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Abstract

Past research has shown that during diesel combustion, soot is formed in local premixed fuel-rich
regions. This project focuses on the fundamentals soot formation under fuel-rich conditions simi-
lar to those in diesel engine operation. Since these conditions cannot be easily reproduced in typi-
cal laboratory scale experiments, such as flat-flame burners, and since diesel engine data are
difficult to interpret because of uncertainty in the local charge composition and thermal state, a
new rapid compression machine (RCM) was built to study the phenomenon. The RCM provides a
well-controlled and uniform engine-like thermal environment, where mixing and chemistry are
decoupled. Fuel-rich mixtures of n-butane and air were primarily used in this study; aromatics,
oxygenates and cetane improvers completed the test matrix. Line-of-sight absorption technique
was used to investigate the details of soot evolution. The primary data set consisted of soot volume
loading history for selected fuels at various equivalence ratios, temperatures and pressures. Based
on existing sub-models, a detailed chemical kinetic calculation leading to soot particles was per-
formed to study the relative importance of the underlying chemistry.

The results show that the initial soot volume grows exponentially with time, reflecting an “autocat-
alytic” mechanism. The growth rate depends strongly on temperature and pressure. The lower
rates observed for richer mixtures can be attributed to lower temperatures after the end of the main
heat release process, when most of the soot is formed. Soot yield increases steadily with fuel-air
equivalence ratio and depends on fuel structure. Toluene addition to n-butane increases the final
soot yield at constant fuel-air equivalence ratio (~1%/1% toluene by mol) but not at constant C/O
ratio. Oxygenates totally suppress soot formation at or above 30% oxygen in fuel by mass. Since
soot formation is kinetically limited at lower temperatures and soot precursors are not thermody-
namically stable at higher temperatures, soot yield exhibits a bell-shape dependence on tempera-
ture with a maximum at approximately 1800-2000K. Thus different surface growth mechanisms
prevail across the temperature range; the relative contribution of C;H, over PAH to soot growth
increases with temperature. Even though nucleation is mostly governed by PAH coalescence, it
was found that the C,H, route is not negligible under certain conditions. The Kinetics of fuel-rich
combustion was found to be sensitive to the fuel+HOO reaction. Suggestions are made for better
correlation between model and experiments regarding ignition delay and rate of heat release.

While performing this study, insight was gained into RCM operation. Assuming uniform and
homogeneous environment at the end of compression, was sufficient to model ignition delays
under most conditions (2-10 ms), but not rate of heat release and maximum pressure. CFD analysis
predicted non-negligible temperature stratification at the end of compression (~80% of mass
within 50K). A multizone model, taking into account zones of constant mass and allowing heat
transfer and flow into the crevice, was developed and improved the agreement significantly.
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Chapter 1

Introduction

1.1 Motivation

The diesel engine, which is widely used today, is the most efficient power plant among all
known types of internal combustion engines. This high fuel conversion efficiency origi-
nates from the essential features of its operating cycle: fuel injection controls the start of
combustion, it operates fuel-lean and its load is varied by the amount of fuel injected per
cycle [1]. By injecting the fuel directly into the cylinder right before combustion starts,
spontaneous ignition of significant amounts of premixed fuel and air is avoided. Conse-
quently, there is no knock constraint which is experienced in spark-ignited engines, and
higher compression ratios can be employed. The lean operation of a diesel engine results
in lower specific heat of the working fluid during expansion. The higher engine compres-
sion ratio and lower working fluid specific heat provide a considerable efficiency benefit
of the diesel engine over other types of internal combustion engines. Moreover, control-
ling the engine load by varying the fuel flow, while keeping the airflow unthrottled, results
in low pumping losses, which contributes to important efficiency gain especially under
low load conditions.

The major efficiency benefits of diesel engines have recently drawn the attention of
both automotive manufacturers and environmental agencies worldwide. The need for fuel
economy and low emissions of CO,, which is considered a greenhouse gas that scales with
fuel consumption for a given fuel, has driven numerous research efforts towards further
diesel engine development. However, there are still technical challenges to be addressed

before diesels become the most widely used type of engine for transportation. The fuel-
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lean operation limits the maximum torque resulting in low specific power. The in-cylinder
injection and high compression ratio increases the cost of the engine due to the high-pres-
sure injection system and rugged construction requirements respectively. Even though tur-
bocharged diesel engines and introducing sophisticated electronics were major
technological achievements, the most important technical challenge of a diesel engine is to
meet the emission standards. Hydrocarbon and CO emissions are not issues as in spark-
ignition engines. The compression stroke allows only fresh air into the crevice volumes
that could contribute substantially to hydrocarbon emissions. The overall fuel-lean mix-
ture on the other hand, limits CO emissions to negligible levels. The major pollutants of a
diesel engine are NO,, and particulate matter (PM) which originate from combustion-gen-
erated soot particles. The source of NO, and soot lies in the heterogeneous character of
diesel combustion. Even though the overall fuel-air mixture is lean, direct injection results
in locally fuel-rich and nearly stoichiometric regions just downstream the liquid spray and
close to the diffusion flame boundary respectively. Soot particles are found in the pre-
mixed fuel-rich region and then burned substantially in the diffusion flame, where NO,
are formed due to the high local temperatures and available oxygen. The details of soot
formation mechanism in a diesel combustion environment and the relevant processes

affecting it are discussed extensively in the next chapter.

Apart from being toxic, NO, are important ingredients in the photochemical smog
reactions [2]. The health problems associated with inhaled PM are cancer, mutations, car-
diopulmonary ailments and lung damage [3]. As a result, the US Environmental Protec-
tion Agency in North America and the European Commission in the EU have established
strict standards for NO, and PM emissions from all diesel-powered cars and trucks [4-5].
The evolution of regulated emission standards for NO, and PM from heavy duty diesel

engines in the US and EU are shown in Table 1.1 [6]. The allowable range of emissions
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imposed by the environmental agencies in the US has dropped by more than a factor of 5
over the last 15 years, and an additional order of magnitude drop is required within the
next 5 years. The major challenge for the engine manufacturers is to meet simultaneously
the mandated emission levels for both pollutants. The trade-off between engine-out PM
and NO,, emissions has been a field of many recent studies in the diesel research commu-
nity [7] and is clearly depicted in Figure 1.1. This trade-off is mostly attributed to the in-
cylinder competition between NO, formation and soot oxidation processes, which are

both favoured by increasing temperatures.

Table 1.1 Regulated emission standards for heavy duty diesels [6].

USA? EUP
Year NO, PM Year® NO, PM
1988 10.7 0.60 1992 8.0 0.61
1991 5.0 0.25 1992 8.0 0.36
1994 5.0 0.10 1996 7.0 0.25
1998 4.0 0.10 1998 7.0 0.15
2004 2.0 0.10 2000 5.0 0.10
2007 1.18¢ 0.01 2005 3.5 0.02
2010 0.2 0.01 2008 2.0 0.02

a. in g/bhp-hr

b. in g/kWh-hr

c. 1992/96 corresponds to Euro [ and rest years to Euro II-V respectively.

d. In 2007 half of the fleet can still comply with the 2004 emission standard until 2009; the overall
accounting leads to an effective emission standard of 1.18 g/bhp-hr for NO, [8].
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Figure 1.1 Trade-off between PM and NO, emissions from a heavy duty diesel engine [7].

The diesel engine industry was able to meet the increasingly stringent emission stan-
dards up to 2004 by focusing on combustion optimization and advanced subsystems aim-
ing to reduce engine-out emission levels. Rapid fuel-air mixing for limiting soot formation
was achieved by designing bowl-in pistons while lower maximum temperatures to avoid
NO, were realized by retarding injection timing. Other advanced subsystems provided
further improvements. Common-rail high-pressure fuel injection systems allowed for bet-
ter injection control over the speed range; sophisticated injection strategies including mul-
tiple injections were employed. Significant amounts of cooled exhaust gas recirculation
(EGR) in conjuction with variable geometry turbochargers to drive EGR at low loads had
limited peak cylinder temperatures, and hence NO, levels, even further.

The imposed emission standards for 2007, especially the required ten-fold drop in PM
levels, are however, very difficult to be met solely with in-cylinder strategies. Exhaust
aftertreatment devices such as the diesel particulate filters [9], which have been an area of
research for many years, seem to be a necessity for 2007 along with higher amounts of
cooled EGR and/or more sophisticated in-cylinder fuel injection strategy for meeting the

mandated two-fold drop in NO, levels [8]. The additional five-fold drop in NO, imposed
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by the US Environmental Protection Agency for 2010 is bound to require NO, aftertreat-
ment devices. Research on lean NO, traps (LNT) and urea-based selective catalyst reduc-
tion (SCR) is still under way [10]. Alternative fuels such as Fischer-Tropsch [I11],
biodiesel [12], oxygenates [13] etc. are also areas of increasing research interest, although

the advancement is not yet sufficient for practical implementation.

Since the source of pollutants is the combustion source itself, it is important to study
the diesel combustion, especially the processes related to pollutant formation. Although h
NO, formation chemistry is, to a sufficient level well-established, the detailed knowledge
of soot formation process remains as one of the major challenges within the combustion
community. The transformation of the parent fuel molecules to soot precursors, the transi-
tion from the gas to the particulate phase and the growth of soot particles to engine-out
PM of various sizes and chemical structures are very complicated processes, that are still
not well understood. A fundamental study of soot formation under conditions similar to
that found in diesel engine operation is a necessary step in order to shed some light into
these processes. The findings of such study could provide valuable information to diesel
engine manufacturers for optimizing engine performance and minimizing pollutant emis-

sions.

1.2 Background

There are many reasons why soot formation chemistry has long been a field of active
research efforts within the combustion community. Soot emissions reflect poor combus-
tion and efficiency losses. In internal combustion engines, deposition of soot may have
deleterious consequences on the maintenance and lifetime of such devices. However, what
has really driven soot formation studies worldwide over the last decades were the adverse

health effects and environmental impact associated with combustion-generated soot parti-
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cles. More recently fuel-rich combustion, which leads to soot particle formation has drawn
considerable attention in carbon black industry due to synthesis of fullerenes and carbon
nanotubes, which have unique properties [14]. Hence, understanding fuel-rich combustion
and soot formation is an active field today in combustion research. A review of the most
common experimental and computational techniques in the soot formation research field
is given in this section.

Characterization of combustion generated soot particles is difficult to achieve because
of the physical and chemical complexity of the underlying processes. Most of the avail-
able information originates from laboratory flames having simple flow fields that permit-
ted samples to be taken at different stages of particle formation. Such studies were able to
give insight into the fundamental soot formation mechanisms. Many of them were carried
out at MIT [15-18] and in particular the pioneering work done by Wersborg et al. [16] was
able to quantify the critical processes of particle inception (often referred to as nucleation),
surface growth and coagulation by using a molecular beam-sampling system combined
with electron microscopy in a flat acetylene/oxygen subatmospheric flame. A series of
experiments were conducted in General Motors research laboratories [19-24]. Harris et al.
[24] evaluated the relative contributions of different species during the surface growth
process in premixed ethylene/air flames. Since then, numerous studies, for example, work
done by D’Alessio et al. [25] and Hanisch et al. [26], continued along the same lines using
flat-flame burners. These studies gave even better insight to the relevant processes by
using fast sampling techniques or optical methods capable of identifying critical species.
Though these simple laboratory flames, which allowed sophisticated sampling tools to be
employed, provided valuable information, they do not necessarily reflect the entire picture
of soot formation process under the high-pressure, non-uniform and turbulent diesel com-

bustion regime. With the advancement of combustion diagnostic tools and especially the

26



optical methods, more recent soot formation research has focused directly on diesel
engines since realistic engine conditions could be reproduced [27-33]. The work done by
Dec at Sandia National Laboratories was pioneering in this field [34-40]. Many useful
data, although qualitative in nature, were obtained with regard to soot distribution within
the cylinder and the onset relative to the combustion event. However, not much further
insight into the chemical processes was gained because of the uncertain environment:
mixture and temperature non-uniformities, residual mass from previous cycles and coex-
istence of fuel droplets and vapor. Therefore, the data obtained lack clear quantitative
interpretation. Shock tubes were also used for soot formation studies. The apparatus pro-
vided well-controlled conditions and uniform environment under fuel-rich [41-44] or even
pyrolytic conditions [45-46]. Taking into advantage the discontinuity across a shock wave,
a shock tube can increase instantaneously the pressure and temperature of a uniform mix-
ture to levels comparable to a diesel engine. Then, valuable amount of data about the final
amount of soot generated under certain conditions could be obtained. However, due to
limitations to mixture properties allowed in shock tubes, heavy dilution (95-99.5% Ar)
was required, resulting in very low fuel (and therefore soot) concentrations and negligible
heat release. Since chemical kinetics do not necessarily scale linearly with species concen-
trations, such regime is not representative of a diesel engine combustion environment and
extrapolation of these findings involve many uncertainties. A device which has been
proven to be an excellent apparatus for studying hydrocarbon ignition phenomena under
engine-like conditions is the rapid compression machine (RCM). It is a single-stroke
device, which rapidly compresses a uniform mixture of fuel and air allowing for constant
volume combustion. The RCM can combine the merits of a shock tube and a diesel engine
by producing a well-controlled environment under diesel-like conditions. Details of the

RCM design and operation are given in Chapter 3. Figure 1.2 summarizes the temperature
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and fuel carbon concentration regime of possible experimental setups. It is apparent that
the temperature and fuel carbon concentration conditions achieved in a RCM is much

more representative of a diesel engine compared to all other alternatives.
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Figure 1.2 Typical conditions present in a diesel engine (local fuel-rich zone) and accomplished
in flat-flame burners, shock tubes and RCMs.

Soot detection during a combustion process can be achieved either with direct sam-
pling or optical techniques. Techniques like molecular beam sampling combined with
electron microscopy have been very successful in identifying critical intermediates in
burner type of experimental setups. Even though fast sampling methods were used directly
in diesel engines [30], they are intrusive and, especially under high pressures, their ability
to chemically freeze the sample is questionable. The advancement of laser technology, on
the other hand, made available non-intrusive tools for combustion diagnostics. The most
common technique used for soot detection are the line-of-sight (LOS) absorption [27-29,

31-32, 39-40] and the laser induced incandescence (LII) [34-37]. The latter method has
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been a valuable tool in non-uniform environment, like engines, giving a qualitative picture
about soot distribution within the cylinder. To study soot formation kinetics however, it is
necessary to continuously monitor soot quantitatively on time scale faster than a millisec-
ond, therefore the LOS absorption technique appears to be advantageous over the incan-

descent methods.

In addition to experimental work, research efforts on soot formation have also
included modeling of the underlying chemical processes. Empirical models describing the
soot chemistry and its sensitivity to engine parameters such as temperature and fuel-air
equivalence ratio have been extremely useful to the diesel engine research community. For
example, models developed by Leung et al. [47] and Harris et al. [48] included formation
and distruction reactions for soot mass (and sometimes soot particle number density) with
rate constants calibrated against experimental data. These models were combined with
computational fluid dynamics (CFD) codes to describe the complex diesel combustion.
Such models proved to be valuable design tools for understanding the effects of combus-
tion chamber geometry, temperature field, swirl, injection timing, EGR rate etc. on PM
engine-out levels. However, the underlying chemistry could not be identified. Research
moving towards detailed chemistry were encouraged by the increased computational
power. Frenklach et al. [49] made the first step towards the quantitative modeling of spe-
cies growth above the first aromatic ring on a fundamental basis. Since then many other
models have been developed describing the growth of polycyclic aromatic hydrocarbons
(PAH) with detailed chemistry and comparing against available experimental data. The
models developed by Wang et al. [50], Richter et al. [51] Marinov et al. [52] and D’ Anna
et al. [53] are examples of these efforts, each of these giving different emphasis on the rel-
ative contribution of critical species like C,H, and PAH in the nucleation and soot surface

growth processes. More recently, some efforts have been extended to modeling the transi-
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tion from the gas to the particulate phase using a sectional approach [54] or the method of
moments [55]. The performance of these models have been evaluated under conditions
close to diesel engine combustion. Figure 1.3 is a fuel-air equivalence ratio ¢ -temperature
map of soot and NO formation, calculated based on Frenklach’s PAH growth model, that
is taken from Akihama et al. [56]. On the same map, the time history of actual fuel-air
equivalence ratio and temperature realized in a diesel engine based on CFD analysis is
depicted. Such maps, which can become very useful tools for designing the operation of
diesel engine combustion in order to avoid both NO, and soot formation, were first intro-
duced by the experimental work done by Kamimoto et al. [57]. In the particular graph
shown, the concept of smokeless combustion (dilution with more than 50% EGR) is eval-
uated and compared to typical diesel combustion (high smoke). Even though such maps
were created under conditions of constant pressure and temperature (no heat release), all
conditions and time scales involved were close to diesel combustion and therefore they are

the first attempts to use detailed soot chemistry as a diesel combustion design tool.
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Figure 1.3 Fuel-air equivalence ratio-temperature map at the crank angle near the maximum heat
release rate for two different diesel combustion concepts [56].
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1.3 Objective

The objective of this research is to improve the fundamental knowledge base of soot for-
mation kinetics under the thermal and pressure environment encountered in diesel
engines. As described above, recent studies on soot formation have mostly focused on
either diesel engines directly, where data interpretation is ambiguous due to the uncertain
surrounding environment, or burners and shock tubes, where the temperature and species
concentration regime is different from that in diesel combustion. The lack of fundamental
soot kinetic data prevents the understanding of critical soot formation pathways. This
understanding could lead to important soot reduction techniques and the development of

physical models for design analysis.

This project aims to provide insight into the fundamentals of soot formation kinetics
by combining experimental and computational approaches. In particular, the experimental

objectives can be summarized as follows:

« Develop techniques to measure soot volume loading history under well-controlled

conditions in diesel-like combustion regime.

« Observe the details of soot evolution and quantify the sensitivity of soot formation

kinetics to combustion conditions and fuel structure.

« Supply a set of fundamental combustion data under diesel-like conditions for estab-

lishing quantitative kinetic mechanisms.
The computational objectives on the other hand extend to the following points:

« Combine existing chemical kinetic submodels and develop physical models to reflect

the nature of the system.
» Calibrate not well-established parts of the model against the experimental data

« Determine the critical pathways for soot formation and evaluate their sensitivity
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under diesel-like conditions.

The well-controlled environment of a RCM is used to provide engine-like conditions
and soot evolution is monitored with the aid of the non-intrusive optical diagnostic
method of LOS absorption. The outcome of this research aims to shed light into the criti-
cal processes underlying the soot formation chemistry in diesel engines. The findings
could be a valuable reference data set for PM kinetics modeling that could be applied to

diesel engine mixing and fueling strategy for lower PM levels.
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Chapter 2

Soot Formation Fundamentals

2.1 Nature of Soot

Soot generated in combustion process is not uniquely defined in chemical or physical
sense. Even though it looks black and consists mainly of carbon, it is quite different from
graphite. Soot particles contain hydrogen, which is bounded to the carbon atoms. The
amount of hydrogen in soot depends on the residence time of soot particles in the combus-
tion environment with the aged particles having lower amount of hydrogen in them. Typi-
cally, C/H ratio is of the order of 8, which is much larger than that of the parent fuel
molecule, which was a ratio of around 0.5. The carbon atoms are bonded together in hex-
agonal face-centered arrays in planes, commonly referred to as platelets. Platelets are
arranged in layers to form crystallites, which combine together forming a 3-D spherule as
shown in Figure 2.1, which was taken from Smith [73]. The average density of the soot
particles is around 1.8 g/cm3, which is lower than that of graphite because the spacing
between the randomly disposed crystallites is slightly larger. Electron microscopy studies
have shown that combustion generated soot particles, which are referred to as the elemen-
tary or primary particles, are nearly spherical with diameter often in the range of 20-30
nm; such particle contains around a million carbon atoms [59]. These primary particles
usually exhibit a log-normal distribution in diameters and they aggregate together to form
straight or branched chains, often referred to as clusters. The PM collected in a diesel
engine exhaust has even more complicated structure and chemical composition than the
aggregates. Elementary particles serve as nuclei where heavy hydrocarbons can be chemi-

cally or physically adsorbed later in the combustion event or during the exhaust stroke.
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Figure 2.2, which was taken from Baumgard et al. [60], illustrates the nature of diesel
engine exhaust particulates. The condensable material, which is often referred to as solu-
ble organic fraction (SOF), because of the use of an extraction solvent to partition it from
the more carbon-based core, constitutes approximately 25% of the mass and it has typi-
cally lower C/H ratio than the non-extractable part. In addition to heavy hydrocarbons,
trace amounts of sulphur and inorganic oil additives also condense on these elementary
soot particles [61]. Most studies about the hazardous health effects of PM consider this

SOF, rather the core, to be mutagenic or tumorigenic [62].

Platelet Crystallite Particle

Figure 2.1 Structure of carbon particles [58].
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Figure 2.2 Schematic representation of diesel exhaust particles [60].
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2.2 Soot Formation Process

The soot formation process involves the conversion of hydrocarbon fuel molecules con-
taining a few carbon atoms into an agglomerate containing hundreds of thousands of car-
bon atoms with no unique chemical or physical structure. The gas-to-particulate phase
transition encompasses very complex chemical and physical processes that are extremely

hard to identify. A rough picture of soot formation in a homogeneous environment was

taken by Bockhorn [63] and is shown in Figure 2.3.
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Figure 2.3 Rough picture of soot formation in homogeneous mixtures [63].
According to this picture, the hydrocarbon fuel breaks down into small hydrocarbons
which in an oxygen-deficient environment lead to the formation of significant amounts of

C,H,. Other species containing 2, 3 or 4 carbon atoms are formed from C,H;, which com-
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bine together into relatively stable aromatic rings. Further growth of the aromatic rings
takes place mainly through reaction with C,H, to form planar PAH. The PAH coalesces
forming dimmers, trimmers and so on, before evolving into the particulate phase. Subse-
quent surface growth of the incipient soot particles determines the final amount of soot
generated, while the particle size distribution is mostly determined by particle coagula-
tion. An excellent review of the fundamentals of these processes was done by Richter et
al. [64] and only a brief summary is given here. These processes are described more quan-

titatively in Section 6.3, where the kinetic model is described.

« Formation of Ist aromatic ring: The building block of large PAH and consequently
of soot particles is the benzene ring, which exhibits relatively high thermodynamic
stability. It has been stated that the formation of the first aromatic ring is critical in
the subsequent soot formation process even when the parent fuel molecules are aro-
matic, which under some conditions may have decomposed. A great number of dif-
ferent chemical pathways leading to the first benzene ring has been discussed in the
literature. Today, the propargyl radical (C;H;) recombination is recognized in the
combustion community as the most efficient route. Other important paths include
combination of butadienyl radical (n-C4Hs) with vinyl (C,H3), vinyl-acetylene
(C4H,) with CyH,, and but-en-yne radical (n-C4H3)! with C,H, or C,Hj. All the
above routes include both recombination and cyclization. The formation of the first
aromatic ring from poly-acetylenes, like tri-acetylene (CgH,) appears to be minor.

« PAH growth and particle inception (nucleation): The addition of small units, from
which C,H, has drawn much attention, contributes to the growth of the first aromatic

ring to PAH of growing size. Frenklach et al. [49] introduced the H-abstraction/

1. n-C4Hj in this case refers to the isomer with the unpaired electron located at the edge of the

chain so that after cyclization, the formation of a 6-membered ring is possible.
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C,H,-addition mechanism, also referred to as HACA, which is illustrated in Figure
2.4. According to this mechanism the sole growth of PAH is due to C,H,. However,
faster routes have been also suggested with building blocks greater than C,H,, like
phenyl (C4Hs) and cyclopentadienyl radical (CsHs) by Richter et al. [64] and
acenaphthalene (C{,Hg) by D’Anna et al. [53]. The relative importance, however, of
PAH-PAH reactions over the PAH-C,H, route is widely accepted by the combustion
community in the particle inception stage. At this stage heavy PAH molecules coa-
lesce and form particles with molecular mass greater than 1500 amu and diameter of
about 1.5 nm. Even though the particle inception involves the formation of a huge
number of particles, the soot loading during this stage is considered to be insignifi-

cant.

Surface growth: The bulk of the soot yield is generated by the surface growth pro-
cess. This process involves the attachment of gas phase species to the surface of the
particles and their incorporation into the particulate phase. Even though there may be
some overlap, surface growth proceeds right after nucleation, which creates a signif-
icant surface area for gas phase species to condense on it. Surface growth involves
chemical bonds between soot particles and the growth species, which implies radical
sites on the soot particles or the growth species. The relative contributions of C,H,
and PAH on soot surface growth is the subject of current discussions in the combus-

tion community.

Particle coagulation: Coagulation refers to sticking collisions between particles dur-
ing which the total soot mass remains the same while the average particle size
increases. For small diameter particles, collision frequencies are high and isotropic
so that the resulting particle retains a spherical shape statistically. The rapid surface

growth at this stage also helps to “blanken-out” any irregular shapes. Past research
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has shown that van der Waals forces may be significant at this stage [15] and since
the sticking efficiency is high, the collisions theory limit is often used in these pro-
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Figure 2.4 Example of HACA mechanism[49].

Although illustrated as discrete processes, there are overlaps among the above stages.
Even in a perfectly homogeneous environment, surface growth and particle coagulation
occur concurrently. Moreover, at any of these stages, oxidation of PAH or soot, mostly by
OH radical, is taking place. Agglomeration, which involves the formation of clusters of
particles without retaining their spherical shape, has been reported to start later when the
particles are not very reactive chemically and surface growth cannot blanken-out any

shape irregularities [66].

2.3 Soot Formation in Diesel Engines

The diesel combustion process is very complex due to its unsteady, heterogeneous and tur-
bulent nature. This complexity makes a fundamental understanding of the location, the

timing and the mechanisms of pollutant formation a real challenge. Among many reviews
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of diesel combustion and pollutant formation reported in the literature the work done by
Kamimoto et al. [67] is especially succinct. In that study only the essential features of die-
sel combustion related to soot formation are summarized. Liquid fuel is injected just
before the end of compression into hot air, where it starts evaporating and mixing. After a
short ignition delay, premixed fuel-air auto-ignites and rapid heat release occurs. As more
fuel is injected, combustion is then controlled by the rate of diffusion of air into the flame.
According to the original diesel combustion description all fuel injected right after the pre-
mix burn, would be exclusively consumed in the diffusion flame. It was generally
assumed that soot was exclusively formed in the fuel-rich side of the diffusion flame,
where high temperatures prevailed and parent fuel molecule decompostion was possible.
The initial premixed burn was not considered as a source of soot particles because it was
thought to be stoichiometric. A much better insight into the processes involved in diesel
combustion was gained by Dec et al. [68] via optical studies at Sandia National Laborato-
ries and is summarized in [69]. Combining advent in-cylinder laser diagnostics, such as
elastic scattering and LII, Dec observed soot in the central region of the jet just down-
stream the liquid fuel spray. Figure 2.5 shows a schematic of quasi-steady burning jet in a
diesel engine based on the findings from in-cylinder laser measurements.

There are two major characteristics of this diesel combustion conceptual model that

are worth noting:

« The fuel goes through a two-stage oxidation process even after the diffusion flame
establishes; the first is at the fuel-rich premixed zone just downstream the liquid
spray and the second at the diffusion flame in the periphery of the plume.

« Soot is formed in the fuel-rich premixed zone where fuel-air equivalence ratio was
measured to range from 2 to 4; soot then grows in the center of the plume due to sur-

face growth before part of it being oxidized in the diffusion flame.
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Figure 2.5 Schematic of a steady burning jet on the basis of laser measurements [69].

It is evident that understanding soot formation in diesel engines involves studying the
kinetics of the fuel-rich premixed zone just downstream the liquid spray. Therefore, this is
the region of diesel combustion that this research is focusing on using experimental and
computational tools, in order to gain some insight into the soot formation fundamentals

under conditions similar to diesel engine operation.
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Chapter 3

Experimental Setup

3.1 Rapid Compression Machine

The RCM is a single-stroke device, which rapidly compresses a uniform mixture of fuel
and oxidant to conditions similar to diesel engine operation. In a RCM, compression is
induced by the piston movement, rather than a shock wave as in a shock tube. In contrast
to an engine, the piston of the current RCM is locked in the compressed position to pro-
duce a constant volume environment. The mixture remains at these conditions for a longer
period of time compared to a shock tube (~10 ms versus ~1ms); this time is only limited
by heat losses. Right after the end of compression there is a short delay period of chemical
origin that is characterized by the progress of near-isothermal processes. The chemical
processes that precede ignition and rapid heat release are also referred to as preflame reac-
tions. Combustion then takes place under constant volume condition and the rapid energy
release results in significant pressure rise inside the combustion chamber. For the purpose
of this study a new RCM was designed and built based on the Thornton design [70]. The

schematic is shown in Figure 3.1.

The RCM is equipped with 4 fused silica windows 1.27 cm in diameter around the cir-
cumference of the combustion chamber and a fully transparent cylinder head for future
imaging studies. The combustion chamber is cylindrical with 5.08 cm bore and 1.27 cm
clearance height. Piston’s position before the start of compression can be adjusted by
changing spacers (not shown in Figure 3.1). The compression stroke then ranges from

15.24 cm to 20.32 cm, resulting in a compression ratio between 12.5 and 16.5.
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These values have taken into account the 3.1% crevice volume in the piston and win-
dows at the end of compression. For purpose of this study, the stroke was set to its maxi-
mum value. These dimensions are representative of a diesel engine and similar to other
RCM designs. What is different is the compression time, which was approximately 15 ms,
(equivalent to approximately 2000 rpm engine speed) while in other designs it was over
20 ms. Table 3.1 summarizes the geometric features of different RCM designs along with

the current MIT setup.

Table 3.1 Geometric features of different RCM designs

MIT (old) [71] | Leeds [72] Lille [73] MIT (new)

Bore [em] 5.08 4.6 5 5.08
Maximum stroke [cm] 10.92 23.2 19.9 20.32
Clearance height [cm] 0.6-2 2.27 2.2 1.27
Crevice [%] N/A N/A N/A 3.1%
Compression time [ms] 20 22 20-80 15
Equivalent speed 1500 1364 1500-375 2000
[rpm]

Optical access no yes yes yes

For the short compression times and relatively low temperature in most of the com-
pression process, no significant chemical reactions took place before the end of compres-
sion, after which the chemistry was modeled by a simple constant volume process.
Moreover, heat and mass (if any) losses during compression were minimized and to a
good approximation there was an adiabatic core within the combustion chamber. Measur-

ing pressure within the combustion chamber the core temperature at the end of compres-
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sion was calculated from the initial conditions and the isentropic relationship of ideal

gases:
T

comp,core

dT: Pcomp
j DT Rln( P, ]

ini
T

ini

Cp(T) in the above relationship is the average specific heat per mole of the mixture at tem-
perature T and R is the universal gas constant. A Kistler 6125A piezoelectric pressure
transducer was used to measure pressure within the combustion chamber during compres-

sion and post-compression period with 100 kHz sampling frequency.

As shows the combustion, hydraulic and pneumatic pistons were connected together
by two shafts and move as a single piece. The hydraulic chamber was filled with silicon
oil while the pneumatic chamber was vented to the atmosphere. After introducing the
combustible mixture (as described below), the oil was compressed by high-pressure gas
up to 90 bar to account for oil compressibility and possibly trapped air. The o-ring, shown
clearly in the detail, sealed from the back chamber, which was vented to the atmosphere.
The driving gas at the back of the 12.7 cm in diameter pneumatic piston was set at 17.5
bar. The gas is introduced with a large diameter pipe from a reservoir (not shown) ~50
times larger than the displaced volume in the pneumatic chamber so that no significant
pressure drop (and hence driving force) occurred during the fast piston motion. The force
balance between the driving gas and the pressurized oil was destroyed, by releasing the
pressure in the hydraulic chamber. This was done by means of a fast solenoid valve, which
allowed a very small quantity of oil (~1 cm3) to be displaced. After the o-ring stopped
sealing, oil flowed through the back of the hydraulic piston without being displaced out of
the hydraulic chamber, and the piston rapidly accelerated. At this stage the piston motion

was only restricted by moderate oil and shaft seals friction as well as pressure rise in the
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combustion chamber due to compression, which was though not significant until the very
late stages of compression. The piston started decelerating when the pin of the hydraulic
piston entered the groove. The clearance between the pin and the groove was just 0.7 mm
in radius and hence the oil viscous forces built up and provide a significant resistance to
piston motion. After reaching its final compression point, the piston was kept in place by
the high pressure driving gas so that constant volume combustion can be realized. For the
given driving pressure the piston could not bounce back if the pressure within the combus-
tion chamber did not exceed 110 bar. Figure 3.2 shows the calculated piston velocity pro-
file along with the experimental and calculated pressure trace during the compression
process. The agreement is relatively good and the discrepancy must be due to heat losses.
As stated above, the total compression time was not higher than 15 ms. Since maximum
piston velocity was higher than 30 m/s, the moving mass big (~6 kg) and the deceleration
length of the groove relatively short (2.54 cm), the inertia forces could be very high. To
minimize the significant vibrations generated, a substantial RCM anchoring was required.
More details about the RCM design and operation are given in Appendix A.

The mixture was prepared manometrically. The combustion chamber was evacuated,
before mixture components were introduced. A Baratron 622A pressure transducer with
accuracy of 0.1 Torr was used to accurately meter the quantities of the each mixture com-
ponent. The combustion chamber, connecting lines and fuel reservoirs were all heated,
insulated and temperature-controlled to accommodate liquid fuels, which require tempera-

tures higher than their dew point at their given partial pressure in the mixture.
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Figure 3.2 Comparison between experimental and calculated compression and velocity profile
calculation.

Being able to test the combustion characteristics of mixtures under different conditions
at the end of the compression is key to chemical kinetics studies. To do so, one can vary
the stroke, the initial conditions or the specific heat of the mixture. The latter is accom-
plished by changing the diluent (N, Ar or CO,) or even the diluent to O, ratio. For the
purpose of this study, investigating fuel-rich mixtures, the diluent was always Ar and the
Ar/O, ratio was set to 3.773, which is the same as N,/O, in air so that realistic conditions
can be reproduced. Ar was used instead of N, because its high specific heat ratio balanced
out the low specific heat ratio of fuel-rich mixtures. A relatively wide range of conditions
at the end of compression similar to a diesel engine (10-30 bar, 700-900 K) were accom-

plished by changing the initial conditions before compression commenced.
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3.2 Diagnostic Method

As already stated in the introduction, the determination of real time soot concentration
during the combustion process is based on the LOS absorption technique. The principle of
this technique is shown schematically in Figure 3.3. When laser light passes through an

absorbing media, like soot particles, light extinction occurs.

scattering

+

| emm—

/

/ transmission

—» [-(dI/dx)Ax

absorbing media with
4>‘ AX }4— extinction coefficient kg,

Figure 3.3 Line-of-sight absorption technique principle.

The extinction is the sum of light absorption and scattering and is described by Beer-

Lambert’s law:

d]Z—I-kexr-dx

where I is the intensity of the transmitted light beam passing through the absorbing media
of length Ax and extinction coefficient k, . The extinction coefficient can be replaced by
the product of the extinction cross-section C,,, and number density n of particles in the

light beam path for any particle diameter distribution p(D):

Q0

k,.;=n Jp(D) HE g D

0
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The extinction cross-section C,, is defined as the extinction efficiency Q, . multi-

ext
plied by the projected area of soot particles to a plane perpendicular to the light beam.
Therefore, assuming that all soot particles are spherical, the extinction coefficient is given

by:

=T 2
kext_n'z;' ‘F(D)'D "QexsdD

The extinction efficiency Q. ..,, which is a function of the particle size, the wavelength

ext’
of the laser beam and the complex refractive index of the soot particles, consists of absorp-

tion and scattering components:

Qext - Qabs + Qsca

For the special case where particle diameter is much smaller than the wavelength of
the incident light, (nD)/A« 1, the Rayleigh scattering regime holds (we are interested in
particle size D<30nm; the wavelength of the light used was 632.8 nm). Then for spheri-

cal particles, the absorption and scattering efficiencies are given by [74]:

2
D, |m -1
0. =4le( j
e A m2+2

_8(nD\* 2
Qsca - §(T)

m2—1

2
m +2

Taking the ratio of the above two efficiencies, it can be deduced that for the Rayleigh

regime the scattering efficiency is much smaller than the absorption efficiency:

Osea o (@)3 «1
Qabs A
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Then the extinction of light can be solely attributed to absorption and the extinction

coefficient becomes:

<0
> (W1 3
kext=n-%--lm(m2_ j -“p(D)-D .dD
m +2
0

The integral in the above relationship is proportional to the mean particle volume,
which combined with the number density of particles », can give the total soot volume

concentration £, . After rearrangement, the above relationship reads:

2
67 m —1
k S m[———J .f
ext A m2+2 v

Substituting to Beer-Lambert’s equation, the soot volume concentration can be calcu-

lated by:
L
y Aln(/1)
S = ————
2
0 67t[m(m _IJ
m +2

If the cloud of particles is homogeneous across the light path L, the above relationship can

be integrated and it reduces to:

An(/1,)

% 2 1
6nLIm[m2_ )

m +2

Even if the cloud of particles is not homogeneous but it consists of zones of different
particle concentrations, the above relationship is still valid but then the soot volume con-

centration represents an average across the path of the light beam.

In order to reach to the above simple relationship that states that the soot volume concen-
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tration is proportional to the logarithm of light transmission, no particle size distribution
was assumed. However, the following assumptions were made and explained below:

o The particles are spherical. Fast sampling studies followed by microscopy analysis
have shown that soot particles are indeed spherical during the early stage of their for-
mation. Small particles are very reactive and therefore their coalescent collisions are
so rapid that they tend to “blanket-out” any shapes other than spherical [59]. The
chain-like structures observed in diesel engine exhaust are believed to form after the
end of the combustion event [1]. Past research in shock tubes has also shown that
particles are initially spherical and when they collide they coalesce and fuse com-
pletely to form new spherical particles [66]. Since the current study focuses on the
early stage of soot formation, it is highly unlikely that particles’ shapes deviate sub-

stantially from the spherical shape at this stage.

The average particle diameter is much smaller than the wavelength of the incident
light beam. It has been reported that during the early stage of soot formation, parti-
cles are gigantic molecules with diameters less than 2 nm [59]. Microscopy studies
suggest that the spherical building blocks of the aggregates observed in the exhaust
of diesel engines are in the range 20-30 nm in diameter [59, 61]. By choosing a laser
light wavelength in the visible range, it is assured that the particles are in the Ray-
leigh regime and scattering can be neglected. Therefore, for the purpose of this study

the He-Ne laser was used with wavelength at 632.8 nm.

The refractive index of soot particles is known and remains constant during the
course of combustion. The refractive index of soot has only been determined in the
bulk. Chang et al. [75] measured the complex refractive index based on dynamic
light scattering to be 1.8-10.58 at 10 mm above the burner surface and 1.62-10.47 at 6

mm when the incident light’s wavelength was 632.8 nm. Lee et al. [76] calculated the
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complex refractive index based on multivariable dispersion model to be 1.9-10.55 at
632.8 nm without finding any significant temperature effect at this wavelength. The
maximum difference in the calculated soot volume concentration using any of the
above refractive indices is £6%. To be consistent with most recent studies the value
suggested by Chang et al. [75] 10 mm above the burner was used in this study.

The schematic of the optical setup is shown in Figure 3.4. A 30 mW He-Ne laser beam
passes through the combustion chamber, where it is attenuated by fuel-rich combustion
generated soot particles. The attenuated beam after passing through lenses, pinholes and
an interference filter, it is collected by an integrating sphere before being detected by a sil-

icon photodiode.

He-Ne LASER . ) MIRROR
632.8 nm

INTERFERENCE FILTER
780 nm
(FWHM = 20 nm)

PMT

\ FOCUSING
LENS

SI-PHOTODIODE

8 nm
(FWHM = 1 nm

7 6" INTEGRATING ﬁ///,/ T
R B . q_._ NESS——————; N - I W_/
_ o E——— MIRROR

COLLIMATING 1/4* PINHOLES
LENS

INTERFERENCE FILTER
632.

>\ DIFFUSE

LIGHT DRAWN IN SCALE

Figure 3.4 Schematic of optical setup
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Mechanical vibrations and beam steering due to the change of refractive index in the
combustion chamber during rapid temperature changes were the main sources of signal
noise. The light beam could not remain exactly perpendicular to the combustion chamber
windows and some light reflections could also be detected. The focusing lens expands the
beam and the subsequent pinholes keep only the core of the beam blocking off the reflec-
tions and hence reducing the noise. The collimating lens collimates the light beam in front
of the impact angle-sensitive interference filter. The integrating sphere collects the direct
light beam even if it is subject to substantial deflections due to refractive index changes
and/or mechanical vibrations and transforms it to diffuse light before being detected by the

photodiode.

One significant source of error could be the superposition of laser light with combus-
tion-generated light. During combustion natural emission of light takes place due to
chemiluminescence and soot luminosity. The former arises from excited molecules decay-
ing back to lower energy levels. In hydrocarbon flames such species are OH (310 nm), C,
(516 nm), CH,O (368-470 nm) and especially CH (390, 430 nm) [77]. Dec et al. [78] after
conducting experiments in a diesel engine found out that chemiluminescence peaks at
around 430 nm and is almost zero above 620 nm, with HCO speculated as the only possi-
ble species responsible at higher wavelengths. By using 632.8 nm laser light, this source
of error can be almost eliminated. Soot luminosity, on the other hand, arises from soot par-
ticles, which act as gray bodies after being heated during combustion. The emission of this
light has broadband spectrum and for typical rich combustion temperatures of 1800-
2000K, the emissive power can be high at 632.8 nm and comparable to laser light coming
out of the combustion chamber during the later stages since the latter is strongly attenu-
ated by soot particles. To minimize soot luminosity detected by the photodiode, the inter-

ference filter used is very narrowband (FWHM! = 1 nm) and the integrating sphere has
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been moved far away from the combustion chamber (> 0.5 m) since luminosity drops with
the square of the distance. This distance has been compromised by beam steering effects,
which deflect the light. Figure 3.5 illustrates the error generated by soot luminosity on the
detected signal under the same compression conditions. Curve A shows the transmission
signal with the above described optical setup. Curve B shows the one obtained with a less
narrowband filter (FWHM = 3 nm), with the photodiode much closer to the combustion
chamber and without integrating sphere under the same operating conditions. It is clear
that the signal is strongly distorted during the latter stages when laser light transmission is
very small. It was found that at higher temperatures the error becomes even bigger. With
the current optical setup, no light has been detected by the photodiode after running an
experiment with the laser turned off indicating that no superposition of luminosity and

incident laser light takes place.

1. Full width half maximum.
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Figure 3.5 Effect of soot luminosity on transmission signal.

Many studies have been done on the nature of the species absorbing light at 632.8 nm.
Microscopy studies claim that there are large molecules other than soot particles that may
absorb light at this wavelength [17]. Other studies on the other hand claim that very young
soot particles may even be transparent to light at this wavelength [53, 79]. Even though
the distinction between soot precursors, which are gigantic molecules, and soot particles,
is arbitrary, there does not seem to be any gaseous species absorbing light at 632.8 nm
[80]. To test this assumption experimentally a photomultiplier tube (PMT) was placed
above the top window of the RCM with an interference filter at 780 nm (FWHM = 10 nm)
as shown in Figure 3.4. Laser light scattering is blocked and, as already explained above,
no chemiluminescent light is emitted at this wavelength. The only light that can be
detected comes from particle luminosity. Figure 3.6 shows the PMT detected signal along

with the light transmission for the same case as Curve A of Figure 3.5. It is clear that the
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luminosity signal starts at the same time as light absorption suggesting that the absorbing

media should be in the particulate phase.
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Figure 3.6 Soot luminosity (top window) and light transmission signals.

3.3 Sample Experimental Results

The primary experimental data comprised the pressure-time and LOS transmission-time
records. Such data of 5 consecutive tests are exemplified in Figure 3.7 for a typical fuel-
rich mixture. All tests were conducted with n-butane/O,/Ar mixture, with Ar/O, = 3.773
and ¢ =3. The conditions at the end of compression were the same for all tests:
Pcomp = 14 bar, Tcomp’core = 765K and total volume concentration Ncomp =250 mol/m°.
Looking closely at the pressure trace, one can see that the start of compression starts at t =
0 ms. At approximately 11 ms, the rate of pressure rise slows down as the pin of the

hydraulic piston enters the groove, the resulting back-pressure decelerates the piston. The

total traveling time of the piston before reaching its final compression point is approxi-
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mately 15 ms. Right after that point there is a period of pre-ignition reaction, during which
the rate of heat release cannot keep pace with the heat losses. Pressure drops slightly
before the mixture igniting in two stages at approximately 8 ms later. These observations
are consistent with what is reported in the literature for most hydrocarbon fuels. The
energy release at this point is very rapid and it translates to pressure rise. The pressure
drop from the peak value is due to heat transfer to the cold walls when the combustion is
over. Note that the repeatability is remarkable and as far as the ignition delay is concerned,

the variability is £0.15 ms with 95% confidence level.
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Figure 3.7 Typical data and repeatability.

Figure 3.8 shows clearly the ignition delay and combustion time constant, which are
parameters of great importance in order to understand the oxidative characteristics of
fuels. The ignition delay was defined as the time from the end of compression to the time

where 10% of the pressure rise. This definition was used instead of the commonly used
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maximum rate of pressure rise because of the difficulty to define the pressure derivative in
subsequent computational studies for some very fast heat release cases. From our data, we
found that the two definitions give very similar results, which are offset by 5-10% (for
delays not less than 2 ms), with that using our definition giving the lower value. A com-
bustion time constant was used to describe the rate of heat release. It was defined as the
time for the pressure to rise due to combustion from 20%-80% of its final value. A typical
value was 0.5 ms and the variability was +0.03 ms with 95% confidence level. On the
same figure the 5%-20% pressure rise combustion time constant was defined describing
the early stage of heat release. To our knowledge RCM rate of heat release data, which are
particularly important to chemical kinetic model development, have been recently pub-

lished only by Tanaka et al. [81] under very fuel-lean conditions.
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Figure 3.8 Combustion characteristics definitions.
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The light transmission signal shown also in Figure 3.7, is a little noisy during ignition
delay because of mechanical vibrations and light beam steering before dropping down to
zero during combustion due to soot formation. Because of this noise the usable data range
in this study was between 90% and 5% light transmission. The light transmission data
were converted to soot concentration £, according to the relationships given in the diag-
nostics section. It should be noted that 5% transmission does not mark the end of soot for-
mation. Since the mixture is sufficiently rich, the combustion chamber can become almost
opaque well before the process ends. Collecting the soot after the end of the experiment
and converting it to soot concentration, it was found that depending on the operating con-
ditions, not more than 10-15% of the soot formation process could be observed with the
LOS method. Therefore, these experiments can provide valuable information about the
critical initial stage of soot formation. Data points A of Figure 3.9 represent the soot yield
(SY) obtained for the above case plotted in semi-log scale. SY, which is defined as carbon
present in soot rationed to the total carbon content in the combustion chamber (which
obviously comes from the fuel), can be calculated from f, according to the relationship:

DL
WeIC]

comp

where p . =1.8 g/cm3 and W, =12g/mol are soot density and atomic weight of carbon

respectively; [C] is the molar carbon concentration at the end of compression.

comp
From Figure 3.9 it is obvious that soot formation follows initially an exponential trend,
which fits into the current understanding of the process. During fuel breakdown under rich

conditions significant amounts of gaseous hydrocarbon (HC) species, like PAH and C,H,,

with higher C/H ratio than the parent fuel molecules, are formed which act as building
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blocks to the surface growth of young soot particles. Soot particles promote the formation
of bigger particles according to the global chemical reaction:

Soot+HC— Soot

The rate of soot formation is then given by:

%[Soot] =k(T)-[HC]-[Soot]

Integrating this rate equation an “autocatalytic” nature of soot formation is obtained. If

we assume no significant temperature variation during the very early stage of soot growth:

[Soot]ec exp(k(T) -‘.[HC ]dt)

That the initial soot volume fraction shows an exponential time dependence suggests
that the HC concentration is nearly constant. Thus the generation of the soot precursors is
in balance with their distruction (via condensing on the soot particles or via oxidation.
However, in experiments with a low carbon loading, the supply of the precursors will
eventually be exhausted; thus the trend should be exponential only initially. Data B of Fig-
ure 3.9 represents soot yield history at almost the same conditions as for Data A but at

Pcomp= 10.5 bar ( Ncomp= 190 mol/m?) instead of 14 bar (250 mol/m>). It is
obvious that soot formation is only initially exponential and then it continues at an
increasignly slower rate. Since the initial soot formation turns out to be exponential under
most conditions tested, a soot time constant can be defined. This time constant can be used

to compare the sensitivity of initial soot formation rates to combustion parameters like

temperature, pressure, fuel-air equivalence ratio and fuel structure. This is possible since
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RCM repeatability is very good, as Figure 3.7 suggests. With 95% confidence level, the
variability of the ignition delay, combustion and soot time constant are 2%, +12% and

+13% respectively.
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Figure 3.9 Effect of total volume concentration on soot formation history.

Illustrative experimental data of the effect of temperature on ignition delay, combus-
tion and soot time constant are shown in Figure 3.10, Figure 3.11 and Figure 3.12 respec-
tively. The initial conditions were varied so that at the end of compression
Ncomp =250 mol/m? and Tcomp,core =722.741,765,787, 839,894 and 931K. In all cases
n-butane/O,/Ar mixtures were used, with Ar/O, = 3.773 and ¢ = 3. The ignition delay of
n-butane plotted in Figure 3.10 in Arrhenius graph shows a typical hydrocarbon autoigni-
tion behavior observed in the past by other researchers. At lower temperatures the ignition

delay drops rapidly with increase in temperature. At intermediate temperatures, the delay

stays fairly constant or even increases showing clearly the well-known negative tempera-
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ture coefficient (NTC) zone. At high temperatures, it drops rapidly again. The trends of
combustion and soot time constants shown in Figure 3.11 and Figure 3.12 respectively (in
Arrhenius form too) also depict the importance of temperature on chemical kinetics. Data
of both time constants give a quantitative picture about how fast combustion and soot for-
mation proceed and supplemented by additional data under different conditions, which are
reported in the next chapter, can provide a better basis for chemical kinetic modeling of

such complex processes.
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Figure 3.10 Effect of compressed core temperature on ignition delay.
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Figure 3.12 Effect of compressed core temperature on soot time constant.
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3.4 Test Matrix

It is the objective of this study to gain fundamental insight into the soot formation process
under diesel engine conditions. Therefore, the mixture and the thermal environment just
before the start of combustion were designed accordingly. At the end of compression, core
temperatures varied between 680-950 K and total volume concentrations between 190-
500 mol/m? (corresponding to approximately 9-33 bar compression pressure). The fuel-air
equivalence ratio was chosen to be fairly high, so that the fuel-rich premixed zone, specu-
lated to be responsible for soot formation, could be reproduced. Consistent with previous
optical studies, the fuel-air equivalence ratio varied between 2 and 5. The fuel used in
most of the experiments was n-butane. Mixtures of n-butane with toluene or di-methyl-
ether (DME) or 2-ethyl-hexyl-nitrate (EHN) were also tested under some particular condi-
tions. N-butane was selected as the base fuel because it shows typical hydrocarbon charac-
teristics (e.g. NTC and two-stage autoignition). Also it is a fuel with relatively low
reactivity so that under most conditions no significant reactions take place before the end
of the compression. Toluene, apart from having the simplest molecular structure of the
alkylated benzenes, has also been suggested as a surrogate for describing combustion of
aromatics in diesel and aviation jet fuels. DME is a very simple oxygenate, which is
appealing to diesel engines because of its tendency to suppress soot formation. Further-
more there are available chemical kinetic models for all above molecular structures,
although not validated under the current operating conditions that the data could be com-
pared to. From the practical point of view since they are gases under ambient conditions
(apart from toluene, which has though sufficient vapor pressure), mixture metering is
straightforward and condensation at the walls during compression can be avoided. To test
the effects of a CN improver on soot formation, the base fuel was also doped with very

small amounts of EHN for a limited number of experiments. Previous studies utilized dif-
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ferent diluent/O2 ratios of Ar, N, and CO, in order to achieve different compression con-
ditions starting from the same initial conditions before compression. In this study in order
to investigate the impact of fuel-air equivalence ratio or temperature or concentration
alone on fuel-rich combustion and soot formation, a single diluent was used. Compressed
gas temperatures and pressures were varied by changing the initial conditions. Further-
more, to simulate engine conditions as close as possible, the diluent/O, ratio was kept con-
stant and equal to 3.773 (ratio of N,/O, in air). Thus, unlike most shock tube and flow
reactor studies, the mixture was not diluted. Ar was used as the diluent instead of N, in
this study because with its higher specific heat ratio, the temperatures and pressures at the
end of compression of the rich mixtures could be raised to the desirable levels. The test

matrix used in this study is summarized in Table 3.2.

Table 3.2 Test matrix used in this study

Test parameter Range

Fuel Mixtures of n-butane, toluene, DME, EHN
Fuel-air equivalence ratio 2-5

Compressed core temperature 680 -950 K

Total volume concentration (pressure) | 190 - 500 mol/m? (9 - 33 bar)

Diluent Ar
Diluent/O2 3.773
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Chapter 4

Ignition Delay Study

4.1 Introduction
Hydrocarbon fuel ignition characteristics have long been a field of both experimental and
computational efforts due to their relation to practical combustion systems. Numerous
experimental studies conducted in RCM [71, 73, 81-85], shock tubes [86-88], and flow
reactors [89-90] have provided valuable data sets under different regimes of operation.
Shock tubes were mostly used to study short ignition delays (of the order of 1 ms) of
highly diluted mixtures under high temperatures and pressures. Flow reactors involved
studies at low pressures and the mixture may also be diluted. There is recent interest in
high pressure, intermediate temperature ignition characteristics of hydrocarbons since
these conditions are encountered in most practical combustion systems such as internal
combustion engines. The operations of diesel and homogeneous-charge compression-igni-
tion (HCCI) engines rely on the auto-ignition of hydrocarbons under this regime [81]. The
end-gas in spark-ignition engines, which is responsible for engine knock, is also subjected
to similar conditions [71]. The RCM has been proven to be an excellent apparatus for
studying hydrocarbon ignition phenomena under engine-like conditions. Due to its pre-
cisely controlled conditions, the interpretation of the data is unambiguous and therefore
proposed chemical kinetic mechanisms can be tested.

One objective of this study was to use a RCM to obtain new data on oxidation and
spontaneous ignition of fuel-rich mixtures (fuel-air equivalence ratio between 2 and 5) at
intermediate temperatures (700-900 K) and high pressures (10-35 bar). These conditions

are of great importance since they are those found in diesel engines and they govern the
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ignition delay. Mixtures of n-butane, toluene and DME with air were used since they
could represent the fuel used in diesel engines while having simple molecular structures.
Most of the data will be compared to and augment those found in the literature. The three
independent variables used in the experiments, apart from the fuel itself, were fuel-air
equivalence ratio, and compression temperature and total mole concentration (from which
pressure can be defined). Apart from studying features of general interest regarding hydro-
carbon autoignition experimentally, the study aimed to test detailed chemical kinetic
mechanisms and evaluate their performance. Such chemical kinetic modeling efforts
could provide further insight into the major oxidation pathways of hydrocarbons, which

could help understand better the conditions preceding formation of soot.

4.2 Chemical Kinetic Model

Since the experiments were conducted over a wide range of compression temperatures, the
chemical kinetic model employed should have included both the low and the high temper-
ature paths of hydrocarbon oxidation. The mechanism developed by Lawrence Livermore
National Laboratories (LLNL) and that described in Ref. [91] was used. The complete
mechanism consists of 857 species and 3605 reactions. Since this model corresponds to
iso-octane oxidation, species and reactions larger than n-butane were removed to decrease
computational time. This simplification resulted in no effect on computed ignition delay
times and the model consisted of only 265 species and 1403 reactions. To model the autoi-
gnition of n-butane/toluene or n-butane/DME mixtures, the toluene and DME sub-models
were added to the base kinetic model described above. These models have been also
developed by LLNL and are described in [92] and [93] respectively. The resulting mecha-
nisms consisted of 341 species and 1646 reactions for n-butane/toluene and 281 species

and 1471 reactions for n-butane/DME. Since fuel-rich mixtures were used, additional
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chemical pathways involving PAH, which eventually lead to soot, in principle should have
been included. A PAH and a soot model, which are discussed extensively in Chapter 6,
were added to test the effect on ignition delay and no variation was observed, therefore

these models were not used for the purpose of the autoignition study.

The Senkin application of Chemkin-II was used for computing the time histories of
species, pressure and temperature assuming an adiabatic and homogeneous system [94].
The calculation started after the end of compression. The volume was fixed and experi-
mental compression pressure and computed core temperature (as already described in
Chapter 3) where used as the starting conditions. Keeping the model simple facilitates
understanding of the chemical processes involved, but implies that three major assump-
tions were made: (a) an adiabatic core exists and determines the ignition delay, (b) no sig-
nificant reactions take place before the end of compression and (c) heat transfer is

negligible during the ignition delay. The validity of these assumptions is discussed below.

It has been shown that the temperature field within the RCM is not entirely uniform
[95]. Even though assuming a homogeneous mixture for heat release studies may lead to
inaccuracies, past research has shown that a significant adiabatic core does exist [96].
Hence, spatial uniformity of temperature and species concentration during ignition delay
is assumed. The implications of non-uniformities in the temperature field on ignition delay
and rate of heat release are studied extensively in Chapter 5. The core temperature is the
highest temperature within the combustion chamber and determines the autoignition of the
mixture as long as the conditions do not correspond to the NTC region. As shown in the
experimental results section below, for the conditions employed in this study, instead of a
clear NTC region, the ignition delay reaches a plateau with increasing temperature under
certain conditions. Therefore, for the purpose of this study, the core temperature suffi-

ciently represents the thermal environment of the combustion chamber and determines the

67



ignition delay. Recent studies have also shown that there may be reactions occurring
before the end of compression [84, 97]. Even though the compression time of this RCM
and the reactivity of n-butane are much lower than those used in the cited studies the
effects of pre end-of-compression reactions on ignition delay have been evaluated.
Assuming an adiabatic core during compression, the volume of the core can be calculated
from the pressure data in a similar way as the core temperature described in Chapter 3.
The resulting calculated volume is different from the combustion chamber volume in that
it does not only contract due to mechanical compression but at the same time it is also sub-
jected to some expansion. The boundary layer gas contracts while being cooled by the
wall and therefore the core expands adiabatically. Therefore, the resulting contraction of
the core during compression is lower than that dictated by the compression ratio. Calculat-
ing the core volume from the pressure data, it was found that the effective compression
ratio was reduced to approximately 15 instead of being 16.5. Then the computed core vol-
ume can be used as an input to the model instead of using simple constant volume rela-
tionships. In this case the starting conditions do not correspond to the end of compression
but to the conditions during compression where temperature and pressure are high enough
so that important reactions start occurring with appreciable rates. To evaluate the impact
of pre end-of-compression reactions on ignition delay, it was found that under most condi-
tions starting the simulation 3 ms before the end of compression was sufficient. Similarly,
to study heat transfer effects during the ignition delay, the core volume was calculated
from the pressure data during that period too. Due to the short time scale of the experi-
ments, it is believed that heat transfer cannot affect the core directly; however the core
temperature drops adiabatically as it expands due to the contraction of the boundary layer
gas. The temperature drop for a given pressure drop is expected to be rather small though,

because the mixtures used in this study were fairly rich and hence the specific heat ratios
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quite low. To exemplify this, using the adiabatic relationship for the core mentioned

above, the core temperature drop from the end of compression to the start of combustion,

was estimated. For a typical experiment with ¢=4, T, omp,core 725K and
P, omp = 27 bar, the measured pressure drop during the delay (which was measured 6.7

ms) did not exceed 0.5 bar. Using a specific heat ratio of 1.24 the core temperature drop

could not be more than 3 K.

Figure 4.1 shows in a log-log scale the ignition delays calculated using constant and
variable core volume relationships as described above. The two methods predict very sim-
ilar ignition delays between 2 and 10 ms. The constant volume assumption overestimates
ignition delay for very short delays (pre end-of-compression reactions) and underesti-
mates it for very long delays (heat transfer effects). The majority of our data (more than
80%) laid between 2-12 ms and therefore the constant volume assumption is deemed to be
accurate enough. The modeling results shown in the next section are produced with con-
stant volume relationships so that the chemical features of the model can be clearly stud-
ied. However, some of them need to be interpreted taking into account the findings of

Figure 4.1.
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Figure 4.1 Ignition delay calculated with constant and variable core volume relationships.

4.3 Experimental Results

The experimentally observed effect of the core temperature at the end of compression on
ignition delay for ¢ =2.5 and Ncomp= 250 and 500 mol/m> is shown in Figure 4.2 as
symbols. On the same graph the corresponding model results (discussed in the next sec-
tion) are also shown as lines. Figure 4.3, Figure 4.4 and Figure 4.5 show the results
obtained as the mixture gets richer, i.e. ¢ = 3.0, 4.0 and 4.5 respectively for different total
compressed volume concentrations. Note that for richer mixtures the maximum compres-

sion temperatures achieved were lower since pre-compression heating was limited to

approximately 1 50°C.

From this extensive set of experimental data it turns out that the ignition delay charac-

teristics of n-butane/O,/Ar mixtures could be grouped into three temperature zones. For
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lower temperatures the ignition delay drops rapidly with increase in temperature. At inter-
mediate temperatures, the delay stays fairly constant (or even slightly increases) showing
a weak NTC behavior. At high temperatures, it drops rapidly again. The temperature
boundary between these zones depends on concentration but the behavior is at least quali-
tatively similar. This behavior is typical of alkane oxidation and it has been observed in

the past for similar fuels and under other conditions by many researchers [73, 84-86].
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Figure 4.2 Experimental data (dots) and modeling results (lines) of n-butane/O,/Ar mixtures (Ar/
0,=3.773)for ¢ = 2.5.
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Figure 4.3 Experimental data (dots) and modeling results (lines) of n-butane/O,/Ar mixture (Ar/

0, =3.773) for ¢ = 3.0.

TCOITIp.CDFE [K]
1000 909 833 769 714 667
100 1 " T
] o 190 mol/m3 — — model 5
¢ 250 mol/m3 model
* 370 mol/m3 — - ~model o| N
m 500molm3  ———model ?
j & $- " ~
e oo | n Om /'/’X’/
uE: 10 A RN
q S - -~ ~
> VAR ¢ g //
3 = S
-
c - //é
o . X
= Tl s
5 ' = -
| ]
" [
0.1 L !
1.0 1.1 1.2 13 14 15
1000/T comp,core [1/K]

Figure 4.4 Experimental data (dots) and modeling results (lines) of n-butane/O,/Ar mixture (Ar/

0, =3.773) for ¢ = 4.0.
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Figure 4.5 Experimental data (dots) and modeling results (lines) of n-butane/O,/Ar mixture (Ar/
0,=3.773)for $ =4.5.

Figure 4.6 shows a schematic of the main hydrocarbon oxidation characteristics for
both low and high temperature paths. The low temperature mechanism includes more
paths, like ether formation, not included in the schematic since they are of minor impor-
tance. Most chemical kinetic models include the general features of this diagram [91, 98-
100]. A detailed description is given in [91, 97, 101] and only a brief summary is given
here. At lower temperatures alkyl radicals (R) produced from parent fuel molecules (RH)
by decomposition or H-atom abstraction react with O, to form alkyloperoxy radicals
(ROO). The most likely path for the latter radicals is to go through isomerization (internal
H-atom transfer) forming hydroperoxy alkyl radicals (QOOH), and after one more O,
addition, to form hydroperoxyalkylperoxy radicals (OOQOOH). These radicals go
through another isomerization forming carbonyl hydroperoxides (O=R’OOH) and OH

radicals and then the former decompose giving carbonyl radicals (O=R’0O) and OH. The
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last two steps initiate branching since two very reactive OH are formed. This chemical
pathway is responsible for the first stage of hydrocarbon ignition. As temperature
increases equilibrium causes ROO to decompose back to O, and R shutting down this
route. Then O, reacts again with R but now abstracting an H-atom forming hydroperoxy
radicals (HOO), which are also formed by O, addition to H-atoms along with a collision
partner giving the required energy to overcome the high energy barrier. Then HOO form
the relatively unreactive at intermediate temperatures hydrogen peroxides (HOOH), by
recombination or attack on the fuel. The concentration of HOOH builds up and during this
period temperature may lengthen the ignition delay and the NTC behavior is observed. As
temperature increases HOOH decompose giving two OH radicals, which act as branching
agents. Since this decomposition is pressure dependent, ignition delay shortens with pres-
sure. At these temperatures H can also react directly with O, creating two more reactive
radicals. At these high temperatures R radical decomposition also happens which finally
leads to beta scission products. Hence, ignition delay starts dropping again with tempera-

ture.
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Figure 4.6 Schematic of main hydrocarbon oxidation pathways (see text for nomenclature).

It is evident from the data that lower pressure (which scales with total molecule con-
centration) increases ignition delays over the entire temperature range and amplifies the
NTC region. This is clearly shown in Figure 4.7 for low and high concentrations (250 and
500 mol/m3 respectively) and different fuel-air equivalence ratios. Similar observations
for alkanes were also made by other studies but since the pressure was always lower com-
pared to the current study the NTC region was always observed (less prominent though at
higher pressures) [73, 84-86]. Such behavior can be attributed to the reactions that involve
change in the number of molecules in the low temperature mechanism [97]. In particular,

the reactions forming ROO and OOQOOH lead to a smaller number of molecules, and
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hence lower pressure. Therefore, an increase in pressure shifts the equilibrium strongly
towards the formation of ROO radicals. Then, decomposition back to R and O, occurs at
even higher temperatures (shift of NTC zone), where the high temperature mechanism

(HOOH decomposition) is about to kick off (less prominent NTC region).
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Figgure 4.7 Experimental data of n-butane/Ar/O, mixture (Ar/O, = 3.773) for 250 and 500 mol/
m-.

Figure 4.8 shows the effect of fuel-air equivalence ratio on ignition delay for two dif-
ferent concentrations along with the corresponding computational results for approxi-
mately the same compression temperature of the core (770 K, £5 K). It is clear that the
ignition delay becomes shorter as fuel-air equivalence ratio increases for the range studied
here. Similar results have been obtained by other limited studies of fuel-air equivalence
ratio effects on ignition delay but at less fuel-rich mixtures [73, 86], even though some-

times the compression conditions were not kept strictly constant [83]. The reason for such
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behavior could be also attributed to the equilibrium shift of the reaction that kicks off the
low temperature mechanism, i.e. the addition of O, to R forming ROO. When conducting
tests at different fuel-air equivalence ratios, the compression conditions, i.e. pressure and
temperature and therefore gas concentration were kept constant. Since the total number of
molecules was the same, a richer mixture would comprise more RH and less O, mole-
cules. But for every O, molecule removed, 3.773 Ar molecules were also removed. So
when the mixture got richer the RH molecules increased more in absolute terms!. Assum-
ing that R radicals are roughly proportional to the initial RH concentration, it becomes
apparent that increasing fuel equivalence ratio results in a shift of equilibrium of the reac-
tion in question towards the products, i.e. the acceleration of the low temperature mecha-
nism. Therefore, the mechanism of fuel equivalence ratio effect on ignition delay is

similar to that of pressure.

1. N = NRH+NOZ +NAr = NRH+4'773N02
Since the total number concentration N is fixed, it follows:
A(Ngw) > lA(NOZ)|
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Figure 4.8 Experimental data and modeling results of n-butane/Ar/O, mixture (Ar/O, = 3.773)
for 770 K (% 5K).

Minetti et al. [85] has done a similar study on n-butane autoignition for lower total vol-
ume concentrations (120 to 180 mol/m3) and stoichiometric mixtures. To achieve different
temperatures at the end of compression in that study, the diluent was changing from pure
CO, (lower temperatures) to pure Ar (higher temperatures). Even though the heat capacity
of the mixture changes, the effect of diluent on ignition delay was found to be of minor
importance as long as the compression conditions and the diluent to oxygen ratio are the
same'. Some of these data are plotted in the same graph with current’s study data for
richer mixtures (¢ = 3 and 4) and at very similar total volume concentration (190 mol/m>)
in Figure 4.9. All data seem to follow similar trends and are in accordance to the picture of

hydrocarbon ignition described above. The equivalence ratio shortens the ignition delay

1. It has been calculated that exchanging Ar with CO, increases the ignition delay by less than 5%.
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and along with pressure it shifts the NTC zone to higher temperatures, where it is not very

prominent.
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Figure 4.9 Experimental data from MIT and Lille RCM of n-butane/diluent/O, mixture (diluent/
0, = 3.773) for 180-190 mol/m>.

The typical two-stage auto-ignition of alkanes observed in most studies was also
observed here [73, 84-85]. However, as past research has shown for n-butane, the first-
stage is longer and less prominent compared to longer-chain alkanes, therefore it is not
always readily observed [84]. Since the first-stage is related to the NTC region, at high
pressures, equivalence ratios and at high and lower temperatures, it is hardly perceptible.
Yet, it is very clear at intermediate temperatures, lower pressures and less fuel-rich mix-
tures. It should be also noted that when the ignition delay becomes sufficiently small some
of the first-stage heat release might be taking place before the end of compression, while

when it becomes too long, heat transfer may suppress the heat released during that first-
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stage. Figure 4.10 shows the effect of temperature on the autoignition behavior of n-

butane for N =190 mol/m3, =3 and T =09011,787 and 739 K. Each test
c

comp omp,core

corresponds to each of the three temperature zones described above (see also Figure 4.3).
It is obvious that the first-stage is not observed at high and low temperature tests but it is

very pronounced at intermediate temperatures.
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Figurg 4.10 Two-stage ignition of n-butane/Ar/O, mixtures (Ar/O, = 3.773) for ¢ = 3 at 190
mol/m”~.

Figure 4.11 and Figure 4.12 show the effect of adding toluene and DME respectively
to the base fuel on ignition delay for some illustrative cases. Figure 4.11 shows ignition
delay data of n-butane/toluene mixtures for 350 and 500 mol/m> as a function of toluene
mol fraction in the fuel. The fuel-air equivalence ratio was set to 3 and the initial condi-
tions were adjusted so that the core temperature at the end of compression was 770 K (£2

K). As expected, ring structures are more difficult to be ruptured than normal paraffins
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since the low temperature mechanism described in Figure 4.6 is absent and therefore the
ignition delay increases as the mole fraction of toluene in the fuel increases. The cetane
number (CN) of toluene is 2.6 as opposed to 22.5 for n-butane. Similar data are plotted in
Figure 4.12 for n-butane/DME mixtures. Two sets of data are plotted: 450 mol/m>, $=3,
Tcomp’wre =715K (+3 K) and 250 mol/m?, ¢ =3.5, Twmp,core = 745K (£ 3K). DME is
known to have high CN (approximately 57) and since it exhibits low temperature chemis-
try, it accelerates the ignition delay. The data are plotted as a function of the mass fraction
of oxygen in the fuel since it is customary to do so for oxygenated fuels in the diesel
engine literature because it has been reported that for 30%, combustion generated soot

particles drop to zero [102]. Note that for this mixture, 35% of oxygen in the fuel by mass

corresponds to pure DME.

Ignition delay [ms]

¢ 350 mol/m3 = model

500 molVm3 -~ - - model

1 T Ii
0 10 20 30 40

Toluene in fuel [% mol]

Figure 4.11 Experimental data and modeling results of n-butane/toluene/Ar/O, mixture (Ar/O, =
3.773) for 770 K (2 K) and ¢ = 3.
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Figure 4.12 Experimental data and modeling results of n-butane/DME/Ar/O, mixture (Ar/O, =
3.773).

4.4 Modeling Results

The computed ignition delay results are shown along with the experimental data in the fig-
ures of the previous section. To keep the model simple, constant core volume has been
assumed. However the findings of Figure 4.1 need to be taken into account for very short
(<2 ms) and very long ignition (>10 ms) delays. The chemical kinetic models were devel-
oped by LLNL as explained above but two adjustments were made in order to achieve a
better agreement with the data and are explained below. The first one concerns OOQOOH
isomerization and the second H-atom abstraction from the fuel with HOO.

In the original version of the model described in [91] the activation energy of
OOQOOH isomerization reaction R23 was set 3 kcal/mol lower (out of approximately 25
kcal/mol) than that of ROO isomerization to QOOH R12!. The reasoning is based on the

fact that the H-atom transferred is attached to a C-atom bound to a OH group and therefore
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it should be transferred readily. As an illustration Figure 4.13 shows the agreement
between the experimental data and the original model prediction for 250 mol/m> and
¢ = 3. The model predicts a much shorter ignition delay for the whole temperature range.
In a later version of the model [103], the activation energy of R23 was set equal to that of
R12 in order to achieve better agreement with the experimental data even though this
modification is not physically sound (as explained above the second reaction should have
a lower barrier). This modification improves the prediction of present study’s experimen-
tal data too as Figure 4.13 shows. The improvement concerns the low and intermediate
temperatures since the R23 path is only active at this temperature range. At higher temper-
atures though the model still predicts shorter ignition delay. A thorough sensitivity analy-
sis was carried out in order to identify the chemical pathways leading to autoignition at
different temperature ranges. A typical case with ¢ =3 and 250 mol/m> was investigated
at 686 K, 765 K and 894 K. The activation energy of each of the reactions involved was
increased by 3 kcal/mol and the sensitivity of the ignition delay was recorded. Some
results are depicted in Figure 4.14. Paths known to be active at high temperatures like R
and ROO decomposition (the other high temperature route R+0O, = Q+HOO is not active
for small hydrocarbons like n-butane in the present model) increase the ignition delay at
high temperatures without affecting the low temperature chemistry. The effects are fairly
small though. In addition, the latter path requires modification in species thermal proper-
ties to show a trend (modification of forward or reverse rate constant only). Significant
paths at low temperatures like ROO and OOQOOH isomerization or ROOH decomposi-
tion have no impact at high temperatures as expected. Looking at H-atom abstraction from
the parent fuel molecules, it was found out that H abstraction with HOO affects signifi-

cantly the ignition delay at high temperatures with the impact diminishing as the tempera-

1. R23 and R12 correspond to the reaction notation followed by the authors of the original model.
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ture drops. H-atom abstraction from the fuel with HOO is dominant only under high-
pressure, high-temperature conditions because then HOO is abundant and can proceed
regardless its high activation energy compared to other abstraction reactions (e.g.
E,. ‘ Hoo=20kcal/mol, E ct, OH= 1.5 kcal/mol). The importance of this reaction has been

also reported for fuel-rich mixtures by Westbrook and Dryer [104]. Coupled with HOO

formation and HOOH decomposition, it can be part of a chain-branching loop:

H+0,+M = HOO+M high pressure
RH+HOO = R+HOOH fuel-rich mixture
HOOH+M = OH+OH+M high temperature

According to this scheme one radical (H) with a parent fuel molecule and an oxygen

result in three very reactive radicals (R and two OH).
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Figure 4.13 Ignition delay predictions of n-butane/Ar/O, mixture (Ar/O, = 3.773) with different
kinetic models for 250 mol/m? and b =3.
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Since H-atom abstraction has also a small impact on low temperature ignition delay,
the activation energies of OOQOOH and QOOH isomerizations do not need to be the
exactly the same in order to achieve good correlation with the data. In the present study,
the activation energy difference between these two isomerizations was set to 1.5 kcal/mol,
which is between the two figures suggested in the previous models, while the activation
energy of H-atom abstraction from the fuel by HOO was increased by 3 kcal/mol. The
resulting model agreement is shown in Figure 4.13 and it is better than the previous mod-
els at the whole temperature range especially if heat transfer was taken into account for
long ignition delays. The calculated ignition delay results shown in the previous section

correspond to the model with these two modifications.

The trends of ignition delay with fuel-air equivalence ratio, the NTC region and the
effect of pressure on NTC region are reproduced by the model reasonably well. Also, the
trends on ignition delay by adding toluene and DME to the base fuel are sufficiently pre-
dicted. The prediction deteriorates slightly as the mixture gets even richer, suggesting that
there may be other chemical paths becoming more active under such conditions, which
have not been extensively studied so far. As stated in the modeling assumptions section,
the agreement is expected to become worse for ignition delays higher than 10 ms (due to
heat transfer) and lower than 2 ms (due to pre end-of-compression reactions). Taking into
account the results of Figure 4.1, the predictions under such conditions are expected to

become even better if variable core volume was taken into account.
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Figure 4.14 Ignition delay sensitivity analysis of n-butane/Ar/O, mixture (Ar/O, = 3.773) for
250 mol/m3and ¢ = 3.
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Chapter S
Rate of Heat Release Study

5.1 Introduction

Numerous experimental studies of hydrocarbon oxidation have been conducted using
either a RCM or a shock tube focusing on the ignition delay characteristics of various
fuels. Such experimental data, like those reported in Chapter 4, encouraged computational
efforts resulting to both detailed [91] and reduced [100] chemical kinetics models, some of
which have been already mentioned. These models predict accurately enough the experi-
mentally observed ignition delays and seem to describe the relevant chemistry sufficiently
well. However, only a limited number of data have been reported in the literature on heat
release rates. Such data are of particular interest because energy release rates could deter-
mine species formation and consumption rates. Especially in practical combustion sys-
tems like engines, where competing processes are involved, heat release rates could
provide some insight into the dominant chemical pathways. The performance of most
chemical kinetic models on the rate of heat release has barely ever been tested. They have
been validated only under certain conditions of low pressure in highly diluted isothermal
burners, where species concentrations can be directly measured with sufficient accuracy
[105]. There are essentially two reasons why the literature lacks heat release data espe-
cially at high-pressure conditions. First, the kinetic rates under such conditions could be
too high to be measured accurately. Second, uncertainties in the mixture and temperature
environment could determine the measured rates. Even though such uncertainties are
eliminated in a shock tube, this device apart from often using diluted mixtures, it is not

capable of keeping a constant volume environment when pressure increases.

87



A RCM, as opposed to an engine, with its well-controlled conditions could overcome
to some extent these uncertainties. However, recent studies have reported that the temper-
ature field after the end of compression of a RCM might not be entirely uniform. Clarkson
et al. [95] imaged the temperature field after the end of compression of a RCM using 2-D
LIF of acetone and Griffiths et al. [106] measured it with 1-D Rayleigh scattering. Both
studies, which were performed in the same RCM, concluded that due to the transport to
the wall boundary layer by the roll-up vortex, there must be a cooler core in the center of
the combustion chamber that may be depressed by 60 K. Griffiths et al. [72] performed
CFD calculations that predicted a similar temperature stratification. Lee et al. [107] also
predicted a lack of temperature uniformity at the end of compression generated by the pis-
ton motion shearing gas off the wall and creating a roll up vortex. However, the corner
vortex remained confined very close to the wall without penetrating much into the center
of the combustion chamber. A possible explanation of this could be the different RCM
designs and especially the lower bore/stroke ratio used in Griffiths” RCM.

One objective of this study was to provide rate of heat release data for fuel-rich hydro-
carbon mixtures under high-pressure conditions, where the rates are fast, using a RCM.
Understanding heat release rates under fuel-rich conditions is essential for gaining insight
into and modeling the soot particle formation process. These rates were compared to avail-
able chemical kinetic models and the effects of temperature stratification within the RCM,
on their predictive capability was assessed. A thorough sensitivity analysis was carried out
and the most important chemical pathways during hydrocarbon oxidation were identified.
The relevant contribution of these pathways for fuel-lean and fuel-rich mixtures was also

evaluated.
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5.2 Singlezone Approach

The singlezone approach assumes that the core extends to the entire combustion chamber
of the RCM. In the other words, the charge is spatially uniform and there is no temperature
stratification across the chamber volume. Furthermore, no heat transfer to the cold cylin-
der walls is considered. Similarly to the ignition delay study, the Senkin application of
Chemkin-II was used for computing the time histories of species, pressure and tempera-
ture right after the end of compression assuming an adiabatic and homogeneous system.
The volume was fixed and experimental compression pressure and computed temperature
(as already described in Chapter 3) where used as the starting conditions for the simula-
tions. These assumptions were also made for ignition delay prediction, which was
described in Chapter 4. The resulting correlation with the experimental data turned out to
be fairly good since the core largely determined the autoignition behavior of the mixture.
In this section the validity of this assumption was tested for the rate at which combustion
proceeded, right after autoignition.

Figure 5.1 shows the correlation of both combustion time constants (5%-20% and
20%-80% pressure rise) between experimental data and singlezone model predictions.
The predicted time constants are much lower than the experimental and especially the
20% to 80% constant is at least an order of magnitude off. This discrepancy is believed to

be too high to be solely attributed to the chemical kinetic model.
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Figure 5.1 Combustion time constant correlation between singlezone model predictions and
experimental data for most conditions tested.

One possible reason for such discrepancy could the temperature stratification resulting
from the heat transfer process. As already discussed in the introduction previous studies
have reported that the temperature field at the end of compression of a RCM might not be
uniform. Then, temperature zones igniting at different timings could cause a slow pressure
rise. The effect of thermal stratification on the measured pressure is mostly predominant
when the singlezone heat release is very fast and the ignition delay is very sensitive to

temperature. In other words, temperature non-uniformities could determine the pressure

rise if:
Theat—release
” «l1
T’de!ay
dT non—uniformity
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The numerator in the above relationship represents the singlezone heat release time
constant (e.g the 20%-80% pressure rise) and the denominator, the ignition time difference
between the first and last zones within the combustion chamber. Even though there should
be a significant thermal feedback between the ignited and non-ignited zones due to com-
pression, which would accelerate the pressure rise (as long as the system is not in the NTC
regime), the above relationship could give an estimate of whether thermal stratification
influences the measured pressure rise. This thermal feedback is the reason why the left
hand side must be lower than unity for the non-uniformities to be significant. Figure 5.2
shows experimental data depicting the sensitivity of ignition delay to temperature. It is
apparent that at around 800 K small temperature differences of 10 K could change the
ignition delay by as much as 1 ms, with the effects being even more pronounced at lower
temperatures. The heat release time constant under such conditions from Figure 5.1 is of
the order of 0.1 ms or less. Therefore from the above relationship, non-uniformities of
even less than 10 K could possibly affect the measured pressure rise. Along the same lines,
temperature non-uniformities could limit the maximum pressure reached at the end of
combustion. Charge at lower temperatures igniting later than the core could chemically
freeze if it was pushed towards the wall or squeezed into the crevice as the ignited gas
expands. Figure 5.3 shows the correlation between the predicted and experimental maxi-
mum pressure supporting this argument. The experimental maximum pressure is approxi-
mately 20% lower than the predicted. This discrepancy can be hardly attributed to
uncertain species thermal properties. Even though the thermal properties of the species in
the soot model were approximate, their mole fractions were too low to affect significantly
the energy balance. Hence, the degree of temperature non-uniformities for this particular
RCM design needed to be assessed, as it may be a determining factor in the measured rate

of pressure rise and maximum pressure.
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5.3 CFD Analysis

Even though charge spatial uniformity within the RCM can be claimed based on the accu-
rate mixture preparation process before the start of compression, thermal non-uniformities
could be most likely induced by the turbulent nature of the rapid compression. Scraping
the boundary layer off the wall by the piston during the compression resulting in a vortex
penetrating into the core has been previously reported [107]. To assess the extent of charge
thermal stratification at the end of compression in the RCM, the compression process was
modeled using the KIVA-3 CFD code [108] under non-reacting conditions. The code was
used in its original form (k—¢ turbulence model, law of the wall boundary layer) and the
speed was set to 2000 rpm, which corresponds to 15 ms compression time. The exact com-
bustion chamber geometry including the piston crevice, which was 3.1% of the total vol-
ume at the end of compression was reproduced with a simple 2-D mesh. Axisymmetry
was assumed allowing a good resolution near the walls. To adequately resolve the bound-
ary layer a grid spacing of 0.08 mm was employed in the boundary layer (in the direction
perpendicular to the walls), while the mesh points were more coarsely spaced in the core

region. The grid details used in this study are depicted in Figure 5.4.
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Figure 5.4 Grid at the end of compression for the RCM

Before analyzing the temperature distribution obtained at the end of compression, the
correlation between the experimental and predicted compression pressure for non-reacting
mixtures was checked. Figure 5.5 shows the agreement for 5 cases using different inert gas
compositions, while keeping the diluent/O ratio at 3.773, like in air and constant initial
conditions: 0.5 bar, 293 K. The figure illustrates that the compression pressure is suffi-

ciently reproduced.
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Figure 5.5 Compression pressure correlation between KIVA-3 predictions and experiments for
non-reacting mixtures.

Figure 5.6 shows the temperature distribution obtained at the end of compression for
air using the above initial conditions. The 90% boundary layer is less than 0.7 mm and the
roll-up vortex seems to penetrate well into the core. The velocity vectors displayed also in
Figure 5.6 explain the shape of the temperature contours and vortex penetration for the
particular RCM geometry. Since the stroke is relatively long and the crevice volume quite
small, the vortex cannot be contained inside or stay close to the crevice. Sensitivity analy-
sis performed on the combustion chamber geometry found out that the temperature field
and the vortex shape are very sensitive to the stroke and the crevice volume. Shorter
strokes resulted in a much smaller vortex confined very close to the wall. Crevices big
enough to contain the entire roll-up vortex created a more uniform temperature field as
previously reported [71]. The effects of combustion chamber geometry on the resulting

temperature field at the end of compression as calculated with CFD are reported in Appen-
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dix B. The sensitivity of all above KIVA-3 results to grid spacing was also studied. One
parameter that was found to be sensitive to grid dimensions was the penetration of the roll-
up vortex into the combustion chamber. Figure 5.7 shows the penetration length as a func-
tion of grid spacing by the wall normalized to the length obtained with the coarser grid
tested (0.3 mm). It is obvious that using grid spacing by the wall of 0.08 mm is sufficient.

This is the grid spacing employed throughout the entire study.
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Figure 5.6 KIVA-3 prediction of temperature and velocity field at the end of compression.
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The resulting picture of the temperature distribution was converted into a temperature-
mass distribution and is depicted in Figure 5.8 with a solid line. There is a core containing
approximately 80% of the mass, which is almost adiabatic extending to a 50 K tempera-
ture range. Around 13% of the mass is at a much lower temperature very close to the wall
and the rest 7% is squeezed inside the crevice. Even though the temperature-mass distribu-
tion suggests that there is a significant amount of mass at almost the same temperature, the
rapid heat release rates and the high sensitivity of ignition delay to temperature at the con-
ditions studied here, imply that multiple ignition zones are very likely to occur. Therefore,
to study heat release rates in a RCM, a simple singlezone model is not sufficient and a
more sophisticated model including temperature-mass distribution needs to be incorpo-

rated.
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Figure 5.8 KIVA-3 prediction and zone discretization of temperature-mass distribution at the end
of compression.

5.4 Multizone Approach

Considering temperature non-uniformities across the combustion chamber volume of the
RCM introduces substantial complexity to the analysis. A comprehensive model combin-
ing CFD analysis and chemical kinetics during the entire compression process should be
in principle developed. However, the simultaneous calculation of fluid dynamics and
chemical kinetics is beyond the current computational capability especially for detailed
chemistry involving species up to soot particles used in the present study. Aceves et al.
[109] gave a great overview of the capabilities of current computers with respect to the
actual problem that needs to be solved. Most recent related research has been reported in
the HCCI literature. The RCM is essentially an HCCI engine working at fuel-rich condi-

tions (in this study) with the piston locked at the end of compression. In view of the fact
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that not significant reactions take place before the final stages of compression, most mod-
eling efforts uncoupled CFD and chemistry. The CFD code predicts the temperature distri-
bution during the major part of compression and then the chemical kinetics solver takes
over. The output of the CFD code is discretized in temperature zones, which are treated as
individual well-stirred reactors by the chemical kinetics solver, allowing work transfer

between them.

The multizone approach followed in this study is very similar to that proposed by
Yelvington et al. [110]. The only differences concern the KIVA-3 temperature distribution
scaling method and the heat transfer and crevice models, which are described in detail
below. Yelvington’s method was an extension of Aceves’ method in that a faster numerical
solver is utilized evaluating analytical derivatives (as opposed to finite differences) using

the DAEPACK software library.

An overview of the entire multi-zone model employed in this study is shown in Figure
5.9. From the conditions before the start of compression and the measured compression
pressure, the core temperature can be calculated assuming an adiabatic core and using the
isentropic relationship of ideal gases as explained in Chapter 3. Since KIVA-3 simulation
is computationally intensive, only one calculation was performed and the temperature dis-
tribution for each test was scaled linearly with core and wall temperature according to the

relationship:

T —
- KIvA4,j * KIVA,wall . _
Tj Twall+ (Tcore_ Twall)T _T j=1 ’Nzones
KIVA,core™ *“ KIVA,wall

In the above relationship Tj is the temperature at the end of compression of zone j and
T, ,2nd T, the wall and core temperatures respectively for a specific test. All kiva
temperatures are produced from the single KIVA-3 run using air at 293 K and 0.5 bar

before the start of compression. As a compromise of good resolution and computational
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time, the temperature-mass distribution predicted by KIVA-3 simulation was discretized
in 15 zones. The details are shown in Figure 5.8 with open symbols along with the exact
KIVA-3 distribution. Based on the assumption reported in previous studies and justified
for not very short ignition delays in Chapter 4, the charge is chemically frozen up to the
end of compression. After the end of compression the multizone model takes over, which
includes a non-adiabatic and chemically reactive mixture. The set of equations solved for

each zone j are the following:

Energy equation:
,j dl‘ E (mlj W uzj) QCOI’IV] +Qradj 0
i=1

Species equations:

av; . .
pj'_c};‘_wij"Wij=O i=1,Kspecies

Ideal gas law:
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Figure 5.9 Multizone model overview

The heat transfer and crevice models are better explained in the schematic shown in
Figure 5.10. Each zone has constant mass and is separated from its neighbor zones by
mass-less pistons. As the energy equation shows, apart from work transfer the zones are
also allowed to interact with each other by means of heat transfer too. The details of heat
transfer depend on the location of each zone in the combustion chamber. The combustion
chamber is divided into two areas: the main combustion chamber and the crevice. The
crevice considered here is twice as big as the geometric crevice in order to account for the
charge in direct contact with the cold walls but still in the main combustion chamber. As
the core zones expand upon ignition, they push the rest zones towards the crevice. As soon
as a zone enters the crevice, it starts exchanging heat with the wall (instead of its neighbor
zones), its heat transfer coefficient increases and it chemically freezes. There is a gain and

a loss energy component due to heat transfer for all zones outside the crevice:

Ocom,j = AT~ Tje D=hj_1dj 1Ty =T)
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Note that the second term is missing for the core zone and 7, | =T, for all zones
inside the crevice. The zone area A ¥ is calculated assuming that all zones are cylindrical.

The heat transfer coefficient is approximated by the Woschni correlation:

= -0.2 p0.87-0.55,,,0.8
hj 3.26Lj 7 'I; w;

The characteristic length Lj is the volume to surface area of each zone. The velocity is
set to 2 m/s and 4 m/s for outside and inside the crevice respectively. These are approxi-

mate figures based on the predicted velocity field by KIVA-3 at the end of compression.

constant mass zone Qrad Q
heat

‘ main combustion se— crevice —»
| / chamber

mass-less piston

Figure 5.10 Multizone model details

To test the heat transfer model, the experimental and predicted pressure histories were
compared after the end of compression for non-reacting mixtures. Figure 5.11 shows the
correlation for different inert gases like CO,, N, and Ar. The molar ratio of inert gas to
oxygen was set to 3.773 like in air. The calculated core temperature is also shown on the

graph. The heat transfer process seems to be sufficiently well predicted with this simple
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model especially when the core temperature at the end of compression is close to the tem-

perature range of interest in this study (~800 K).
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Figure 5.11 Heat transfer-crevice model validation
The fuel-rich mixtures used in this study lead to soot formation, hence heat transfer by
soot particle radiation should be in principle included in the model. The radiation term of

the energy equation is given by:

Q rad,j = ngA rad,j Tp, J

In the above relationship, g is the soot emissivity, o the Planck constant, 4, d.j the
heat exchange area due to radiation and Tp, E the soot particle temperature, which is
assumed to be the same with the surrounding gas temperature since the particles are small.
For very low particle number concentrations 4, 4, can be approximated by the total par-
is lower than the total particle surface area for high

ticle surface area. However, 4, g3
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number concentrations since part of the radiation cannot escape. The upper limit in that
case would be the total surface area of the combustion chamber, which is obtained by pro-
jecting on it all combustion generated soot particles. The soot emissivity is related to the

extinction coefficient according to [111]:

£;= 1 —exp(-k

ext,j

D)

where D is the combustion chamber diameter. The extinction coefficient % ext,j has been

defined in Section 3.2

2
6m m -1
k .=—Im( )/ .
£ ,
ext,j Ty m2+2 v,J

where m =n—ik is the complex refractive index of soot, A the wavelength and £, ; the
soot volume fraction. Taking the spectral average extinction coefficient according to

[112], the above relationship reads:

oy ; =372, CoT/C,

where C,=3.63 (for an average refractive index suggested by Lee and Tien) and
C,=1.4388 cmK.

The relationship between soot emissivity and fv | is graphically shown in Figure 5.12
for a typical temperature of 2000 K. It is apparent that soot emissivity is very close to
unity for soot volume fractions greater than 30 cm’/m>. Since the final soot volume frac-
tion in most experiments is larger than 100 cm®/m?, it is sufficient for simplicity to assume
that the soot emissivity is unity during the whole soot formation process. Since the charge

is discretized in zones, the soot radiation term is included in the energy equation of the
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outer zone only forming substantial amounts of soot. To sum up, the parameters shown in

the radiation term take the following values:

ej= 1.0
o =25.67
I i=1;

Arad,j - min(Acc’Ap)
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Figure 5.12 Soot emissivity dependence on soot volume fraction

5.5 Multizone Model Results

The entire multizone model consists of chemically reactive systems, heat transfer by con-
vection and radiation and flow into the crevice. A sample problem, including 498 species,
5734 reactions and 15 zones, is solved within one hour on a 3.2 GHz Pentium IV com-

puter running Linux.
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A typical case pressure history (¢ =4, compression conditions: 750 K, 250 mol/m3)
predicted by the model is shown in Figure 5.13 and compared against the singlezone
model output. On the same graph, the experimentally obtained pressure trace is also
depicted. Since the ignition delay was not exactly the same, to clearly compare the rate of
pressure rise, the 50% pressure rise points have been matched. The agreement between the
experiment and the model has improved significantly as far as both maximum pressure
and rate of heat release when the multizone model is used. The discrepancy in the early
stage of heat release is discussed below. Figure 5.14 and Figure 5.15 show predicted zone
temperatures and their cumulative volumes respectively. Figure 5.14 clearly demonstrates
that even though the rate of heat release of each individual zone is fast, the overall pres-
sure rise is slow because of different ignition timings. As pointed in the single-zone sec-
tion however, there is a substantial thermal feedback between the burning-expanding and
unburned-compressed zones, which accelerates the rate. Some zones do not ignite because
of their low temperature at the end of compression or due to the high heat transfer coeffi-
cient assigned next to the wall. As Figure 5.15 shows, after the ignition of the core zones,
the zones closer to the walls are pushed towards the crevice where they may chemically
freeze and as a result, the maximum pressure is lower and the rate of pressure drop after
the end of combustion increases. To realize the contribution of each individual term in the
energy equation, the magnitudes of chemical energy release, work and heat transfer (both
by convection and radiation) of the first-igniting zone are shown in Figure 5.16 for the
typical case studied in Figure 5.13. Initially there is a balance between convective heat
losses and chemical energy release. Upon ignition the dominant term in the energy equa-
tion is the chemical energy release. Therefore, the rate of heat release of each individual
zone is determined exclusively by chemistry. Then, there is some work transfer to the

other zones because of expansion and later from the other igniting zones. Soot radiation
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reaches a maximum rapidly when the particle surface area equals the combustion chamber
area and then drops to zero when substantial amounts of soot are formed in a zone closer

to the walls blocking radiation escaping from the zone shown.

60 T T
— gxperiment !

- singlezone

— multizone

©

2

o

=2

n

w0

p

D- SE—
n-butane/O./Ar
Ar/O,=3.773
phi =4
14.2 bar, 750 K
250 mol/m®

0 '
-4 -2 0 2 4

Time after 50% pressure rise [ms]

Figure 5.13 Pressure history prediction with single- and multizone model along with the corre-
sponding experimental data

107



2500

n-butane/O,/Ar | ;
Ar/O,=3.773
2000 Tphi=4 s
14.2 bar, 750K |
250 molm®
1500

1000

Temperature [K]

500 -

0
-4 -2 0 2 4
Time after 50% pressure rise [ms]
Figure 5.14 Temperature history predictions with multizone model
40
n-butane/Oy/Ar
An‘Oz =3.773 crevice
phi =4 ‘ / core zone
14.2bar, 749K |
& 30 17250 molim® |
S o e e
> L - G
E |
=
o 20
> e \____’____,_,_,.
2 /i W A
% ’/lq\——, /
E 74 R —
o % e
— N/
4
0 T
4 -2 0 2 4

Figure 5.15 Cumulative volume history predictions with multizone model

Time after 50% pressure rise [ms]

108



As already shown in Figure 5.13, the correlation between the experimental and the
predicted maximum pressure is fairly good when the multizone model is employed. Figure
5.17 shows this correlation for most tests conducted for the purpose of this study. As
opposed to the prediction obtained with the singlezone model and shown in Figure 5.3, the
multizone model can sufficiently predict the maximum pressure observed experimentally
under most conditions studied. The improved agreement is mostly attributed to the fact

that the multizone model allows for flow into the crevice.
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Figure 5.16 Chemical energy release, work transfer and heat transfer by convection and radiation
of the first igniting zone as predicted by the multizone model.
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Figure 5.17 Maximum pressure correlation between multizone model predictions and experi-
ments for most conditions tested.

The temperature stratification assumed by the multi-zone model improves signifi-
cantly the agreement between the experimental and predicted 20-80% combustion time
constant. However as Figure 5.13 suggests, the agreement for the 5%-20% combustion
time constant does not improve much. This is mostly apparent when comparing Figure 5.1
and Figure 5.18, which show the correlations of both combustion time constants for all
tests studied with the single and multizone models respectively. It is believed that the dis-
crepancy in the 5%-20% combustion time constant is related to the chemical kinetic
model itself rather than the temperature stratification and the multiple ignition timings.
During the very early stage, heat release is mostly determined by kinetics and the model
behaves as in the singlezone approach, while at later stages the heat release is governed by
temperature stratification and therefore the multizone approach gives a better prediction.

To support this argument, different temperature-mass distributions were tested that would
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give a heat release history as close as possible to the experimental one keeping the chemi-
cal kinetic model intact. Such distribution (assuming again 15 zones) is shown in Figure
5.8 with closed symbols. Even though CFD calculations cannot be precise and a certain
amount of simplifications need to be made, the distribution required at the end of com-
pression for perfect heat release agreement is very unlikely to occur. Such mass-tempera-
ture distribution implies the existence of a very small amount of mass at very high
temperature compared to the rest of the core. Therefore the details of the chemical kinetic

model need to be addressed more extensively.
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Figure 5.18 Combustion time constant correlation between multizone model predictions and
experiments for all conditions tested.

111



5.6 Chemical kinetic Model Sensitivity Analysis

As already discussed in the introduction, most of the chemical kinetics models have been
tested against ignition delay data and no further validation for heat release rates have been
reported. This is particularly true for the fuel-rich mixtures and high-pressure conditions
employed in this study. Since it has been previously reported that chemical pathways
might actually change under different conditions [104], a detailed analysis was carried out
to investigate how the heat release critical pathways change under high-pressure condi-
tions as a fuel-lean mixture becomes fuel-rich. The sensitivity analysis was performed by
multiplying the pre-exponential factor of the rate constant of certain reactions by 2, while
keeping the equilibrium constant the same, and then calculating the percent change in the
20%- 80% combustion time constant. This combustion time constant, which describes the
rate of heat release right after hot ignition (HOOH decomposition), gives a more generic
picture of the chemical pathways involved under lean and rich mixtures. The 5%-20%
time constant on the other hand, depends a lot on the specific temperature regime since the
kinetics are governed a lot by the ignition delay chemistry. Therefore, to safely draw some
preliminary conclusions about heat release rates, the sensitivity of the 20%-80% combus-
tion time constant was thoroughly studied. The compression conditions employed for this
analysis were 750 K and 14.2 bar (case studied also in Figure 5.13) and the fuel-air equiv-
alence ratio was set to 4 (fuel-rich case) and 0.4 (fuel-lean case). The reactions that exhib-

ited the highest sensitivity are shown in Figure 5.19.
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R1. H+02 = O+OH
R2. H+02(+M) = HO2(+M)
R3. HO2+OH = H20+02

R4. H202(+M) = OH+OH(+M)
R5. HCO+02 = CO+HO2

R6. C2H5+02 = C2H4+HO2

R7. CH3+CH3(+M) =
C2HB(+M)

R8. CH3+H(+M) = CH4(+M)

R9. C2H3+02 = C2H2+HO2

R10 or R11. C2H3+02 =
C2H30+0 or CH20+HCO

R12. CH3+HO2 = CH30+0OH

R13. CH3+HO2 = CH4+02

-30 -20 -10 0 10 20 30
Heat release sensitivity [%)]

Figure 5.19 Ignition delay sensitivity analysis of n-butane/Ar/O, mixture (Ar/O, = 3.773) for
250 mol/m?3 and 750 K.

In the high-temperature, low-pressure combustion of fuel-lean hydrocarbon mixtures,
R1 is the most important chain branching reaction. Along with O+H, and OH+Hp, it con-
sumes one H-atom and it produces three. At higher pressures and especially at early stages
when temperatures are not very high, R2 competes with R1 and slows down the rate. This
is occurring because R2 along with HOO recombination and HOOH decomposition con-
sumes two H-atoms and produces two OH radicals turning chain branching to chain prop-
agation. Therefore, for high-pressure, fuel-lean mixtures these reactions compete.
However, both reactions accelerate the oxidation of rich mixtures because in this case R2
could be part of chain branching along with fuel+HOO and HOOH decomposition, as
already explained in Chapter 4. This is a significant reason why fuel-rich mixtures oxidize

faster than fuel-lean mixtures at high pressures. Reactions R3 and R4 turn out to be more
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crucial under fuel-lean conditions and since they involve radical recombination and
decomposition, they decelerate and accelerate the rate respectively. Reactions RS and R6
were found to feed the system with significant amounts of HOO especially during the
early stages of combustion. For the reasons explained earlier, HOO is mostly important
under fuel-rich conditions hence, these reactions accelerate the oxidation rate only when
significant amounts of fuel are included. Reactions R7 and R8 are important methyl radi-
cal (CHj) sinks. Since CHj concentration is high only under fuel-rich conditions, these
reactions do not have a substantial impact when the mixture is fuel-lean. The alternative
channels of C,H3+0, (reactions R9-R11), has drawn a lot of attention in previous studies.
Mebel et al. [113] suggested that the dominant path is pressure dependent and as pressure
increases the formation of the relatively stable C;H30, (not included in the LLNL model)
is becoming important. Hughes et al. [114] proposed the total omission of R10 and R11,
which would slow down the rate substantially but there is evidence that routes other than
C,H,+HOO exist. Since R10 and R11 lead to active radical formation, increasing the rate
of competition reaction R9, decelerates the overall rates. The impact of these reactions on
the mechanism is mostly apparent for fuel-rich mixtures because then C,H; concentration
is higher. The competition between the possible routes of CH;+HOO (R12 and R13),
seems to largely govern the rate of energy release. R12 leads to two very reactive radicals
while R13 to recombination, which is one of the most important sinks of HOO radicals
under the conditions tested. Overall, the sensitivity analysis performed here implied that at
least at high pressures the critical chemical pathways for heat release are different for fuel-
lean and fuel-rich mixtures. In particular, the production and consumption of HOO and

CHj especially for rich mixtures governs the rate of heat release.

For the purpose of this study a literature review was made on the reaction rate con-

stants of all reactions exhibiting the higher sensitivity. The rate constants of
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CH;+CH3(+M), CH3+H(+M), C,Hs+0,, HOOH(+M) were updated according to the rec-
ommendations of Baulch et al. [115] and of HCO+O, according to Hsu et al. [116].
Finally, it was found out that in order to improve the rate of heat release agreement
between model and experiments, the rates of both CH;+HOO possible routes should be
similar. This resulted in an increase of the rate of R13, which is a HOO and CHj sink by a
factor of 5. The reactions with the rate constants used in the LLNL kinetic model and the
updated ones used in this study are reported in Appendix C. Figure 5.20 shows then the
pressure history prediction against the experimental data for the case described in Figure
5.13. The multizone model performs much better during the main heat release but if the
rate of CH;+HOO increases, the agreement improves considerably also in the early stage
of combustion. Figure 5.20 show the agreement of the both combustion time constants for
all tests carried out in this study if the two CH3+HOO channels have similar rates. The
agreement is definitely much better when compared to the multizone model with the
default LLNL chemistry. Even though this modification is not based on previous experi-
mental or theoretical study, it is suggested that the different channels of CH;+HOO need
to be revisited because such modification improves the agreement significantly. The rate
of heat release is very sensitive to these paths and their relevant contribution may not
remain unchanged for the extreme conditions of very fuel-rich, high-pressure conditions

used in this study.
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Chapter 6

Soot Formation Study

6.1 Introduction

Understanding soot chemistry is one of the major challenges in combustion research.
Despite essential progress in understanding single phenomena, no comprehensive theory
or models with consistent predictive capabilities over a wide range of conditions are cur-
rently available. It is the conversion of hydrocarbon fuel molecules containing a few car-
bon atoms into an agglomerate of some million carbon atoms that complicates the process.
This project focuses exactly on this transition: from the gas phase to the particulate phase.
This stage is critical because it includes all chemical processes involved during the forma-
tion of the first aromatic ring, soot precursors and incipient soot particles that determine to
a large extent further growth and final soot yield. This study is one of the very first
attempts to look into the fundamental details of this early soot formation stage under high-
pressure and fuel-rich conditions. Since these conditions are found locally in diesel
engines at the location where soot is speculated to start forming, the goal of this study is to
shed some light in the underlying fundamental mechanisms and motivate future efforts in

mixing and fueling strategy of diesel engines for lower engine-out PM emission levels.

As already stated in Chapter 3, where typical soot rate data obtained with the RCM
were briefly reviewed, soot starts forming very fast. The initial rate for most of the avail-
able observation time exhibited an exponential pattern and a soot time constant could be
defined. Even though the combustion chamber became opaque shortly after particle soot
inception, the great resolution during that early stage allowed for unambiguous interpreta-

tion of the soot time constant trends. It is one of the objectives of this study to determine
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the sensitivity of this soot time constant to critical combustion parameters like tempera-
ture, pressure, fuel-air equivalence ratio and also fuel structure. The onset of soot forma-
tion with respect to heat release could be also clearly studied. With the exemption of
experiments at conditions close to the soot formation threshold, the final soot yield could
not be determined with the optical methods employed in this study. However, scrapping
the soot off the combustion chamber walls after the experiment and weighing the collected
sample gave a good approximation of the final soot yield. Even though no sophisticated

techniques were used, the 95% confidence level of such method was approximately +5 %.

Final soot yield, and especially soot time constant data that describe the conversion of
big molecules to soot particles, are valuable reference data for detailed soot formation
modeling. A model like that is put together in this study by combining existing kinetic
models reported in the literature. It is the goal of this project to test the predictive capabil-
ity of the model against the data so that the former can sufficiently describe the underlying
chemistry. A thorough model sensitivity analysis is performed in the next chapter aiming

to identufy the most critical chemical pathways leading to soot.

6.2 Experimental Results

6.2.1 Soot time constant

Some typical experimental results of initial soot formation rates, obtained with the LOS
absorption technique, were shown in Chapter 3. Soot yield was plotted versus time for two
different compression volume concentrations (190 and 250 mol/m3), while all other condi-

tions were kept constant (7, =765K, ¢ =3). Even though the rates and the final

omp,core
soot yields were quite different (0.1622 ms/13.7% and 0.0546ms/17.2% respectively),
both cases exhibited a similar exponential (autocatalytic) soot growth trend. The lower-

concentration mixture data, where the available observation time of soot formation was
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longer, suggested that the rate started to slow down at the later stage of the process.

The sensitivity of the soot time constant, which can be obtained from the exponential
soot growth rates observed initially under almost all conditions studied, to total volume
concentration and core temperature for ¢ =3 is presented in Figure 6.1. Soot was
observed for less fuel-rich mixtures too, but the soot time constant could not be clearly
defined under all conditions, therefore, no data for these cases are presented here. The
results obtained for even richer mixtures, ¢ =4 and ¢ = 4.5, are shown in Figure 6.2 and

Figure 6.3 respectively.
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Figure 6.1 Soot time constant experimental data of n-butane/Ar/O, mixtures (Ar/0,=3.773) for

$=3.
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Figure 6.3 Soot time constant experimental data of n-butane/Ar/O, mixtures (Ar/0,=3.773) for
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Since the sensitivity of soot time constant to temperature is fairly high, all data are
plotted in Arrhenius form, where the trends can be more clearly studied. The trend of soot
time constant with temperature is similar to ignition delay studied in Chapter 4. However,
the effect of temperature is not as strong. For instance, the soot time constant drops by less
than a factor of 2 for ¢ =3 and 500 mol/m? when the temperature increases by 150 K,
while the corresponding drop in ignition delay is close to a factor of 50. The rapid soot for-
mation rate with increasing temperature reflects the tendency for fast fuel molecule
decomposition and soot precursors formation and growth. Since these processes need to
overcome an energy barrier, high temperature can act, at least initially, in favor without
though necessarily increasing the final soot yield, which is the outcome of competition
among formation, dissociation and oxidation of soot precursors. The impact of tempera-
ture on these processes may be similar but formation comes first and it may dominate at
the early stages. The total volume concentration, which scales with pressure, seems to
accelerate initial soot formation rates as well. Even though pressure dependent chemical
reactions critical to soot chemistry cannot be excluded, rapid rates are most likely attrib-
uted to high species concentrations. Since the effect of fuel-air equivalence ratio on soot
time constant cannot be clearly observed in the figures above, data at 7, omp,core 770K
for total volume concentrations of 250 and 500 mol/m? are reported in Figure 6.4. It is evi-
dent that for both volume concentrations the soot formation rate becomes slower as the
mixture gets richer. A similar trend was observed by Miyamoto et al. [27] in an optically
accessible diesel engine, where the effects of ignition lag on soot formation were studied.
By decreasing the ignition lag, the author found out that the apparent soot formation rates
decreased, even though the final soot yield increased, and he attributed that behavior to
local fuel-rich mixtures (which could not be measured though) resulting from insufficient

mixing time. At first glance this is surprising because the final amount of soot is actually
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higher for richer mixtures (to be shown below). Even though changes in the reaction net-
work and soot chemistry cannot be excluded, one possible explanation for this behavior
could be the different temperature environment at the onset of soot formation. All data
points shown in Figure 6.4 correspond to the same temperature at the end of compression
but the totally different mixtures result in very different temperature histories during com-
bustion. Consequently, less fuel-rich mixtures lead to higher temperatures which could
then accelerate the initial soot formation rates. To illustrate this, Figure 6.4 shows also the
corresponding maximum temperatures obtained with the multizone model described in
Chapter 5. Decreasing the fuel-air equivalence ratio from 5 to 3, results in more than 500
K temperature rise, which could accelerate the initial soot formation rates substantially.
Therefore, even though these data were produced by retaining the same compression tem-
perature, which governs the ignition delay, the soot chemistry seems to be affected by the
temperature history during combustion or possibly the maximum combustion temperature.

This is discussed in detail later in this chapter.
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Figure 6.4 Soot time constant experimental data and maximum temperature calculation of n-
butane/Ar/O, mixtures (Ar/0,=3.773) for T,omp, core = 770K.

6.2.2 Soot yield

As already stated above, under most conditions tested, the optical technique employed
in this study could not provide any information about the final soot yield. Even though
such data might not be as useful as the initial soot rates for understanding the chemistry of
particle inception, they could provide some insight into the temperature and mixture
effects on the amount of fuel carbon converted to soot. Figure 6.5 shows the fuel-air

equivalence effect on the soot yield for the same compressed core temperature and for two

different volume concentrations.
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Note that since soot yield is a quantity reduced to the amount of carbon in the fuel ini-
tially introduced into the combustion chamber, all data points of volume concentration
collapse into a single line. As expected, the higher the amount of fuel relative to oxygen,
the higher its conversion to soot. Interestingly, these soot yield figures are comparable to
those obtained under the very different environment of shock tubes, where the soot forma-
tion rates are totally different [43]. According to Figure 6.5, the soot yield for ¢ =5 and
maximum temperature 1750-1800K (see Figure 6.4), is ~30%. Kellerer et al. [43] mea-
sured soot yields between 25-35% for the same fuel-air equivalence ratio and similar tem-
peratures. It was also found experimentally (and can be extrapolated from the data) that
the soot formation threshold under the conditions tested was around ¢ =2 or slightly less.

For n-butane, this corresponds C/O ratio ¢ .= 0.62 (assuming conversion to CO, and
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H,0) or y, = 0.89 (assuming conversion to CO and H,O). This suggests higher sooting
tendency for n-butane compared to the findings of the study done by Glassman in a simple
premix flame, where it was found y,=1.1 [117]. That C/O ratio would then correspond to
$»=2.48, conditions under which significant amounts of soot were observed. Even though
the temperature environment between these two studies is similar, the pressure employed
here is much higher and it could affect the soot formation kinetics to a direction of shifting
soot formation threshold towards lower fuel-air equivalence ratios. As already demon-
strated in Figure 6.4, even though the conditions before combustion commences are simi-
lar for all the data points, the temperature history and especially the maximum
temperatures may vary by more than 500 K. Plotting then the data against the calculated
maximum temperature may give a different perspective. This is done in Figure 6.6, where
most of the data obtained in this study are presented. It is evident that the effects of fuel-air
equivalence ratio and temperature on soot yield are coupled. Then, the trends shown in
Figure 6.5 may be biased by temperature. From the experimental point of view, it is a chal-
lenge to keep the same temperature history for totally different mixtures for all other con-
ditions constant. Changing the diluent itself or the diluent/O, ratio (used 3.773 in this
study, like in air) could potentially help but the former would require unreasonable ther-
mal properties to cover the whole temperature range, while the latter would entirely
change the combustion regime (very different collision frequencies). From a computa-
tional perspective though, introducing artificial diluents with convenient thermal proper-
ties, is possible. Such analysis, where the temperature and fuel-air equivalence ratio

effects are uncoupled, is carried out in the next chapter.
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Figure 6.6 Soot yield experimental data versus calculated maximum temperature for most condi-
tions tested.

6.2.3 Fuel structure effects

The fuel used in most of the experiments in this study was n-butane, which is a simple
paraffin. Being in gas phase under ambient conditions, n-butane facilitates the mixture
preparation process and its relatively simple chemical structure allows for detailed chemi-
cal kinetic modeling. Even though paraffins constitute a substantial fraction of the diesel
fuel, there are hundreds of other species with completely different structure. The aromatic
content in diesel fuel usually exceeds 20% by mol, while other additives like oxygenates
and nitrates or peroxides (CN improvers), which are believed to suppress soot and acceler-
ate autoignition respectively, are also typically included. In this study certain amounts of
aromatics, oxygenates and nitrates where used to represent the diesel fuel better and inves-

tigate the sensitivity of soot formation to fuel structure.
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Toluene has been suggested in the literature as a surrogate for describing combustion
of aromatics in diesel fuels. It is a convenient fuel because it has the simplest molecular
structure of all alkylated benzenes (so there are available kinetic models), it has significant
vapor pressure at room temperature so that mixture preparation is facilitated. It is also
fairly easy to compression-ignite. The impact of aromatic fuel structure on soot formation
was studied by adding certain amounts of toluene in the fuel (0 to 40% by mol), while
keeping compressed volume concentration and core temperature constant. The soot yield
trends and the corresponding maximum temperatures are shown in Figure 6.7 with open
symbols and dotted line respectively for ¢ =3.5. Unlike the case studied above, maxi-
mum temperature varied only slightly (~50 K across the entire range) and soot yield data
could be safely interpreted on the basis of fuel structure only. Soot yield is increasing
steadily as the aromatic content in the fuel increases with a rate of approximately 1% per
1% of increase of toluene in the fuel by mol. Similar trends were reported previously in
the literature by Kwon et al. [118], who measured engine-out PM levels using fuels of
very well-known composition. Before interpreting these results though, one needs to take
into account the fact that the definition of fuel-air equivalence ratio is a little vague when
double-component fuels are used. The different stoichiometric C/O ratios (0.308 for n-
butane versus 0.389 for toluene) results to different C/O ratio even though the fuel-air
equivalence ratio is the same. For instance, when the amount of toluene in the fuel
increases from 0% to 40% by mol, and fuel-air equivalence ratio is kept constant at 3.5, C/
O ratio increases from 1.077 to 1.213. The mixture inherently then becomes richer. The
closed symbols in Figure 6.7 represent the soot yield data obtained if the fuel-air equiva-
lence ratio is adjusted so that C/O ratio remains constant as the aromatic content in the fuel
increases. Interestingly, the soot yield does not increase with toluene concentration in the

fuel, while temperature stays roughly the same. This finding suggests that the chemical
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structure of the parent fuel molecules does not necessarily play a critical role in the soot
formation process. On the other hand, the carbon relative to the available oxygen atoms
seem to govern the sooting tendency of a mixture. This conclusion is consistent with the
conjecture that during fuel decomposition most fuel molecules break down to simple
structures with 2 or 3 carbon atoms and the original identity of fuel molecules is lost. Even
though this theory may hold for simple aromatic molecules like toluene, stable polyaro-
matics that exist in diesel fuel may not entirely decompose and they may actually contrib-
ute more to the formation of soot particle precursors than paraftins. The different behavior
of mono-aromatics and poly-aromatics in combustion and especially in soot formation has
been also reported elsewhere [118]. Figure 6.8 shows the soot time constant trends for
increasing aromatic content in the fuel. No particular trend is observed even though there
seems to be a maximum for small aromatic concentrations. The fact that the two different
fuels have different ignition characteristics, drawing conclusions from the initial soot for-
mation rate may lead to errors. As already stated above, the soot time constant reflects the
rate at which soot precursors evolve into soot particles, hence for very similar temperature

fields, soot formation rates are not expected to be very different.
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DME is an oxygenate fuel that has drawn the attention of many researchers in the die-
sel engine community [13, 102]. The fact that it is gaseous under ambient conditions and it
has simple chemical structure, which encourages chemical kinetic modeling, were some
of the reasons for including it the test matrix of this study. DME, as an oxygenate, is a very
appealing fuel in the diesel engine community because of its ability to suppress soot for-
mation. It has been suggested that the number of C-C bonds is reduced and species con-
centrations, like C2H2, responsible for the formation of aromatic species become lower
[102]. Also the C-O bond is very strong and under most conditions even high temperatures
generated during combustion cannot tear it apart [119]. Therefore, all carbon atoms
attached to oxygen atoms are “reserved” and they do not participate to the soot formation
process. To assess the effects of oxygenate fuels on soot formation, certain amounts of
DME were added to n-butane (0 to 100% by mol) while keeping compressed core temper-
ature and volume concentration constant. The open symbols and dotted line of Figure 6.9
represent the soot yield and maximum temperature as a function of the amount of oxygen
in the entire fuel by mass. Without changing the thermal environment substantially, DME
is very effective soot inhibitor. As also reported by Miyamoto et al. [120], for approxi-
mately 30% of oxygen in the fuel by mass, soot is entirely suppressed even though the
overall mixture is fuel-rich. To reach 30% of oxygen in the fuel though, DME should con-
stitute more than 90% of the fuel by mol. For similar reasons explained above, the C/O
ratio drops significantly for the same fuel-air equivalence ratio as oxygenate is introduced
in the fuel. Looking at the closed symbols of Figure 6.9, which corresponds to constant C/
O ratio, it is evident that DME still suppresses soot with a slightly lower rate though.
Despite the non-negligible temperature changes in this case, it is speculated that DME’s
mechanism for suppressing soot formation is mostly chemical in origin rather than ther-

mal by “reserving” one or sometimes both carbon atoms attached to its oxygen. Figure
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6.10 shows the soot time constant trends for increasing aromatic content in the fuel. For
the reasons explained above no particular trend is observed and especially at high DME

concentrations the amount of soot was too low and definition of soot time constant was

not possible.
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Figure 6.9 Soot yield experimental data and maximum temperature calculation of n-butane/
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Figure 6.10 Soot time constant experimental data of n-butane/DME/Ar/O, mixtures (Ar/
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CN improvers are sometimes used as additives in diesel fuel in order to shorten the
ignition lag affecting noise, performance and emissions. Typical CN improvers are
nitrates, like EHN, and peroxides, like di-tertiary butyl peroxide. Their concentration in
the diesel fuel typically does not exceed 1000 ppm. Due to the complexity of diesel com-
bustion, the impact of such additive on engine-out PM levels is not obvious. Most data
reported in the literature have shown that CN improvers could actually increase the soot
emission levels from a diesel engine [118]. The mechanism for this trend lies in the way
combustion proceeds and the location and timing of soot formation. For shorter ignition
delays, the spray does not have a lot of time to mix with the surrounding air and as a result
the premixed zone becomes even more fuel-rich. Hence, soot formation is enhanced and
engine-out PM levels increase, if subsequent oxidation is not particularly different. In this

project, since mixing and chemistry are entirely decoupled, chemical effects, if any, of CN
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improvers can be clearly studied. To this extent, the base fuel, n-butane, was doped with
very small amounts of EHN (0 to 1.5%) that does not have any impact on the energetics of
the system (maximum temperature remains the same). For 1% EHN, the ignition delay
dropped from 14 to 4 ms for conditions at the end of compression of 700 K, 450 mol/m>
and ¢ =4.5. The soot yield data are depicted in Figure 6.11. As expected, final soot yield
levels are independent of the presence of EHN, which does not seem to affect, at least,
directly the soot chemistry. However, EHN does not only shorten the ignition delay, but
also the combustion duration. Consequently, the initial soot formation rates increase sig-
nificantly as Figure 6.12 presents, with possible implications in a diesel engine environ-

ment where competing processes simultaneously occur.
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Figure 6.11 Soot yield experimental data of n-butane/EHN/Ar/O, mixtures (Ar/0,=3.773) for
0 = 4.5, Teomp core = 700K, N,,p, = 450 mol/m?>.
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Figure 6.12 Soot time constant experimental data of n-butane/EHN/Ar/O, mixtures (Ar/
0,=3.773) for ¢ = 4.5, Tuomp core = 700K, Nyp, = 450 mol/m>.

comp

6.2.4 Onset of soot formation

The most important feature of the experimental and optical setups employed in this
study, is the very good resolution of the data at the early stages of soot formation. This
capability of the setup provided valuable information during the transition from gas to par-
ticulate phase and identified the initial exponential soot growth trend. In addition, the tim-
ing of soot formation onset relative to the heat release can be determined. Even though the
distinction between soot particles and big molecules is somewhat arbitrary, as already dis-
cussed in detail in Chapter 3, soot in this studied is defined the species absorbing light at
632.8 nm. To be more precise, the first 10% of light absorbed is not considered, as it
accounts for noise and possible absorption by big gas-phase molecules. Under typical con-
ditions tested, this amount of light would correspond to sootyield of less than 0.05%. Fig-
ure 6.13 shows the details of soot formation onset relative to pressure rise, which can be

thought of as energy release, under typical conditions of the current study. To be able to
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compare different tests, zero was set the time that pressure increase reaches 50% of its
maximum value. Interestingly, soot starts forming relatively early, when less than 30% of
heat has been released, which corresponds to 0.24 ms before 50% pressure rise. However,
if the findings of Chapter 5 are taken into account, this picture is not surprising. Due to the
thermal stratification at the end of compression of the RCM, 30% of pressure rise does not
correspond to 30% temperature rise in the core zones. Figure 6.14 shows the simulated
temperature field and pressure with the multizone model described in Chapter 5. It is evi-
dent that for 30% pressure rise (which corresponds to 0.22 ms before 50% pressure rise
and very close to the experiment), the core zone has almost burned completely, the next 2-
3 zones have already ignited and temperatures in the combustion chamber can locally
reach 1700 K. Under these conditions soot formation in the core zone could be possible
but the details are discussed extensively when the experimental data are compared to the

modeling results in the next section.
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Figure 6.13 Details of early soot formation relative to pressure rise under typical conditions.
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Figure 6.14 Simulation of temperature field and pressure with the multizone model under typical
conditions.

It has been reported that temperature is a critical parameter for the onset of soot forma-
tion [121]. Combustion generated energy must increase temperature above a certain limit
before reactions leading to soot particles can occur at appreciable rates. Even though mea-
suring temperature in such environment is not an easy task and due to thermal stratifica-
tion local temperatures may not be very accurately calculated, the effect of temperature on
soot formation onset was studied here in a relevant sense. Figure 6.15 shows initial soot
formation data under typical conditions for 3 different core temperatures at the end of
compression: 740 K, 780 K and 800 K. Surprisingly, lowering the compression tempera-
ture, and therefore all temperatures in the combustion chamber, moves soot onset to earlier
times with respect to heat release. If temperature is the only parameter determining the
onset of soot formation for a certain mixture, then the trend shown in Figure 6.15 must

have been reversed. In other words, the lower the initial temperature the higher the heat
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release required for forming soot. Since this is not observed in this study another factor
besides temperature must also play a catalytic role during the early soot formation stages.
This parameter could be time. Along with soot data, Figure 6.15 shows also the corre-
sponding ignition delay times. As expected, lowering the temperatures, ignition delay
increases for the non-NTC regime. This simple observation implies that even though the
temperatures are a little lower (50 K), there is much more time available for chemistry to
proceed (3.72 ms) before actual ignition occurs. Hence, the fact that the mixture at lower
temperature stays at these temperatures for longer periods of time facilitates soot forma-
tion when ignition starts. The correlation between ignition delay and onset of soot forma-
tion under different conditions is depicted in Figure 6.16. There is a clear trend under most
conditions. At very short ignition delays, temperature effects are also important and the

impact of time is not clear.
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Figure 6.15 Initial soot formation experimental data of n-butane/Ar/O, mixtures (Ar/0,=3.773)
for N, = 250mol/m3 and ¢ = 4.
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Figure 6.16 Ignition delay and onset of soot formation correlation (experimental data) of n-
butane/Ar/O, mixtures (Ar/0,=3.773).

To uncouple completely temperature and ignition delay effects, a CN improver was
used. The base fuel was doped with small amounts of EHN, which chemically shortens the
ignition delay, while all other conditions were kept constant. The results are shown in Fig-
ure 6.17. The figure shows clearly the critical role of time in soot formation chemistry

regardless thermal effects.
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Figure 6.17 Effect of EHN on soot formation onset of n-butane/Ar/O; mixtures (Ar/0,=3.773)
for ¢ = 4.5, Tuomp.core = T00K, Neypp = 450 mol/m?.

6.3 PAH Growth and Soot Models

Since this project focuses on fundamental understanding of soot formation mechanisms,
detailed chemical kinetics were chosen over empirical soot relationships for the modeling
study. As already explained in the ignition delay and heat release studies, the LLNL chem-
ical kinetic mechanism was used for the base chemistry of hydrocarbons. The oxidation
mechanisms of toluene and DME also developed by LLNL were included, so that the
effects of aromatics and oxygenates on soot formation could be also studied. This long
mechanism was coupled with the PAH growth and soot models developed at MIT by
Richter et al. [51, 54] resulting to a very extensive model of 498 species and 5734 reac-
tions (not including the DME and toluene chemistries). A schematic of the entire chemis-

try code and its sub-models are depicted in Figure 6.18.
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Figure 6.18 Sub-models of entire chemical kinetic code.

The PAH growth model encompasses most of combustion community’s current
knowledge of aromatic ring formation from paraffins and subsequent growth up to
C30H |- In this mechanism and under the investigated conditions, C;H3 and CsHg recom-
binations were found to be the dominant paths to the formation of the first and second aro-
matic ring respectively. Further PAH growth is mostly governed by the HACA mechanism
but the contribution of small PAH as building blocks is also considered. Oxidation of
selected PAH, like naphthalene (C;oHg), pyrene (CygH;q), benzopyrene (C,oH;;) and
anthanthracene (Cy,Hyy), for which rate data can be found in the literature, is also
included. Figure 6.19 illustrates the most important chemical pathways of the PAH growth
model. One of the uncertainties of this model are the thermal properties of these big mole-
cules, which affect not only the specific heat behavior but also the chemical equilibrium
constant that determines the relationship between forward and backward reaction rates.

Density-functional theory (DFT) calculations followed by vibrational analysis gave an
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estimate for the thermodynamic data of species up to 4 rings, while molecular mechanics
gave the estimates for the properties of larger species. The fact that this detailed reaction
network describing the formation and depletion of PAH, exhibited reasonable correlations
with past experimental data obtained in low pressure, premixed, laminar, one-dimensional
flames encouraged its use in this study. More details of the model and agreement with

experimental data for simple flames can be found in [65].

1st aromatic ring

C,;H; recombination

n-C4Hs (or C4H4)+CyH, (or C,H,) @ or @ or @
n-C,H3+C;H; (or CHy)

CgHy(from poly-C,H;)+H,

2nd aromatic ring
Recombination of cyclopentadienyl @ + @_ZH—> @@ or HACA
radical or HACA

3™ aromatic ring

_ e
e @02 00 e

Further growth

Building “bricks”: acetelyne @@ +GH, @ +GH, @@
(HACA mechanism), phenyl, napthyl

Oxidation @@ + OH
Particular “small” PAH (up to pyrene) >

+ CH,CO

@@
Figure 6.19 Most important chemical pathways of PAH growth model.
Modeling the formation and depletion of PAH gives an insight into the pathways that
would eventually lead to soot particles because PAH are thought to be key intermediates in
soot formation. In order to have a clear picture of the entire process though, several
research groups extended the gas phase chemistry mechanism to particle formation at the
expense of increasing complexity and computational effort. To overcome the difficulties

involved, many past modeling efforts separated PAH growth and soot formation into two

141



distinct processes [53, 122]. Even though such approach provided even further insight into
the underlying critical processes, it is evident that PAH growth and soot formation do
overlap and uncoupling them may lead to insufficient description of the underlying chem-
istry involved. The soot model used in this study, which is described in detail by Richter et
al. in [54], combined gas phase and aerosol (soot particles) chemistry together in single-
stage computations. To deal with the quickly increasing number of possible species of
similar mass and of isomers of identical molecular formula, the sectional approach intro-
duced by Pope et al. [123] and further developed by Kronholm [124] was used. In this
technique, the particle ensemble is divided into classes (BINs) covering a certain mass
range and is represented by a given average number of carbon and hydrogen atoms. In
order to account for the increasing number of species, BIN mass range was not kept con-
stant but continuously increased by a factor of 2 for the next BIN. Also, assuming spheri-
cal structures and constant particle density of 1.8 g/cm3 (a little lower than graphite), a
particle diameter for each BIN could be defined!. Finally, based on previously reported
experimental data, H/C ratios were chosen to decrease with increasing particle size [19].
Table 6.1 summarizes the definition of each BIN and their characteristics. Since the num-
ber of atoms of a particular element in some BINs is larger than 999, the Chemkin-II inter-

preter was modified accordingly in this study.

1. The diameter is calculated by the relationship: pg(f = ]—VW—
4
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Table 6.1 Definition of BINs in soot model.

BIN number | Molecular weight [amul] H/C Diameter [nm]
1 201 - 400 0.5 0.85
2 401 - 800 0.5 1.07
3 801 - 1600 0.5 1.34
4 1601 - 3200 0.435 1.69
5 3201 - 6400 0.371 2.13
6 6401 - 12800 0.339 2.68
7 12801 - 25600 0.308 3.37
8 25601 - 51200 0.292 4.24
9 51201 - 102400 0.276 5.35
10 102401 - 204800 0.261 6.73
11 204801 - 409600 0.245 8.48
12 409601 - 819200 0.229 10.69
13 819201 - 1638400 0.214 13.46
14 1638401 - 3276800 0.198 16.96

The biggest particle in this model, which corresponds to BIN14 has average molecular
weight more than 2 million, H/C ratio less than 0.2 and diameter around 17 nm. These fig-
ures are consistent with the elementary carbon-based soot particles found in the diesel
exhaust [1, 60]. This study stops particle growth at 17 nm, even though the original soot
model extended to particles with diameter up to 70 nm, because it would be computation-
ally very expensive, potential errors in thermal and kinetic properties become more impor-
tant and experimental evidence suggested that substantial agglomeration would take place
for particles larger than 20 nm resulting to non-spherical shapes. For the purpose of this
study the thermal properties of soot particles have been estimated with Benson’s group

additivity method. Even though this calculation may inherently involve some approxima-
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tions, the error concerns only the energy balance (heat capacitites of soot particles) and not
the equilibrium constants because the entire aerosol model consists of irreversible reac-
tions. Even the energy balance is speculated to be weakly affected because of the low

molar concentration of soot under most conditions of interest.

The most appealing feature of the sectional approach is the similarity in the descrip-
tion and treatment of gas phase and aerosol chemistry. The aerosol chemistry equations
can be written as chemical reactions with a rate constant close to that dictated by collision
theory. For instance, if A is a soot particle (any BIN) the following reaction:

A+B—>0aC+BD

could represent surface growth if B is any gas phase growth species (PAH or C,H,) or
coagulation if it is another soot particle. Species D is usually H, (for hydrogen balance
since these processes lead to dehydrogenation) and o and B are the corresponding sto-

ichiometric coefficients. The rate constant for this reaction is given by:

81K T

k=vy-k =yNAa?2

collision

where k&

collision d€PENds on species A and B (reduced mass p and equivalent diameter d)

and temperature, while v is the collision efficiency, i.e. the fraction of collisions leading to
reactions, which is a free parameter and it is orders of magnitude higher than in gas phase
chemistry and close to unity for large particles. A schematic overview of the soot forma-

tion sub-model is shown in Figure 6.20.
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Figure 6.20 Overview of soot formation sub-model.

As this figure illustrates, even though the soot sub-model itself consists of thousands
of reactions, the number of classes of reactions is fairly small. Then, even though each
reaction has its own rate constant, which corresponds to different &, ;.. . there is only a
limited number of collision efficiencies, which are the only free parameters in the model.
Nucleation is considered the reaction between two gas-phase species resulting to a mole-
cule with molecular weight high enough to be considered a young soot particle or an
immediate soot precursor. Even though the distinction between a large PAH and the incip-
ient soot particles is somewhat arbitrary, all results shown in the next paragraph have been
derived assuming that all BINs are in the particulate phase. A thorough sensitivity analysis
of this assumption was performed and is presented in the next section. Surface growth
involves the reaction between a soot particle and a gas phase species and coagulation the
reaction between two soot particles. Other reactions include soot oxidation, H-atom

abstraction and addition and unimolecular H-atom loss from a soot particle. Note that all
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above reactions proceed only via a radical-molecule interaction and therefore H-atom
abstraction from a soot particle or a PAH (from gas-phase chemistry) is essential to the
model. Table 6.2 summarizes all classes of reactions and their respective collision effi-
ciencies or rate constants. One of the big debates in the combustion community is the rela-
tive contribution of PAH and C,H, both in the nucleation and surface growth process.
Since this model includes all these routes, the relative contribution can be quantified and
the agreement with the experimental data can be assessed. These issues are addressed in

detail in the next chapter.

Table 6.2 Classes of reactions and collision efficiencies or rate constants of soot sub-model.

Reaction class Representation Rate constant or collision efficiency
Nucleation PAH >+ PAHJ.*(PAHJ.) rate const. based on CoHs+CcH(CoHy)
PAH*+C,H, rate const. based on CH,+C,H,
Surface growth BIN *+PA Hj(PA Hj*) y=0.1
BINI.+PAHJ.* y=0.1
BIN*+C,H, rate const. based on CyoH,+C,H,
Coagulation BINI.*+BINJ.*(BINJ-) i,j<5:y=0.1,ij25:vy=1
Oxidation BIN,;+ OH(O) i<4:y=0, i>5:y=0.2
H abstraction (rev.) | BIN,+ H(OH) rate const. based on C Hg+H
H addition (rev.) BIN*+H rate const. based on CHs+H

6.4 Modeling Results
6.4.1 Typical results and details

The soot formation model described above reflects the current knowledge base and under-
standing of the underlying chemistry. Being able to compare the predictions of this model
to the valuable experimental data obtained at the critical transition stage from the gas to

the particulate phase could be beneficial to the combustion community. First of all, the
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performance of the model and therefore the degree of current understanding of soot for-
mation chemistry can be tested. As a result, not well-established parts of the model can be
modified improving model’s predictive capability. Moreover, insight into the critical
chemical processes involved in soot chemistry can be gained. Due to experimental limita-
tions such insight cannot be directly gained from the experimental data. Finally, a vali-
dated soot formation model can always be used as a predictive tool for designing

combustion systems and lowering PM emission levels from diesel engines.

Before looking at the performance of the model and its predictive capability, it would
be beneficial to understand the most important features of the model. Then, the trends
could be readily interpreted and possible discrepancies with the experimental data better
explained. Figure 6.21 represents a carbon diagram, which essentially shows the carbon
distribution and temperature history during a typical fuel-rich combustion event for the
core zone. Such diagram is very useful because carbon yield indicates the species to which
carbon is tied up to, providing insight into the underlying chemical pathways. Before com-
bustion starts all carbon is stored in the fuel molecules (100% carbon yield). Right after
ignition, fuel molecules rapidly break down to small species, denoted as decomposition
products. These products mostly consist of olefins and aldehydes of not more than 2 or 3
carbon atoms. At ~1300 K (where ~50% of the energy has been released) more than 90%
of the fuel has been already consumed, and the rest of the carbon is stored in decomposi-
tion (~60%) and stable products (~30%). The most important decomposition products at
this stage are ethylene, propylene, acetaldehyde and formaldehyde. The olefins store
~40% and the aldehydes ~15% of the total carbon. Because of the very fuel-rich environ-
ment not much CO, is produced and the stable products are mostly CO and CHy storing
~20% and ~7% of the total amount of carbon at this stage. At ~1800K when the total

amount of energy has been released (subsequent temperature rise is due to compression
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from surrounding zones igniting at later times), the first soot precursors start forming. The
decomposition products are consumed rapidly forming large amounts of C,H, (~20%) and
mono-aromatics (~8%), which are essentially benzene and phenyl-acetylene, while at the
same time increasing the carbon stored in the stable products (~60%). Beyond that point,
PAH start forming, storing ~5% of the carbon in the system before the first soot particles
appear. After soot particle inception, the carbon stored in the soot particles increases rap-
idly consuming C,H,, PAH and mono-aromatics. At the end of the combustion event
~30% of the carbon is stored in soot (referred to as soot yield), ~50% in CO, ~5% in CHy,
~4% in CO, and ~10% in C,H,. Looking closely at the carbon diagram the following
points are worth noting:

» Soot starts forming late relative to the energy release. In this particular case incipient
soot particles are not observed in the system before the total amount of energy is
released. However, this observation does not necessarily imply that very high tem-
peratures are needed for particle inception, as time is another important parameter as
well. After ignition and before particle inception a series of chemical processes, like
formation of C,H,, mono-aromatics and PAH, need to take place that require both

energy and time.

« The first appearance of soot particles coincides with the maximum concentration of
PAH. This observation is consistent with the critical role of PAH to particle incep-
tion. Experimental data from simple flat flame burners that have been reported in the
literature also support this argument [17].

+ The amount of carbon stored in C,H, during soot formation is much higher than the
carbon stored in PAH in spite of its lower molecular weight. In addition, the fact that
C,H, carbon yield drops significantly during the soot growth process indicates that

C,H, may be the dominant growth species. However, no general conclusion can be
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drawn at this point. The relative contribution of PAH/C,H, to surface growth is dis-
cussed in detail in Chapter 7.

* The significant amount of carbon stored in C,H, (~10%) that does not take part in
the soot growth process may be related to the decreased reactivity (collision effi-

ciency) of aged particles with C,H, as already reported in the literature [24].
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Figure 6.21 Carbon diagram and temperature history during combustion under typical condi-
tions: n-butane/Ar/O» mixture (Ar/O3 =3.773), 0 =4, Teppp core = 750K, Neopp = 250 mol/m>
(core zone).

Figure 6.22 gives the details of soot particle distribution during the early stage of soot
formation. In particular the evolution of soot yield, number density and volume-mean
average diameter! are shown. The particle number density is governed by nucleation and
coagulation rates. Right after particle inception, nucleation dominates and the number of
particles increases rapidly while the diameter stays essentially constant at very low levels.

At some point, the gaseous species concentrations have been reduced by the nucleation

] N}
1. Calculated from:v = 5 ZT
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process sufficiently that they tend to be adsorbed rather than to nucleate. At this stage the
volume-mean particle diameter is less than 2 nm and the soot loading is very small (~5%)
compared to its final value (~30%). With nucleation halted, all subsequent soot yield rise
is due to surface growth, which is also partially responsible for the mean particle diameter
rise. Due to the high particle number density right after nucleation, coagulation rates are
high as collision frequencies are high and as a result, particle mean diameter increases.
However, coagulation is relatively slow and the mean diameter still increases even after
the final soot yield is reached. Interestingly, the time scale for the entire soot formation
process is of the order of 5 ms, while the combustion event takes place in less than 1 ms.
The first modeling results shown in Figure 6.22 are very encouraging because they reflect
the current understanding of soot formation in combustion systems and they are in accor-
dance, as least qualitatively, to the experimental data obtained in simple flames where
sampling is possible. Note that the optical setup employed in this study focuses on the
very early stage of soot formation where soot yield is less than 2%. According to Figure
6.22, this stage corresponds to the nucleation process, where the particle number density is
close to its maximum and the mean diameter is less than 1.5 nm. A magnification of the
early stage of soot formation for the case shown above is depicted in Figure 6.23. The data
shown cortrespond approximately to the available range of the optical setup. It is evident
that the multizone model reproduces the exponential soot growth trend observed by the
experiments and a soot time constant can be also defined. On the same graph the corre-
sponding singlezone model results are also shown. The trend is close to exponential and
the rate is very similar to the one obtained with multizone model, unlike the combustion
time constant that changed by more than an order of magnitude when the multizone model
was introduced. This is encouraging because all uncertainties in the formulation of the

multizone model does not seem to affect significantly the final outcome of the soot model.
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Figure 6.22 Details of soot particle distribution under typical conditions: n-butane/Ar/O, mixture
(Ar/O3=3.773), 0 =4, Teomp core = 750K, Nyop, = 250 mol/m? (core zone).

10 1 T

-~ multizone model

— singlezone model

Soot yield [%]

|
\
|
0.01 l
0 0.2 0.4 06
Time (arbitrary) [ms]
Figure 6.23 Simulation of the early stage of soot formation with the multizone and singlezone

models under typical conditions: n-butane/Ar/O, mixture (Ar/O, =3.773), ¢ =4,
Tcamp, core 750 Ks Ncomp = 250 mOI/m3

151



6.4.2 Soot time constant and soot yield

The performance of the chemical kinetic model, as far as the main combustion charac-
teristics are concerned, was reviewed in Chapters 4 and 5. The ignition delay was suffi-
ciently well predicted, while the rate of heat release when coupled with CFD analysis gave
reasonable agreement between model and experiments with minor adjustments to the orig-
inal kinetics. In this section the performance of the composite multizone model, including
all sub-models described in Figure 6.18 is assessed with regard to its predictive capability

on initial soot formation rates and soot yield.

Figure 6.24 shows the correlation between experimental data and modeling results for
¢ =4.5 at different compressed core temperatures and total volume concentrations. The
performance of the model at these highly fuel-rich mixtures is very encouraging. Soot
time constant trends with temperature and volume concentrations are reproduced and the
agreement is very satisfactory even on a quantitative basis.
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Figure 6.24 Soot time constant experimental data and modeling results of n-butane/Ar/O, mix-
tures (Ar/0,=3.773) for ¢ =4.5.
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However, this good correlation does not apply at less fuel-rich mixtures. Figure 6.25
shows the experimental and modeling trends of soot time constant with fuel-air equiva-
lence ratio for a fixed compressed core temperature of 770 K at two different volume con-
centrations. The correlation is reasonably good for mixtures of fuel-air equivalence ratio
between 4 and 5 and it deteriorates for less fuel-rich mixtures. Nevertheless, the experi-
mentally observed trend of increasing soot formation rates as the mixtures becomes less
fuel-rich, is reproduced by the model and as explained above it must be due to the higher
temperatures reached for these mixtures. For fuel-air equivalence ratios below 3, the soot
levels predicted by the model are so low that no soot time constant can be defined. This
discrepancy between model and experiments at the threshold of soot formation can be

more clearly seen when correlating soot yield data.
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Figure 6.25 Soot time constant experimental data and modeling results of n-butane/Ar/O, mix-
tures (Ar/0,=3.773) for T;omp, core = TT0K.
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Figure 6.26 shows this correlation for the same conditions of Figure 6.25. The overall
agreement between model and experiment is reasonably good. The model is capable of
predicting the increasing soot yield with fuel-air equivalence ratio without any significant
impact of volume concentration. There is however a slight overprediction of soot yield for
very fuel-rich mixtures and more significantly underprediction at less fuel-rich mixtures.
This defficiency of the model is of particular interest because a very important piece of
information to the combustion and especially to the diesel engine community, is the defi-
nition of soot formation thresholds. Under the conditions tested here, soot was observed
experimentally at ¢ =2, while the model predicts that the threshold is at ¢ =2.5. This dis-
crepancy could be attributed to poor temperature calculation, which affects soot yield as
shown in the next chapter, to uncertain thermal properties of critical species, which may
change equilibrium of important chemical pathways leading to soot, or to the aerosol
dynamics code, which affects directly the soot chemistry. The sensitivity of the model to

all these factors is extensively discussed in the next chapter.
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Figure 6.26 Soot yield experimental data and modeling results of n-butane/Ar/O, mixtures (Ar/
0,=3.773) for Teomp, core = 770K,

6.4.3 Aromatics and oxygenates

Modeling a combustion system with detailed chemistry requires relying on the litera-
ture for most kinetic and thermal data describing hundreds of reactions and numerous spe-
cies. Since adding the soot chemistry introduces many new unknown parameters in the
system, this study focused on simple fuels, where their chemistry is relatively well under-
stood. Therefore, n-butane was used as the base fuel in this study. In order to asses the
effects of fuel structure on soot formation and acquire a more complete picture, experi-
ments were conducted with different fuels as well. Toluene and DME were used as addi-
tives and their effects on soot yield and soot time constant were discussed above. Even
though to develop a model including toluene and DME chemistry introduces some more
uncertainties, the correlation between experimental data and this composite model regard-

ing soot time constant and soot yield predictions is briefly discussed in this section.
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Figure 6.27 and Figure 6.28 show the experimental data and modeling results for soot
time constant and soot yield respectively when toluene is added to the base fuel. As the
aromatic content in the fuel increases, both fuel structure and temperature history have an
impact on the soot time constant. The model predictions of the experimental trends are
very encouraging. The non-monotonic trend of the soot time constant is believed to be due
to the competition between higher sooting tendency of toluene and its lower maximum
temperatures. The trends of soot yield with increasing aromatic content are also repro-
duced but the model seems to overpredict toluene contribution to soot formation mecha-
nisms. Even though when keeping the C/O ratio constant the effects are smaller, the model
cannot reproduce the negligible effect of toluene in the soot formation process.

In Figure 6.29 and Figure 6.30 the corresponding trends when adding DME to the base
fuel are depicted. For high DME concentrations, the soot levels are low and the soot time
constant cannot be easily defined. However, at least for the DME concentrations shown,
the model captures the experimental trends reasonably well. More importantly, the model
is capable of predicting the soot yield trends, which have been also reported in the litera-
ture. For ~30% of oxygen in the fuel by mass, almost no soot is generated even for fuel-
rich mixtures. The model also performs well when the C/O ratio is constant where the
drop in soot yield is not that fast (actually the model predicts a slight rise) with increasing
the DME content in the fuel. The very fast drop ~15% oxygen in fuel by mass, must be
related to temperature drop in the mixture, as Figure 6.9 suggests. The effects of tempera-

ture on soot formation are discussed extensively in the next chapter.
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Figure 6.27 Soot time constant experimental data and modeling results of n-butane/toluene/Ar/
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Figure 6.28 Soot yield experimental data and modeling results of n-butane/toluene/Ar/O, mix-
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Figure 6.29 Soot time constant experimental data and modeling results of n-butane/DME/Ar/O,
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Figure 6.30 Soot yield experimental data modeling results of n-butane/DME/Ar/O; mixtures
(Ar/0y=3.773) for T,omp core = 715K, Noppp = 450 mol/m?.
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6.4.4 Onset of soot formation

When discussing the experimental results in Section 6.3.4, special attention was given
at the onset of soot formation. It was shown that along with temperature, time is a critical
parameter that determines when soot starts forming relative to the energy release. Temper-
ature is important because energy barriers need to be overcome for reactions to take place
and time because forming critical intermediates is a time-consuming process. Even though
time is affected by temperature, these two parameters are not entirely dependent. Experi-
mental data reported in Section 6.3.4 showed that longer ignition delays shifted soot for-
mation onset consistently earlier relative to the energy release, i.e. to lower temperatures.
This is a very interesting trend that the model is also able to reproduce to some extent as
Figure 6.31 suggests. This graph is similar to Figure 6.16 but instead of experimental data,
the modeling results are plotted. The trend is similar however, the effect of ignition delay,
which represents the time a mixture remains at high temperatures, on soot formation onset

is not as dominant as in the experiments.
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Figure 6.31 Ignition delay and onset of soot formation correlation (both modeling results) of n-
butane/Ar/O, mixtures (Ar/0,=3.773).
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Despite the fact that the model reflects the impact of ignition delay on the onset of soot
formation observed in the experiments, the absolute timing of soot formation onset rela-
tive to the encrgy release is consistently predicted at later times. Comparing Figure 6.16
and Figure 6.31, it is apparent that all experimental data points are shifted lower in the
graph, which implies that soot formation onset occurs at earlier times than in the model.
Note that the higher spread of the experimental data points is just due to inaccuracies in
ignition delay prediction, which is not of particular concern at this point. The fact that soot
onset i spredicted to start later than in the experiment is clearly seen in Figure 6.32. Defin-
ing as soot all species larger than 7 aromatic rings (BIN1 and higher, as described in Sec-
tion 6.3), the model predicts the formation of the first soot particles to occur 0.37 ms later
than in the experiments. As shown in the graph, this discrepancy is too high to be
explained by experimental variability. If PAH with 3 aromatic rings and higher are also
absorbing light, then the model could explain the experimental data. However, as dis-
cussed in Chapter 3, there is no evidence of such small species to absorb light in that
wavelength, which is also proved by observing light luminosity starting at the same time
with absorption. Moreover as Figure 6.32 indicates, the shape of soot growth rates are a
little different because soot and PAH have different formation mechanisms. On the other
hand, the employed laser light is more likely to be absorbed by even larger species (e.g.
1600 amu and higher), which would increase the discrepancy even more. To summarize,
possible reasons for the observed discrepancy in soot formation onset between model and

experiments and their potential contribution are the following:

« Experimental repeatability: extensive testing suggested that the repeatability does not

exceed +0.06 ms, which cannot explain the discrepancy

» Experimental error: tests have been conducted with different mixture preparation

strategies (allowing for sufficient mixing before the start of compression), sampling
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frequencies and data acquisition filtering and the results obtained were within the
experimental repeatability.

* Higher temperature non-uniformities: apart from not being predicted by detailed
CFD analysis, the predicted rate of pressure rise is closely matched with the experi-

mental data, so thermal stratification should not be an issue any more.

« PAH absorption: To explain the experimental data small PAH with 3 aromatic rings
should absorb the red light and there is no experimental or theoretical evidence for
this.

Hence, the most possible reason for this discrepancy is the chemistry related to soot

formation. A detailed sensitivity analysis of the soot model is performed in the next chap-
ter giving more insight into the critical chemical processes leading to soot formation and

how thay may differentiate for different temperatures and fuel-air equivalence ratios.
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Figure 6.32 Comparisons of soot formation onset between experiment and different models
under typical conditions.
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Chapter 7

Soot Formation Model Sensitivity Analysis

7.1 Introduction

The soot formation chemistry is a very complicated process and developing a comprehen-
sive kinetic model may require thousands of reactions and hundreds of species. Apart
from uncertainties in chemistry, the complexity of all physical processes (temperature
non-uniformities, heat transfer, flow into the crevice and so on) involved in any experi-
mental system, like the RCM, obscure data interpretation and require substantial modeling
efforts. Therefore, the correlation between experimental data and modeling results shown

in the previous chapter is considered very encouraging.

In this chapter an extensive sensitivity analysis of the composite model leading to soot
particles is performed. The major benefit of these models is that extreme conditions of
temperatures and fuel-air equivalence ratios, which most experimental setups can hardly
achieve, can be clearly studied giving valuable information. Particularly in this study the
sensitivity of soot formation rate and soot yield to temperature, fuel-air equivalence ratio
and certain chemical pathways is investigated. Such analysis aims to provide insight into
the fundamental chemical processes leading to soot formation under various conditions
pertinent to diesel engine operation. Questions in soot formation theory like the relative
contribution of PAH and C,H, on soot inception and surface growth processes that has
caused major debates within the combustion community for many years, are extensively
studied in this chapter. Understanding the most important pathways and identifying the
critical species are the key steps in controlling engine-out PM levels. In addition, this

approach gives the opportunity to study the reasons for poor agreement between modeling
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results and experimental data at soot formation onset and for less fuel-rich mixtures. The

findings could be valuable for further model developments in the future.

7.2 Chemical Pathways and Fuel-Air Equivalence Ratio

In this section critical chemical pathways for soot formation are identified. Their impact
on model predictions is evaluated and the correlation with the experimental data regarding
the soot time constant and soot yield is discussed. In particular, the sensitivity of soot for-
mation to the following chemical channels was investigated:

« Formation of the first aromatic ring. One scenario assumed that the first aromatic
ring does not decompose (irreversible step) and the other, that the single-ring aromat-
ics do not oxidize. Then, the conjecture that under some conditions the formation of
the first aromatic ring is a “bottleneck” in the whole process could be evaluated.

« Soot particle inception. The impact of PAH coalescence as opposed to PAH growth
due to C,H, leading to the incipient soot particles is assessed. These two different
channels are blocked one at a time and soot formation rates are calculated.

* Surface growth of soot particles. The relative contribution of different growth spe-
cies like PAH and C,H, during particle surface growth, which significantly increases
soot loading, is determined. Similarly to the above case, each channel is blocked at a
time.

* Particle coagulation. Even though coagulation does not directly affect the soot mass,
its potential to change the kinetics in the system is examined. To clearly observe this
trend, particle coagulation is halted and the effects are recorded.

« Soot and PAH oxidation. Regardless the fuel-rich environment, oxidation of large
species and soot particles does take place especially with OH. The role of oxidation

in the chemical kinetic model is evaluated by not allowing it to occur.
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 Thermal properties of C,H,. CoH, has long been recognized as a soot precursor
playing a critical role in PAH growth, soot particle inception and surface growth. The
sensitivity of model predictions to the thermal properties of C,H, is studied by
decreasing the standard entropy of formation by 2 cal/mol/K (original value: 48 cal/
mol/K). This change is expected to prevent the species formed by C,H,, like PAH,
from decomposing, by increasing the equilibrium constant of the relevant reactions
at a given temperature and shifting the equilibrium towards the formation of larger

aromatic species and eventually soot.

The sensitivity analysis was performed under T, omp,core 770K and
— 3 - = :
N, omp = 500 mol/m” for ¢ =3 and ¢ =4.5. Even though the compression core tempera-

ture is the same, the temperature history during soot formation is different because of the
different fuel-air equivalence ratio. As a result, the maximum temperatures achieved in
each case were 2260 K and 1882 K respectively. The modeling results (bars) along with
the experimental data (lines) of soot yield and soot time constant are summarized in Fig-
ure 7.1 and Figure 7.2 respectively, where the base model corresponds to zero sensitivity.
As already stressed out in the previous chapter, unlike less fuel-rich mixtures, the experi-
mental data under fuel-rich conditions correlate well with the base model (within 15%) for

both soot yield and soot time constant.
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Figure 7.1 Soot yield sensitivity analysis and experimental data for T, c,,c = 770K and
Nomp = 500 mol/m’.
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Figure 7.2 Soot time constant sensitivity analysis and experimental data for 7., core = 770K
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The oxidation of the first aromatic ring has only a modest effect on soot yield and soot
time constant for both operating conditions tested. Conversely, assuming that no decom-
position takes place, both the soot yield and rate of soot formation increase. The impact is
much more predominant for less fuel-rich mixtures at high temperatures because under
these conditions aromatic rings become thermodynamically unstable limiting the forma-
tion of soot. The agreement with the data becomes better at these conditions and worse at
richer mixtures and lower temperatures. The relative importance of PAH coalescence and
PAH-C,H, reactions on soot particle inception depends on the operating conditions. For
lower temperatures and very fuel-rich mixtures PAH coalescence governs entirely the soot
nucleation process. No sensitivity of both soot yield and soot time constant is observed
under these conditions as long as the PAH-PAH channel remains active. On the other
hand, for higher temperatures, less fuel-rich mixtures the PAH-C,H; channel significantly
contributes to soot nucleation and when omitted soot yield drops by ~20% compared to
~40% when the PAH-PAH channel is omitted. Interestingly, under these conditions block-
ing the PAH-PAH route, soot time constant decreases because then C,H, is exclusively
used for nucleation rather than formation of higher PAH species. Since the soot time con-
stant describes the early stage of soot formation and therefore the nucleation rates, it
shows higher sensitivity than the soot yield results. Similarly to soot nucleation, the rela-
tive roles of PAH and C,H, as surface growth species are determined by the operating
conditions. Under less fuel-rich and high-temperature conditions surface growth is exclu-
sively determined by C,H,, while the contribution of PAH and C,H, under for rich mix-
tures at lower temperatures is approximately the same for the final soot yield. As already
stated above, coagulation may not be able to affect directly the final soot yield, however, it
could change the kinetics of the system significantly. Blocking coagulation the number of

particles in the system increases substantially, which more than offsets the drop of colli-
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sion theory rate constant due to smaller diameters. Therefore, the higher collision frequen-
cies between soot particles and PAH/C,H, increases the soot yield. This is clearly
depicted in Figure 7.1, especially for higher temperatures, where collision frequencies
increase even more. Since coagulation proceeds at very modest rates during soot nucle-
ation, as already shown in Figure 6.22, the soot time constant is barely affected by coagu-
lation. Soot and PAH oxidation have modest impact on soot yield and soot formation rate
for both conditions tested. Blocking oxidation completely, results in less than 25%
changes, which implies that some uncertainty in oxidation rates have minor effect on the
model. Even though the thermal properties of C,H, are known with accuracy (0.5 cal/
mol/K), a sensitivity analysis was performed regarding its standard entropy of formation.
Since C,H, is a very important species in the soot formation process, error propagation
from uncertainties in its thermal properties are evaluated. As Figure 7.1 and Figure 7.2
show, changing the standard entropy of formation of C,H, by 2 cal/mol/K has a signifi-
cant impact on model results and especially on soot yield. Higher amounts of soot are
formed and the model predictions come closer to the experimental data. This finding
implies the necessity for even better estimation of the thermal properties of species critical
in soot formation.

In Figure 7.1 and Figure 7.2 the critical chemical pathways for soot formation were
identified and a sensitivity analysis was performed to evaluate their contribution to mix-
tures with different fuel-air equivalence ratios. Even though the same compression condi-
tions were used, the resulting maximum temperature was different making data
interpretation ambiguous. The observed trends of the sensitivity analysis could be attrib-
uted to either different fuel-air equivalence ratios or maximum temperatures. To assess the
fuel-air equivalence ratio impact alone on the sensitivity analysis results shown above, the

maximum temperature was fixed to around 1870 K by changing the diluent of the less
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fuel-rich mixture. In particular, an artificial diluent with higher heat capacity was used
while keeping the diluent/O, ratio the same so that collision frequencies are the same. A
similar sensitivity analysis was performed and the results are shown in Figure 7.3 and Fig-
ure 7.4. Note that the richer case (¢ =4.5, 7, = 1882K) was also shown in Figure 7.1
and Figure 7.2. It is evident from Figure 7.3 that the sensitivity of soot yield to different
chemical channels, critical to soot formation, is similar for both fuel-air equivalence ratios
(+20 %). Conversely, the sensitivity of soot time constant to chemical pathways shown in
Figure 7.4, exhibit some differences for highly and less fuel-rich mixtures under the tem-
perature regime tested. Soot surface growth by PAH is accelerated for fuel-rich and decel-
erated for less fuel-rich mixtures. This must be attributed to the fact that under less fuel-
rich mixtures C,H, concentration is higher and surface growth is mostly based on it. Also,
due to higher PAH concentrations, highly fuel-rich mixtures are more sensitive to PAH
oxidation and C,H, entropy of formation, which is mostly responsible for building up
large PAH. On the other hand, it is apparent that for the temperature regime tested nucle-
ation is governed exclusively by PAH coalescence for both mixture types. As already
stated above, the sensitivity analysis trends regarding the soot yield are similar for very
rich and less rich mixtures. This implies that the different trends observed in Figure 7.1
must be attributed to different temperature regimes. The sensitivity of soot formation to

temperature is studied in detail in the next section.
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7.3 Chemical Pathways and Temperature

Both experimental data and modeling results showed higher soot yield levels for higher
fuel-air equivalence ratios. Despite the fact that it is not surprising, one cannot exclusively
attribute this trend to the mixture itself since the temperature regime seems to change sig-
nificantly as well. According to Figure 6.5 soot yield increases from ~5% to ~35% when
the fuel-air equivalence ratio goes from 2.5 to 5.0 for the same compression temperature
but then the maximum temperature (calculated in Figure 6.4) drops from ~2600K to
~1800K. Unless the effect of temperature on soot formation is well-established, no safe
conclusions can be drawn about the impact of fuel-air equivalence ratio. Keeping similar
temperatures at the end of combustion across the whole range of fuel-air equivalence
ratios cannot be simply achieved by modifying compression temperature, since its range is
limited between 700-900K. Alternatively, a mixture with low specific heats to balance out
the high heat capacity of the fuel for richer mixtures would be required. This could be
achieved either by modifying the diluent to oxygen ratio or changing the diluent itself. The
former approach, which is widely used in shock tube studies, would result in much less
frequent collisions between reacting molecules (due to low fuel concentration) and lower
heat release for richer mixtures, that could potentially change the soot formation regime.
The latter approach on the other hand, affects only the thermal environment'. However,
there are not that many inert gases with so different heat capacities to cover the entire
desirable range. Even though studying the effects of temperature alone involves practical
challenges in a laboratory environment, it is a much simpler task to accomplish computa-
tionally. Hence, in this study artificial diluents with the desirable specific heats were
employed to investigate temperature effects alone on soot formation. At this point only the

soot yield trends with temperature were studied. Figure 7.5 shows some typical trends.

1. Collision efficiency changes in three-body reactions are considered to have a minor effect.
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Figure 7.5 Modeling results of temperature effects on soot yield

The model predicts a bell-shape dependence of soot yield on temperature. This trend
has been previously reported in the literature by both experimental [43-46] and computa-
tional studies [49, 56] under different conditions and it is encouraging that the model
reproduces this behavior. There is a pronounced maximum in soot yield with temperature
between 1800K and 2000K, which seems to shift slightly to lower temperatures as the
mixture becomes less fuel-rich. These modeling results can explain the continuously
decreasing slope of soot yield with fuel-air equivalence ratio observed experimentally and
depicted in Figure 6.5. According to the calculations of Figure 6.4, the temperature
dropped, bringing the soot yield to the lower temperature bound of the bell. Furthermore,
the trend for fuel-air equivalence ratio of 2.5 suggests that the soot formation threshold

changes significantly with temperature. This observation implies that a possible error in
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temperature calculation could be the reason for model’s inability to predict soot for such

mixtures. A more extensive discussion of these discrepancies is following in Section 7.4.

Frenklach et al. [49] conjectured that the competition between kinetic and thermody-
namic factors is responsible for this bell-shape behavior of soot yield with temperature. In
particular, he argued that decomposition reactions are rate limited at low temperatures and
at higher temperatures aromatic radicals, which are key intermediates, are not stable and
they decompose before building up to form soot particles. At very high temperatures, frag-
mentation of even single-ring aromatics is suggested. In this study, a more extensive anal-
ysis identifying also the dominant chemical pathways under different temperatures is

performed in order to interpret the trend depicted in Figure 7.5.

The sensitivity analysis was carried at typical conditions of this study: ¢ =3,

N =500mol/m?, T

comp comp,core

=770K using different diluents resulting in different
temperatures after the end of combustion. These temperatures were chosen so that the
entire range of soot formation dependence on temperature was included. The results are
summarized in Figure 7.6. Note that the base model results were previously reported in
Figure 7.5. Two temperatures (~1600K and ~2150K respectively) correspond to similar
soot levels (~11.5%) and an intermediate temperature (~1850K) to maximum soot yield
(~19%). The sensitivity of soot yield to critical chemical channels of soot chemistry at dif-
ferent temperature regimes is shown in Figure 7.6 and it is discussed below:

+ At higher temperatures the soot yield is limited by the competition of formation and
fragmentation of soot precursors. The intermediate species, like PAH, leading to soot
particles are not thermodynamically stable at these high temperatures and they
decompose to smaller species containing 2 or 3 carbon atoms, which readily oxidize.
At very high temperatures the fragmentation reactions of these species are so severe

that decomposition is practically taking place at even the first-ring level. This is
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clearly shown in Figure 7.6, where if no single-aromatic decomposition is assumed,
soot levels steadily go up with temperature, while oxidation of the single-ring aro-
matics has minor impact even at high temperatures. Also, soot and PAH oxidation
has only a modest effect on the model results and the trend is very similar for the

entire temperature regime.

 Conversely, at lower temperatures the soot yield is kinetically limited. Soot forma-
tion rates are very slow and when the characteristics of a physical system, like finite
reaction time and heat transfer, are taken into account, soot levels diminish substan-
tially. Therefore, soot yield increases if critical processes like soot nucleation and/or
H-atom abstraction from soot particles (so that they can readily react with gaseous
surface growth species) are occurring at considerably higher rates (pre-exponential
factor increased by an order of magnitude in Figure 7.6). Unlike the higher tempera-
ture regime, sensitivity to single-ring decomposition is minor implying that thermo-
dynamics is not limiting soot formation at these temperatures.

» Since different factors are responsible for limiting soot yield at different temperature
regimes, soot formation mechanisms do change, as expected, across the entire tem-
perature range. For higher temperatures thermodynamic instability of intermediate
species limits PAH concentrations and C,H, is mostly responsible for soot surface
growth. As Figure 7.6 suggests, removing the soot-PAH channel has minor impact on
the final soot yield, which drops by more than a factor of 3 if the soot-C,H, route is
blocked. Conversely, at lower temperatures C,H, concentration is lower because it
contributes to PAH formation, which are now much more stable. According to Figure
7.6, blocking the soot-PAH pathway under these conditions is detrimental for soot
yield, without though the contribution of the soot-C,H, route becoming negligible.

Based on the results of the sensitivity analysis performed in this study for n-butane
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and ¢ =3, the relative contribution of PAH and C,H, to soot surface growth as a
function of temperature, is shown graphically in Figure 7.7. The calculation is per-
formed in a fairly simple-minded way assuming that blocking each chemical channel
for surface growth, the other route is not considerably affected. This analysis is just
an illustration of the relative contribution of PAH and C,H, on surface growth,
which has long been a field of major debate within the combustion community. PAH
are responsible for 2/3 and C,H, for 1/3 of surface growth at lower temperatures,
while at higher temperatures C,H, is the only surface growth species. The negative
values of PAH contribution at very high temperatures reflect the fact that PAH inhibit
soot growth by consuming C,H, for their own growth without them contributing to

soot growth but subsequently decomposing to small species that can readily oxidize.
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Despite the fact that soot yield reaches very similar soot levels (~11.5%) at two differ-
ent temperatures (~1600K and ~2150K), the different soot formation mechanisms imply
that the composition of gas-phase species after combustion is very likely to be different. A
very illustrative representation of carbon distribution during combustion and soot forma-
tion processes providing insight into the species that carbon atoms are stored in, is given
by carbon diagrams. A typical diagram was shown in Figure 6.21 and the corresponding
details of particle distribution in Figure 6.22. The carbon diagrams along with particle dis-
tribution details and temperature evolution for the above two cases, which produce similar
soot levels are shown in Figure 7.8 and Figure 7.9 respectively. The most important obser-

vations are summarized below:

* The time scale of soot evolution is very different, even though combustion proceeds
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at comparable rates for both cases. At lower temperatures the soot formation is very
slow lasting for tens of milliseconds, while at higher temperatures final soot yields
are reached within a couple of milliseconds. This is an important point if residence
time is short and competing processes are taking place simultaneously, like in a die-

sel engine.

« Even though both cases exhibit similar final soot levels, at higher temperatures the
amount of carbon oxidized to CO (CO, and CH, are also part of the stable products
but their carbon yield is typically less than 10%) is around 90%, while at lower tem-
peratures less than 75%. In the latter case a significant amount of carbon is tied up to
PAH, single-ring aromatics and species with 2 or 3 carbon atoms, which are fairly
stable not being able to oxidize or contribute significantly to soot growth. Hence, the
lower temperature regime favors the formation of hydrocarbons, which are kineti-
cally limited and cannot form soot, while at higher temperatures a higher fraction of

carbon is oxidized.

« It is also worth noting that the particle size distribution is not the same for different
temperatures, despite similar soot yield levels. At higher temperatures the particle
number density is around 30 times smaller than that at lower temperatures. Conse-
quently, shortly after ignition the average diameter almost reaches its maximum
value of 16 nm (see Table 6.1), which is considerably larger than the 1.5 nm diameter
particles observed when most of the soot is formed at lower temperatures. This
observation in conjuction with recent findings about health effects of smaller parti-
cles [3] may have significant implications about the desirable operating regime of a
combustion system.

To summarize, the fact that soot yield levels can be the same for totally different tem-

perature regimes, does not imply that the underlying chemical processes are similar. At
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higher temperatures large hydrocarbon species contributing to soot formation and growth
are not stable and they decompose to smaller species that can be readily oxidized. At
lower temperatures though, these species are very stable and even though they may not
form soot, at least right away, they “reserve” a significant amount of carbon that cannot be
oxidized. Soot formation in this case is slower but these hydrocarbon species, mostly
PAH, are formed relatively fast, within the time scales of typical combustion systems, like
a diesel engine. The high concentrations of these species, which are considered carcino-
genic, along with the large number densities and small average diameters of soot particles
at lower temperatures, raise questions about the merits of low-temperature, fuel-rich com-

bustion concept, which has been recently proposed simultaneously low soot and NO, lev-

els [56].
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Figure 7.8 Carbon diagram, temperature history and particle size distribution for n-butane/O,/Ar

mixture (Ar/Oy = 3.773) for ¢ = 3, Teomp, core = 770K, Negmp = 500 mol/m? and
Thax = 2150K.
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7.4 Discussion of Model Discrepancies

The agreement between the experimental data and the modeling results presented in Chap-
ter 6 is considered very encouraging especially if the complexities of the chemical and
physical processes involved are taken into account. Despite the good correlation, the
model failed to sufficiently predict the early onset of soot formation (relative to the heat
release) observed in the experimental data and the soot formation threshold with regard to
fuel-air equivalence ratio. In particular, the model predicted soot to start forming ~0.3 ms
later than the experiments for very similar pressure traces and the soot formation threshold

to occur at $=2.5 instead of ¢ =2 under typical conditions.
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The soot formation onset discrepancy was also discussed in Section 6.4.4, where a
sensitivity analysis of all parameters, other than chemical, was performed. It was found
that the discrepancy is highly unlikely to be attributed to factors like PAH absorption,
CFD uncertainties and experimental errors. It is now speculated that chemistry or thermo-
dynamic properties of critical species could be responsible for the disagreement. To illus-
trate this, Figure 7.10 compares the soot formation onset of experimental data with
different chemical kinetic models. When assuming an order of magnitude higher soot
nucleation rates for example, soot starts forming earlier relative to the heat release but not
that much to explain the experimental data. Similar conclusions can be drawn if the stan-
dard entropy of formation of C,H, was decreased by 2 cal/mol/K, which according to the
literature though, is known more accurately than that. What is less accurately known
though is the thermal properties of larger species like PAH. In Figure 7.10 instead of
explicitly investigating the impact of their thermal properties, it is assumed that the PAH
growth chemistry is irreversible, which implies that PAH are more stable. In that case soot
formation onset shifts earlier relative to the heat release and closer to the experimental
data implying that PAH properties are critical and more research efforts in this field should
be performed. Irreversibility of the processes responsible for the formation of the first aro-
matic ring, on the other hand, does not seem to change the picture substantially under the
conditions tested. Apart from uncertainties in the kinetics of soot formation chemistry and
in the thermodynamic properties of critical species, the possibility of missing chemical
channels leading to soot formation especially at the initial stages cannot be ruled out. For
example, the carbon diagram in Figure 6.21, which corresponds to the conditions shown in
Figure 7.10, predicts a considerable amount of carbon stored initially to decomposition
products like olefins and aldehydes. Ethylene (C,H,), which stores more than 20% of the

carbon at this stage, is considered a major soot precursor because it forms CoH,, which
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later contributes to soot particle inception and surface growth. If C,Hy4 could contribute to
soot nucleation and growth directly, at least at these early stages, bypassing the time-con-
suming C,H, formation, soot particle inception could take place faster. Even though
explicit soot-C,H, channels have not been reported in the literature, future studies are

encouraged towards this direction due to the high concentration and reactivity of C,Hy.
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Figure 7.10 Comparisons of soot formation onset between experiment and different chemical
kinetic models under typical conditions.

Comparing soot yield experimental data and modeling results in Section 6.4.2, it was
found that the model could not predict any soot for $<2.5. This discrepancy, which
results from the competition between formation and fragmentation of soot precursors, can
be mostly attributed to thermodynamics. As already stated in this chapter, decomposition
of soot precursors or even species at the first aromatic ring level is responsible for limiting

formation of soot at higher temperatures, which are reached for less fuel-rich mixtures,

181



like when ¢ = 2.5. To illustrate the impact of thermodynamics and kinetics on soot forma-
tion threshold, different scenarios were tested and the results are shown in Figure 7.11. It
is evident that preventing decomposition of critical species, like single-ring aromatics or
PAH, which implies different thermal properties, or even modifying C,H, thermal proper-
ties favoring large species formation, result in soot levels closer to the experimental data.
Conversely, faster nucleation rates!, even though they would not be consistent with flame
data [54], are still not enough to explain the experimental observations. The experimental
and modeling results discrepancies cannot also be attributed to mixture uncertainties and/
or temperature calculations. Figure 7.5 can be used to assess the degree of computational
and/or experimental errors in order to achieve sufficient agreement between the model and
the experiment. The experimentally obtained soot yield of the base model in Figure 7.11,
which was also reported in Figure 7.5 (¢ =2.5, T, = 2600K, soot yield ~0.5%), was
~5.5%. It is apparent that errors of more than 500K in temperature calculation are required
to explain the trends or equivalently the fuel metering system should produce mixtures
with ¢ >3, instead of ¢ = 2.5. These errors are much larger than the accuracy of tempera-

ture calculation and fuel metering system, therefore these factors can be excluded as

potential contributors that to the observed discrepancies.

1. A factor of 10 higher rates were assumed.
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conditions.

To summarize, the discrepancies between experimental data and modeling results are
most likely attributed to chemistry or thermodynamics. Experimental errors, soot defini-
tion and CFD uncertainties are not able to explain the trends. The thermodynamic proper-
ties of critical species for soot formation, like single-ring aromatics and especially PAH
are uncertain and their impact on the soot chemistry was found to be fairly significant.
Moreover, the possibility of missing chemical pathways leading to soot cannot be ruled
out. As an example, it was mentioned that using C,H, as a growth species during the early
stages of soot formation could potentially lead to earlier soot formation relative to the heat
release, as observed experimentally. It is very likely that a single amendment in the model,
chemistry or thermodynamics, could possibly fix both discrepancies concerning soot for-

mation onset and threshold.
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Chapter 8

Summary and Discussion

8.1 Experimental and Diagnostic Method

Motivated by recent in-cylinder visualization experiments in diesel engines showing that
soot starts forming in local fuel-rich regions during the premix burn, this study focuses on
the fundamentals of fuel-rich combustion and soot formation. A new RCM with full opti-
cal access was designed and built in order to provide soot kinetics data under diesel engine
conditions. The LOS absorption technique was employed to monitor the soot volume

loading history during the course of combustion.

The RCM is a single-stroke piston/cylinder apparatus in which a uniform fuel-air mix-
ture is rapidly compressed to a thermal environment similar to that of diesel engine opera-
tion. These conditions cannot be easily reproduced in typical laboratory scale
experiments, like flat-flame burners or shock tubes, while data from diesel engines are dif-
ficult to interpret because of the uncertainty in local charge composition and thermal state.
In a RCM, on the other hand, well-defined mixture composition (precise fuel-metering,
single or double component fuels) and combustion environment (constant volume, uni-
form) can be realized so that there is unambiguous interpretation of the data. Since this
study focuses on the chemical mechanisms leading to soot particles, mixing and chemistry
were decoupled by introducing the mixture into the RCM premixed. The conditions at the
end of the compression reflected the premixed burn of a diesel engine: 9-33 bar, 680-950K
and ¢ =2-5. The repeatability of this RCM was remarkably good and the compression
time was short (~15 ms) so that heat transfer and chemical reactions occurring before the

end of compression were minimized.
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The LOS absorption technique was chosen as a diagnostic method since it is relatively
simple, non-intrusive and quantitative monitoring of soot formation was possible through-
out the whole combustion event. The optics was properly set up in order to filter out noise
originating from mechanical vibrations, beam steering, chemiluminescence and soot lumi-
nosity. Since the combustion chamber becomes opaque very quickly, information only

during the early stages of soot formation could be obtained.

8.2 Fuel-rich combustion

To gain good insight into the soot chemistry, one needs to understand better fuel-rich com-
bustion, which has not been extensively studied. This study investigates the oxidation
characteristics of hydrocarbon fuels at high-pressure and fuel-rich conditions using the
RCM and detailed chemical kinetic modeling. The ignition delay data augment the litera-
ture data under less fuel-rich conditions, while the heat release data shown here, are part of
a very limited number of data reported in previous studies. In this study, a thorough sensi-
tivity analysis identified the main oxidation pathways of fuel-rich mixtures and how they
differentiate compared to better-established lean conditions.

The RCM has been extensively used for autoignition and knock studies in past
research. The major conclusions drawn from this study about ignition delay of fuel-rich
mixtures are summarized below:

* Modeling the RCM as a constant-volume, adiabatic and homogeneous system, is suf-

ficient for prediction of ignition delays between 2 and 10 ms. Beyond that range pre

end of compression reactions and heat transfer respectively, may introduce errors.

» Temperature shortens rapidly the ignition delay for lower and higher temperatures,
while a weak NTC zone is observed at intermediate temperatures. Increase in pres-

sure shifts the NTC zone to higher temperatures; this zone is hardly perceptible at
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very high pressures. Fuel-air equivalence ratio enhances the reactivity of the mixture,
especially at lower pressures. A two-stage autoignition behavior is clearly observed

for less fuel-rich mixtures at lower pressures and intermediate temperatures.

« Toluene, having an alkylated benzene structure, lengthens the ignition delay, while

DME shortens it due to its low octane number.

« All data trends can be explained with the low and high temperature paths of hydro-
carbon oxidation often postulated in the literature. The detailed chemical kinetic
mechanism proposed by LLNL was used and even though it underpredicted the igni-
tion delays under almost all conditions by more than a factor of 3, it provided a fairly
good qualitative agreement. The agreement became much better after two adjust-
ments were made. The first concerns the low temperature mechanism (increase the
activation energy of OOQOOH isomerization by 1.5 kcal/mol out of 25 kcal/mol)
and the high temperature mechanism (increase the activation energy of H abstraction
by the fuel with HOO by 3 kcal/mol out of 20 kcal/mol). The first modification has
been also suggested in the literature while the second was found to be the only way
to decrease the reactivity of the mixture at high temperatures only, since under fuel-

rich mixtures this reaction is part of a chain-branching loop.

Employing such a simplistic singlezone approach for studying heat release rates in a
RCM though, could lead to significant errors. The predicted rates were found to be more
than an order of magnitude higher compared to the experiments. Summarizing the find-
ings of the rate of heat release study, one could include the following points:

« Slow pressure rise in the RCM is mostly attributed to temperature stratification gen-

erated by the piston motion, which shears gas off the wall creating a roll up vortex.
The lack of temperature uniformity rather than chemical kinetics determined the

pressure rise especially when the ignition delay chemistry was very sensitive to tem-
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perature and the rates of heat release were very high. The extent of non-uniformities
at the end of compression of a RCM depended on design variables, like bore to
stroke ratio and crevice volume. For the particular design, CFD analysis showed that
approximately 80% of the mass ranged within 50 K. Therefore, to study hydrocarbon
chemistry after ignition in a RCM, one needs to couple fluid dynamics with chemical

kinetics.

Since no significant reactions took place during the course of compression, the prob-
lem in this study was solved sequentially. KIVA-3 predicted the temperature distribu-
tion at the end of compression and the chemical solver took over right after assuming
15 zones, which were treated as constant-mass well-stirred reactors with the restric-
tion of constant total volume. This multizone model also included flow into the crev-
ice and heat transfer by convection and radiation due to combustion-generated soot
particles. The agreement between this model and the experimental data became
much better both for heat release rate and maximum pressure. The temperature strat-
ification improved the heat release agreement and the flow into the crevice the maxi-
mum pressure.

A thorough sensitivity analysis on the chemical kinetic model was performed to
identify the most important chemical pathways at high-pressure, fuel-rich conditions.
It was found that the formation and consumption of HOO and CH; were particularly
important under these conditions. Pathways like CH3+CH5, HCO+0O,, C,H;+0, and
CH;+HOO were critical under the conditions tested. Especially the multi-channel
paths of C,H3+0, and CH3+HOO, which have previously drawn the attention of
research efforts, seemed to depend significantly on pressure and mixture composi-
tion. The agreement between the model and the experimental data improved signifi-

cantly if the two alternative paths of CH;+HOO, which are CH4+0O, (recombination)
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and CH;O+OH (branching), were forced to have similar rates. This involved the

increase of the recombination channel rate constant by a factor of 5.

8.3 Soot Formation

The complexity of the soot formation process originates from the conversion of a hydro-
carbon fuel molecule containing a few carbon atoms into an agglomerate of some million
carbon atoms. This project is one of the first research efforts, which uses both experimen-
tal and computational tools, to fundamentally understand the transition from the gas phase
to the particulate phase under conditions pertinent to diesel engine operation. The great
resolution of the experimental technique provided valuable quantitative data and the
detailed chemistry employed by the model sheded some light on the critical chemical
channels leading to soot particles. Coupling gas-phase chemistry with aerosol dynamics
and lumping species of similar molecular mass and classes of reactions using the sectional
approach, proved to be a valuable tool for modeling the kinetics. The most striking obser-

vations and conclusions regarding soot formation chemistry are summarized below:

« Initial soot formation rates are exponential with a time constant of the order of 0.05
ms. This trend, which is also reproduced by the model, can be attributed to the “auto-
catalytic” nature of soot formation, since the higher the soot concentration, the larger
the available surface area for gaseous species to condense on. The soot time constant
depends on fuel-air equivalence ratio and strongly on temperature and pressure.
Modeling results showed that soot formation is a time-consuming process that usu-
ally does not start before most of the energy is released (at least locally). Soot forma-
tion onset was found to occur earlier (relative to the heat release) for longer ignition
delays due to the longer available time for chemistry. Since soot started forming at

the thermal environment after the end of combustion, the slower soot formation rates
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for richer mixtures were mostly attributed to lower maximum temperatures rather

than to different chemical pathways.

+ The final soot yield, which was measured after the end of the combustion process, is
a strong function of fuel-air equivalence ratio. Both experimental data and modeling
results predicted soot levels between 5% and 35% for fuel-air equivalence ratio
between 2.5 and 5 respectively. These soot yield levels were also observed in shock
tube studies under totally different conditions. Soot yield increased by ~1%/1% of
toluene in the fuel by volume for constant fuel-air equivalence ratio. If C/O ratio is
kept constant though, soot levels exhibit negligible change with the addition of tolu-
ene, implying that the identity of parent fuel molecules during decomposition is lost.
DME, on the other hand, suppressed soot formation very effectively. As also reported
in the literature, ~30% oxygen in the entire fuel by mass prevents any formation of
soot regardless fuel-air equivalence ratio. No change in soot yield was observed
when the fuel was doped with small amounts of EHN, which is a typical CN
improver used in diesel fuel to decrease ignition lag. Even though the kinetics do
change, this observation implies that different PM levels from a diesel engine with
the addition of combustion accelerators is mostly attributed to mixing rather than to
chemistry characteristics.

« Soot yield is also a function of temperature reached after the end of combustion. The
modeling part of the study reproduced the bell-shape dependence of soot to tempera-
ture, which was also reported in the literature by both experimental and computa-
tional studies. The competition between formation and fragmentation of soot
precursors limits soot formation at higher temperatures. It was shown here that
decomposition of species at even the first-ring level is possible leading to smaller

species that readily oxidize at very high temperatures. At lower temperatures even
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though soot precursors are thermodynamically stable, soot formation process is
kinetically limited for the time scale of typical combustion systems. The highest soot
yields are observed between 1800-2000K and under most conditions they drop by
more than an order of magnitude for temperatures higher than 2500K or lower than

1500K.

« The bell-shape dependence of soot yield on temperature involves difficult chemical
mechanisms leading to soot particle formation. It was found in this study that at high
temperatures soot surface growth is exclusively realized through C,H,, while PAH
have no contribution or even inhibit soot formation rates (since they consume C,H,
and then they decompose). At lower temperatures where PAH are thermodynami-
cally stable, roughly 2/3 of soot growth is occurring through the PAH channel and 1/
3 through C,H,. Soot particle inception, on the other hand, is mostly governed by
PAH coalescence even though at high temperatures the contribution of C,H; is
remarkable (~33%). Apart from soot formation mechanisms fairly different composi-
tion of combustion products were observed across the entire temperature range stud-
jed. For similar soot levels the amount of carbon stored in PAH, single-ring
aromatics and small hydrocarbons is ~10% at lower temperatures while they are
almost zero at higher temperatures. Such species could eventually condense physi-
cally on soot particle surface at later stages of a practical combustion system, like in
the exhaust of a diesel engine. This finding along with the observation that the aver-
age particle diameter is ~1.5 nm as opposed to ~16 nm at higher temperatures and the
particle number density is higher by more than an order of magnitude, raises serious

questions about the potential health effects of low temperature combustion regimes.

» Taking into account the complexity of soot formation chemistry and the physical pro-

cesses involved in any combustion system, the agreement between experimental data
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and modeling results is considered very encouraging. However, there are essentially
two discrepancies: (a) the soot formation threshold was predicted at ¢$=2.5, while
experimentally it was observed at ¢ =2 and (b) soot starts forming ~0.3 ms later rel-
ative to the heat release (for almost identical pressure histories) than in the experi-
ments. A thorough sensitivity analysis showed that these discrepancies cannot be
attributed to PAH light absorption, uncertainties in CFD calculations, experimental
errors or temperature calculations. It was found that since the soot formation thresh-
old is depending strongly on temperature, uncertainties in large species thermal prop-
erties, like PAH, could explain the soot formation threshold discrepancy. Increasing
the thermodynamic stability of such species at higher temperatures could lead to the
formation of soot particles even at lower fuel-air equivalence ratios. Thermal proper-
ties and PAH decomposition rates could also explain the discrepancy on soot forma-
tion onset. However, missing chemical channels in the soot formation model cannot
be excluded. To illustrate this, 20% of carbon during decomposition is stored in eth-
ylene, which later forms C,H,. If ethylene is considered directly as a growth species,
soot formation process could potentially accelerate and occur earlier relative to the

energy release.

8.4 Future Outlook

Fuel-rich combustion and combustion-generated soot particles have been a field of study

for many years within the combustion community due to their significant environmental

impacts, health concerns and industrial applications, like synthesis of carbonaceous mate-

rial and recently fullerenes. This study, which combined experimental and computational

techniques, aimed to shed some light into the fundamental chemical processes involved

and give directions for new research areas related to soot formation chemistry. Some of
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these areas, which could be pursued with experimental methods are the following:

« Definition of soot formation thresholds with regard to fuel-air equivalence ratio. The
sensitivity of the soot formation threshold to temperature and fuel structure, €.g. the
aromatic and/or oxygenate content in the fuel, would be invaluable especially to die-
sel engine community. Such data, which could give insight to engine developers and
help them devise engine and fuel strategies leading to lower PM emission levels,

could be readily obtained in the well-controlled environment of the RCM.

« Extension of soot evolution observation time. The fuel-rich, high-pressure conditions
employed in this study resulted in very high soot concentrations turning the combus-
tion chamber opaque shortly after soot particle inception. Even though the transition
from the gas to the particle phase was clearly studied, it would be interesting to
observe a longer part of (if not the entire) soot evolution. This could be accomplished
by employing different conditions (e.g. less fuel-rich, lower pressure, slightly
diluted), or testing less sooting fuels (e.g. oxygenates), or shortening the beam path
length (e.g. smaller cylinder bore), which would result in higher soot concentration

for the same light attenuation.

« Particle number density and diameter distribution determination. The detailed chem-
ical kinetic model predicted relatively slow coagulation and the average particle
diameter increased very slowly after the total amount of energy was released. Since
experimental data consisted only of soot volume, the above model prediction would
be worthwhile to be tested experimentally. This could be accomplished by combin-
ing LOS absorption and scattering techniques and these data would be a valuable ref-
erence data set for further insight into the soot formation process and robust chemical

kinetic modeling.

Further research efforts in soot formation modeling are summarized below:
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» Experiment-model discrepancies. Even though the overall agreement between mod-

eling results and experimental data is encouraging, there are still discrepancies dis-
cussed in Section 7.4. A thorough sensitivity analysis performed in this project
excluded many factors from potentially contributing to these discrepancies, like PAH
light absorption, CFD analysis, experimental errors and temperature calculations. It
was found that modeling results are very sensitive to thermal properties of large spe-
cies, like PAH, therefore future research efforts are encouraged to look more into
accurate calculation of their properties. Also, other chemical pathways that could
potentially lead to soot particles and are not included in this study could be investi-
gated. For instance, soot-ethylene channels could possibly shift soot formation ear-

lier relative to the heat release, as observed experimentally.

Further model improvements. The current model defines classes of molecules cover-
ing certain mass ranges to which given numbers of carbon and hydrogen atoms have
been assigned. Within a certain class, all species have the same properties regardless
their origin or how they were formed. One model improvement would be the defini-
tion of carbonaceous material with different H/C ratios (i.e. degrees of curvature) of
similar molecular mass and the description in the model of their formation based on

thermodynamic and kinetic forces.

Model reduction. Since the model used detailed chemistry to describe the oxidation-
decomposition process of parent fuel molecules, PAH growth and soot, the chemical
kinetic mechanism consists of hundreds of species and thousands of reactions (498
and 5734 respectively). This study has performed a very extensive sensitivity analy-
sis on the critical chemical pathways for almost the entire mechanism and these find-
ings could be used for significant model reduction keeping though its essential

features. Such approach would be beneficial to the diesel engine community because
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a simpler model coupled with CFD analysis could become a valuable design tool for
the fueling-mixing strategy of a diesel engine that would lead to lower PM emission

levels.

In the process of performing this study, insights were gained regarding fuel-rich com-

bustion and RCM operation. Some future guidelines concerning these research fields are

given here:

Fuel-rich combustion. This research is one of the very limited number of studies that
performed both experimental and computational work under high-pressure, fuel-rich
conditions. Ignition delay and heat release rate data obtained in this study provided
valuable information about the critical processes under fuel-rich conditions and how
they differentiate compared to a lean mixture. Since most of the chemical kinetic
models were validated under lean mixtures, recommendations are given here for the
rates of certain reaction pathways, like CH;+HOO and fuel+HOO, under fuel-rich
conditions. Due to the high sensitivity of the mechanism to such reactions, future
studies are encouraged to look into these reactions both computationally and experi-
mentally.

RCM and thermal stratification. The multizone model developed in this study uti-
lized the temperature distribution predicted by CFD analysis. A sensitivity of design
parameters, like the stroke and the crevice volume, on the calculated temperature
profile at the end of compression was also performed. However, this work was done
only computationally and experimental validation would be particularly useful for
future designs. Towards this direction different pistons and compression ratios could
be employed and the resulting compression pressure could be measured. Using opti-
cal methods, like scattering or laser induced fluorescence (LIF), through the transpar-

ent RCM head, temperature distribution during compression could be estimated.
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Appendix A

Rapid Compression Machine
A.1 Operation Protocol
The RCM was designed at the Sloan Automotive Laboratory of MIT during the summer
of the year 2000. It first operated compressing inert gases in February 2001, and combus-
tion tests started in May 2001. A picture of the entire RCM setup is shown in Figure A.1.
The footprint of the setup (not including gas bottles and data acquisition system) is
~2.2x1.6 m.

For each RCM test a series of steps must be followed. The protocol of operation along

with general guidelines about RCM maintenance and operation are presented below.

Figure A.1 The entire RCM setup.
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Initial preparations

* Qil level: Check the oil level through the
sight tube. It must be at the recommended
level shown on the main panel. Use the oil
pump and the oil flow regulation valve to
pump more oil from the reservoir into the
RCM. The oil supply valve must be open
during oil pumping and closed right after
pumping is over to prevent the oil from

draining back to the reservoir. Keep solenoid

valve open while pumping to avoid trapping

Figure A.2 Main panel.

air.

» Tank pressure: Check pressure from the tank pressure gauge on the main panel. Driv-
ing pressure usually does not exceed ~250 psi, which results in ~15 ms compression
time and it sustains combustion chamber pressures up to ~110 bar. Use the com-
pressed air valve (left position) on the main panel to supply gas (usually N,) to the
tank from gas bottles or the valve on the tank to vent gas. The tank is designed for
pressures up to 500 psi. The pressure relief valve on the tank is set to 450 psi. The

tank leaks at a very slow rate (over periods of weeks).
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» Heating system: Used only when tests

require temperatures before the compression
higher than the ambient. There are 6 differ-
ent electrical circuits: 3 for the RCM (com-
bustion chamber, head and head plate), 2 for
the fuel tanks and 1 for the fuel lines. All
related controls (switches, temperature dis-
plays) are on the heating panel. Use variable

power output controllers (located underneath

the heating panel) to achieve even tempera-

Figure A.3 Heating panel.

ture rise. Do not exceed the maximum value
marked on the controllers or the heaters may burn. Fuel lines do not need to reach to
the desired temperature. Their temperature must be sufficiently higher than the fuel
dew point though. It is recommended that they stay below 60°C to avoid overheating

of Baratron pressure sensor and valve seals damage.

» Optical system: The He-Ne laser must be

turned on ~15 minutes before the experiment
in order to stabilize. If the PMT is used, the
high voltage power supply can be turned on

shortly before the experiment.

* Piston position: Apply vacuum at the back of

the pneumatic piston, using the pneumatic
chamber valve (right position) on the main

panel (make sure the vacuum valve of the

mixture preparation setup is closed), to bring

Figure A.4 Optical system
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it all the way back and ensure good contact between the o-ring and the hydraulic

chamber for sufficient sealing. Then, apply ~100 psi pressure at the hydraulic cham-

ber to ensure good contact even after the combustion chamber is evacuated for mix-

ture preparation (see below). Before opening the compressed N, supply valve, close

the compressed N, vent, the rear chamber vent and sight tube supply valves.

Mixture preparation

& D it

Figure A.S Mixture preparation setup.

» Combustion chamber: Apply vacuum to the

combustion chamber using the correspond-
ing valve on the mixture preparation setup.
Make sure the corresponding valve on the
main panel is at its upright position and the
vent valve on the mixture preparation setup
is closed. Usually it takes less than ~5 min-
utes for good vacuum to be achieved. The
Baratron pressure transducer drifts over time
and when it is heated, so the zero point may

be slightly lower or higher than 0 Torr. Test-

ing that the vacuum pump is providing sufficient vacuum is recommended over peri-

ods of ~1 month if extensive testing is performed. Right after sufficient vacuum is

achieved, close the vacuum valve and shut down the pump. Wait for 1-2 minutes to

make sure that the vacuum is retained.

» Mixture components introduction: Introduce first the fuels, then the inert gases and

finally the oxygen. For each mixture component follow the procedure described

here: open the corresponding ball valve and then slowly the metering valve. As gas is

introduced, watch the Baratron display (heating panel) and close the metering valve
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as soon as the required pressure is reached. Then close the ball valve. Introduce the
mixture components slowly (~1 minute) and allow ~1 minute between each gas.
Make sure that the final pressure is retained for at least ~2 minutes after the entire
mixture is introduced and then close the ball valve attached to the combustion cham-
ber.

Firing

o Force balance creation: Pressurize the oil

from ~ 100 psi to ~1500 psi by opening
slowly the compressed N, supply valve. The
area ratio between the hydraulic and the
pneumatic piston is ~5, but for safety pur-
poses, ~1500 psi pressure is recommended
for ~250 psi driving pressure. Then, close the
o0il-N, separating valve and point the ball

valve above the solenoid valve to oil damp.

Turn the compressed air valve to bypass

Figure A.6 Data acquisition system.

(right) and open the big ball valve behind the
main panel. Turn the compressed air valve to supply (left) to compensate for pressure

loss due to the higher volume and then turn it again to its upright position.

» Force balance destruction: Switch the pressure transducer to its operational mode

and start the data acquisition system (for example RCM.VI in LabVIEW). Make sure
that the 24VDC power supply is on and fire the RCM by switching momentarily the

solenoid valve.
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Shutting down

* Close the big ball valve behind the main panel and vent the pneumatic chamber
(point corresponding valve to the left) and the gas that pressurized the oil (open com-
pressed N, vent valve). While venting (it takes ~2 minutes if the valves are half
open), turn the heaters off, cover the optics, reset the pressure transducer, vent the
mixture preparation setup and save the data file. After venting is over, open slowly
the 0il-N, separation, sight tube supply and rear chamber vent valves. Also, point the

ball valve above the solenoid valve to oil vent.
Combustion chamber cleanup

* Disassembly: Bring the piston all the way back by applying vacuum at the pneumatic
chamber (point corresponding valve to the right). Then, open slowly the valve
attached to the combustion chamber. After the combustion chamber has cooled
down, take apart the combustion chamber by removing the 4 head bolts.

¢ Cleanup. Use lint-free paper and acetone to cleanup the combustion chamber from
soot. Move the piston to the front to clean the piston head. To do so, pressurize
slightly the pneumatic chamber by using the bypass of the compressed air valve (left
position). Vent the chamber after the piston has reached its final position. During
cleaning, pay particular attention to the crevices formed by the windows and the
pressure transducer.

* Assembly: Before putting the combustion chamber together, bring the piston back by
applying vacuum at the pneumatic chamber as described above. Then, clean again
the cylinder liner. Finally, tighten the 4 combustion chamber bolts in 2-3 stages up to

70 ft.1b.
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General guidelines when using the RCM

* Stroke: The maximum stroke is 8 in. Change the spacers behind the hydraulic cham-
ber for shorter strokes. Spacers are for 7 in and 6 in strokes are provided. To avoid
optics alignment, move the back of the RCM (push pneumatic chamber back) to
change the stroke. Draining the oil first is recommended.

« RCM oil: Silicon oil is used due to its low vapor pressure and lower toxicity. Due to
its high compressibility a small reservoir is used at the point of separation with the
compressed gas (main panel). Spills can spread oil around due to its low surface ten-
sion. Pin-groove deceleration mechanism calculations were based on oil with 100 CS
kinematic viscosity (Dow Corning 200 series was used). To drain the oil back to its
reservoir, open the oil supply valve. To fill up the RCM with oil, evacuate the whole
RCM from its highest point (compressed N, vent valve). Use a valve just down-
stream the oil reservoir and open it when sufficient vacuum has been created (~1
hour). Use the oil pump to help the oil fill up the RCM if it does not show up in the
sight tube after ~20 minutes. Since a little oil escapes the hydraulic chamber after
each test, oil must be provided with the oil pump into the RCM. Make sure that

enough oil remains in the oil reservoir and no air is pumped.

o Combustion chamber seal: If vacuum cannot be sustained, the combustion chamber

seal may not be sealing propetly. It is essential not to damage the seal when inserting
it in the combustion cylinder. Use the provided tool and sufficient amount of vacuum
grease to insert a new seal properly. To do so, the combustion cylinder must be
removed (after removing the cylinder head, holding brackets and detaching the mix-

ture preparation setup).

« Combustion chamber windows: The combustion chamber windows are made of

fused silica. A thin washer made of rubber (~0.015 in) is used to avoid window
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cracking due to high combustion chamber pressures. The hollow bolts should not be
tighten much and a copper washer is recommended between them and the rubber

washers. Similar approach should be followed when using the head window.
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Appendix B

Temperature Field at the End of Compression

The temperature field at the end of compression of the RCM is largely dependent on the
combustion chamber geometry. A CFD analysis using KIVA-3 was performed in order to
investigate the major design parameters that affect the degree of temperature stratification
at the end of compression. It was found that there are essentially two parameters, which
are closely related, that contribute to the resulting temperature field: the stroke and the
crevice volume. The higher the stroke, the larger the roll-up vortex generated by the piston
motion, which scrapes the boundary layer off the cold walls. Then, to achieve thermal uni-
formity at the end of compression, a larger crevice volume is required in order to contain
the resulting vortex. As Figure B.1 shows, when the combustion chamber contains no
crevice, the predicted temperature field is more non-uniform, while the maximum pres-
sure and temperature are higher: 23.2 bar, 842 K (21.2 bar, 822 K for the case shown in
Figure 5.6). Conversely, for shorter stroke the thermal environment becomes more uni-
form since the vortex is smaller and can be better contained in the crevice, which had the
same volume. The maximum pressure and temperature are lower (19.1 bar, 798 K)
because of the higher heat transfer due to large surface to volume ratio. This case is

depicted in Figure B.2.

To design a crevice that could contain the entire vortex, it must be:

Vcrevice2 Vvortex
Voorte x~3w-L-D, where L is the stroke, D the bore and §,, is the entire boundary

layer at the conditions next to the wall:
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w™=
tcomp

where 8> fa t, where o ~2x 10—6 m?/s for air at 300 K and 10 bar (average con-

ditions inside the crevice). Then, for approximately 15 ms compression time:

T 2
8w2§ atf.~0.1mm
Then, V, 0. ~2 cm?, while for this particular RCM design V.., ~ 0.8 cm3.(~3.1 %

of the combustion chamber at the end of compression).

The analysis performed in this study found that if the crevice volume was increased by
a factor of 5 (approximately double the vortex volume), almost the entire vortex would be
contained inside the crevice resulting in a more uniform temperature field. This is shown
in Figure B.3. Consequently, the maximum pressure and temperature are lower: 18.2 bar
and 784 K. Larger crevice than the vortex is required because, unless crevices are
designed with high surface to volume ratio, the contained gas may not stay very close to

wall temperatures.
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Figure B.1 KIVA-3 prediction of temperature field at the end of compression for the RCM design
without crevice.
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Figure B.2 KIVA-3 prediction of temperature field at the end of compression for the RCM design
with half stroke and half clearance height (same compression ratio).
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Figure B.3 KIVA-3 prediction of temperature field at the end of compression for the RCM design

with larger crevice volume by a factor of 5.
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Appendix C

Reactions with Updated Rate Constants

Table C.1: Reactions with modified rate constants®

Reaction A n Ea Reference
CH;+CH;3(+M)=C,H4(+M) 9.214el6 -1.17 | 6.358e2 [91]
(low) 1.135e36 -5.246 | 1.705€3
3.6lel3 0 0 [115], this study
3.63e41 -7 2.762¢e3
CH3;+H(M)=CH4(+M) 2.138e15 -0.4 0 [91]
(low) 3.31e30 -4 2.108e3
2.11el4 0 0 [115], this study
1.76e24 -1.8 0
C,Hs+0,=C,H4+HOO 1.22¢30 -5.76 1.01e4 [91]
1.02e10 0 -2.185e3 | [115], this study
OH+OH(+M)=HOOH(+M) 1.236¢14 -037 |0 [91]
(low) 3.041e30 -4.63 | 2049
7.4e13 -037 |0 [115], this study
2.3el8 -0.9 -1.7e3
HCO+0,=CO+HOO 7.58e12 0 4.1e2 [91]
1.55¢4 2.38 -1.526e3 | [116], this study
CH;+HOO=CH4+0O, 3.6e12 0 0 [91]
1.8e13 0 0 this study
CH;+HOO=CH;0+0OH 1.1el13 0 0 [91], this study

a. reaction rates in cm?® mol cal units, k = AT exp (%J
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