temperature, NASA polynomials
must be included in the Newton-Raphson iterative method to reflect the change of properties in
the conservation equations. On the other hand, A Multilayer model gives a better description of
the complicated physics in this problem where the temperature of the inner layer exists at a higher
temperature as shown in Figure 3.1C and D due to compression process.
𝐶𝑝𝑘
= 𝑎1𝑘 + 𝑎2𝑘 𝑇𝑘 + 𝑎3𝑘 𝑇𝑘2 + 𝑎4𝑘 𝑇𝑘3 + 𝑎5𝑘 𝑇𝑘4
𝑅

(3.35)

𝐻𝑘
𝑎2𝑘 𝑇𝑘 𝑎3𝑘 𝑇𝑘2 𝑎4𝑘 𝑇𝑘3 𝑎5𝑘 𝑇𝑘4 𝑎6𝑘
= 𝑎1𝑘 +
+
+
+
+
𝑅𝑇𝑘
2
3
4
5
𝑇𝑘

(3.36)
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Figure 3.1. Two zones and multilayer representation of a combustion chamber that shows
temperature distribution. Colors represent temperature of each layer from red to green (highest
to lowest).
3.1.2.3 Mulilayer Model
The Multilayer model separates the burned region into multiple layers; each layer is at identical
pressure but different temperature. Also, the unburned mixture is treated as a single layer at an
increasing temperature with time. This is considered one of the limitations of the Multilayer model;
there is a small thickness of the unburned mixture that has a constant temperature due to the close
proximity to the chamber wall (wall quench layer). Studies suggested that this layer does not burn
at the end of combustion process as will be discussed in the next section.
The second problematic physical aspect of this model is the sudden jump from burned to
unburned gas temperature; there is a flame preheat zone that exists between the reaction layer and
unburned mixture. For simplicity, those layers (wall quench and preheat), mass, and thermal
diffusion have been neglected in the Multilayer model. Elia et al. [163] among others updated
Metghalchi and Keck model by providing multiple burned gas layers. A gradient of temperature
in the burned gas region was captured in their analysis of CH4/air mixture. Under the previously
stated assumption the conservation and energy and volume can be written as:
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𝑛−1

𝑛−1

𝑉
= 𝑥𝑣𝑏 + (1 − ∑ 𝑥𝑖 − 𝑥) 𝑣𝑢 − ∑ 𝑥𝑖 𝑣𝑖
𝑀
𝑖=1

𝑖=1

𝑛−1

𝑛−1

𝐸
= 𝑥𝑒𝑏 + (1 − ∑ 𝑥𝑖 − 𝑥) 𝑒𝑢 − ∑ 𝑥𝑖 𝑒𝑖
𝑀
𝑖=1

(3.37)

(3.38)

𝑖=1

𝑛

𝑋 = ∑ 𝑥𝑖

(3.39)

𝑖=1

The definitions of all symbols are presented in the Abbreviations section. It is worth noting here
that the small 𝑥𝑖 is the mass fraction burned of a specific layer burned earlier. While the 𝑥 is the
mass fraction burned of a layer that is solved during the iterative process. In this model, the
properties of burned layers at the next time steps must be calculated before the iterative process.
The accumulative mass fraction burned can be found by summing all values of the layers as shown
in equation (3.39). Figure 3.1 illustrates the combustion chamber divided in into six layers, at twotime steps after burning three layers C and five layers D. There is an increase in both burned and
unburned gas temperatures due to the compression process.
Instead of assuming a single species more fractions for the burned mixture, Saeed and Stone
[54] determined the burned mole fractions based on adiabatic combustion at constant pressure.
The pressure rise is due to the expansion of burned gases, and each layer has a different mole
fraction. Since Tb > 1600 K, the assumption of frozen chemistry during compression process is not
valid and therefore, solving for new species mole fraction during isentropic compression is needed
[54, 162]. Namely, if a frozen chemistry assumption is used for each burned layer, the burned layer
temperature and internal energy will be overestimated. An equilibrium calculation under constant
entropy and pressure minimizes Gibbs energy at each time step and reflects the correct
thermodynamic properties of each layer [54].
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In the Multilayer model, the optimum number of layers must be good enough to represent a
reliable LBV trend, i.e., if very small or large number of layers are used, the LBV slope might be
compromised due to a limited number of data points or fluctuation in the LBV trend respectively.
Both flame speed and flame thickness change during the combustion event in a constant volume
chamber. A simple calculation based on averaged values for C8H18/air mixture at atmospheric
pressure and 400 K showed that the time step must be larger than 0.16 ms to maintain a layer
bigger than the flame thickness. Also, the mass and heat diffusion effects dominate and cannot be
neglected as the layer thickness decreases. In this study, we divided the combustion chamber based
on a fixed time step, roughly the number of the layers varied from 90 to 150.
All parameters in equation (3.21) can be found after determining the two unknowns (Tb and X)
using Metghalchi and Keck’s or Multilayer models. The rate of change of mass fraction burned
with respect to time can be evaluated numerically using a central difference scheme with 4th order
of accuracy. Even though the variation of specific heat ratio of the unburned mixture is small, an
accurate solution can be achieved by including the changes during the isentropic compression.
NASA polynomials or chemical equilibrium codes like Cantera software [169] can be used to
evaluate the properties of burned and unburned mixtures. After that, the LBV is usually plotted
against the temperature of unburned mixture, and a linear regression is employed to extrapolate
the values to the initial temperature.
If the flame is stable, LBV increases linearly from the initial temperature until it reaches a
maximum value. After that, there is a sudden reduction at the end of the combustion process. In
some cases, LBV trace shows a sudden discontinuity because of the change in the flame area;
which is attributed to flame hydrodynamic instability. The properties of flame change as
combustion proceeds due to the variation of unburned mixture properties. For example, the flame
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thickness and density jump decrease and increases receptively along one isentrope. It has been
observed that the increase of density jump coincides with the increase of density difference
between unburned and burned gases. Those factors trigger flame instability, and flame develops a
cellular structure which limits the useful range of data points [55]. Further discussion on flame
instability is presented in the numerical comparison section.
The stretch effect is found here for the nonlinear models, where the mass fraction burned is
calculated based on Metghalchi and Keck’s model [124], or the Multilayer model [54, 163]. The
author differentiated the flame radius equation with respect to time by incorporating the variation
of reactant specific heat ratio during the compression process. Substituting the differential equation
(3.40) in the stretch rate expression (3.2) gives the stretch rate nonlinear models formula (3.41).
Similar to the mass fraction burned, the rate of change of specific heat ratios with respect to time
can be evaluated numerically.
1⁄
𝛾𝑢

𝑑𝑅𝑓
𝑅 3 𝑃𝑖
=
( )
𝑑𝑡
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𝛾𝑢
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𝛾𝑢 𝑃 𝑑𝑡
𝛾𝑢2
𝑃 𝑑𝑡

(3.40)

(3.41)

In a procedure similar to the Linear model, the reader can determine the effect of stretch on the
LBV using the above expression. However, the stretch approach should be used for a mixture that
highly deviates from unity Lewis number. Moreover, only the early part of pressure trace can be
used to minimize the effect of unburned gas temperature variation on the Markstein length.
Recently, Omari and Tartakovsky [165] and Luijten et al. [170, 171] reviewed several models
for the spherical expanding flame. Luijten et al. developed an analytical solution for the mass
fraction burned to minimize the complexity and computational cost of nonlinear numerical models
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like Metghalchi and Keck’s or the Multilayer [170]. The analysis is based on the perfect gas and
constant composition assumptions for burned and unburned mixtures. A stoichiometric CH4/air
mixture was used to evaluate Linear, 2 zones, and Multi-zone analytical models. Their model gave
a better estimation for the mass fraction burned compared to the Linear model; the maximum
difference was noticed to be around X = 40%. They found that the analytical model and Linear
model overpredicts LBV values by 4 and 8% respectively [171].
Askari et al. [172, 173] developed a novel differential based multi-shell model for laminar
burning velocity calculation in a constant volume approach. The differential equations were solved
by using CVODE solver from sundials package. In their model, the energy exchange between the
burned layers was considered in the conservation equation. Also, thermal boundary layer and
displacement thickness concept were employed for evaluating the heat losses to the electrodes and
chamber wall.
3.1.3

Comparison of Different Models

The results of Linear, Metghalchi and Keck’s, and Multilayer models are compared using
CH4/air mixture. The comparison provides insight into the effect of the model on the mass fraction
burned, flame radius, and laminar burning velocity. The stoichiometric CH4/air mixture was
chosen because of its excellent properties such as a Lewis number close to unity that minimizes
the stretch effect. The initial conditions selected to be atmospheric pressure and room temperature
to match the analytical solution of [170] in order to compare the new suggested method with the
Multilayer model.
Before discussing the differences between three mass fraction burned models, the author
presented a solution based on the Multilayer model to explain the physics behind combustion
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process in a constant volume chamber. The Multilayer model was chosen because of its capability
to capture the radial variation of burned gas temperature. All combustion parameters are
normalized to their maximum value during the combustion event to illustrate their behavior in one
figure. Traces of normalized pressure, reactant temperature, mass fraction burned, product
temperature, flame radius, and laminar burning velocity versus the normalized time are presented
in Figure 3.2. It is worth noting that the early part of the combustion process is not shown because
the constant volume method requires an evident pressure change. The range of data points from a
normalized time 0 to 0.05 are neglected as can be seen in the figure, because of a high fluctuation
in the pressure trace. The inclusion of such data points does not allow the code to converge due to
the reduction of pressure which is against the physics of a constant volume combustion.
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Figure 3.2. Normalized combustion parameters for stoichiometric CH4/air mixture at an initial
temperature 300 [K] and initial pressure of 1 [atm]. The solution is based on the Multilayer
model.
The dynamic pressure is the only measured parameter during the combustion event; all other
parameters are evaluated based on the previously stated assumption and models. However, before
solving for the laminar burning velocity, a 1-D MATLAB smoothing function [174] was used to
minimize the pressure fluctuation. The smoothed trace was compared to the original signal at each
experiment to ensure that the mean value of the pressure fluctuations was captured. After that, the
reactant temperature is evaluated based on the isentropic compression before solving for the two
unknowns in combustion models.
The mass fraction burned increases as combustion proceeds until it reaches the maximum value
at the end of the combustion event. In this case, the maximum value was 0.89; a full charge
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utilization is not a reasonable solution because of heat transfer losses and wall boundary layer
where mixture does not react. In the Multilayer model, the radial variation of burned gas
temperature is obtained, however, the author presented in Figure 3.2 a mass average temperature
that increases with time. The temperature distribution within the burned region will be addressed
later in a separate figure.
Next, the flame radius can be obtained using equation (3.18). The figure clearly illustrates two
phases of flame development. The normalized flame radius in the range of 0.1 to 0.7 increases
linearly with time from the beginning until approximately half of the combustion event. After that,
a big reduction in the rate of change in the flame radius is noticed due to top compression effects
in the later stage of combustion.
LBV is shown in black circles based on the 1st expression of LBV which is commonly used in
the literature. The author divided the trace of LBV to four stages (see Figure 3.2) based on the
normalized time (0, 0.16, 0.54, 0.84, and 1) to simplify the physics for the reader. In the first part,
there is a high fluctuation in the LBV associated with the small changes in the pressure trace. The
optimum stage to capture the LBV is the second stage where the values increase almost linearly
with time. Next, flame instability is the reason behind the sudden discontinuity and the variation
of LBV slope in stage 3. The last stage is where the laminar burning velocity decreases
dramatically to zero.
3.1.3.1 Mass Fraction Burned Models
The mass fraction burned was solved by Linear (XLinear), Metghalchi (XMetghalchi), and Multilayer
(XMultilayer) models. Green, blue and red colors are reserved for Linear, Metghalchi, and Multilayer
models respectively in the next figures. The GRI-Mech 3.0 [34] kinetic mechanisms was used in
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the analysis below to calculate the properties and species mole fractions of the mixture. The
differences of mass fraction burned between the three models cannot be visualized properly by
directly plotting the results as a function of time. Instead, the author presented the difference of a
model relative to the Linear model solution in the y-axis versus the Linear model value in the xaxis. This approach illustrates the differences between those models and indicates the time at which
the maximum difference occurs. Also, this representation allows for the comparison with the new
analytical model developed by Luijten et al. [171].
Figure 3.3 illustrates the discrepancy between the used models. Both Linear and Metghalchi
models overestimate the mass fraction burned relative to the Multilayer model. The difference
between two numerical models relative to the linear model increases during combustion until it
reaches a maximum value, then it decreases until flame extinction. The maximum difference for
Metghalchi model was -0.013, happened to be at XLinear 0.39. Similarly, the maximum difference
for Multilayer model was -0.017 occurred at XLinear 0.37. Keep in mind that flame instability limits
the range of useful data points; for instance, XLinear was limited to 0.11 in the given case (see Figure
3.2). Even though the differences are small between those models, the Linear model overestimates
the LBV by 11% compared with the Multilayer model.
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Figure 3.3. Models comparison based on the difference of mass fraction burned for
stoichiometric CH4/air mixture at an initial temperature 300 [K] and initial pressure of 1 [atm].
Luijten et al. [170, 171] developed an analytical solution for the mass fraction burned in a
spherically expanding flame to minimize the complexity associated with nonlinear numerical
models. Their multi-zone analytical model (XMZAM) was presented in gray color in Figure 3.3. The
maximum difference for the multi-zone analytical model compared with the Linear model was 0.011, occurred at XLinear 0.4. In general, the new analytical solution provides a better estimate than
the Linear model (close to Metghalchi’s model solution); and it is a good step toward achieving
accurate values without the complexity of numerical solutions. However, the difference is still
significant compared with the Multilayer models. As stated earlier, the point at which the
maximum difference occurred is shifted to a lower value in the numerical Multilayer model.
Therfore, this trend increases the error in all reported models relative to the Multilayer model. It
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is obvious that validation studies for chemical kinetic mechanism must be performed using the
most accurate model.
The burned gas temperature differs in the radial direction due to the compression process that
occurs to layers ahead of the burned one. This physical aspect of the combustion process is only
captured in the Multilayer model. Hence, the comparison of the three models is shown based on
the mass average burned gas temperature in Figure 3.4. The temperature of burned gases is shown
in green for the Linear model, where the temperature is constant and equals to the adiabatic
temperature under constant internal energy and volume (UV) during the combustion event. This is
one of the problematic assumption used in Linear model. Also, the author presented the adiabatic
temperature under constant enthalpy and pressure (HP) in the same figure to aid the next
discussion.

Figure 3.4. Burned gas temperature obtained by Linear, Metghalchi, and Multilayer models for
stoichiometric CH4/air mixture at an initial temperature 300 [K] and initial pressure of 1 [atm].
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Blue and red colors are used to demonstrate the temperature of burned gases for Metghalchi
and Keck’s, and Multilayer models respectively. In both models, the temperature of burned gases
increases as combustion proceeds, and the maximum temperature is below the adiabatic
temperature at constant UV. The temperatures at the end of combustion process were 2586 K,
2568 K, and 2563 K for Linear, Metghalchi and Keck’s, and Multilayer models respectively. It is
worth noting here that the questionable assumption of using constant speceis mole fractions in
Metghalchi and Keck’s model reduced the burned gas temperature at the beginning of combustion
process to a value below the equilibrium temperature at constant HP.
Likewise, if species mole fractions are obtained using equilibrium at constant HP, the burned
gas temperature starts from the HP value, but exceeds the constant UV temperature (ideal case) at
the end of the combustion process. Even though there was a significant temperature deviation
between Metghalchi and Multilayer models, the mass fraction burned are very close, and good
LBV values can be obtained with the Metghalchi model.
The optimum trend of burned gases temperature is attained using the Multilayer model. Here,
the temperature starts from the equilibrium temperature at constant HP and increases to a value
below the constant UV equilibrium. Figure 3.5 presents the variation of burned gas temperature
for 83 layers at each time step. The x-axis shows the burned layer and y-axis used for temperature,
the time increases in the vertical direction as shown in a red arrow for each layer. The combustion
process is presented as a sudden jump from reactant to product temperatures. Blue and black lines
indicate the temperature distribution for the initial and final time steps also donated as TO and TF
in the figure. The radial temperature variation can be noticed clearly at the end of the combustion
process where the temperature of first and last burned layers were 2902 K and 2396 K.
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The isentropic compression process for burned and unburned gases are shown in purple and
green ellipses respectively. One notices that the compression process increased the temperature of
first burned layer from 2230 K to 2902 K. Similarly, the temperature of unburned mixture was
raised from 300 K before ignition to 525 K at the end of combustion. It is evident that the spherical
expanding flame has a complex progression where temperature and mole fraction changes
continuously, and a simple treatment of constant mole fraction values reduces the accuracy of
laminar burning velocity. Species mole fraction variation study was discussed in the liquid fuel
experiments for C8H18 and DIPK using Multilayer model (see section 3.2).

Figure 3.5. Burned gas temperature distribution based on Multilayer model for stoichiometric
CH4/air mixture at an initial temperature 300 [K] and initial pressure of 1 [atm].
The LBV is determined for a stoichiometric CH4/air mixture by using the three models. As
stated earlier, there are four stages in a LBV trace as shown in Figure 3.2, only the 2nd stage was
shown in Figure 3.6 where LBV can be extracted without the effect of flame instability and
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pressure fluctuations. In that region, the unburned gas temperature and pressure increased to
approximately 360 K and 2 atm respectively. It is known from the literature that the LBV increases
with temperature and decreases with pressure, along one isentrope with our initial conditions, the
temperature is a more dominant factor. Therefore, LBV increases along the isentropic line as
shown in the figure. One notices that from one experiment a range of useful data point can be
obtained with the constant volume approach, and the values of unburned gas pressure can be found
using isentropic compression relation. It is common to plot the LBV against the temperature of the
unburned mixture; such a representation provides a linear relationship between the parameters
(small range of temperature change). The validity of this approach is shown in the numerical
section by using CHEMKIN PRO [33] and ARAMCO-Mech 1.3 [56] kinetic mechanism.
As expected, the Linear model overestimates LBV values and gives a lower slope with respect
to unburned gas temperature. Linear regression was used to extrapolate the value to the initial
temperature 300 K, Table 3.1 shows LBV value of each model and the percentage difference by
using the Multilayer model as the correct value. A significant improvement was noticed using
Metghalchi model where the difference decreased from 11% to 3.8% relative to the Multilayer
model. All above calculation are based on the GRI-Mech 3.0 [34] kinetic mechanism; the author
noticed a small difference in the range of 0.5% based on the used kinetic mechanism, those
differences will be discussed in the numerical section 3.1.3.3.
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Figure 3.6. Laminar burning velocity comparison for stoichiometric CH4/air mixture at an
initial temperature 300 [K] and initial pressure of 1 [atm].
Table 3.1. Comparison of LBV obtained by several models. Stoichiometric CH4/air mixture at an
initial temperature 300 [K] and initial pressure of 1 [atm].
Model
LBV [cm/s] Difference [%]
Linear
42
11
Metghalchi
38.33
3.8
Multilayer
36.93
The normalized flame radius and stretch rate are obtained using equations (3.18) and (3.41)
respectively for the Multilayer model (shown in Figure 3.7A and B). The author intended to plot
those parameters versus the temperature of the unburned mixture to picture the used range of data
points. The smooth LBV trace was in between 310-360 K, it is apparent that most of the flame
expansion occurred in the early part of combustion process where the temperature of the unburned
mixture was 300-360 K. Later, a dramatic reduction of dRf/dt was shown due to the sharp pressure
rise inside the combustion chamber.
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Figure 3.7. Flame radius and stretch rate obtained by the Multilayer models for stoichiometric
CH4/air mixture at an initial temperature 300 [K] and initial pressure of 1 [atm].
In contrast, the stretch rate starts with a high value and decreases to 110-46 1/s in the used range
of data points for LBV. Then it drops to almost zero at the end of the combustion process; this is
attributed to the inverse proportionality between stretch rate and the flame radius. The range of
stretch rate is small in our experiment compared to those obtained by constant pressure method
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where stretch rate varies from 500-100 1/s. Most of the constant volume studies assume that the
stretch effect is negligible because of that reason. The validation of this assumption was carried
out by researchers [166, 175] who examined the effect of the stretch rate by conducting
experiments along one isentrope; they concluded that the LBV is almost constant under several
stretch rates.
3.1.3.2 Expressions for Laminar Burning Velocity
Two expressions for laminar burning velocity are derived and shown earlier (3.21), (3.26) in
the constant volume method section. In this work, the author obtained the LBV by using the first
expression because it has fewer input parameters and reflects accurate result. For example, the 2nd
expression (3.26) requires the knowledge of the specific heat ratio of burned gases which can not
be estimated accurately due to the temperature distribution of the burned gases.
Since the 1st expression requires only the X, it is believed that the errors using this equation is
relatively smaller. The specific heat ratio of an ideal gas is a function of the temperature and species
mole fractions. It has been shown in Figure 3.4 that the Metghalchi model does not give a correct
burned gas temperature particularly in the early part of the combustion process. Hence, the two
LBV expressions are compared by using the Multilayer model, and the specific heat ratio is found
based on an average mass value. Figure 3.8 presents the full traces of LBVs obtained using the
two expressions; the data points of 2nd expression are called LBV2.
The four stages of LBV are shown as a function of unburned gas temperature. One notices that
there is a dramatic change in the LBV slope between stage 2 and 3, this is a good illustration of
the effect of flame instability on the LBV trace. Since the 2nd stage is used to evaluate the LBV,
the comparison of LBV expressions in discussed only for the second stage. The differences
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between the two expressions are minimal at the beginning of combustion process. After that, the
2nd expression underestimates the LBV in comparison to the first expression. This contributes to a
slightly lower LBV gradient which in turn lead to an underestimation of LBV along the isentrope.
In the tested case, the laminar burning velocities at 300 K were identical. As stated earlier, the 2nd
expression is only used in Figure 3.8, the analysis of LBV in all experiments was conducted based
on the first expression (3.21).

Figure 3.8. Traces of Laminar burning velocity obtained by two expressions.
3.1.3.3 Numerical Comparison
The solution of LBV using numerical models depends on the properties of reactants and
products which can be determined using equilibrium codes or NASA polynomials. The author
utilized CANTERA software [169] for that purpose because of its simplicity and integrity with
MATLAB. Equilibrium codes require a chemical kinetic mechanism that contains the thermal and
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transport properties as well as chemical reactions and reaction rate coefficients. Methane kinetic
mechanisms developed and validated over the years by several studies [176-178] because of its
extensive use in the scientific community. The most known methane kinetic mechanisms are GRIMech 3.0 [34] and ARAMCO-Mech 1.3 [56]. Table 3.2 provides the number of species and
reactions considered in GRI-Mech 3.0 and ARAMCO-Mech 1.3; also the validated pressure and
temperature range are tabulated. Recently, the Combustion Chemistry Centre at NUI Galway
introduced an updated version - ARAMCO-Mech 2.0 [179], however, the number of species and
reactions increased dramatically which resulted in a significant increase in the computational time.
Because of that reason, the author preferred to use ARAMCO-Mech 1.3 in this work.
Table 3.2. Specification of methane chemical kinetic mechanisms used in the dissertation.
GRI 3.0
ARAMCO 1.3
C, H, O, N, and C, H, O, N, Ar,
Elements
Ar
and He
Number of species
53
253
Number of chemical reactions
325
1542
Ignition delay pressure validation range [atm]
0.013-10
1.2-260
Ignition delay temperature validation range [K]
1000-2500
1200-2500
All LBV results shown before the Numerical Comparison section was made with the GRI-Mech
3.0 to reduce the computational cost. Figure 3.9 compares the useful range of LBV obtained using
the Multilayer model and two chemical kinetic mechanisms. It is evident that the LBV values
determined by ARAMCO-Mech 1.3 are slightly lower than those found with GRI-Mech 3.0.
However, the difference is insignificant compared to the uncertainties of spherical combustion
chamber experiments. In this case, if the value extrapolated linearly to the initial temperature, the
LBV of ARAMCO-Mech 1.3 and GRI-Mech 3.0 mechanisms are 36.8 cm/s and 36.95 cm/s. GRIMech 3.0 overestimates the value by only 0.4%, an order of magnitude smaller than the
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experimental uncertainty. Throughout the dissertation several mechanisms are utilized, the used
mechanism will be specified in each section to eliminate any confusion.

Figure 3.9. Laminar burning velocity comparison based on two chemical kinetic mechanisms
for stoichiometric CH4/air mixture at an initial temperature 300 [K] and initial pressure of 1
[atm].
In the constant volume method, the LBV fluctuates at the beginning of each experiment until
an evident pressure change is recorded (see stage 1 in Figure 3.8). The fluctuation disappears
approximately after 5 ms. Hence, an extrapolation method is needed to estimate the LBV at the
initial condition. The linear extrapolation was validated by using the premixed flame model from
CHEMKIN PRO [33] using the ARAMCO-Mech 1.3 [56] mechanism. The initial conditions of
each data point are calculated based on the isentropic compression process before solving the
premixed flame code. Note that the Soret and multicomponent mass diffusions are considered in
the code to provide accurate LBV values. Figure 3.10 illustrates the numerical prediction results
versus the unburned gas temperature. It is apparent that the LBV increases linearly with the
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unburned gas temperature in the tested range. The least square fit matches the numerical values,
and only residuals of 0.0024 was found which might be due to the convergence criterion in the
premixed flame model. To conclude, it is valid to extrapolate the LBV trend linearly to the initial
condition in order to estimate the LBV value.

Figure 3.10. Validation of Linear extrapolation by using ARAMCO-Mech 1.3 [56] for
stoichiometric CH4/air mixture at an initial temperature 300 [K] and initial pressure of 1 [atm].
The CHEMKIN PRO [33] solution was extended to study flame properties along one isentrope
because of their importance in flame instability studies. The range of data points increased from
1-10 atm to provide a general trend for an experiment that starts with atmospheric pressure and
room temperature. Three types of flame instabilities arise in a confined spherically expanding
flame, body forces, hydrodynamic, and diffusional-thermal instabilities [58, 173, 180, 181]. The
buoyancy effect can be neglected for most hydrocarbon fuels because LBV is higher than 15 cm/s.
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However, hydrodynamic and diffusional-thermal instabilities distort flame surface area by
developing cracks and cells.
Hydrodynamic instability occurs if the effect of density variation across the flame (density
jump) is higher than the stabilization factor. The density jump (𝜎) is defined as the density ratio
between burned to unburned gases as shown in equation (3.42). This ratio increases along one
isentrope and coincides with the increase of density difference between burned and unburned gases
which in turn promotes flame instability. Conversely, fast expanding flames prevents cells
formation if the rate of expansion is higher than the rate of cells formation. Namely, the flame
positive curvature stabilizes the expanding spherical flame and reduces cells development [180].
Since the flame curvature is directly related to the flame thickness, thicker flame increases flame
stabilization. However, cell development is expected as combustion proceeds due to the reduction
of flame thickness along one isentrope.
𝜌𝑏
𝜌𝑢

(3.42)

𝑇𝑎𝑑 − 𝑇𝑢
𝑑𝑇
{ }
𝑑𝑥 𝑚𝑎𝑥

(3.43)

𝜎=
𝛿𝑓 =

Above, 𝛿𝑓 is used for the flame thickness while 𝑇𝑎𝑑 and 𝑇𝑢 are employed for the adiabatic flame
temperature and the temperature of unburned mixture respectively. A numerical derivative was
used for the flame temperature to provide the maximum value after solving the premixed flame
code.
As the name implies, diffusional-thermal instability is caused by the difference between thermal
and mass diffusivities. A rigorous discussion has been made in the literature [58, 138-140], they
found that the flame will be unstable if the mass diffusion is faster than the thermal diffusion.
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Lewis number (Le), defined as the ratio of thermal to mass diffusivity [58, 138]. is usually used to
examine the mixture tendency toward diffusional-thermal instability. Since several binary
diffusional coefficients exist for a mixture of gases, Lewis number was estimated for a mixture
using the thermal diffusivity of the mixture relative to the mass diffusivity of the deficient reactant
toward the diluent gas [58]. The diffusional-thermal instability delivers cracks or cells from the
initial part of combustion process. Therefore, if no instability behavior was noticed from the
beginning (flame visualization), the diffusional-thermal instability can be neglected for the tested
mixture.
The variation of flame properties (density jump, flame thickness, and LBV) are shown in Figure
3.11 for CH4/air mixture. The author decided to plot the flame properties with respect to the
pressure along one isentrope to allow for direct comparison with the LBV trend obtained earlier
as a function of unburned gas temperature. Keep in mind that the range of data points was increased
dramatically from 1-2 atm in Figure 3.10 to 1-10 atm in Figure 3.11 because the aim was to
evaluate variation of properties along the entire combustion event. One notices that all obtained
parameters vary nonlinearly with pressure. Also, it is evident that the density jump that reflects the
difference between reactant and product densities increases along one isentrope. The density jump
increased from 0.136 to 0.23 by increasing the equilibrium condition from 1-10 atm. Similarly, the
density difference increased from 0.97 kg/m3 to 4.6 kg/m3 at those conditions.
The flame thickness was calculated using equation (3.43) after solving the premixed flame
model. The domain was kept constant as 0.6 cm with 300 grid points, and adaptive grid curvature
and gradient of 0.5 was chosen. Unlike the density jump, it was found that the flame thickness
decreases alone one isentrope. The flame thickness of a stoichiometric CH4/air mixture was found
to be 0.375 mm at atmospheric pressure and 0.08 mm at 10 atm. As stated earlier, the stabilization
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effect decreases as the flame gets thinner in expanding spherical propagation flame which in turn
leads to hydrodynamic flame instability. This is the most important factor for hydrodynamic
instabilities in constant volume experiments. Therefore, a stable flame in a confined volume
develops flame instabilities as combustion proceeds (an example is shown in Figure 3.2). Care
must be taken to eliminate such data points from the LBV fit to ensure reliable values.

Figure 3.11. Properties of flame along one isentrope obtained using CHEMKIN PRO [33] with
the ARAMCO-Mech 1.3 [56] mechanism.

180

3.2

LBV Measurements of DIPK Mixture

DIPK LBV measurements were conducted under several initial conditions using the UCF
spherical chamber. A direct flame visualization was utilized to ensure that the flame is spherical
and stable (no cellular structure was observed within the flame) in order to provide reliable results
with the constant volume approach. LBV measurements were also performed in iso-octane
(C8H18), a relatively well characterized fuel, in order to validate our facility and measurement
technique. The LBV results of C8H18/air and DIPK/air mixtures are compared with several
oxygenated fuels in the literature and numerical values predicted by two chemical kinetic
mechanisms. Furthermore, several diluents at two proportionalities were used to mitigate flame
instability at high pressure experiment. It was observed that He provided a smooth spherical flame
without cellular structure even at a rich equivalence ratio of 1.6, and delivered a wider range of
data points compared to Ar diluted mixtures. A similar observation was noticed by increasing the
diluent ratio from 3.76 to 5, because of the increase in flame thickness relative to the density jump.
Since the constant volume approach is used for determining LBV, many data points can be
extracted out of a single experiment (up to 10 atm and 503 K) which brings several validation
targets for DIPK chemical kinetic mechanisms. The work provided in this chapter has been
published in the SAE Int. J. Fuels Lubr. 10(2):2017, doi:10.4271/2017-01-0863, and was presented
in SAE World Congress 2017, SAE Paper No 2017-01-0863 & SAE World Congress 2018, SAE
Paper No 2018-01-0921.
3.2.1

DIPK Literature Studies

Recently, Yang and Dec investigated the auto-ignition characteristics of DIPK in both HCCI
and SI engines [52]. Experiments were conducted over a wide range of operating conditions to
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characterize the fuel reactivity for auto-ignition and its sensitivity to the variations of temperature
and pressure. Allen et al. carried out an experimental and modeling study on DIPK combustion
chemistry [49]. Ignition delay time, pyrolysis, and oxidation measurements were conducted under
a wide range of operating conditions. They found that the DIPK ignition delay time is substantially
shorter than that of structurally similar hydrocarbons, and their experiments showed a region of
negative temperature coefficient behavior in the range of 650 to 750 K [49]. Barari et al. [182,
183]. experiments covered a range of initial conditions, 1093-1630 K, 1-6 atm, and equivalence
ratios (Φ = 0.5-2.0) using shock tube and laser absorption diagnostics. Also, Barari et al. [184] ran
a numerical simulation of HCCI engines by using single and multi-zone models. Their single zone
model provided reasonable agreement during the compression stage until the onset of ignition,
however, it over-predicted the peak pressure after the ignition process.
Allen et al. [49] developed a DIPK chemical kinetics mechanism based on the automated
reaction mechanism generator (RMG) tool; while Barari et al. [182, 183] used the reaction class
approach to develop their high temperature mechanism. They achieved better agreement with
experimental data points in comparison to the Allen et al. mechanism [49]. However, the freely
propagating flame model in CHEMKIN PRO [33] does not converge while using the available
DIPK chemical kinetic mechanism (even with low convergence criterion) to simulate LBV and
flame thickness. Also, there are no laminar burning velocity measurements for DIPK in the
literature, therefore our aim in present study is to provide values at several initial conditions.
Several literature studies have evaluated the effect of diluents on the LBV numerically [185187], and experimentally [151, 186-189]. N2, CO2, Ar, H2O, He, and a combination of diluents
which were assessed at various initial conditions and equivalence ratios. It has been found that
diluent interact in the combustion process mainly via three mechanisms: (i) dilution effects, (ii)
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chemical participation, and (iii) change of thermochemical properties. The laminar burning
velocity decreases by increasing the diluent ratio because of the increase in specific heat relative
to the released energy; a higher reduction was noticed with a diluent such as CO2 which has high
molar specific heat.
As for the chemical participation effect, both Hu et al. [185] and Galmiche et al. [186] used
fictitious molecules that have the same thermal properties but did not react during combustion and
observed that the highest difference was observed with CO2 (but it was only in the range of 5-6%).
Thus they concluded that the chemical participation effect is the smallest relative to other factors,
and can be neglected in most diluents especially at high diluent ratios. Conversely, the change in
properties, such as specific heat and thermal diffusivity, has a strong effect on the LBV. For
example, diluents with lower specific heats cause higher adiabatic flame temperature which will
increase fuel reactivity and LBV. Also, the specific heats of Ar and He are identical, higher LBV
values were measured with He because of its higher thermal diffusivity. In addition, Galmiche et
al. [186] evaluated the effect of molecular diffusion by utilizing a fictitious molecule that has the
thermal properties of He and the transport properties of Ar, a negligible difference in LBV was
noticed which suggested that the molecular diffusion effects can be neglected.
Helium has been used in constant volume chamber experiments to suppress flame instabilities
because of its excellent properties - high thermal diffusivity and low specific heat. The high
thermal diffusivity increases the Lewis number and eliminates the diffusional-thermal instability,
while higher diluent ratio can be used to mitigate the hydrodynamic instability by providing thicker
flames and acceptable density jump (further discussion is presented in the numerical result
section). Rozenchan et al. [188] conducted LBV measurements of stochiometric methane mixture
at 60 bar to validate chemical kinetic mechanisms for automotive application. A stable flame with
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only few large wrinkles was observed at high pressure by using He at high diluent ratio. Large
discrepancies were observed between measurements and numerical predictions using the GRI
mechanism [34] for He diluted mixtures.
In another study, Eisazadeh-Far et al. [189] evaluated the diluent effect on flame structure and
laminar burning velocity of a jet propellant. They found that increasing the initial pressure and
equivalence ratio for combustion with air developed flame instabilities. Ar was found to be the
most destabilizing inert gas compared with N2 and He; this was attributed to its lower thermal
diffusivity. On the other hand, He provided a stable flame even at high initial pressure conditions,
a wider range of data points along one isentrope were extracted. The LBVs determined using He
as a diluent was much higher than those obtained in the case of N2. The authors justified the trend
by noting that the mixture had a very high adiabatic flame temperature and thermal diffusivity
compared to N2 diluted mixture.
Since laminar burning velocity values of DIPK are not available in the literature, this work
provides measurements with several diluents at a wider range of initial conditions. This study was
performed to provide fundamental combustion data needed for developing DIPK kinetics
mechanisms at high initials condition and enable engine designers to assess the suitability of DIPK
as a fuel. In the beginning, a numerical investigation is conducted to estimate mixture properties
by using different diluents. Properties such as density jump, Lewis number, thermal diffusivity,
specific heat, adiabatic flame temperature and pressure were obtained to understand the benefit of
He for combustion studies. Numerical predictions of LBV and flame thickness were investigated
using C8H18 with several diluents because iso-octane is a widely studied and well-characterized
reference fuel [144, 190] with several validated mechanisms in the literature.
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After that, LBVs are determined in C8H18/O2/N2 mixtures as a validation of our liquid fuel
experimental strategy. Comparisons with numerical predictions and literature data are presented
to assess the advantages of Multilayer model relative to Metghalchi and Linear models. Also, flame
propagation by schlieren imaging was used to ensure a stable flame; and to compare the sudden
discontinuity of LBV trace with the start of cellular formations. DIPK LBV was measured at
various equivalence ratios (Φ = 0.8-1.6) at a temperature range 403-503 K and pressure range of
5-10 atm. In addition, experiments with N2 and Ar diluents were conducted to assess the fuel
reactivity dependence on different diluents.
3.2.2

Experimental Setup

Details of the UCF spherical combustion chamber facility including fuel/oxidizer mixture
preparation, ignition systems, pressure measurements, shadowgraph/schlieren imaging system, and
experimental procedure are provided in Appendix A. 2,4-Dimethyl-3-pentanone (DIPK) and isooctane (C8H18) were supplied by Fisher Scientific; Table 3.3 presents their properties and purities.
Research grade (purity > 99.999%) O2 (Praxair), N2 (Air Liquide), Ar (Nexair), and He (Nexair)
were utilized to create oxidants. The oxidant term is used in this study for oxygen and diluent
mixture, and the diluent ratio (D) is the ratio of diluent to oxygen.
Table 3.3. Physical and chemical properties for C8H18 and DIPK fuels.
Isooctane
DIPK
Molecular Formula
C8H18
C7H14O
Density, [g/mL]
0.692
0.8
Molecular Weight, [g/mol]
114.23
114.19
Boiling Point, [°C]
98-99
124-125
Vapor Pressure, [ mbar @ 20°C]
51
5
Flash Point, [°C]
-12
15
Assay (Purity), [%]
≥99
≥98
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The test matrix was chosen based on the capabilities of our ignition system, the range of MKS
E27 Baratron, and the limit where diffusional-thermal instability was observed. Two initial
temperature were used 393 K and 403 K for C8H18 and DIPK, respectively, while three initial
pressures were studied (1, 3, and 5 atm). According to the stated constraints, experiments at high
pressure with diluent ratio D = 3.76 gave an equivalence ratio range of 0.7-1 (with N2), limited by
the ignition energy in the lean limit and flame instability at the stoichiometric ratio. While He
experiments with diluent ratio D = 5 results in a wider range of equivalence ratio 0.7-1.6 (limited
by the MKS Baratron range).
3.2.3

Combustion Model

Solving the LBV equation requires knowledge of X with time. Instead of employing a Linear
model, the Multilayer and Metghalchi and Keck’s [124] models are used to obtain the mass fraction
burned. The model’s assumptions and validation tests were presented in section 3.1.and 3.1.2.
respectively. In this study, we divided the combustion chamber based on a fixed time step, roughly
the number of the layers varied from 80 to 150. The properties of burned and unburned mixtures
(e.g., specific heat ratio, entropy, and internal energy) are calculated by using Cantera software
[169] along with Blanquart et al. [191] (C8H18) and Barari et al.[184] (DIPK) mechanisms. All
species in both mechanisms are utilized to represent reliable properties of burned mixtures. Table
3.4 shows the number of species and chemical reactions considered in each used model.
Table 3.4. Specifications of used chemical kinetic mechanisms in combustion models.
Fuel
C8H18
DIPK
C8H18
Chemical kinetic Blanquart et al. Combustion
Chaos et al. 5th US
Barari et al. Fuel,
mechanism
and Flame, 2009
com. meeting, 2007
2016
Species
148
267
107
Chemical
928
1602
723
reactions
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For every equivalence ratio, a minimum of 3 experiments were conducted (to minimize random
errors) and the overall uncertainty of LBV was found to be in the range of 4.4-5.63%. Uncertainty
analysis was performed based on several parameters for two diluents (N2 and He) at various initial
conditions. Table 3.5 presents the result at an equivalence ratio of 0.9 using C8H18 and DIPK fuels
at 1 atm and 393 K; while Table 3.6 illustrates the effect of diluent proportionalities for DIPK at 5
atm and 403 K. The highest uncertainty source was the random errors that contributed to a
difference in the range of 0.32-4.06%. The random error is obtained by assessing the variation of
LBV in three tests at identical initial conditions. The author is not certain what is the reason behind
those variations.
Table 3.5. LBV uncertainty analysis for C8H18 and DIPK fuels at atmospheric pressure, 393 [K]
and Φ = 0.9.
Uncertainty Source
C8H18/O2/N2 (3.76) DIPK/O2/N2 (3.76)
Initial pressure (+- 0.02 atm)
+- 0.02%
+- 0.02%
Initial temperature (+- 1 K)
+0.06%, -0.32%
+0.31%, -0.14%
Equivalence ratio (+- 0.05)
+2.4%, -3.24%
+2.57%, -3.2%
Number of layers (+- 30)
+0.67%, -0.16%
+0.1%, -0.07%
LBV fitting parameters
+0.89%, -2.13%
+0.73%, -2.98%
Random error
+1%, -4.06%
+1.4%, -2.76%
Overall uncertainty
+2.8%, -5.63%
+3.1%, -5.22%
Table 3.6. LBV uncertainty analysis for DIPK with two diluents at 5 atm, 403 [K], and Φ = 0.9.
Uncertainty Source
DIPK/O2/N2 (3.76)
DIPK/O2/He (5)
+0.13%, -0.05%
+0.14%, -0.13%
Initial pressure (+- 0.02 atm)
+0.29%, -0.1%
+0.12%, -0.12%
Initial temperature (+- 1 K)
+4.11%, -3.45%
+2.64%, -2.06%
Equivalence ratio (+- 0.05)
+0.05%, -0.03%
+0.09%, -0.03%
Number of layers (+- 30)
+0.23%, -1.78%
+0.2%, -0.92%
LBV fitting parameters
+0.75%, -2.59%
+0.32%, -3.8%
Random error
+4.19%, -4.67%
+2.67%, -4.4%
Overall uncertainty
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3.2.4

Numerical Results

The numerical analysis was carried out to investigate the effect of diluent and its proportionality
on mixture properties. Again, Cantera software [169] along with the Barari et al. [182] mechanism
was used to determine mixture properties at various initial conditions. Also, CO2 was included in
the numerical investigation to evaluate a mixture with high molar specific heat. Since both He and
Ar have identical specific heats, properties such as adiabatic temperature and density jump were
identical (only He results are shown in Figure 3.12A and B). Figure 3.12 illustrates mixture
properties with respect to the equivalence ratio. Solid and dashed lines were used to reflect
properties with a diluent ratio (D) 3.76 and 5, respectively. It has been found that the adiabatic
temperature follows the variation of mixture specific heat at a fixed diluent ratio, mixtures with
higher specific heat reduces the maximum temperature. For instance, the maximum adiabatic
temperature increases from 1898 K at Φ = 1.01 to 2704 K at Φ = 1.11 by switching the diluent
from CO2 to He as shown in Figure 3.12A.
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Figure 3.12. Properties of DIPK/O2/diluent mixtures vs phi at initial T=403 [K] and initial P=
5 [atm]. The blue, red, black, and green colors are used for CO2, N2, He, and Ar diluent,
respectively. The adiabatic flame temperature at constant enthalpy and pressure is shown in
subplot (A), a lower gradient cure is observed with He diluted mixtures. Subplots (B, C, and D)
present the variations of density jump, Lewis number, and thermal diffusivity.
Compared to CO2 and N2, He does not show a sharp reduction of adiabatic temperature with Φ;
its variation is better described as a wide concave down curve (this fact was also noticed with the
LBV curve shown in Figure 3.26, that demonstrates the relationship between adiabatic temperature
and LBV). This behavior can be attributed to the dissociation effect that increases at higher
adiabatic flame temperature and provides a lower temperature gradient with respect to the
equivalence ratio. A simple analysis based on a fixed diluent but at different initial temperatures
presented identical results. Similarly, the energy released relative to the specific heat decreases as
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diluent ratio increases that reduces the adiabatic temperature. For example, the maximum
temperature in N2 diluted mixtures decreased from 2378 K to 2117 K by increasing diluent ratio
from 3.76 to 5. An opposite trend was observed in the density jump across the flame (σ), the value
increases by increasing the diluent proportionality and was minimum close to the stoichiometric
ratio. He offered the smallest density jump relative to N2 and CO2. Similarly, He provided the
lowest density difference between burned and unburned gases relative to N2 and CO2. For instance,
the density difference in He and CO2 diluted mixtures increased from 1.57 kg/m3 to 5.19 kg/m3 for
Φ = 1 and D = 3.76.
Le is usually used to examine mixture tendency toward diffusional-thermal instability that
occurs if Le < 1 [181]. This type of flame instability forms small cracks or cells from the initial
stage of the combustion process and can be neglected if a smooth flame is captured within the
observable window. It is known that heavy hydrocarbon such as C8H18 and DIPK provides Le > 1
for a lean mixture, for that reason, Lewis number shown in Figure 3.12C presents the rich mixtures
side where diffusional-thermal instability occurs. For D = 3.76, all diluents provided Le < 1, but
the value increased by using He relative to the other diluents. That is mainly because of He thermal
diffusivity (see Figure 3.12D). The difference between Ar and N2 diluents was negligible in the
case of Le, and Ar diluted mixture provided a slightly lower thermal diffusivity. However, utilizing
diluent ratio (D) of 5 increased the Le of He diluted mixture substantially. Unlike other diluents,
increasing the proportionality of He to D = 5 provided a noticeable increase in mixture thermal
diffusivity. Out of the four tested diluents, He is the only gas that can eliminate diffusional-thermal
instability by increasing the thermal diffusivity and providing Le > 1.
The hydrodynamic instability is another type of flame instability encountered in constant
volume combustion chamber that develops if the effect of density jump across the flame exceeds
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the stabilization factor [180, 181]. In general, increasing the diluent proportionality increases both
density jump and flame thickness, and the optimum diluent ratio must provide a thicker flame
relative to the density jump. In our study, diluent ratio 5 was chosen with He because it provides
a density jump close to the N2 diluted mixture with D = 3.76, and a thicker flame. It is worth noting
here that the increase of diluent proportionality lowers the LBV, however, it is necessary to keep
LBV higher than the limit where buoyancy effect must be considered. Unfortunately, Chemkin
Pro [33] (freely propagating flame model) did not converge while using the available DIPK
chemical kinetic mechanism to simulate LBV and flame thickness.
Subsequent analysis with C8H18 fuel using Chaos et al. [192] mechanism revealed that the LBV
increases substantially by using He. This observation can be attributed to the increase of adiabatic
flame temperature and thermal diffusivity as illustrated earlier. Figure 3.13 shows the laminar
burning velocity and flame thickness for C8H18 mixture at initial temperature 403 K and initial
pressure 5 atm. One notice is that the LBV of N2 diluted mixture with D = 5 lowers the LBV
considerably to the extent that buoyancy effect must be included unlike He or Ar diluted mixtures.
The flame thickness was calculated using the graphical approach [58, 139] after solving the
premixed flame code in Chemkin Pro [33]. A numerical derivative was used for the flame
temperature domain in order to determine the maximum gradient before evaluating the flame
thickness. The results show that the flame thickness decreases by using He or Ar, and increases by
increasing the diluent ratio. The thinnest flame was detected for Ar diluted mixtures, even at D =
5, the flame thickness was smaller than those obtained with N2 diluted mixtures with D = 3.76. It
was evident that Ar is not a good candidate to suppress flame instability because thinner flames
promote hydrodynamic instabilities as explained earlier in Section 3.1.3. Our conclusions from the
numerical analysis can be summarized as follows: mixtures diluted with He at D = 5 suppress
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flame instability by providing Le > 1, acceptable density jump, and a slightly thicker flame.
However, one needs to keep in mind that mixture properties change during the combustion event
(isentropic compression) and triggers hydrodynamic flame instability.

Figure 3.13. Numerical prediction of LBV and flame thickness of C8H18/O2/diluent mixtures
versus equivalence ratio at initial temperature of 403 [K] and initial pressure of 5 [atm]. The
highest LBV was observed with helium at a diluent ratio 1:3.76 while the thinnest flame was
predicted for argon at a similar diluent ratio.
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3.2.5

Experimental Results of Iso-Octane/Air

Here the discussion is presented for C8H18/air mixture at an equivalence ratio of 0.9 (a similar
trend was noticed for all tested mixtures). A linear relationship between X and the pressure rise
inside the combustion chamber is assumed in many combustion studies but was slightly modified
by Metghalchi [124, 141]. Figure 3.14 illustrates the difference in mass fraction burned between
Linear (XLinear) and Metghalchi (XMetghalchi) models, and our Multilayer (XMultilayer) approach with
respect to the normalized radius. It is evident that the difference is negligible at the beginning of
combustion event, however, it increases as the flame grows and reaches its maximum value when
the normalized flame radius is approximately 90%. It has been noticed that both Linear and
Metghalchi models overestimates X relative to the Multilayer model.
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Figure 3.14. Mass fraction burned for C8H18/air mixture (Φ = 0.9) at initial temperature of 393
[K] and initial pressure of 1 [atm]. The blue line displays the difference between linear and
multi-layer models while the red line represents the difference between Metghalchi and multilayer models.
Our Multilayer model gives the temperature distribution inside the combustion chamber. Figure
3.15 illustrates the change in both burned and unburned gas temperatures versus the number of
layers (combustion chamber divided into 93 layers). The straight blue line represents the
temperature of initial gases 393 K (before ignition) and the black line on top shows the temperature
distribution at the end of the combustion event. It can be noted that the maximum temperature is
around 2877 K for the first burned layer, while the last layer is only at 2370 K. All lines in between
the blue and black lines, show the history of temperature change and is clear that for both burned
and unburned mixtures, temperature increases with time due to compression process. Only tentime steps are illustrated in Figure 3.15 to visualize the combustion process clearly, however,
during the iterative process, all 93 temperature traces are developed.
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Figure 3.15. Temperature distribution of C8H18/air mixture (Φ = 0.9) at initial temperature of
393 [K] and initial pressure of 1 [atm]. The time increases in the vertical direction, the
intersection of any vertical line with horizontal lines presents the value of temperature at that
defined time. For example, the red vertical line shows the temperature time-histories of layer
number 23.
Table 3.7. Comparison of temperature and entropy at the end of the combustion process.
Temperature [K] Entropy [J/ kg -K]
Ideal case (CV)
2601.4
9243.5
Multilayer model
2579.9
9055.5
Metghalchi model
2584.9
9058.2
A second approach to verifying our Multilayer model has been made by using the entropy
generation and the average temperature based on X (see Table 3.7). It is found that both entropy
trace, as well as the mean temperature, of the Multilayer model tend toward values (slightly
underpredicting) obtained by equilibrium at constant volume and internal energy (ideal case, CV).
This trend is identical to what has been presented earlier for CH4/air mixture in section 3.1.3 (see
Figure 3.4); here the average temperature was 2579.9 K, approximately 21 K lower than the
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adiabatic flame temperature at constant UV. The difference from ideal case is attributed to two
reasons; the theoretical pressure is not reached (heat transfer losses), and a small portion of the
combustible gases did not burn (especially those near the combustion chamber wall). Note that a
similar observation from Metghalchi’s model is found in Table 3.7.
In addition to the above comparisons, the author tracked the average species mole fraction
during the combustion event by utilizing the Multilayer model. Such an analysis intends to
illustrate the limitation of the original Metghalchi model that assumes constant mole fraction. In
the Multilayer model, the mole fractions of each layer are found under constant HP equilibrium.
Also, the mole fractions change due to the isentropic compression process. Here CO2 and CO mole
fractions are presented in Figure 3.16.
The straight black and red lines in Figure 3.16 show the mole fraction using equilibrium
calculation at constant HP and UV respectively. One notices that the mole fraction of each species
starts from the value of equilibrium at constant HP, and then approaches the constant UV value.
In fact, at the end of the combustion process, the mole fraction of CO2 is lower than the equilibrium
value at constant UV (ideal case). As combustion proceeds, the burned gas temperature of initials
layers increases to values beyond 2601.4 K (equilibrium value at constant UV) which in turn
promotes higher dissociation of CO2 molecules (see Figure 3.16). In this case, the maximum
temperature was 2877 K; 275 K higher than the ideal case. Even though there are some layers exist
at a temperature lower than 2601.4 K, the overall equilibrium provides lower CO2 mole fraction.
The opposite trend was noticed for CO; the mole fraction is higher than the value of equilibrium
at constant UV due to the same reason. Similarly, the water molecule and OH radical show
identical trend. Higher carbon monoxide and OH radical mole fractions were noticed at the end of
combustion process. It is obvious that treating the burned gas with constant mole fractions raises
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concerns in regards to burned gas properties that influences the iterative solution. A similar
observation has been shown in Section 3.1.3 for the average temperature of burned region.

A

B
Figure 3.16. Mole fraction variation of Carbon Dioxide (A) and Carbon Monoxide (B) during
combustion event.
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The LBV trend of C8H18/air mixture at initial temperature of 393 K, the initial pressure of 1
atm, and Φ = 0.9 is shown in Figure 3.17 as a function of the unburned gas temperature. In the
constant volume approach, a single experiment gives several LBV data points along one isentrope.
A linear regression (least-squares fit, see Figure 3.17) was used to evaluate the LBV value at the
initial temperature of 393 K. In general, if the flame is stable, LBV increases as temperature and
pressure increase during the combustion event. LBV drops dramatically only near the end of the
combustion process.

Figure 3.17. Laminar burning velocity [cm/s] of C8H18/air mixture (Φ = 0.9) at initial
temperature of 393 [K] and initial pressure of 1 [atm].
Figure 3.18 presents the LBV as a function of equivalence ratios for C8H18/air mixtures. The
classical trend of LBV vs Φ was observed where the maximum burning velocity occurs slightly
after the stoichiometric ratio and drops for both lean and rich mixtures. The fastest (56.14 cm/s)
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and lowest (24.75 cm/s) LBV values are recorded for mixtures with equivalence ratio of 1.05 and
1.5, respectively in the range of our current experiments.
Comparisons with literature data (Li et al. [193] and Broustail et al. [194]) and predictions of
mechanisms (Blanquart et al. [191] and Chaos et al. [192]) are also shown in Figure 3.18.
Reasonable agreement was noticed for Φ = 1.1-1.4 with literature data, however, both Li et al.
[193] and Broustail et al. [194] experimental studies are slightly lower than current data in the lean
region. The minor differences between various experimental studies are attributed to the test
methodology (constant volume versus constant pressure). The CHEMKIN PRO [33] (freely
propagating flame model) simulations using two literature (Blanquart et al. [191] and Chaos et al.
[192]) kinetic mechanisms are presented in Figure 3.18. In general, there is very good agreement
between current data and those predicted by the Blanquart et al. mechanism, though the
mechanism underpredicts values for rich mixtures above Φ = 1.35. It is worth mentioning here that
even though iso-octane is a relatively well-characterized reference fuel, the disagreement between
the two numerical predictions around Φ = 1.1 illustrate the complexity of the kinetics of
transportation-relevant liquid fuels.
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Figure 3.18. Laminar burning velocity [cm/s] vs Φ for C8H18/air mixture (current study) at
initial temperature of 393 K and initial pressure of 1 atm. Comparisons with literature data (Li
et al. [193] and Broustail et al. [194]) and predictions of kinetic mechanisms (Blanquart et al.
[191] and Chaos et al. [192]) are also shown.
3.2.6

Experimental Results of DIPK/O2/diluent

Initial experiments were conducted to evaluate the LBV of DIPK/air mixture at 393 K and two
initial pressures of 1 and 5 atm. The classical trend of LBV was found for the DIPK/air mixture in
the tested equivalence ratios between 0.8 and 1.5 (see Figure 3.19). The maximum LBV (61.4
cm/s) was recorded at even richer mixture (Φ = 1.1) compared to iso-octane (Φ = 1.05). Also
shown in Figure 3.19 are LBV values for other oxygenated fuels from literature (ethanol and
methanol fuels [46, 48]). The initial pressure was the same (1 atm) for all studies in Figure 3.19,
however, the initial temperature varied. It is clearly shown that the LBV of DIPK is slower than
the ethanol, however the maximum LBV value occurs at a similar Φ. In the case of Methanol, the
maximum LBV is expected to be in between the Φ (1.1-1.2), in all compared fuel the maximum
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LBV tend toward a richer mixture compared to gasoline. The author believes that this behavior is
attributed to differences in the deviation of the Lewis number from unity, differential diffusion,
and the Φ value of maximum adiabatic temperature. As mentioned earlier, the DIPK kinetics
mechanisms used by Allen et al. [49] and Barari et al. [184] are not suitable for simulating LBV
and hence not shown in the figure.
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Figure 3.19. Laminar burning velocity [m/s] vs Φ for DIPK/air mixture (current study) at initial
conditions of T = 393 [K] and P = 1 and 5 [atm]. Comparisons with ethanol at 398 [K] and 1
[atm] and methanol at 343 [K] and 1 [atm] fuels [46, 48] are also shown.
Experiments at 5 atm initial pressure were limited to only lean mixtures due to flame instability
as will be discussed in next section. All documented LBV values (see Figure 3.19) at 5 atm (initial
pressure) experiments are based on the early part of the combustion process where the flame was
stable. When comparing Figure 3.19 and Table 3.8, the LBV values of DIPK/air mixtures at Φ =
0.8 decreased from 46.4 to 34.3 cm/s when the initial pressure increased from 1 to 5 atm. Similarly,
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the reduction was from 54.1 to 40.5 cm/s for Φ = 0.9. It is evident that flame instability at high
initial pressure tests limited the range of DIPK LBV values, hence, several diluents were evaluated.
Table 3.8. Laminar burning velocity of DIPK/air mixtures at 393 [K] and 5 [atm].
Φ
0.8 0.9 0.95
LBV [cm/s] 34.3 40.5 43.47
The second sets of experiments were conducted to evaluate the diluent capability to suppress
flame instability at initial conditions of 5 atm and 403 K. The initial temperature increased to
eliminate any concern in regards to fuel condensation at high initial pressure experiments. Lean
mixture diluted with N2 at D = 3.76 provided a stable, smooth, and spherical flame where LBV
can be extracted easily. However, around 2/3rd of the combustion process, the flame develops
hydrodynamic instability that results in a sudden discontinuity in the LBV trace; and provide a
smaller gradient with respect to unburned gas temperature after the jump (examples are shown as
flame propagation in Figure 3.20 and LBV trace in Figure 3.21).
As explained earlier, the reduction of flame thickness and the increase of density jump along
one isentrope triggers the hydrodynamic instability. On those experiments, the LBV can be
evaluated based on the stable flame region (early part of combustion process). Also, it has been
observed that the hydrodynamic flame instability advances as the initial pressure increases and
results in a narrower region of useful data points. The sudden discontinuity shifts from an unburned
gas temperature 473 K at 3 atm initial pressure to 429 K at 5 atm for DIPK mixture at Φ 0.9. In
that case, the appearance of small cells after 29 ms coincides with the shift in LBV trace because
of the increase in flame surface area. However, in some experiments, the shift of LBV trace
happens to be 1-2 ms before the appearance of the cellular structure. This is attributed to the fact
that the observable windows (50.8 mm) show a small section of the flame area during that time,
and initial cell formations might occur in a different spot. The hydrodynamic flame instability
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problem can be tackled by using different diluent/higher diluent ratio (D) in order to provide a
thicker flame relative to the density jump (results are presented later).

Figure 3.20. Flame propagation of DIPK/O2/N2 at Φ = 0.9, initial T = 403 [K], and P = 5
[atm]. The start of cell formation is shown in after 29 [ms] by a black arrow (only data points
before the cellular formation was used to evaluate LBV).
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Figure 3.21. LBV vs unburned gas temperature for DIPK/O2/N2 at initial conditions of T = 403
[K] and P = 3 and 5 [atm]. Arrows indicate the start of hydrodynamic instability, while red and
blue colors are used to illustrate the variation of LBV along two isentropes.
Tests at stoichiometric mixtures demonstrate a different behavior with N2, even though the
flame was smooth and spherical in the initial stage, it develops many cells as the flame approaches
the edge of our observable window (50.8 mm). The pressure trace in those experiments cannot be
utilized to determine the LBV because most of the data points taken in the analysis happen to be
after the flame leaves the observable window where flame cells are already developed with
stoichiometric mixtures. Even though, there is an interest in cellular burning velocity [165], this
work is intended to produce LBV values that can be used to validated chemical kinetic
mechanisms. For that reason, those tests are eliminated from the results in this work.
In a similar manner, the flame instability is more dominant for rich mixtures because of the
diffusional-thermal instability (Le < 1). Figure 3.22 shows examples of flame propagation at
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several equivalence ratios with different diluents at 5 atm and 403 K. The second column shows
flame instability after the ignition process for a DIPK mixture with Φ = 1.2 diluted with N2 at D =
3.76. It is obvious that after five ms several cellular structures appeared, and around 6.8 ms the
flame surface area was covered with cells. Increasing the N2 diluent ratio to 5 produced very slow
flame speed in lean mixtures and did not solve flame instability with rich mixtures (see Figure
3.23). That is mainly because Le < 1 even after increasing the diluent ratio as illustrated in the
numerical section. It is believed that the diffusional-thermal instability is the main source of cell
formation in both stoichiometric and rich mixtures.
The severity of flame instability was increased by switching the diluent from N2 to Ar because
of its lower thermal diffusivity, and thinner flame thickness. The flame of Ar diluted mixture at D
= 3.76 develops cell formation even with lean mixtures (cannot be used for LBV measurements).
After increasing the diluent ratio to 5, a stable flame was observed for lean mixtures but with an
earlier hydrodynamic instability. This fact reduces the valuable data points along one isentrope.
The flame propagation of Ar diluted mixture at Φ = 1 and diluent ratio D = 5 is shown in Figure
3.22. It is apparent that the cell structure forms as the flame approaches the windows edge. This
trend was also observed at identical Φ with N2 at D = 3.76. It is clear that argon is not a good
candidate as a diluent in hydrocarbon mixtures for laminar burning velocity measurements,
especially with the constant volume approach that depends on evident pressure change which
occurs after the disappearance of flame edge.
Helium provided a stable combustion compared to other diluents, especially with those
experiments conducted with a diluent ratio of 5. Figure 3.22 presents the result of He diluted
mixture at D = 5; a smooth flame propagates spherically at Φ = 1.5. This is attributed to He high
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thermal diffusivity that increases Le and provides a stable flame even with rich mixtures. The
author did not observe diffusional-thermal instability with He even at an equivalence ratio of 1.6.

Figure 3.22. Flame propagation of DIPK/O2/diluent at initial conditions of T = 403 [K], and P
= 5 [atm] for several equivalence ratios. Helium is the only diluent that provides a stable
combustion in rich mixtures.
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Figure 3.23. Flame propagation of DIPK/O2/N2 at initial conditions of T = 403 [K], and P = 5
[atm] for diluent ratio D = 5.
After demonstrating how He at high diluent ratio suppresses diffusional-thermal instability, the
investigation was shifted to assess its ability to extend the useful range of data points by delaying
the hydrodynamic instability. This can be found by comparing LBV traces as well as the
appearance of cell formation within the observable window by using mixtures at identical
equivalence ratios and different diluent ratios.
Figure 3.24 illustrates LBV traces for mixtures diluted with He at Φ = 0.85 and two diluent
ratios. This equivalence ratio was chosen to eliminate the effect of diffusional-thermal instability
which might exaggerate the differences between LBV traces and triggers flame instability earlier.
It is apparent that the increase of diluent ratio delayed the discontinuity of LBV trace which results
in an increase of the valuable data points along one isentrope. In the given example, the maximum
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pressure and temperature increased from 9.15 atm and 487 K to 9.85 atm and 503 K by increasing
D from 3.76 to 5. Since the LBV of those mixtures are different, the time of hydrodynamic
instability appearance is not a conclusive parameter for comparison. Instead, the authors compared
the ratio of hydrodynamic instability appearance to the time at the end of the combustion process.
It is noticed that the time ratio increased from 0.63 to 0.68 by increasing the diluent ratio. This
observation is seen in all tests, and it is more evident as Φ increases toward the stoichiometric
ratio.
A similar comparison was made for a stoichiometric mixture and provided a flame instability
delay of 46 K. However, those mixtures might promote flame instability in that region because of
Le < 1. Similarly, comparing the LBV traces of He and N2 diluted mixture at identical diluent
ratios showed a huge advantage of He diluted mixtures. Figure 3.21 and Figure 3.24 show LBV
traces of mixtures that have similar Φ, but with a different diluent, He delayed flame instability by
58 K that corresponds to an increase of time ratio from 0.48 to 0.63.
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Figure 3.24. Laminar burning velocity versus unburned gas temperature for DIPK fuel diluted
with helium using two diluent ratios at initial conditions of T = 403 [K] and P = 5 [atm].
Hydrodynamic instability is suppressed by using higher diluent ratio because of the increase in
flame thickness relative to the density jump.
The laminar burning velocities were observed to increase in the order of N2> Ar > He diluted
mixtures. Even after increasing the diluent ratio to 5 with He and Ar, the LBVs are higher than
those obtained with N2 at D = 3.76 diluent ratio. Figure 3.25 presents LBV variation along three
isentropes at Φ = 0.85 by using several diluents. One notices that the slope of LBV with respect to
unburned gas temperature (in the stable region) increases in a similar order. The slope for N2, Ar,
and He diluted mixtures were 0.12, 0.22, and 0.39 cm/s∙K respectively. Identical diluent ratios
were used for He and Ar to evaluate the effect of thermal diffusivity on LBV at identical molar
specific heat. It is found that LBV increases from 49.95 cm/s to 102.72 cm/s by using He diluted
mixture that provides a thermal diffusivity of 3.33 x 10-5 m2/s. This value is almost one order of
magnitude higher than the Ar diluted mixture thermal diffusivity.
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Figure 3.25. Laminar burning velocity along three isentropes for DIPK/O2/diluent at Φ = 0.85
and initial conditions of T = 403 [K] and P = 5 [atm]. Several diluents/diluent ratios are
employed to study the effect of mixture properties on LBV.
Similarly, the effect of mixture specific heat was assessed by comparing Ar and N2 diluted
mixtures at different diluent ratios. Diluent ratios 5 and 3.76 were used for Ar and N2 mixtures
respectively to deliver close thermal diffusivities. The thermal diffusivities were 6.406 x 10-6 m2/s
and 6.6 x 10-6 m2/s while molar specific heats were 24.94 J/mol∙K and 32.6 J/mol∙K for Ar and
N2 mixtures at Φ = 0.85, Ti = 403 K, and Pi = 5 atm. The reduction of LBV from 49.95 cm/s to
38.25 cm/s by using N2 is attributed to the increase of mixture molar specific heat that has an
almost identical ratio of increase. It is worth noting that the flame instabilities with Ar diluent
occurs before even the N2 diluent and results in a narrower region of useful data points as illustrated
in the figure.
Regarding N2 diluted mixtures, the flame was stable for a wider range compared to Ar, but it
was almost half the range of He diluted mixture. Also, the increase of diluent ratio did not provide
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a stable flame for rich mixtures where deviation of thermal and mass diffusivity triggered flame
instability (see Figure 3.23). Finally, it is evident that the flame thickness is the most important
factor in hydrodynamic instability because all tested mixtures in Figure 3.22 have a close density
jump, however, a considerable difference of stability behavior was observed. That is mainly
because of the flame thickness that increases in the order of Ar, N2, and He diluted mixtures as
illustrated in the numerical section.
The classical trend of LBV vs equivalence ratio has been obtained for DIPK mixtures diluted
with He at 403 K, 5 atm, and D = 5. The LBV was maximum for slightly rich mixture and decreased
for both lean and rich mixtures. This trend is identical to the adiabatic flame temperature obtained
earlier in the numerical section. The maximum LBV was 120.8 cm/s at Φ = 1.1, while the minimum
measured value was 47.2 cm/s at Φ = 1.6. One notices that the LBV increased from 38.24 cm/s
with N2 to 102.7 cm/s by using He diluent at Φ = 0.85; this increase is more than double the value
measured with N2 mixture. This is attributed to the increase of adiabatic flame temperature,
reduction of molar specific heat, and the increase of thermal diffusivity that has a vast influence
on LBV. A similar increase of LBV was observed in Rozenchan et al. [188] and Eisazadeh-Far et
al. [189] studies, and shown in the numerical section of this study.
Metghalchi and Keck [124]’s laminar burning velocity correlation is used to estimate the LBV
of DIPK mixture diluted with He at D = 5. Power low fit has been employed to estimate the
correlation constants by using the least square method. Since the triggering point of hydrodynamic
instability is a function of Φ, the LBV correlation has been validated for unburned gas temperature
(403-495) K, pressure (5-9.5) atm, and Φ (0.85-1.5). Some mixtures provided a wider range of
stable flame, but our intention is to offer a general correlation. Table 3.9 shows correlation
constants (𝑎1 , 𝑎2 , 𝛼, and 𝛽) in equation (3.44).
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Table 3.9. Power law fit constants for LBV of DIPK/O2/He mixture.
𝑆𝑢𝑜 [cm/s]
𝑎1
𝑎2
𝛼
𝛽
118.7
-0.288
-2.323
2.402
-0.359
𝑆𝑢 = 𝑆𝑢𝑜 ∗ (1 + 𝑎1 (1 − Φ) + 𝑎2 (1 − Φ)2 ) [

𝑇𝑢 𝛼 𝑃 𝛽
] [ ]
𝑇𝑢𝑖
𝑃𝑖

(3.44)

Figure 3.26. LBV vs Φ for DIPK/O2/He at initial temperature of 403 [K] and initial pressure of
5 [atm].
Where 𝑆𝑢𝑜 is the LBV in cm/s at a reference point (𝑃𝑖 = 5 atm, 𝑇𝑢𝑖 = 403 K, and Φ = 1), and
𝑇𝑢 , 𝑃 are the unburned gas temperature (K) and pressure (atm) respectively. The laminar burning
velocity along four isentropes are shown in Figure 3.27 to deliver a range of useful data points in
the literate. Experimental values are shown as circles while solid lines are used to illustrate the
LBV obtained using Metghalchi and Keck [124] correlation. The pressure of each data point can
be calculated using the isentropic compression assumption, for example, at Φ = 1.35 the range of
pressure was from 5 to 9.5 atm (limited because of hydrodynamic instability). It is evident that the
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LBV increases along one isentrope because the unburned gas temperature is a dominant factor
relative to the increase of pressure during the isentropic compression process, the correlation
constants 𝛼 and β clearly shows that. The Laminar burning velocity of 2,4-Dimethyl-3-pentanone
(DIPK) is obtained at high initial condition to provide data points to validate chemical kinetic
mechanisms for the automotive application.

Figure 3.27. LBV vs unburned gas temperature for DIPK/O2/He at initial conditions of 403 [K]
and 5 [atm] for several equivalence ratios.
3.2.7

Conclusions for the LBV Measurements of DIPK

The laminar burning velocity (LBV) of DIPK - an advanced liquid biofuel ketone produced by
endophytic conversion of cellulose - has been measured at several initial conditions. The constant
volume approach with a Multilayer model was used to evaluate the laminar burning velocity from
measured pressure at 100 kHz. Flame visualization at a rate of 20,000 fps ensured that the reported
experiments have spherical and stable flames. The current experimental method verification is
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carried out by using C8H18/air mixtures, a relatively well-characterized liquid fuel. LBV values for
C8H18/air are compared against previous data and predictions by literature kinetics mechanism and
found to be in reasonable agreement. The current Multilayer model gave insights into the
temperature distribution and the entropy production during the combustion event. Also, the
classical LBV trend was observed for both C8H18 and DIPK fuels, however, the maximum LBV
values of DIPK tended toward a richer mixture. At 1 atm and 393 K initial conditions, the
maximum LBV of C8H18/air is 56.14 cm/s at Φ = 1.05; while that of DIPK/air was 61.4 cm/s at Φ
= 1.1.
It has been noticed that the flame at an initial pressure of 5 atm suffered from hydrodynamic
and diffusional-thermal instabilities for lean and rich mixtures respectively. N2, Ar, and He
diluents were used to suppress flame instability and to provide a wider range of data points. Ar
was the most destabilizing diluent because of its low thermal diffusivity and provided a thin flame
compared to other diluents. He with a diluent ratio D=5 offered a high thermal diffusivity that
eliminated diffusional-thermal instabilities for rich mixtures and delayed hydrodynamic instability
by providing a thicker flame relative to the density jump in lean mixtures. It is worth noting that
the molar specific heat and thermal diffusivity are two important properties that influence fuel
reactivity and LBV values. Under identical thermal diffusivity, the increase of LBV is directly
related to the reduction of molar specific heat. Additionally, under identical molar specific heat,
thermal diffusivity has a vast influence on the LBV. The classical LBV trend was observed for
DIPK diluted with He, the maximum LBV of DIPK/O2/He was 120.8 cm/s at Φ = 1.1. Several data
points along one isentrope (up to 10 atm and 503 K) were measured to provide numerous validation
points for chemical kinetic mechanisms. Also, a correlation of laminar burning velocity was
obtained to estimate the values in the range of pressures (5-9.5 atm), temperatures (403-495 K),
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and equivalence ratios (0.8-1.5). The present method will be extended to other advanced biofuel
candidates and blends as part of the U.S. Department of Energy’s Co-Optimization of Fuels and
Engines (Co-Optima) project [36].
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CHAPTER 4: CONCLUSIONS
4.1

Summary of Results

In this doctoral study, advanced ignition systems were assessed using a constant volume
combustion chamber and reciprocating engines to evaluate feasibility in lean reciprocating engine
combustion. First, laser and spark ignition systems were used to initiate combustion for CH4/air
mixture to study the flammability limit, effect of pulse energy, flame kernel shape as well as
laminar burning velocities (LBV). It has been found that the LBV is not a function of ignition
energy; even though the maximum pressure occurs earlier with higher ignition energy, this is
understood to happen because a larger volume is initially ignited. Toroidal and spherical flame
propagations have been noticed during the experiments. However, the LBV values were almost
identical with spark and laser ignition systems, nominally showing a difference of 1.5%, with a
maximum difference of 2.8% at Φ = 1.3. Discrepancies in the measured LBVs between SI and LI
systems were within the uncertainty of experimental setup. The laminar burning velocity of the
stoichiometric CH4/air mixture is 57.02 cm/s at an initial pressure of 1 atm and 393 K initial
temperature. The maximum value for the CH4/air mixture occurs at an equivalence ratio of 1.05.
Laser extends the CH4 flammability limit to Φ = 0.5-0.51 in this study, which is less than the values
suggested by Tahtouh et al. [117] and Wang et al. [121] for spark ignition systems. The
determination of LBV attributed to pressure increases after the ignition inside the UCF combustion
chamber were characterized to have a cumulative uncertainty of 5.8% and 3.8% for LI and SI
systems respectively.
A 6-cylinder natural gas engine study conducted at Argonne National Laboratory was
successfully operated at a rated speed of 1800 RPM and 298 kW load with directly mounted
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µlasers igniting all 6 cylinders. To the best of the author’s knowledge, the multi cylinder directly
mounted laser ignition, is the first time that this has ever been performed in the world. Ignition
timing (IT) sweeps, and excess air ratio () sweeps were performed while keeping the NOx
emissions below the EPA regulated value (BSNOx < 1.34 g/kW-hr), and maintaining ignition
stability at industry acceptable values (COV_IMEP < 5%). The engine performance was compared
for the cases of standard spark ignition (SI) and two pulse laser ignition (2P-LI). A brake thermal
efficiency improvement of 2.6% points was observed with the use of 2P-LI. A detailed analysis
shows that laser ignition leads to significantly improved ignition characteristics under advanced
ignition timings, which, in turn, enables optimal phasing to result in efficiency improvements.
Also, the cyclic variation in terms of indicated mean effective pressure, as well as location of
maximum pressure, decreased dramatically by using laser ignition system and enable the use of
leaner mixture. The optimum excess air ratio in case of laser ignition was  1.68, any further
increase offsets the gain from the lean combustion mode because of the reduction of fuel reactivity
and LBV.
Addressing the above concern, the reduced flame speeds can be compensated with the use of a
prechamber to result in volumetric ignition, and thereby lead to faster combustion. Another study
was performed to identify the optimal geometry of prechamber laser ignition (PCLI) through
several tests in a single-cylinder engine as a compromise between autoignition, NOx and soot
formation within the prechamber. Subsequently, experiments were conducted to compare the
performance of three ignition systems: standard electrical spark ignition (SI), single-point laser
ignition (2P-LI), and prechamber equipped laser ignition (PCLI). Out of the three, the performance
of PCLI was far superior compared to the other two. Efficiency gain of 2.1% points could be
achieved while complying with EPA regulation and the industry standard for ignition stability.
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Test results and data analysis are presented identifying the combustion mechanisms leading to the
improved performance. The PCLI system was capable of achieving higher brake thermal
efficiency because of the volumetric ignition which reduced the combustion duration dramatically.
This fact allows the engine to operate at retarded ignition timings even though a leaner mixture
were employed compared with other ignition systems. Also, the spatially distributed jets provided
almost identical combustion on every cycle which reflects minimum cyclic variation. For example,
the COV_LOMP of the optimum operating points for SI, 2P-LI, and PCLI systems were 13.5%,
9.5%, and 7% respectively. The PCLI system is expected to perform even better by using a multicylinder engine.
To assess the feasibility of new biofuels for automotive application, a spherical combustion
chamber was designed, built, and assembled for studying laminar burning velocities of
hydrocarbon fuels at high initial conditions. Methane and isooctane fuels were tested to validate
the experimental setup for gas and liquid fuels respectively, by comparing the measured data points
against values in literature and numerical predictions by CHEMKIN PRO [33]. In addition, those
data points were used to examine the accuracy of the Multilayer thermodynamic model, and
compare it with the Linear and Metghalchi and Keck models. Also, schlieren and shadowgraph
imaging techniques were employed to capture the kernel development and flame propagation in
each experiment. This approach ensured that the reported LBV is obtained by utilizing a spherical
flame without hydrodynamic and diffusional-thermal instabilities.
After validating the experimental setup, procedure, and thermodynamic model, tests were
conducted to measure the LBV of a new promising biofuel candidate for automotive application.
The Laminar burning velocity of 2,4-Dimethyl-3-pentanone, also known as diisopropyl ketone
(DIPK) has been measured at several initial conditions and diluents. Initial experiments with N2
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diluent is carried out at an initial temperature of 393 K and for two initial pressures (1 and 5 atm).
The classical LBV trend was observed for both C8H18 and DIPK fuels, however, the maximum
LBV values of DIPK tended toward a richer mixture. The maximum LBV of C8H18/air is 56.14
cm/s at Φ = 1.05; while that of DIPK/air was 61.4 cm/s at Φ = 1.1. It is worth noting that the LBV
values are slightly higher for DIPK than iso-octane but less than ethanol. In general, DIPK does
not only provide auto-ignition enhancement and higher pressure and temperature sensitivities
compared to gasoline but also higher flame speed that can reflects higher rate of heat release in
reciprocating engines.
Flame instability was visualized in DIPK/air mixtures at 5 atm (initial pressure) for all rich
mixtures from the onset of combustion. Also, under these pressure conditions in lean mixtures, a
sudden discontinuity in LBV was recorded around 2/3 of the combustion duration. This sudden
discontinuity is attributed to flame transitioning into instability, as combustion proceeds the flame
thickness decreases due to the rise in pressure and temperature of the unburned mixture, while the
density difference (across the flame) increases along one isentrope. Those two unfavorable factors
triggered the hydrodynamic flame instability at high initial pressure.
Subsequent tests were conducted to suppress flame instability at high pressure using Ar, and
He diluents with several diluent proportionalities. A slightly higher initial temperature of 403K
and three initial pressure (1,3, and 5 atm) were used to eliminate any concern in regard to the fuel
condensation. Ar was the most destabilizing diluent because it has low thermal diffusivity and
provides a thin flame compared to other diluents. In contrast, He with a diluent ratio 5 offered a
high thermal diffusivity that eliminates diffusional-thermal instabilities for rich mixtures and
delayed hydrodynamic instability by providing a thicker flame relative to the density jump in lean
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mixtures. It is worth noting that the specific heat and thermal diffusivity are two important
properties that influence fuel reactivity and LBV values.
It is concluded that utilizing He at high proportionality is mandatory for LBV measurement at
high initial pressure (targeting reciprocating engine conditions) in order to provide a stable flame.
The classical laminar burning velocity trend was observed for DIPK fuel diluted with He, the
maximum LBV of DIPK/O2/He was 120.8 cm/s at Φ = 1.1. Several data points along one isentrope
(up to 10 atm and 503 K) were measured to provide numerous validation points for chemical
kinetic mechanisms. Also, LBV correlation constants were obtained to estimate the values in the
range of pressure (5-9.5 atm), temperature (403-495 K), and equivalence ratio (0.8-1.5).
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4.3

Recommendations for Future Work

The current research highlighted the need to investigate in advance ignition systems that can
ignite leaner mixtures to provide higher thermal efficiency in reciprocating engines. Out of the
three ignition systems: spark ignition (SI), single-point laser ignition (2P-LI) and prechamber
equipped laser ignition (PCLI), PCLI proved to have the best performance in the tested
configurations. It does not only lead to the extension of the lean ignition limit but also shortened
the ignition delay and combustion duration significantly which in turn reflects higher thermal
efficiencies and lower COV_IMEP. However, the prechamber optimization process is extremely
complicated, expensive and time-consuming if engine tests are carried out for each prechamber
configuration. The optimization process must include the effect of several crucial parameters to
achieve the optimum configuration (number of nozzles, their diameter and positions within the
prechamber, prechamber volume relative to the clearance volume, and the prechamber shell
thickness). Because of that reason, the development of a CFD model is recommended as a new
research topic where the above-mentioned parameters can be altered easily. Furthermore,
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efficiency gains can be envisioned with laser ignition as strategies promoting multi-point ignition
with larger plasma spatial separation is attained. Therefore, innovative optics strategies that can
provide excellent sealant and spatial plasma separation are suggested as another future topic.
In addition, constant volume combustion chamber are very useful tools for studying the heat
release as we well as the laminar burning velocity. Measurements for CH4, C8H18, and DIPK
mixtures were taken using N2, CO2, Ar, and He diluents at several initial conditions. Since, the
combustion chamber has been designed to withstand 140 atm, experiments at higher initial
pressure are recommended. The range of initial pressure could be extended to 10-20 atm in a third
research topic. Engine manufactures are pushing toward higher energy density engines; therefore,
the high-pressure experiments will provide more insights in regards to fuel reactivity and ignition
capabilities. In addition, since both ignition delay times and laminar burning velocity
measurements exist for DIPK, the forth recommended future topic is to develop a detailed
chemical kinetic mechanism where LBV values can be predicted in order to evaluate the fuel
suitability for advance engine concepts through computational fluid dynamic (CFD) modeling.
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APPENDIX A: UCF SPHERICAL CHAMBER EXPERIMENTAL SETUP
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The experimental setup consists of the spherical combustion chamber, oven, mixing tank,
optical system, ignition system, high-speed camera, and data acquisition system. The spherical
combustion chamber is made of 316 stainless steel with an internal diameter of 165 mm and 10
mm shell thickness. Figure A1 shows a side view of the combustion chamber where spark ignition
electrodes appear at the center. The flame propagation is captured during select experiments by
using a high-speed camera (Phantom V12) at 20000 frames per second. Both flame shadowgraph
and schlieren imagining are utilized throughout this dissertation. This approach ensured that only
spherical, smooth flames without cellular structures are used to obtained LBV. A Kistler [195]
603B1 dynamic pressure transducer and 5010B1 charge amplifier are used to record the pressure
at 100 kHz; while data was recorded using National Instruments [196] DAQ system NI 6259 that
is capable of recording up to 1.25 Ms/s on a single channel. The schematic representation of the
experimental setup is presented in Figure A2, and a detail description on each component is given
below.

Figure A1. Side view of the spherical combustion chamber with a regular spark ignition system.
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Figure A2. Schematic representation of the University of Central Florida spherical combustion
chamber.
APPENDIX A1.

Design

The spherical combustion chamber is made of 316 stainless steel with an internal diameter of
165 mm and 10 mm shell thickness. The vessel is designed and certified according to ASME Boiler
and Pressure Code, Section VIII. It has four optical access with different sizes (13 – 64 mm) that
can be used for schlieren photography, laser ignition, pressure transducer, and spectroscopy
diagnostic techniques. A stainless steel 12.7 mm diameter pipe is welded to the chamber in order
to attach the sphere to the manifold (shown in Figure A3). According to the Hoop stress analysis,
the vessel can withstand 140 atm at 1000 K with a safety factor of 3.4. Namely, the stainless-steel
structure can handle a maximum pressure of 478 atm at 1000 K.
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Since the stainless-steel structure can withstand a very high pressure, the limiting factor in any
combustion facility is the capability of optical windows. For example, the 12.7 mm sapphire
window can withstand a maximum pressure of 140 atm, but with a lower safety factor. In the next
paragraphs, the author presents design safety factors of quartz and sapphire windows based on
Hoop stress, blind flange, and the optical equation suggested in [21].

Figure A3. Combustion chamber model.
The window thickness is directly proportional to the diameter, all stress calculations carried out
for the largest window (63.5 mm), and same thickness was used for the 50.8 mm window. A
maximum pressure of 140 atm was chosen to ensure that the combustion chamber is capable of
withstanding a combustion with an initial pressure of 20 atm. This initial condition is crucial to
provide LBV values relevant to combustion in reciprocating engines (Otto and Diesel). Two
window thicknesses are chosen for the stress calculation 9.525 and 12.7 mm; Table A1 shows the
safety factor for Hoop stress (HS), blind flange (BF), and the optical equation (OE). The safety
factor was found by dividing the window thickness by the designed thickness. It is apparent that
the quartz window does not withstand the design parameter according to the BF and OE equations,
and it is just above the safety factor 1 with hoop stress calculation. However, the sapphire windows
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delivered a safety factor comparable to the one used for the stainless-steel structure. That is mainly
because of the high tensile strength of sapphire 7000 kg/cm2 compared to quartz 500 kg/cm2.
Table A1. Window safety factors under several design equations.
quartz
sapphire
Thickness [mm]

HS

BF

OE

HS

BF

OE

9.525

1.04

0.785

0.51

14.5

2.4

1.89

12.7

1.4

0.86

0.68

19

3.21

2.5

APPENDIX A2.

Ignition System

Spark and laser ignition systems are used throughout the dissertation to show the benefit of
laser ignition. The result is evaluated based on the behavior of pressure trace, maximum pressure,
flame propagation, and laminar burning velocity. The compression of the two ignition systems was
presented by utilizing Methane mixtures (shown in section 2.2).
APPENDIX A2.1.

Spark Ignition

Lucas ignition circuit was assembled and controlled by a LabVIEW program to provide spark
ignition mechanism. A transistor (1RFP250) in conjunction with a 12 VDC relay were employed
to disconnect the current from the primary circuit. The relay was powered by an external 9 V
battery as shown in the schematic diagram (see Figure A4) while the transistor was controlled by
a LabVIEW program. This configuration allows for direct control by using the DAQ analog output
channel with a 7.5 V output. In spark ignition experiments, LABVIEW was used to synchronize
the pressure measurement, camera system, and the spark timing by using a single triggering pulse.
Since the preparation time for a single experiment is long, an on/off switch was utilized to charge
the primary circuit before the ignition process.
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A spark plug (NGK BR4HS) was modified by welding two tungsten electrodes with 1 mm
diameter to produce a spark at the center of the combustion chamber. In our design, both electrodes
were introduced from the same side as opposed to diametrically opposite configuration found in
many spherical chamber configurations [142]. Because there is no electrode in one hemisphere,
this arrangement would avoid thermal conduction losses and thereby produce a theoretically
unperturbed flame in that section (opposite to electrodes). This concept allows for direct evaluation
of heat transfer losses by comparing the flame position with respect to time on the two sides. The
constant pressure approach is planned to be conducted in future experiments.

Figure A4. Lucas ignition circuit.
APPENDIX A2.2.

Laser Ignition

The optical setup is comprised of two parts. One optical system was constructed to provide an
ignition source for the chamber. A Quanta-Ray Lab 190 Q-switched Nd:Yag laser was used with
a FWHM pulse width of approximately 10 ns. The ignition setup consisted of the 1064 nm laser
229

pulse passing through a series of mirrors and a simple bi-convex lens with the focal plane centered
in the spherical combustion chamber. Two bi-convex lenses are utilized in this dissertation with a
focal length of 250 mm and 500 mm. The laser peak power at the fundamental mode was measured
at 1 J/pulse. Other harmonics 532 nm, 355 nm, and 266 nm can be obtained by using two BBO
frequency doubling crystal and pairs of dichroic mirrors. Laser characterization is presented in
section 2.2 by using Coherent J-50MB-YAG-1535 energy meter. Laser specifications are shown
in Table A2.
Table A2. Laser specification
Model
Quanta-Ray Lab 190
Wavelength [nm]
1064
Pulse width [ns]
8-12
Beam diameter [mm]
< 10
Repetition rate [Hz]
10
Beam divergence [mrad]
< 0.5
Energy stability
< 3%
Since the laser power is significantly higher than that required to create a plasma, and 1064 nm
neutral density filters were not available, the energy is reduced manually. This approach decreased
the reported beam quality which may increase the required pulse energy to create a plasma in air.
In the tests presented in this dissertation, a single pulse mode was used to ignite the mixture. A
pulse energy of 155±10 mJ was used which was just above the minimum threshold energy for
formation of plasma due to optical breakdown Unlike spark ignition tests, in laser ignition
experiments LabVIEW was not used to trigger the ignition system. However, a Quanta-Ray laser
triggering pulse was utilized to synchronize the high-speed camera, pressure transducer, and the
laser firing.
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APPENDIX A3.

Optical Setup / Flame Propagation

The second half of the optical setup consists of the components necessary to record a
shadowgraph/schlieren image of the kernel development and flame propagation. In the
shadowgraph configuration, a CW He-Ne laser (HNL225R) was collimated to a 50.8 mm diameter
and was passed perpendicular to the ignition spot. Due to the sharp density change along the flame
front a high-resolution image allowing for flame tracking is obtainable through this method. Since
the laser provides a Gaussian beam profile, the author noticed a brightness deviation in the captured
image if the full laser diameter was utilized. Namely, images were too bright in the center, and the
intensity decreases with the radius. This problem has been addressed by using a Bi-concave lens
LD2568 in tandem with a Bi-convex lens LB1859, this configuration uses approximately 60% of
the laser beam and provides a clear even image without any brightness deviation. A lens was
employed after the combustion chamber in order to compress the picture so that the full window
field may be imaged. The schematic representation of optical setup is shown in Figure A2.
On the other hand, schlieren image requires a broadband light source. A red LED light source
was collimated to a 50.8 mm diameter by utilizing a similar lens arrangement. However, after
passing the light beam through the tested media, a Bi-convex lens and a pinhole were employed to
remove diffracted rays. In this configuration, a clear and bright flame surface area can be obtained
and assessed. A Phantom v12.1 high-speed camera is used to capture frames at a resolution of
512x512 at a rate of 20000 fps. The camera can provide a higher frame rate up to 1 million fps.
However, a low-resolution image and only small part of the 50.8 mm window will be captured.
APPENDIX A4.

Manifold

A stainless-steel manifold has been assembled from Swagelok tube and VCR fittings to attach
all components to a single platform. This setup allows for a better utilization of MKS Baratron, for
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creating a mixture and referencing the pressure before the ignition process. Series of tubes, valves,
and crosses are employed, all fittings are designed to withstand a maximum pressure and
temperature of 200 atm and 477 K respectively. The targeted maximum initial pressure in this
work was only 20 atm. However, the manifold was designed for a higher value because it is
planned to be used for other studies like the supercritical carbon dioxide combustion. A strut
channel in conjunction with vibration-damping clamp were employed to support the manifold on
the optical table.
APPENDIX A5.

Pressure Measurement

The pressure measurement setup is comprised of two parts for absolute and dynamic
measurements. The absolute pressure measurements are carried out by using two temperature
regulated capacitance manometers (MKS Baratron 628 and E27). The two Baratrons have been
attached to the manifold in order to be used for mixture preparation as well as referencing the
Kistler dynamic pressure transducer. Since the fuel partial pressure is very low when preparing a
mixture at atmospheric pressure, a low-pressure range Baratron (E27) was employed to evaluate
it accurately. MKS PDR2000 readout was powering the Baratrons for at least four hours before
conducting tests to ensure that the optimal diaphragm temperature is achieved before preparing a
mixture. The 628 Baratron output pressure signal (0 – 10 VDC) was fed to the National Instrument
DAQ to record the initial pressure automatically. The pressure range and accuracy of the two
Baratrons are given in Table A3.
Table A3. Specification of MKS capacitance manometers
MKS Baratron
E27
Pressure Range [atm]
0 – 0.13
Accuracy [%]
(including non-linearity, hysteresis,
0.12
and non-repeatability)
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628
0 - 26.3
0.25 (ranges ≥ 1 Torr)

The Kistler 603B1 dynamic pressure transducer in tandem with the 5010B1 charge amplifier
were used to record the combustion pressure at 100-200 kHz. The 603B1 is built for high-pressure
measurements with a natural frequency beyond 300 kHz; the maximum operating pressure and
temperature are 200 atm and 200 °C. The sensitivity and linearity of the transducer were 0.3695
pC/psi and ≤ 0.07% of the full-scale output respectively. Since dynamic pressure sensors are
designed for measuring a pressure difference, the pressure before the ignition event was referenced
to the value obtained by the MKS Baratron 628. This method eliminates the error associated with
thermal sensitivity of Kistler pressure transducers. Half a second of pressure signal was recorded
before employing a 1-D MATLAB smoothing function [174] to minimize the pressure fluctuation
at the beginning of the combustion process. The smoothed trace was compared to the original
signal at each experiment to ensure that the mean value of the pressure fluctuations was captured.
APPENDIX A6.

Mixing Tank / Heating system

A 40 liters stainless steel mixing tank is used to prepare the fuel/air mixture. The design can
withstand a maximum pressure and temperature of 40.3 atm and 260°C respectively. The internal
surface was coated with Polytetrafluoroethylene (PTFE) to minimize absorption of liquid fuel and
water. The tank has a magnetically actuated mixing system to ensure that the mixture is well-mixed
and homogeneous before use in experiments. The mixing facility was heated and maintained at the
target temperature by use of three insulated heating jackets each with an embedded K-type
thermocouple and heating tape.
In addition to the magnetically actuated mixing tank, 1 gallon Swagelok sample cylinder coated
with PFTE was purchased to prepare synthetic air. The sample cylinder is designed for a maximum
pressure of 63 atm at 426°C respectively. The portable sample cylinder has two hemispheres ends
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with NPT tube fitting. Two Swagelok adaptors were welded to provide VCR connection in order
to eliminate leakage associated with NPT fittings. Since the sample cylinder will be used for
various experiments, another benefit for the VCR fitting is to provide a simple way to disassemble
the cylinder. The sample cylinder used in this dissertation for liquid fuel tests because fuel was
directly injected into the combustion chamber.
Heating jacket and tapes are used to increase the temperature of the mixing tank, sample
cylinder, and the Luer lock adaptor. Heating systems are essential for liquid fuel tests, where fuel
and synthetic air must be at the same temperature in order to use Dalton’s law of partial pressure.
This approach minimizes uncertainties associated with mixing gases at a different temperature.
Liquid fuel was injected into a heated volume to ensure complete vaporization. Similarly, the
temperature of sample cylinder and manifold were maintained at the target temperature by using
heating tapes and a control unit.
The spherical combustion chamber is placed in a 6 kW electric oven from Thermcraft (XSB1C) in order to raise its temperature to the target value before conducting experiments. The oven
chamber dimensions are 30.5 cm x 30.5 cm x 45.7 cm; a ceramic refractory heater with embedded
resistance wire were used as a heating element. The oven has been modified to provide four optical
access and can maintain a temperature as high as 1200 °C with a digital controller. For a greater
accuracy, the author attached four k-type thermocouples to the spherical chamber to reference the
temperature of the sphere directly.
APPENDIX A7.

Mixture Preparation / Experimental Procedure

For the gas fuel experiments (CH4), the magnetically actuated mixing tank was used to prepare
the mixture. Before the creation of a fuel mixture, the mixing facility was vacuumed for at least 6
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hours. This process ensures that no condensed water molecules from atmospheric air exist on the
inner surface of the mixing facility. After that, the mixture was prepared by using the partial
pressure method with the help of two manometers. The filling order was fuel, O2, and diluent
because the mass of fuel and oxygen are relatively small compared to the diluent. This approach
increases the turbulence and hence the mixing process when diluent is filled. Since the mixture
was homogenous in the mixing tank after blending for hours, only a wait time of 5 minutes was
required after filling the chamber. A vacuum pump was used for 10-15 minutes before and after
doing experiments to make sure that there is no air or residue from the previous run. Ultra-high
purity gases are used throughout the dissertation with a purity of 99.999%.
On the other hand, for the liquid fuel experiments, another procedure was developed to ensure
that each mixture is homogeneous and uncertainty in the composition is minimized. Since the
liquid fuel requires a higher temperature to exist in the gas phase, experiments are conducted at
393-403 K. The heated (using heating jackets) synthetic air (1 O2: 3.76 N2) was created inside a
sample cylinder (using partial pressure method) after evacuating for several hours. First, oxygen
and then diluent were filled after determining the required partial pressure based on a target final
value (10-20 atm). In the same time, the oven was used to raise the temperature of the evacuated
combustion chamber. Mixtures of fuel and air were prepared by using the partial pressure method
after first injecting a specified volume of fuel (Luer lock and syringe connection). Since the
combustion chamber is maintained at high temperature, injected fuel evaporates completely
because the partial pressure of the fuel was much below its vapor pressure. The combustion
chamber temperature was monitored by using three thermocouples attached to different locations
on the outside surface of the combustion chamber. The differences between the three thermocouple
readings were less than 0.1°C. A second temperature controlled MKS E27 Baratron with a pressure
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range of 0-0.13 atm was employed to increase the accuracy of determining the partial pressure of
the injected fuel. Preheated oxidant was filled to achieve the target equivalence ratio and fuel/air
mixtures were allowed to mix for roughly 10 minutes to ensure homogeneity.
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APPENDIX B: MEASUREMENTS OF FLAME SPEED IN OXYMETHANE MIXTURES DILUTED WITH CO2 USING LASER IGNITION
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Ignition and flame propagation in CH4/O2 mixtures diluted with CO2 are studied at room
temperature and atmospheric pressure. The laminar burning velocity is evaluated for a range of
equivalence ratios (Φ = 0.8-1.3, in steps of 0.1), and oxygen ratios, D = O2/(O2+CO2) (26-38% by
volume). It was found that the LBV decreases by increasing the CO2 proportionality. It was
observed that the flame propagates towards the laser at a faster rate as the CO2 proportionality
increases, where it was not possible to obtain LBV due to the deviation from spherical flame shape.
Current LBV data are in very good agreement with existing literature data. The premixed flame
model from CHEMKIN PRO software and two mechanisms (GRI-Mech 3.0 and ARAMCO-Mech
1.3) are used to simulate the current experiment, providing reasonable agreement with the data.
Additionally, a sensitivity analysis is carried out to understand the important reactions that
influence the predicted flame speeds. Improvements to the GRI predictions are suggested after
incorporating latest reaction rates from literature for key reactions. The work provided in Appendix
B has been published in the Journal of Energy Resources Technology MAY 2016, Vol. 138 /
032201-1, and was presented in ASME Turbo Expo 2015, Montreal, QC, paper no: GT201543355.
APPENDIX B1.

Introduction to Oxy-Methane Combustion with CO2

Carbon capture and storage (CCS) is a promising technology for reducing CO2 emission into
the atmosphere by pumping it into a geological storage under the ground [197-199]. CO2, which
is a primary product of the combustion processes, promotes global warming due to the greenhouse
gas effect that acts as a barrier to prevent the reflected waves from leaving the Earth. However,
separating CO2 from the emission gases is difficult in a normal combustion environment where
fuel is burned with air. This is where oxy-fuel combustion holds great potential. Instead of burning
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the fuel with air, pure oxygen can be utilized to convert each hydrogen and carbon atom to water
and carbon dioxide. Ideally the products formed are CO2 and H2O, in which H2O can be easily
condensed out of the gas phase, and it is possible to store the remaining CO2. It is possible to
operate the flame in diffusion mode thereby eliminating concerns associated with combustion
dynamics, which are typical concerns in lean premixed systems aimed at reducing NOx. However,
both the adiabatic temperature and the pressure during combustion process are extremely high
where the combustion chamber might be affected (material safety issues).
Utilizing CO2 from emission gases as a diluent reduces the temperature without adding another
component in the combustion environment. The combustion of fuel in the presence of pure O2 and
CO2 behaves differently because of the variation of transport and thermal properties in CO2 and
N2 [200]. The laminar burning velocity is expected to be less than the value obtained by fuel-air
mixtures because of the CO2 participation in the chemical reaction [146]. It is understood that
mixture properties and CO2 participation rates are functions of CO2 proportionality in the mixture
and the adiabatic temperature. The dissociation of CO2 increases with temperature, which
enhances the chemical participation and decreases the free radicals. In this study, the laminar
burning velocity has been investigated at room temperature and atmospheric pressure for different
carbon dioxide proportionalities.
There are some studies in the literature regarding CO2 diluted methane combustion using a
variety of experimental techniques. Konnov and Dyakov [201] utilized a premixed planar flames
stabilized on flat burners for studying the flame structure and the laminar burning velocities. Mazas
et al. [202] measured flame speeds using a laminar conical premixed flames over a range of Φ at
initial T = 373 K. Hu et al. [200] used a Bunsen burner method to derive laminar flame speeds of
CH4/O2/CO2 mixtures at 300 K and 1 atm. Xie et al. [146] studied the laminar burning velocity of
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CH4, O2 and low proportionality of CO2 in a spherical chamber. They obtained faster LBV values
compared with the GRI-Mech 3.0 [34] mechanism predictions, and the difference increased with
the reduction of CO2 proportionalities.
The required energy for bond dissociation (BDE) of nitrogen and carbon dioxide are 945 and
531 KJ/mol respectively [146]. Heil et al. [203] and Liu et al. [204] studied the importance of CO2
chemical effects on the combustion process experimentally and numerically respectively. They
suggested that with the addition of CO2, the reverse reaction of CO+OH↔CO2+H is favored,
thereby reducing the availability of H radicals, which slows the crucial branching reaction
H+O2↔O+OH. Namely, a reduction in combustion process is noticed because both CO2 and O2
are competing for the hydrogen radical. Heil et al. [203] tested this hypothesis by using a flameless
combustor, which reduced the effect of molar heat capacity and thermal radiation on the
combustion process. They used methane and hydrogen as fuel and found that the effects of CO2
proportionality are less with hydrogen fuel because the H radicals are more available [203]. Also,
it was noted that CO2 has a significant impact on the chemical reaction but increasing O2
concentration of the initial mixture counters that impact. Liu et al. [204] compared the combustion
of methane by using CO2 and a fictitious molecule, in simulations, that has the same
thermodynamic properties but does not react during combustion. The obtained LBV with fictitious
CO2 is faster, which confirmed the chemical participation of CO2 having a reduction in LBV.
Hinton and Stone [55] examined the effect of CO2 proportionality on methane combustion with
air at different initial conditions and equivalence ratios. LBV and flame stability studies were
carried out in a constant volume combustion chamber. They found that the location of maximum
LBV is shifting to a leaner mixture from Φ = 1 as the CO2 proportionality increases. The effect of
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gravity on combustion process in CO2 mixture is negligible for a flame faster than 15 cm/s [55,
142]. In addition, the radiation effects are significant for a flame slower than 15 cm/s [142, 200].
Di Benedetto et al. [205] determined the flammability limits of methane combustion with O2
and CO2 in a cylindrical vessel. They found that a transition from a normal combustion to a novel
mode called: “combustion-induced rapid phase” is achieved by increasing the O2 proportionality.
De Persis et al. [206] reviewed different CO2 separation techniques like absorption and membrane
processes. Burning fuels with oxygen-enriched air is considered a valuable technology for low
CO2 capture process.
The current study represents the first CH4/O2 flame studies using laser ignition in a highly CO2
diluted environment. The three CO2 proportionalities are chosen such that the LBV values are fast
enough to neglect the buoyancy and radiation effects. Also, these selected proportionalities provide
a reasonable adiabatic flame temperature for gas turbine application. The most advanced gas
turbines work at 1600 °C for turbine inlet temperature (TIT). Increasing the oxygen proportionality
requires advanced cooling methods to deal with the increase in product temperature. In this study
the mixture equivalence ratio range is changed from 0.8 to 1.3 in steps of 0.1. A wide range of
equivalence ratios is chosen to compare and validate existing chemical kinetic mechanisms for
oxy-methane combustion with high proportionality of CO2. Also, the method of studying
CH4/O2/CO2 mixtures using laser ignition could aid the development of future supercritical CO2
cycle utilizing oxy-methane combustion [207]. The ultimate goal of the long-term study is to
conduct experiments at high initial pressure and temperature to reflect the gas turbine application.
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APPENDIX B2.

Combustion Model

In this section, the LBV has been calculated by using the Metghalchi and Keck [124, 141]
Thermodynamic model. A detailed discussion on LBV theory and thermodynamic models is given
in Chapter 3. The burned and unburned mixture properties are found by using NASA polynomials
based on the highest thirteen species (H2, H, O2, O, OH, CO2, CO, H2O, HO2, H2O2, CH4, HCO,
CH2O) to reflect reliable values. NASA polynomials coefficients are taken from the GRI-Mech
3.0 [34] thermo file.
APPENDIX B3.

Experimental Setup

Details of UCF spherical combustion chamber facility including fuel/oxidizer mixture
preparation, ignition systems, pressure measurements, shadowgraph imaging system, and
LABVIEW software are provided in Appendix A.
APPENDIX B4.

Properties of Tested Mixtures

Since the combustion properties are directly related to the mixture proportionalities, several
numerical predictions were conducted before proceeding with the LBV experiments. The
proportionality, D (oxygen ratio), between O2 and CO2 is defined as D = O2/(O2+ CO2), all
quantities in percentage by volume. In this work three proportionalities D = 0.38, 0.35, and 0.32
for six Φ’s were used. Only at stoichiometric conditions (Φ = 1.0), an additional two
proportionalities D = 0.29 and 0.26 were used to illustrate the reduction in laminar burning
velocity. Even though the O2 to CO2 proportionalities is larger than the proportionality of O2 to N2
in experimental air, the current LBV values are slower (than N2 diluent) due to the reasons
discussed in the results section.
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Heat capacity at constant pressure is defined as the amount of energy required to raise the
temperature of a unit mass by one degree in unconstrained environment [208]. For a unit energy,
the variation of gas temperature and heat capacity are inversely proportional. This property is used
for the iterative solution of the energy equation, and directly related to the enthalpy and internal
energy of the mixture. Except for monatomic gases, heat capacity increases with temperature for
all gases and results in a lower temperature increase as the gas temperature increases [208]. This
is attributed to larger amount of the input energy transfers to gas motions (translation, rotation, and
vibration) rather than raising its temperature. Unfortunately, no specific law describes the behavior
of Cp with respect to the temperature. For example, CO2 has a higher variation of heat capacity
with temperature relative to O2 and N2.
In this section, The author evaluated properties of the tested mixtures by utilizing Cantera [169]
equilibrium code and ARAMCO-Mech 1.3 [56]. Table B1 shows the heat capacity for the tested
gases at 295 K and atmospheric pressure. It is obvious that the heat capacity of methane is much
bigger than the other gases. Also, the Carbon dioxide has a lower heat capacity in comparison with
Nitrogen.
Table B1. Heat capacity for the tested gases at 295 [K] and 1 [atm].
CH4
O2
N2
CO2
Heat capacity
2217.5
917.59 1039.6 840.58
(Cp) [J/Kg.K]
Since mixture properties depend on species mole fractions, the author decided to evaluate the
properties as a function of equivalence ratio. Figure B1 presents the specific heat for the mixtures
with several oxygen ratios (D) versus the equivalence ratio. Also, the specific capacity of CH4/air
mixture is shown in green color for comparison. The specific heat increases as the equivalence
ratio increases because of the higher value associated with the fuel molecule as shown in Table B1
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Similarly, the specific heat decreases as the oxygen ratio decreases due to the same reason. In
general, the heat capacity of a stoichiometric mixture at D = 35% decreased by 11.7% compared
with CH4/air. It is worth to mention that the trend in Figure B1 flips is the molar heat capacity is
used because of the variation in species molecular weight.

Figure B1. Heat capacity of Methane mixture diluted with several O2 proportionalities.
Figure B2 presents Lewis number for mixtures diluted with CO2. Overall, Lewis number
decreases as the O2 ratio decreases. However, the reduction of Lewis number for lean and rich
mixtures affect the diffusional-thermal instability in opposite trends. For rich mixtures, decreasing
O2 ratio gave Lewis number closer to 1 (ideal condition). On the other hand, lean mixtures deviate
more as the oxygen ratio decreases and promote diffusional-thermal instability. To conclude,
diluting the mixture with CO2 in the tested proportionality reduced the hydrodynamic instability,
however, promoted the diffusional-thermal instability with lean mixtures.
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Figure B2. Lewis number comparison for Methane mixture diluted with several O2
proportionalities
APPENDIX B5.

Results and Discussion

The LBV results presented in this work represent the average of at least 3 experiments
conducted at every experimental condition to minimize random errors. The effect of CO2 on the
laminar burning velocity at an equivalence ratio of 1 for various oxygen ratio D is presented first.
This result is presented in Figure B3 (pressure) and Figure B4 (LBV), where the expected behavior
was noticed as a reduction in the LBV as the CO2 proportionalities increases. The maximum
pressure value decreases and location of maximum increases, respectively, with the reduction of
O2 proportionalities. This reasonable trend is due to the changes in thermal and transport mixture
properties in addition to the chemical participation of CO2 as explained previously by refs. [203,
204]. A nonlinear trend is noticed for the LBV with respect to O2 ratio. Note that the LBV for
oxygen ratio D = 26% should be neglected because of both buoyancy and radiation effects (i.e.,
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LBV<15 cm/s), the result is shown in Figure B4 (solid triangle) for comparison only. Hence the
three highest proportionalities are chosen for detailed analysis to compare with literature data and
model predictions.
The pressure traces are shown from the beginning of combustion until the time where maximum
value is reached. The maximum pressure for D = 38% is 8.1 atm after 44 ms from the ignition
timing, similarly the maximum pressure for D = 26% is 5 atm after 256 ms. Even though at D =
26%, the CO2 ratio in the mixture is still less than the N2 ratio in air, the reaction is too slow for
combustion application. The D ratio of 38% provides LBV values similar to the one obtained in
synthetic air (O2+3.76N2) as oxidizer.
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Figure B3. Combustion pressure traces at an equivalence ratio of 1 and different oxygen ratios.

Figure B4. Measured LBV at an equivalence ratio of 1 as a function of oxygen ratio.
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Since the TIT is a function of adiabatic flame temperature, Cantera equilibrium code [169] is
used to calculate the adiabatic flame temperature as a function of equivalence ratio and oxygen
ratio in Figure B5. Also, the trend of methane combustion in air is shown for comparison. The
flame temperature increases as the O2 concentration increases, also the maximum temperature
occurs for a slight rich mixture. The location of the maximum temperature is shifting towards a
lower equivalence ratio as the O2 proportionality decreases. The O2 ratio D = 32% (highest CO2
proportionality) gives a similar adiabatic flame temperature trend as the one obtained by burning
CH4 in air. However, a wider concave down was noticed for all mixtures diluted with CO2. A
similar observation was also found for the LBV due to the its direct relation with adiabatic flame
temperature.

Figure B5. The adiabatic flame temperature versus equivalence ratio at different O2 ratios.
Also, the result of CH4/air mixture is shown.
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After obtaining the range of CO2 proportionalities that provides acceptable values for LBV and
adiabatic flame temperature, several experiments were conducted for the highest three D values at
different equivalence ratios. Since the LBV is a function of mixture composition (equivalence
ratio), the range of (Φ = 0.8-1.3, in steps of 0.1) is chosen to provide LBV faster than 15 cm/s for
the lowest O2 ratio. At these chosen proportionalities, both gravity and radiation effect are very
limited [142]. Figure B6 illustrates the pressure traces of D = 35% for the range of equivalence
ratios. The fastest combustion occurred for an equivalence ratio of 1, which was nearly identical
to the trace at an equivalence ratio of 1.1. This trend is noticed for two proportionalities, where at
D = 38% the maximum burning velocity was at an equivalence ratio of 1.1.

Figure B6. Combustion pressure traces at D = 35% and different equivalence ratios.
Figure B7 presents the LBV as a function of equivalence ratio for the three O2 proportionalities.
The classical LBV trend is found where the maximum burning velocity occurs near the
stoichiometric condition and decreases for lean and rich mixtures. In the tested equivalence ratio
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range (0.8-1.3), the effect of equivalence ratio on LBV is relatively small in comparison to the
effect of CO2 addition. The LBV decreases from 27.68 to 22.4 cm/s by lowering Φ from 1 to 0.8
for the O2 ratio 35%, while the LBV at equivalence ratio 0.8 increases from 22.4 to 30.4 cm/s by
increasing the oxygen ratio 3%. As expected the LBV value increases with increasing D values
(due to the chemical effect of CO2).
The shift of maximum LBV location to a leaner equivalence ratio when the D value decreased
was noticed earlier by Hinton and Stone [55] during CH4 combustion in air diluted with various
CO2 proportionalities. The simulation of adiabatic temperatures (as presented in Figure B5) using
CANTERA [169] indicates the same trend, i.e., there is a slight shift of maximum adiabatic
temperature towards Φ = 1 as the D value is decreased. Though this reason alone cannot explain
the absolute changes in shift observed in experiments (Figure B7) differential diffusion, changes
in Lewis number, CO2 participation in chemical reactions and its collisional efficiency [209] (and
its dependence on temperature) can also contribute to the difference.
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Figure B7. Measured LBV vs equivalence ratio at different O2 ratios. Predictions of GRI-Mech
3.0 [34] and ARAMCO-Mech 1.3 [56] are also shown to be in good agreement with current
data.
Figure B8 compares the laminar burning velocity with previous experiments for D = 35%.
There is good agreement with past data except near the rich tails (ϕ = 1.2 and 1.3) where the LBV
is slightly slower in current experiments. The current data is almost identical to the values obtained
by Xie et al. [146] in the range of ϕ = 0.8-1.1; that is mainly because Xie utilized a spherical
combustion approach (constant pressure), unlike Hu et al. and Konnov which utilize Bunsen
burner and flat burners, respectively in their studies.
The LBV data obtained by Hu et al. is slightly over estimated compared to the other
experiments. Egolfopoulos et al. [142] highlighted in a very recent article that none of the methods
to obtain the flame speed data is without uncertainties, and the uncertainty of a stagnation flame
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experiment is bigger than spherically expanding flame at some conditions. Moreover, it should be
noted that each method has its own limitations.
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Figure B8. Current LBV data for mixture with D = 35% at different equivalence ratios with
those from Xie et al.[146], Hu et al.[200], and Konnov and Dyakov [201].
Figure B9 shows a similar comparison between current data (D = 32%) and those from Konnov
and Dyakov [201] at D = 31.5%. It is clear in both experiments the maximum LBV occurs at Φ =
1 and LBV profiles have similar trends, however, the difference in absolute values of LBV is due
to the difference in oxygen ratio, which has a significant effect as illustrated in Figure B7.
An uncertainty analysis was carried out for the case of Φ = 1 and D = 0.35%; Table B2 provides
the result of each parameter and the total uncertainty in current experiments is around 6.14%. Note
that this total uncertainty includes contributions from random error (< 3%), which was determined
by conducting multiple experiments at each experimental point.
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Figure B9. Current LBV data for mixture with D = 32% at different equivalence ratios with
those from Konnov and Dyakov [201].
Table B2. Uncertainty analysis for CH4, O2 and CO2 mixture with Φ= 1 and D = 35%.
Uncertainty Source
CH4, O2, & CO2 (Φ= 1)
Initial pressure
(+-) 0.04%
Initial temperature
(+-) 1.48%
Maximum pressure value
(-) 0.55%
LBV curve fitting
(+-) 4.19%
Mixture composition / phi
(+-) 3.25%
Smoothing pressure trace
(-) 0.738%
Random error for 3
(+-) 2.53%
experiments
Overall uncertainty
6.14%
To capture the flame shape and development, the combustion process was visualized by
utilizing a high-speed camera. Figure B10 presents flame propagation for an extreme CO2 case of
D = 26% (Φ = 1) which has been neglected in the LBV results (presented in Figure B7). Twostage toroidal flame propagation is noticed in most experiments. In the first stage the flame
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propagates at a faster rate toward the incoming laser. After developing the toroidal shape, the flame
propagates in the same rate for all directions. The proposed explanation of this toroidal behavior
is that the gases before the focal point absorb some of the incident laser beam energy which results
in a faster flame propagation toward the incoming laser [28, 210]. Other reasons have been given
earlier in section 2.1. Additionally, it was observed that propagation toward the laser is consistently
faster with higher CO2 proportionalities. To the authors’ knowledge, this has not been reported
earlier and can be seen clearly by comparing vertical flame propagation in Figure B10 and Figure
B11.

Figure B10. Flame propagation for CH4, O2 and CO2 at an equivalence ratio of 1 and oxygen
ratio 26%. Laser is incident from top. Window diameter is 47 mm. note that LBV data is
neglected in this case due to nonspherical flame.
Figure B11 shows flame propagation for mixtures with oxygen ratio 38% and two equivalence
ratios. Vertical flame propagation in Figure B10 is faster compared to other directions, whereas
flame moves nearly spherical in Figure B11 Keep in mind that the early part of combustion process
shown in the figures is not utilized for the LBV calculation because minimal variation of pressure
trace as discussed in section 3.1. It is believed that after 7 ms, the flame tends toward a spherical
shape and the constant volume analysis will be valid. The extreme CO2 conditions (D ≤ 26%)
require further study and comparisons with spark-ignition systems to see if the measured LBV
values will be different for these two ignition methods.
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Figure B11. Flame propagation for CH4, O2, and CO2 and D = 38%, at an equivalence ratio of
0.9 ((a) and (b)), and 1.1 ((c) and (d)). Laser is incident from top. Window diameter is 50.8
[mm].
The two-stage propagation is consistent with results seen by Srivastava et al. [28, 210]. Farrell
and co-workers [123] reported that laser ignition gave rise to a highly turbulent flame kernel,
however, for very lean mixtures, the turbulence dissipated before propagation and that the flame
fronts remained smooth (unlike in the case of near-stoichiometric mixtures). Those perturbations
had negligible effect on the surface area of the flame front and burning rate acceleration was not
observed. Srivastava et al. [28, 210] observed a toroidal shape of the kernel, which grew before
propagation, however, the shape of the kernel was structurally identical and did not vary with
equivalence ratios. Initially the front lob of the flame propagated towards the incoming laser beam
was also observed by [88, 89, 211].
The CHEMKIN PRO [33] predicted LBV values using the GRI-Mech 3.0 [34] and ARAMCOMech 1.3 [56] mechanisms are shown in Figure B7. The current LBV data are in between the two
numerical predictions. In general, the ARAMCO-Mech 1.3 provides faster LBV values, while the
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GRI-Mech 3.0 predictions are slightly slower than the current data in the stoichiometric region.
The performance of the two mechanisms is considered to be reasonable, though the agreement
between current data and GRI-Mech 3.0 is slightly better than that with ARAMCO-Mech 1.3. Note
that the Soret diffusion effects were shown to be important in LBV simulations in recent
publications [212-215] and is considered in the CHEMKIN PRO models presented in this paper
to reflect the importance of heat diffusion for low molecular-weight species. Neglecting the Soret
effect (results not shown here), the predictions resulted in faster LBVs due to decreased diffusion
of radicals from the flame zone.
APPENDIX B6.

Sensitivity Analysis

In order to better understand the differences between GRI-Mech 3.0 predictions and current
data, a sensitivity analysis was performed using the CHEMKIN PRO sensitivity tool [33]. This
tool shows a quantitative dependence of model parameters such as temperature, reactions, species
fraction, etc. on CHEMKIN PRO numerical solution. The analysis was performed for CH4/CO2/O2
mixture at different CO2 concentrations at Φ = 1, 1 atm, and an unburned gas temperature of 295
K. Figure B12 shows the normalized sensitivity for the top 10 most sensitive reactions that affects
CO2 concentrations during combustion.
As expected, the chain branching reaction of H+O2↔O+OH rate is important in most
combustion applications. It can be noted by comparing the sensitivity coefficient of this reaction
in Figure B12, it increases relative to the other reactions by increasing the CO2 fraction (i.e.,
reducing D). While, OH+CO↔H+CO2 is another sensitive reaction for which the sensitivity
coefficient decreases by increasing CO2 fraction. Figure B13 provides the simulated
concentrations of radicals (H, O, and OH). Increasing CO2 mole fraction (from D = 38% to 32%)
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reduces the available radicals and reflects in the reduction in reaction rates and thereby LBV
values.

CO2 SENSITIVITY FOR D = 38%, T = 1140 K

CO2 SENSITIVITY FOR D = 35%, T = 1140 K

CO2 SENSITIVITY FOR D = 32%, T = 1140 K

Figure B12. Sensitivity analysis for stochiometric mixtures and several oxygen ratios.
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Figure B13. OH, O and H radicals mole fraction at different CO2 fraction of CH4/CO2/O2
mixture, Φ = 1. SOLID LINES-D = 38%, Dashed LINES-D = 32%.
There have been several experimental and theoretical studies (see Baulch et al. [216]) of key
reactions shown in Figure B12 since the creation of GRI-Mech 3.0. Also, there were
thermochemistry data updates for two important species, OH and HO2 (see Goos et al. [217]) based
on experiments. Influence of thermochemistry on predicted LBV values were probed for D = 32%
by using the GRI 3.0 mechanism and updated thermochemistry from Goos et al. [217]. The
obtained LBV by using the modified thermodynamic data is faster by 2% for a lean mixture at Φ
= 0.8, while it remains unchanged for slightly rich mixture.
For the most sensitive H+O2↔O+OH reaction, the rate used in the GRI-Mech 3.0 is very good
when compared to recent measurements for that reaction (see [209]). Hence the effect of this
reaction on predicted LBV was not examined. However, the effects of changing reaction rates are
studied for the other three dominant reactions CO+OH↔CO2+H, HCO+O2↔HO2+CO, and
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OH+H2↔H+H2O from the sensitivity analysis of CO2. For the CO+OH↔CO2+H reaction, the
rate constant was changed with the Baulch et al. recommended rate [216, 218]; the obtained LBV
values over predicted experiments especially for lean mixture. The reaction rates for the
HCO+O2↔HO2+CO, and OH+H2↔H+H2O reactions were updated with values taken from
Colberg and Friedrichs [219] and Krasnoperov and Michael [220], respectively. A slight reduction
and increase in LBV was noticed for lean and rich mixtures, respectively. A better agreement was
achieved with the current date (see Figure B14), where the maximum difference with predictions
of updated GRI 3.0-Mech and experiments is only about 0.68 cm/s at Φ = 1 (D = 32%).
30

25

LBV [cm/s]

Exp. D=32%

20
GRI 3.0

15
Modified GRI
Krasnoperov

10

5
0.7

0.8

0.9

1
1.1
1.2
1.3
Equivalence Ratio (Φ)

1.4

1.5

1.6

Figure B14. Comparison of current data with GRI-Mech 3.0 [34] predections (modified and un
unmodificed mechanisms, see text for details).
The GRI-Mech 3.0 mechanism [34] is one of the most widely used CH4 mechanism in the
literature because it was optimized for a wide range of pressure, temperature and equivalence ratio
[221] against experimental data. However, it was not validated against CO2 diluted mixtures and
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the mechanism has not been updated since 1999. The above calculations indicate that the GRI 3.0
mechanism should be revisited before applying to CH4/O2 combustion diluted with CO2. The lack
of GRI-Mech 3.0 performance was also noted by the current author for syngas combustion in
highly diluted CO2 mixtures [209]. As shown in this work (Figure B14) it is possible to improve
the predictions of the GRI-Mech 3.0 (e.g., by using latest knowledge on key reactions) for use with
CO2 diluted mixtures. However, a complete re-optimization study incorporating updates to all
dominant reactions is outside the scope of current work.
APPENDIX B7.

Conclusion of Oxy-Methane Combustion with CO2

Ignition and flame propagation in CH4/O2 mixtures diluted with CO2 was conducted for a range
of equivalence ratios (Φ = 0.8-1.3), and oxygen ratios, (D = 26-38% by volume) at 1 atm and room
temperature. The laminar burning velocity (LBV) was obtained in a spherical combustion chamber
using pressure during the combustion process. The LBV decreases dramatically by increasing the
CO2 fraction, for example, a 54% reduction in LBV was achieved by increasing CO2 volume ratio
by 9% at same equivalence ratio. The LBV profile has the classical LBV vs equivalence ratio
shape. The maximum LBV occurs at slightly richer stoichiometric ratio and LBV values fall away
for leaner and richer mixtures. The current data is in good agreement with previous experiments
from literature. The predictions by two mechanisms (GRI-Mech 3.0 [34] and ARAMCO-Mech 1.3
[56]) agreed reasonably well with the experimental data. Current experiments will be extended to
higher pressures, temperatures, and wider mixture ratios in our future work. In addition, a spark
vs laser ignition experiment will be conducted to see the effectiveness of the LBV model in the
presence of extremely high CO2 dilutions (D ≤ 26%).
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APPENDIX C: ADDITIONAL FIGURES FOR THE PRECHAMBER
STUDY
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Figure C1. Pressure traces of natural gas reciprocating engine operated with spark ignition at a
fixed ignition timing 15 CA BTDC and several air to fuel ratios.

Figure C2. Pressure traces of natural gas reciprocating engine operated with spark ignition at a
fixed ignition timing 19 CA BTDC and several air to fuel ratios.
262

Figure C3. Pressure traces of natural gas reciprocating engine operated with spark ignition at a
fixed air to fuel ratios λ = 1.5 and several ignition timings in CA BTDC.

Figure C4. Pressure traces of natural gas reciprocating engine operated with spark ignition at a
fixed air to fuel ratios λ = 1.54 and several ignition timings in CA BTDC.
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Figure C5. Pressure traces of natural gas reciprocating engine operated with spark ignition at a
fixed air to fuel ratios λ = 1.58 and several ignition timings in CA BTDC.

Figure C6. Rate of heat release of a natural gas reciprocating engine operated with spark ignition
at fixed ignition timing 15 CA BTDC and several air to fuel ratios.
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Figure C7. Rate of heat release of a natural gas reciprocating engine operated with spark ignition
at fixed ignition timing 19 CA BTDC and several air to fuel ratios.

Figure C8. Rate of heat release of a natural gas reciprocating engine operated with spark ignition
at fixed air to fuel ratios λ = 1.5 and several ignition timings in CA BTDC.
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Figure C9. Rate of heat release of a natural gas reciprocating engine operated with spark ignition
at fixed air to fuel ratios λ = 1.54 and several ignition timings in CA BTDC.

Figure C10. Rate of heat release of a natural gas reciprocating engine operated with spark
ignition at fixed air to fuel ratios λ = 1.58 and several ignition timings in CA BTDC.
266

Figure C11. Pressure vs volume diagram of a natural gas reciprocating engine operated with
spark ignition at fixed ignition timing 19 CA BTDC and several air to fuel ratios.

Figure C12. Pressure vs volume diagram of a natural gas reciprocating engine operated with
spark ignition at fixed air to fuel ratios λ = 1.54 and several ignition timings in CA BTDC.
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Figure C13. Pressure traces of natural gas reciprocating engine operated with laser ignition at a
fixed ignition timing 17 CA BTDC and several air to fuel ratios.

Figure C14. Pressure traces of natural gas reciprocating engine operated with laser ignition at a
fixed air to fuel ratios λ = 1.54 and several ignition timings in CA BTDC.
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Figure C15. Pressure traces of natural gas reciprocating engine operated with laser ignition at a
fixed air to fuel ratios λ = 1.58 and several ignition timings in CA BTDC.

Figure C16. Pressure traces of natural gas reciprocating engine operated with laser ignition at a
fixed air to fuel ratios λ = 1.65 and several ignition timings in CA BTDC.
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Figure C17. Rate of heat release of a natural gas reciprocating engine operated with laser ignition
at fixed ignition timing 17 CA BTDC and several air to fuel ratios.

Figure C18. Rate of heat release of a natural gas reciprocating engine operated with laser ignition
at fixed air to fuel ratios λ = 1.54 and several ignition timings in CA BTDC.
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Figure C19. Rate of heat release of a natural gas reciprocating engine operated with laser ignition
at fixed air to fuel ratios λ = 1.58 and several ignition timings in CA BTDC.

Figure C20. Rate of heat release of a natural gas reciprocating engine operated with laser ignition
at fixed air to fuel ratios λ = 1.65 and several ignition timings in CA BTDC.
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Figure C21. Pressure traces of natural gas reciprocating engine operated with prechamber laser
ignition at a fixed ignition timing 15 CA BTDC and several air to fuel ratios.

Figure C22. Pressure traces of natural gas reciprocating engine operated with prechamber laser
ignition at a fixed air to fuel ratios λ = 1.54 and several ignition timings in CA BTDC.
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Figure C23. Pressure traces of natural gas reciprocating engine operated with prechamber laser
ignition at a fixed air to fuel ratios λ = 1.58 and several ignition timings in CA BTDC.

Figure C24. Pressure traces of natural gas reciprocating engine operated with prechamber laser
ignition at a fixed air to fuel ratios λ = 1.65 and several ignition timings in CA BTDC.
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Figure C25. Pressure traces of natural gas reciprocating engine operated with prechamber laser
ignition at a fixed air to fuel ratios λ = 1.68 and several ignition timings in CA BTDC.

Figure C26. Pressure traces of natural gas reciprocating engine operated with prechamber laser
ignition at a fixed air to fuel ratios λ = 1.7 and several ignition timings in CA BTDC.
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Figure C27. Pressure traces of natural gas reciprocating engine operated with prechamber laser
ignition at a fixed air to fuel ratios λ = 1.75 and several ignition timings in CA BTDC.

Figure C28. Rate of heat release of a natural gas reciprocating engine operated with prechamber
laser ignition at fixed ignition timing 15 CA BTDC and several air to fuel ratios.
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Figure C29. Rate of heat release of a natural gas reciprocating engine operated with prechamber
laser ignition at fixed air to fuel ratios λ = 1.54 and several ignition timings in CA BTDC.

Figure C30. Rate of heat release of a natural gas reciprocating engine operated with prechamber
laser ignition at fixed air to fuel ratios λ = 1.58 and several ignition timings in CA BTDC.
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Figure C31. Rate of heat release of a natural gas reciprocating engine operated with prechamber
laser ignition at fixed air to fuel ratios λ = 1.65 and several ignition timings in CA BTDC.

Figure C32. Rate of heat release of a natural gas reciprocating engine operated with prechamber
laser ignition at fixed air to fuel ratios λ = 1.68 and several ignition timings in CA BTDC.
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Figure C33. Rate of heat release of a natural gas reciprocating engine operated with prechamber
laser ignition at fixed air to fuel ratios λ = 1.7 and several ignition timings in CA BTDC.

Figure C34. Rate of heat release of a natural gas reciprocating engine operated with prechamber
laser ignition at fixed air to fuel ratios λ = 1.75 and several ignition timings in CA BTDC.
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Figure C35. Pressure vs volume diagram of a natural gas reciprocating engine operated with
prechamber laser ignition at fixed ignition timing 15 CA BTDC and several air to fuel ratios.

Figure C36. Pressure vs volume diagram of a natural gas reciprocating engine operated equipped
with several ignition systems at 10 bar BMEP
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