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ABSTRACT

Despite exhibiting low throttling losses and generating high thermal efficiency,

it is inevitable that the heterogeneous combustion nature of a diesel engine will cause
large amount of soot to be produced. Lately, n-butanol has emerged as a very
competitive second-generation biofuel in diesel engine because of its similarities in
physiochemical properties to diesel fuel. As an oxygenated hydrocarbon, blending n-
butanol with diesel is able to reduce the harmful exhaust emissions. According to the
literature, most studies related to diesel-n-butanol are conducted experimentally
whereas only a handful of them are done numerically. However, numerical modelling
is as important as conducting experiments as it allows researchers to gain further
insights on the chemical kinetics. In order to support accurate combustion modelling
results, the selection of a chemical kinetic mechanism that could describe the
combustion chemistry precisely is crucial but it is found that the developments of
diesel-n-butanol mechanisms in particular those using long carbon chain surrogates
are still scarce. Since there is also a lack in effort on the combustion modelling of
diesel-n-butanol, this study aims to address the limitations related to the chemical
kinetic mechanisms for diesel-n-butanol and the applications in multi-dimensional

simulations concerning the spray combustion.

First, a reduced chemical kinetic mechanism for n-dodecane-n-butanol-
polycyclic aromatic hydrocarbon (PAH) is developed using the direct relation graph
with error propagation (DRGEP) and isomer lumping methods. In the mechanism, n-
dodecane is being used as the diesel surrogate fuel. Consequently, the n-dodecane-n-
butanol-PAH mechanism consists of 105 species and 584 reactions (DB105) and it is
validated under a wide range of engine operating conditions such as shock tube (ST)
ignition delay (ID) times, jet-stirred reactor (JSR) and premixed laminar flame species
concentrations and laminar flame speed. The DB105 mechanism shows good
agreements to the experimental measurements and predictions by the detailed
mechanism for majority of the tested conditions. Subsequently, a set of Computational
Fluid Dynamics (CFD) sub-models is formulated to describe the spray, ignition,
combustion and soot of n-dodecane-n-butanol in a diesel engine-like constant volume

combustion chamber. The fidelity of the DB105 mechanism is further assessed in CFD
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simulations by comparing the predicted liquid penetration length (LPL), vapour
penetration length (VPL), ID, flame lift-off length (FLOL) and soot to the
experimental measurements. Nine cases at various n-butanol blending ratios and
ambient temperatures are tested and results show that the predicted LPL and VPL
deviated with a maximum of 4% whereas the ID and FLOL deviated by 20% and 12%,
respectively. For soot validation, the soot volume fraction (SVF) of pure n-dodecane
(Bu0) at 850 K and 900 K are compared to the experimental measurements where the
maximum errors are recorded to be 1.0 ppm (100%) and 0.3 ppm (10%), respectively.
However, the location and size of the soot cloud are also well emulated. Overall, the
good validation results of the DB105 mechanism indicates that improvements have
been made to the present mechanism and it is more superior than the existing n-

dodecane-n-butanol mechanisms in terms of its size and accuracy.

The fundamental ignition, combustion and soot characteristics of n-dodecane-
n-butanol spray flames are then numerically investigated using the formulated CFD
sub-models and the DB105 mechanism. Results show that n-dodecane-n-butanol
blends undergo a two-stage ignition regardless of n-butanol blending ratios and
ambient temperatures. The first-stage ignition site is located at the spray periphery for
all test cases except for 80% n-dodecane — 20% n-butanol (Bu20) at 800 K. However,
the second-stage ignition site moves to the spray head for all test cases but it remains
at the spray periphery for Bu0. At quasi-steady state, key species that pertains to
ignition are shifted to the fuel-lean region of the spray at higher n-butanol blending
ratio and at lower ambient temperature. Moreover, combustion mode analysis shows
that the low temperature combustion (M-LTC) mode is dominant at the first-stage
ignition but gradually diminishes as the high temperature combustion (M-HTC) and
high temperature diffusion combustion (M-HTC-diff) modes take over from the
second-stage ignition onwards. Meanwhile, simulation results also show that as the n-
butanol blending ratio increases and as the ambient temperature decreases, the SVF
and soot particle size in the n-dodecane-n-butanol spray flames decrease. Comparing
to the case of BuO (900 K), both peak SVF and soot particle size of Bu40 (900 K)
decreases by 93.11% and 56.58%, respectively. Similarly, Bu20 (800 K) shows a
decrease of 88% and 50.62% in the peak SVF and soot particle size when comparing
to Bu20 (900 K). Apart from the SVF and soot particle size, the soot precursor species

11



r Unive[sitg of
. . ) ) i Sl Nottingham
University of Nottingham Malaysia UK | CHINA | MALAYSIA

also decrease at higher n-butanol blending ratio and at lower ambient temperature.

Besides, the spatial distributions of soot and its relevant species shrink due to the lower
local equivalence ratio. The soot formation and oxidation mechanisms are suppressed
at higher n-butanol blending ratio and at lower ambient temperature. However, the
soot formation mechanism is more influential to the resulting soot. Nonetheless, the
high oxygen concentration in high n-butanol blends have shown to be able to
compensate the deteriorated soot oxidation mechanism while suppressing the soot
formation mechanism simultaneously. As a result, the SVF and soot particle size
decrease more significantly with the addition of n-butanol blending ratio than the

decrease in ambient temperature.
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CHAPTER 1
INTRODUCTION

1.1 Background

Compression ignition (CI) engine or also known as diesel engine is considered
as the most fuel-efficient engine ever developed due to its high compression ratio and
the lack of throttling losses [ 1]. However, harmful pollutants such as soot and nitrogen
oxides (NOy) that arises from diesel combustion pose a serious threat to human health
and the environment [1]. The ever-increasing stringent environmental and fuel
economy requirements have led automotive engineers into developing low-emission
and high efficiency diesel engine. Nonetheless, the heterogeneous nature of diesel
combustion proves challenging to meet the emission targets where high soot and NOx
are still found despite numerous research efforts such as employing various

combustion strategies are being attempted.

Figure 1-1 shows the mapping of soot and NOx emissions as a function of
equivalence ratio (@) and temperature in a diesel engine [1]. From Figure 1-1, it is
observed that NOy is mainly formed at high temperatures (> 2500 K) and close to
stoichiometric. On the other hand, soot is mainly formed at fuel-rich regions (¢ > 3)
and at temperatures between 1800 — 2200 K. Meanwhile, Figure 1-2 shows the
temporal sequence of a diesel spray from the start of injection till the early part of
mixing-controlled combustion [2]. Auto-ignition is observed to take place at ¢ =2 — 4
and subsequently the outer diffusion flame is at stoichiometric [2]. Since the adiabatic
flame temperature line for conventional diesel combustion traverses both soot and
NOx regions as shown in Figure 1-1, it is inevitable that soot and NOx emissions would

be high in diesel combustion.
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In order to reduce or even avoid the formation of soot and NOy, a novel

combustion concept called the low temperature combustion (LTC) is proposed and the

homogeneous charge compression ignition (HCCI) combustion mode is the most

common form of LTC [3]. The HCCI mode is a combination of the premixed charge

from spark ignition (SI) engine and the CI from diesel engine. The HCCI mode is

reported to have similar efficiency as

conventional diesel combustion but soot and

NOx emissions are reduced significantly [4]. However, as the ignition under HCCI

2
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mode solely depends on the fuel’s chemical kinetics, problems such as difficulty in
controlling the combustion phasing, high levels of unburned hydrocarbon (UHC) and
carbon monoxide (CO) and cold start misfiring occur [4—6]. Nevertheless, due to its
novelty, other LTC combustion modes such as partially premixed compression
ignition (PPCI), partially premixed combustion (PPC) and reactivity controlled
compression ignition (RCCI) have been proposed to achieve the LTC target which is
to obtain high engine efficiency and producing ultra-low soot and NOx emissions

simultaneously [3].

Ideally, harmful toxic pollutants could be eliminated altogether if diesel engine
is replaced with electric or hybrid power. However, despite the recent rise of electric
vehicles in various countries, its usage is still limited to urban driving and not
favourable for long distance driving [7]. Moreover, medium and heavy-duty vehicles
such as tractors, ocean liners and ships require high torque, power, reliability and
durability and all these requirements could only be met by a diesel engine [8]. As such,
diesel engine is still very much relevant in present times although the world is moving
into an era of electrification. Therefore, on the grounds of this, researchers have been
focusing on the usage of biofuels in internal combustion engines. The usage of biofuels
such as biodiesel [9—-12], dimethyl ether (DME) [13—15] and alcohol fuels [16-19]
have been investigated in previous research. Overall, the blending of biofuels with
gasoline and diesel fuels is found to have comparable engine performance such as
brake thermal efficiency (BTE) and fuel consumption when compared to pure gasoline
and diesel fuels. On top of that, emissions such as CO, NOx, UHC and soot are reduced
significantly. This suggest that the blending of biofuels with conventional fossil fuels
is also one of the solutions to meet the stringent emission regulations set by

governments worldwide.

1.2 Alcohol-Based Biofuels

According to [20,21], countries such as United States, China, Brazil and
Indonesia have started implementing mandates on the biofuel blend. The most popular
biofuel used for blending is ethanol followed by biodiesel, with the blending ratio
ranging from 2 —20% [20]. Besides, the global biofuel demand is estimated to increase

by 51.6 billion litres, or 43%, reaching 170.9 billion litres in year 2025. This is a huge
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growth where only 17 billion litres of ethanol is used for transportation fuel in year

2000 [22]. The increasing trend of biofuel usage gives a clear sign that the
transportation sector is decreasing its dependency on the depleting fossil fuels for

energy generation.

While ethanol is favourable for biofuel blending, production of ethanol creates
a threat in food security and the destruction of local habitat’s home for feedstock
planting [23,24]. This is because ethanol is mainly derived from edible feedstocks such
as sugar plants, corn, barley and wheat [25-27]. As a result, the drawbacks from the
production of ethanol or also known as the first-generation biofuel have led
researchers to shift their focus to the second-generation biofuel which is mainly made
from lignocellulosic materials, wooden crops and agricultural waste that are non-

edible, cheap and found abundantly in plants [28,29].

Among others, butanol (CsH9OH) has recently emerged as a competitive
second-generation biofuel in internal combustion engines. Butanol consists of four
isomers namely n-butanol, sec-butanol, iso-butanol and tert-butanol. However, n-
butanol (nC4HyOH) has been typically used in internal combustion engines due to its
relatively higher lower heating value and lower solubility in water as compared to the
other isomers [30]. The comparison of physiochemical properties of n-butanol with
gasoline, diesel and other lower carbon alcohol fuels are tabulated in Table 1-1 [31-
35]. The closer resemblance in physiochemical properties between n-butanol and
gasoline/diesel fuels implies that it could give better engine performance than the
lower carbon alcohols such as ethanol and methanol.

Table 1-1: Comparison of physiochemical properties of n-butanol with gasoline, diesel
and other lower carbon alcohol fuels [31-35].

Properties Gasoline Diesel Methanol Ethanol n-butanol
Molecular Formula Cs—Ci2 Cip—Cys  CH3;0H C,HsOH nC4HoOH
Research octane number 91-99 0 109 109 98

Motor octane number 81-89 0 89 90 85

Cetane number 0-10 40-55 3 8 25
Oxygen Content (% weight) - - 50 34.8 21.6
Density (g/mL) at 20°C 0.72-0.78 0.82-0.86 0.796 0.79 0.808
Autoignition Temp (°C) ~300 ~210 470 434 385
Lower heating value (MJ/kg) 42.7 425 19.9 26.8 33.1
Boiling point (°C) 25-215 180-370  64.5 78.4 117.7
Stoichiometric air/fuel ratio 14.6 14.3 6.49 9.02 11.13

4
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Latent heating (kJ/kg) at 25°C 380-500 270 1109 904 582
Energy Density (MJ/L) 32 39 16 19.6 29
Vapor Pressure (kPa) at 20°C 0.7-207 >0.7 12.8 7.58 0.53
Saturation Pressure (kPa) at 38°C  31.01 1.86 31.69 13.8 2.27
Viscosity (mm?/s) at 40°C 0.4-0.8 1.9-4.1 0.59 1.08 2.63
(20°C)

Compatibility with existing Yes Yes No No Yes
infrastructure

1.3 Potential of n-Butanol Fuel

The experimental investigations on gasoline-n-butanol and diesel-n-butanol
blends have been conducted in various engine setups such as in SI engine [36—44], CI
engine [45-53] and HCCI engine [54-58]. While n-butanol is suitable for blending
with gasoline and diesel fuel, the oxygen content of n-butanol is anticipated to
minimise soot emission more significantly in diesel engine as soot is one of the major
pollutants from diesel combustion [45,47,48,51,59]. Moreover, some studies reported
that the NOx emission is reduced due to lower in-cylinder temperature [46,52,60]. This
indicates that n-butanol could cancel off the soot-NOx trade-off relationship that has
been a problem in diesel combustion. On the contrary, soot emission in SI and HCCI
engines are significantly lower than in diesel engine even without the usage of n-
butanol due to the increased in mixture homogeneity which lowers the local
equivalence ratio [5]. However, gasoline-n-butanol blends are reported to produce
higher UHC [61] and non-regulated emissions such as formaldehyde (CH20),
acetaldehyde (CH3CHO) and acetylene (C2H2) [38] which is harmful to human health
and the environment. Meanwhile, as compared to pure gasoline and diesel fuels, the
addition of n-butanol gives similar BTE with slightly higher fuel consumption which
is due to a lower heating value of n-butanol [38—40,45,50].

Although n-butanol provides many benefits when blending with gasoline and
diesel fuels, studies related to pure n-butanol in internal combustion engines are rather
limited. This is mainly due to rapid heat release and high pressure rise rate which could
lead to unstable combustion [62]. In order to minimise the maximum pressure rise rate,
air dilution method is attempted but this further deteriorates the combustion stability
of pure n-butanol combustion [63]. Yanai et al. [64] also observed that pure n-butanol

could not ignite under natural aspirated conditions at engine load of 6.5 bar indicated
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mean effective pressure (IMEP) and compression ratio of 18.2 due to low reactivity.

In SI engine, the spark timing window for a stable operation for n-butanol combustion
is relatively narrow at only 3 crank angle degree (CAD) [65]. Besides, adjustment to
the spark timing has to be done to obtain maximum brake torque as n-butanol has

faster laminar flame speed than gasoline [66].

The problems faced using pure n-butanol directly in internal combustion
engines collectively indicates that several engine modifications have to be done to
improve the engine performance. Therefore, it can be concluded that for the time being
it is more feasible to blend n-butanol with gasoline or diesel fuel in modern internal
combustion engines. Nonetheless, as highlighted previously, the effects of blending n-
butanol with diesel is more pronounce than with gasoline in terms of the reduction of
emission such as soot. This shows the advantages of blending n-butanol with diesel
outweighs those with gasoline and thus more research effort should be directed

towards the fuel development of diesel-n-butanol blend in diesel engine.

14 Current Understanding on the Combustion and Emission Characteristics

of Diesel/n-Dodecane-n-Butanol Blends

Diesel fuel is complex and instead a diesel surrogate fuel such as n-heptane or
n-dodecane will be usually used as a substitute in experiments. However, it is found
that longer carbon chain surrogates (C > 10) are much more suitable to represent real
diesel because it has a closer resemblance in physiochemical properties to diesel fuel
[67]. Hence, based on the aforementioned fact, n-dodecane is more favourable to be
used as a diesel surrogate than n-heptane. As shown in Table 1-2, both diesel and n-
dodecane have very similar physiochemical properties but experimental results
showed that there is slight noticeable differences in the spray characteristics under
non-reacting and reacting conditions [68,69]. For instance, the liquid penetration
length (LPL) of n-dodecane is slightly shorter than diesel fuel by around 5 mm but the
vapour penetration length (VPL) between both fuels is similar. Moreover, due to the
higher cetane number of n-dodecane fuel, the ignition delay (ID) and flame lift-off
length (FLOL) are shorter than diesel fuel by 0.5 ms and 5 mm, respectively.
Nonetheless, in the context of fuel combustion, these differences are considered

marginal and researchers will still opt to use a diesel surrogate fuel due to its simplicity.
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This practice is even more widely adopted in combustion modelling where there is a

need to simplify the fuel chemistry and reduce the number of species and reactions to

avoid high computational time.

Table 1-2: Comparison of physiochemical properties between diesel and n-dodecane
fuels [70].

Fuel properties Diesel n-Dodecane
Fuel density (kg/m?) 846 752.1
Cetane number 46 87

Lower heating value (MJ/kg) 42.97 44.17
Kinematic viscosity (mm?/s) 2.32 1.5
Aromatics vol. % 27 0

Flash point (°C) 73 83

To date, the combustion and emission characteristics of diesel/n-dodecane-n-
butanol blends are investigated in both diesel engine and constant volume combustion
chamber where the typical n-butanol blending ratio is in the range of 5 — 30% [47—
50,52,71-77], with some as high as 40% [51,53,78-81]. Various engine-out
measurements such as BTE, brake specific fuel consumption (BSFC), coefficient of
variance (COV) and downstream tailpipe emission data for soot, NOx, CO and UHC
are obtained from the diesel engine experiments. Results from diesel engine indicate
that when n-butanol is added as an additive to diesel fuel, the BTE is still comparable
to that of pure diesel but the BSFC increases slightly [45]. Soot and CO emissions of
diesel-n-butanol blends are reduced while UHC emission is higher due to improper
fuel atomisation [46]. However, there are contradicting results in the NOx emission
where it depends on the engine setup/configuration and blending ratio. For the
experiments in a constant volume combustion chamber, the results obtained are such
as the LPL, VPL, spray cone angle, ID and FLOL. According to the experimental
results, there is a general consensus that the LPL of diesel-n-butanol and n-dodecane-
n-butanol are longer than their respective pure fuel components whereas the
differences in VPL and spray cone angle between are only marginal. The ID and FLOL
of n-butanol blends with diesel or n-dodecane are also extended as compared to pure
component fuels which is attributed to the lower cetane number of n-butanol that

reduces the auto-ignition tendency.
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While the results in both diesel engine and constant volume combustion

chamber are valuable to the fuel development of diesel/n-dodecane-n-butanol, it
remains daunting task to study the chemical kinetics behind the spray combustion
events. To this end, numerical modelling through Computational Fluid Dynamics
(CFD), could be used as a cost-effective approach to overcome this challenge. Within
the context, only very limited numerical research have been done on diesel/n-
dodecane-n-butanol as n-butanol is considered one of the newer alcoholic biofuel as
compared to ethanol and methanol. Moreover, the currently available chemical kinetic
mechanisms that are used to simulate the combustion and emission of diesel-n-butanol
have also mainly used n-heptane as the diesel surrogate fuel whereas mechanisms that
utilise long carbon chain surrogates are extremely scarce. All these collectively
suggest that the application of diesel/n-dodecane-n-butanol blends in numerical
research is still in the nascent stage. Nonetheless, due to the potential of n-butanol,
there is a pressing need to enhance the fundamental knowledge of diesel/n-dodecane-
n-butanol from a joint viewpoint of CFD and chemical kinetics, which could support

and complement the findings from experimental measurements.

To follow up on the above summary, a few research questions are presented

and they are as follows:

1. What is the availability of a diesel-n-butanol kinetic mechanism that
utilises long carbon chain diesel surrogate fuel?

2. Are the existing diesel/n-dodecane-n-butanol kinetic mechanisms well
validated under a wide range of engine operating conditions?

3. How does the fundamental ignition, combustion and flame
characteristics of diesel/n-dodecane-n-butanol differ from the pure
diesel/n-dodecane?

4. How does the fundamental soot characteristics of diesel/n-dodecane-n-

butanol differ from pure diesel/n-dodecane?
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1.5

Research Objectives

In view of the current state of knowledge, the aim of the present study is to

address the limitations related to the chemical kinetic mechanisms for diesel-n-butanol

blends and the applications in multi-dimensional simulations concerning the spray

combustion. To achieve the aim, four main objectives are carried out and they are as

follows:

1.

2.

Develop a n-dodecane-n-butanol-polycyclic aromatic hydrocarbon (PAH)
reduced mechanism and validate it under a wide range of diesel engine

relevant conditions.

In combustion modelling, a set of chemical kinetics that is able to describe the
combustion chemistry precisely is crucial to obtain accurate results. Currently,
chemical kinetic mechanisms for diesel-n-butanol that are available in
literature mainly utilise n-heptane as the diesel surrogate fuel [82—85]. In spite
of that, higher carbon alkanes are more suitable to be used to mimic diesel fuel

but the diesel-n-butanol mechanisms that utilise these large alkanes are scarce.

For this reason, a reduced chemical kinetic mechanism for n-dodecane-n-
butanol is developed where n-dodecane is the diesel surrogate fuel. The
detailed mechanism of n-butanol is reduced using various reduction methods
to accommodate the current computational power for practical CFD
simulations. Moreover, the chemistry of PAH is also added in as it is crucial
for soot formation. Validations under a wide range of diesel engine conditions
such as shock tube (ST) ID times, jet-stirred reactor (JSR) species
concentration, laminar flame speed and premixed flame species concentration
are then performed to ensure the reduced mechanism is robust and

comprehensive.

Formulation of CFD sub-models with the integration of chemical kinetics and

validate the approach against constant volume experimental measurements.

The developed n-dodecane-n-butanol-PAH reduced mechanism is integrated
into the CFD solver to resolve the combustion chemistry of the spray

combustion. Besides, various parametric studies are conducted to select a set
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3.

4

of CFD sub-models to simulate the fuel spray breakup, turbulence, ignition,
combustion and soot emission in a constant volume combustion chamber. To
validate the CFD sub-models and the chemical kinetic mechanism, the
predicted LPL, VPL, ID, FLOL and soot emission are compared to the

experimental measurements under both non-reacting and reacting conditions.

Investigate the effects of n-butanol blending ratio and ambient temperature on
the fundamental ignition, combustion and flame characteristics of n-dodecane-

n-butanol spray.

Understanding the fundamental ignition and flame characteristics of n-
dodecane-n-butanol is essential in developing clean combustion engines.
However, most of the existing studies related to n-dodecane-n-butanol focus
only on the engine-out measurements whereas there is a lack of understanding
on the detailed spray processes of n-dodecane-n-butanol. Hence, to cover the
knowledge gap, detailed investigation on the spray processes starting from fuel
injection till quasi-steady state for n-dodecane-n-butanol blends are conducted.
The effects of n-butanol blending ratio and ambient temperature towards the
ignition and flame characteristics are simulated and analysed. Combustion
mode analysis is also performed on the n-dodecane-n-butanol flame
development as it is beneficial in understanding the pollutant formation and

other intermediate species within the reacting flame [86].

Investigate the effects of n-butanol blending ratio and ambient temperature on

the soot processes and mechanisms of n-dodecane-n-butanol spray.

Soot emission for n-dodecane-n-butanol blend is generally reduced due to the
oxygen content in n-butanol. Nevertheless, the detailed soot evolving
processes of n-dodecane-n-butanol from the perspective of chemical kinetics
is still less understood. Even so, the numerical soot studies related to diesel-n-
butanol (n-heptane and n-dodecane diesel surrogate) in a constant volume
combustion chamber are only limited to low n-butanol blending ratio (<20%)
[87,88] and the quasi-steady soot is also not well explained. Set against these

backgrounds, soot modelling study of n-dodecane-n-butanol blends are

10
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conducted here where the effects of n-butanol blending ratio (as high as 40%)

and ambient temperature towards the soot volume fraction (SVF), soot particle
size, soot density and its relevant intermediate species are examined. Soot
relevant rates are also analysed to elucidate the underlying soot formation and

oxidation mechanisms in the n-dodecane-n-butanol spray flames.
1.6 Thesis Outline

The current chapter, Chapter 1 gives a brief overview of alcohol-based fuel in
particular n-butanol and the potential of it in diesel engines. The overall scope and
objectives of this thesis are also defined. Following that, a comprehensive literature
review on the developments of existing chemical kinetic mechanisms for diesel
surrogate fuel, n-butanol, PAH and diesel-n-butanol mechanisms are presented in
Chapter 2. Reduction methods that are commonly used for reducing large scale
mechanism are also appraised. Moreover, a thorough discussion regarding recent CFD
modelling study of diesel-n-butanol blends under diesel engine or constant volume

combustion chamber conditions are also presented.

In Chapter 3, the theoretical background and mathematical governing
equations of the CFD sub-models that are involved for the chemical kinetics and CFD
simulations are presented. Chapter 4 describes the developmental work of a n-
dodecane-n-butanol-PAH chemical kinetic mechanism where n-dodecane is the diesel
surrogate fuel. The methodology used to construct the reduced n-dodecane-n-butanol-
PAH mechanism is discussed in detailed. Zero-dimensional (0D) and one-dimensional
(1D) model validations under a wide range of engine relevant conditions are conducted
by comparing the predictions by the reduced mechanism against those of the
predictions by the detailed mechanism and experimental measurements. Subsequently,
mesh independence test and parametric studies such as time-step, spray breakup and
turbulence are conducted in Chapter 5 to select the optimum settings for the two-
dimensional (2D) spray combustion simulations in a constant volume combustion
chamber. The reduced mechanism developed in Chapter 4 is then integrated into the

CFD solver where its fidelity is also being evaluated under 2D simulations.

Chapter 6 investigates the effect of n-butanol blending ratio and ambient

temperature on the ignition and flame characteristics of n-dodecane-n-butanol spray

11
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flames. The flame development of n-dodecane-n-butanol are highlighted alongside the

formation of intermediate species within the reacting flame. Furthermore, Chapter 7
focuses on the soot modelling for the n-dodecane-n-butanol spray flames with the
emphasis on the evolution of soot and its intermediate species. Soot relevant rates are
also presented to further establish the soot formation and oxidation mechanisms in n-
dodecane-n-butanol spray flames. Lastly, Chapter 8 summarises the key findings of

this entire research study and highlights the potential future work.

12
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CHAPTER 2
LITERATURE REVIEW

2.1 Introductory Remarks

This chapter provides a comprehensive literature review to the current study.
Section 2.2 reports the recent developments on the chemical kinetic mechanisms for
diesel surrogate, PAH, n-butanol and diesel-n-butanol. In Section 2.3, the available
chemical kinetic reduction methods for reducing large scale mechanisms are reviewed.
The CFD modelling studies of diesel-n-butanol blends in both diesel engine and
constant volume combustion chamber are reviewed in Section 2.4. Lastly, key points

from the literature review are highlighted in Section 2.5.

2.2 Chemical Kinetic Mechanism

In combustion modelling, chemical kinetic mechanisms are often integrated
with CFD to describe the detailed reactions of the combustion. Therefore, the selection
of mechanisms is crucial to obtain reliable modelling results. This section aims to
review the recent developments of chemical mechanisms for diesel surrogate, PAH,

n-butanol and diesel-n-butanol.

2.2.1 Diesel Surrogate

Diesel fuel that is derived from petroleum sources typically consists of
hundreds to thousands of compounds and the development of models to represent all
those compounds would be too computational demanding for current computing
power [89]. For example, Herbinet et al. [90] showed that a large biodiesel mechanism
with 3012 species requires around 3 hours to complete one cycle of engine simulation
whereas a n-heptane mechanism requires only 10 minutes. On the account of this,
diesel fuel has been often represented by simpler straight-alkanes called “surrogate
fuels” [89]. A surrogate fuel is used to mimic the combustion and emission
characteristics of real diesel fuel in various combustion applications but it might lack
components that are representative of molecules contained in real diesel fuel [91]. This
is why surrogate fuel is formulated based on the application of interest and “targets”

such as property targets, development targets and application targets are used to

13
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determine the accuracy of surrogate fuel with respect to real diesel fuel [91]. The

definition of each target is explained in detailed in the publication by Farrell et al. [91].

Among the surrogate fuel, n-heptane is frequently used to represent diesel fuel
in diesel combustion simulations [82,86,92,93]. This is because n-heptane has a cetane
number of 55 which is comparable to the European and Japanese diesel fuel [91].
Nevertheless, the number of carbon in n-heptane is fewer than those of practical diesel
fuel, which is in the range of 10 to 25 carbon atoms [91,94]. The carbon chain length
of a surrogate fuel is found to have an impact on the auto-ignition behaviour as longer
chain alkanes exhibit higher reactivity than shorter chain alkanes at low temperatures
[91]. This is because hydrogen atoms attached to the tertiary carbon atom tend to have
a higher rate of H-atom abstraction followed by those attached to the secondary and
primary carbon atom [95]. Besides, the longer the carbon chain, the greater the ratio
of secondary to primary hydrogen atoms which explains why longer chain alkanes
exhibit higher reactivity [96]. As such, a surrogate fuel with carbon atoms between 10

to 25 is more favourable to be used to represent diesel fuel.

The compilation of the available straight alkane surrogate kinetic mechanisms
with carbon chain length between 10 to 25 carbon atoms are tabulated in Table 2-1
alongside their validating conditions. Among the large surrogate mechanisms listed in
Table 2-1, there are more kinetic mechanisms for n-decane (CioH22) and n-dodecane
(C12Hz6) than those higher carbon surrogate mechanisms such as n-tetradecane (C14H30)
and n-hexadecane (CicHz4). This is due to the lack of experimental data for the
validation of large carbon surrogate mechanisms. Furthermore, the kinetic mechanism
generally increases in number of species and reactions as the carbon number increases

which makes it unfavourable for CFD simulations.

Recently, much developmental effort on diesel surrogate mechanism has been
focused on n-dodecane fuel. This is because the boiling characteristics of n-dodecane
falls in the mid-range of diesel fuel and is expected to simulate the air-fuel mixing
process better than n-heptane fuel [67,94,97]. Furthermore, as mixing-controlled
combustion is dominant in diesel engine, the high volatility of n-heptane might not
capture the mixing processes accurately [67]. Nevertheless, one might argue that

employing a higher carbon surrogate mechanism could better simulate the spray and

14
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combustion characteristics of diesel fuel. However, Narayanaswamy et al. [98]

pointed out that n-dodecane has been identified to give a good compromise between
having a long carbon chain and also a reasonable molecule size, which shows that n-

dodecane is a promising surrogate candidate to represent diesel fuel.
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Table 2-1: Compilation of large diesel surrogate mechanisms (C =>10).

Number Number Validating conditions
Fuel Type of .
Author . of of e Equivalence Ref
type mechanism . 0 Types of validation . Temperature Pressure
species  reaction ratio
CioH22 Pyrolysis in flow reactor - 1060 K 1.01 bar
Zeppieri et Oxidation in flow reactor 1.0 1019 K 1.01 bar
o Reduced 32 407 ST ID times 10,20  1000-1333K 13+ 15bar )
JSR species concentration 1.0 1033 K 1.01 bar
ST ID times 1.0,2.0 667 — 1250 K 12, 50 bar
Bikas and JSR species concentration 0.1-1.5 550-1110K 10.13 bar
Peters Reduced 67 600 Premlijxed laminar flames 1.7 - 1.01 bar [100]
Laminar flame speed 0.7-14 298 K 1 bar
Buda et al. Detailed 715 3872 ST ID times 1.0 660 — 1200 K 12, 50 bar [101]
Moraelac ® Detailed 506 3684 ST ID times 05-20  700—1350K 13,503 bar  [102]
ST ID times 0.5-3.0 667 - 1616 K 13.0 —81.6 bar
Westbrook ' RCM ID times 1.0 680 —-740 K 14.3 bar
ot al. Detailed 940 3878 Py?oly.sm in flow reactor - 1060 K 1.01 bar [103]
Oxidation in flow reactor 1.0 1019 K 1.01 bar
JSR species concentration 1.0 500-1100 K 1.01, 10.1 bar
ST ID times 0.5-1.5 600 —-1600 K  1.01 —40.53 bar
Niemeyer et Reduced 202 846 Laminar flame speed 0.8-14 400 K 1.01 —40.53 bar [104]
al. 51 256 Perfectly stirred reactor 0.5-1.5 300K 1.01 —40.53 bar
(PSR)
. Pyrolysis in flow reactor - 900 -1200 K 1.01 bar
Titovaetal.  Reduced ta4 1021 ST ID times 05-20 7001250 K  13.17-8l.6bar L0
Chang et al. Reduced 40 141 ST ID times 0.5-2.0 650—-1500K  5.06—8l.6bar [106]
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RCM ID times 0.5,0.8 650 - 692 K 7 —30 bar
JSR species concentration 0.5-2.0 550-1150K  1.01, 10.13 bar
Premixed laminar flame 1.7 - 1.01 bar
Oxidation in flow reactor 1.0 520-1019K  1.01 —12.66 bar
Opposed-flow diffusion - 400 K 1.013 bar
flame (OPPDIFF)
Laminar flame speed 0.7-1.4 300 - 500 K 1.01, 2.02 bar
SSTT i limes 1.0 650 - 1250K  5.06 - 80.6 bar
Chang et al. Reduced 36 128 Laminar flame speed 0.57,1.96 1000 - 1700 K 52.48 —68.8 bar [107]
0.7-1.4 400 K 1.01 —3.03 bar
ST ID times 0.25-3.0 700 - 1810 K 1.84 —81.6 bar
Oxidation in ST 0.57-1.96 940 -1745 K 46.6 — 75 bar
JSR species concentration 0.5-2.0 900 - 1300 K 1.01 bar
Zeng et al. Detailed 234 1452 Pyrolysis in flow reactor - 780 —-1500 K 0.006 —1.01 bar [108]
Premixed laminar flame 0.7-1.8 500 - 2200 K 0.04, 1.01 bar
OPPDIFF - 298 — 1700 K 1.01 bar
Laminar flame speed 0.6-3.0 360 - 500 K 1.01 —3.03 bar
Jia et al. Detailed 164 842 Pyrolysis in flow reactor - 780-940 K 30 bar [109]
ST ID times 0.5-2.0 700 - 1300 K 13.17, 50.66 bar
Xietal. Reduced 126 523 JSR species concentration 1.0 750 - 1100 K 1.01, 10.1 bar  [110]
Laminar flame speed 0.7-14 360-470K 1.01 bar
Ci12H26 Pyrolysis in flow reactor - 893 K 1.01 bar
Westbrook . Pyrolysis in JSR - 773 - 1073 K 1.01 bar
et al Detailed 1282 5030 JSR species concentration 1.0 900 -1100 K 1.01 bar [103]
Pressurized flow reactor 0.2,0.3 625 - 875K 8.1 bar
You et al. Detailed 171 1306 Pyrolysis in plug flow reactor - 950-1150K 1.01 bar [111]
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Pyrolysis in JSR - 873 - 1073 K 1.01 bar
Laminar flame speed 0.6-1.6 403,470 K 1.01 bar
ST ID times 0.5, 1.0 7141176 K 20.2 bar
ST ID times 0.5,2.0 700 - 1700 K 1.01 —101.3 bar
PSR 0.5,2.0 300 K 1.01 — 101.3 bar
JSR species concentration - 850 - 1100 K 1.01 bar
Som et al. Reduced 103 370 OPPDIFF i i 101 bar [112]
Three-dimensional (3D) - 900 K 60 bar
spray simulation
Mze- JSR species concentration 0.5-2.0 550 -1200 K 10 bar
Ahmed et Detailed 1377 5864 ST ID times 0.5,1.0 720-1150 K 15 — 34 bar [113]
al. ST oxidation - 1392 - 1418 K ~2.2 bar
ST ID times 0.5, 1.0 750 — 1200 K 8.1 —40.4 bar
ST oxidation 0.46, 2.05 1000 - 1700 K 20.2 — 62 bar
Chang et al. Reduced 36 128 JSR species concentration 0.5-2.0 550 -1200 K 10.1 bar [107]
Pressurized flow reactor 0.2-0.3 600 — 800 K 8.08 bar
Laminar flame speed 0.7-14 400-470 K 1.01 —3.03 bar
ST ID times 0.5,2.0 700-1700 K 1.01 —101.3 bar
PSR 0.5,2.0 300 K 1.01 — 101.3 bar
557 2546 JSR species concentration 1.0 600 - 1150 K 10 bar
Luo etal. Reduced 105 420 Laminar flame speed 0.7-1.4 403 K 1.01 bar [67]
OPPDIFF - - 1.01 bar
3D spray simulation - 900 K 60 bar
ST ID times 0.67-2.0 714 - 1250 K 20 — 80 bar
JSR species concentration 0.5-2.0 500 - 1000 K 10.1 bar
Wang etal.  Reduced 100 432 ST oxidation 0.46-2.05 1000 1700K 50.1-5L4bar 14
Spray combustion simulation - 850 — 1200 K ~ 60 bar
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ST ID times 0.5-1.0 625—-1450 K 14.2 —40.4 bar
Narayanasw ST oxidation 0.46 900 — 1700 K 50.5 bar
Reduced 255 2289 ST pyrolysis - 1000 — 1800 K 22.3 bar [98]
amy et al. Pressurized flow reactor 0.23,1.0 550 -1000 K 8.08 bar
Laminar flame speed 0.7-1.7 353-470K 1.01 — 10.1 bar
ST ID times 0.5-2.0 727-1739 K 2.02 —40.4 bar
JSR species concentration 0.5-2.0 550-1150K 1.01, 10.1 bar
Frassoldati Reduced 96 993 Plug flow reactor 0.23, 1.0 500 - 1000 K 8.08 bar [115]
et al. 133 2275 Batch reactor 1.0 523 -623 K 0.13 — 0.54 bar
Laminar flame speed 0.7-1.5 400 -470 K 1.01 — 3.03 bar
Spray combustion simulation - 800 — 1100 K ~ 60 bar
ST ID times 0.5-2.0 714—-1111 K 20, 50 bar
Pyrolysis in JSR - 873 -1050 K 1.1 bar
Pyrolysis in flow reactor - 1050 K 1.01 bar [94,9
Yaoetal. Reduced >4 269 JS}l,{ sgecies concentration 1.0, 2.0 550~ 1150 K 10 bar 7]
Laminar flame speed 0.6-1.5 400 -470 K 1.01 — 3.03 bar
3D spray simulation - 800 — 1200 K ~ 60 bar
Pyrolysis in flow reactor - 1100 K 1.01 bar
JSR species concentration 0.5-2.0 550-1030 K 1.01, 10 bar
. 264 2331 ST pyrolysis - 860 — 1740 K 25.3, 50.7 bar
Zengetal.  Detailed 1734 6520 ST oxidation 046205 860 1740K  253,50.7bar  LL10)
ST ID times 0.5,1.0 833 -1250 K 6.78 —40.4 bar
Laminar flame speed 0.6-1.6 400 K 1.01 —3.03 bar
ST ID times 05-1.5 600 — 1300 K 8 —40.4 bar
. ST oxidation 0.46, 2.05 867—-1739 K 24.87 —50.2 bar
Maoetal.  Detailed 737 3629 Gyidation in flow reactor 05-15  600-1150K 1o1bar L7
Laminar flame speed 0.7-1.5 400-470 K 1.01 —3.03 bar

19



University of Nottingham Malaysia

r Univer-sitl_.] of
f 9l Nottingham
UK | CHINA | MALAYSIA

ST ID times 0.67-2.0 700 — 1300 K 50 bar
Xi et al. Reduced 162 631 JSR species concentration 0.5,1.0 700 - 1025 K 10 bar [110]
Laminar flame speed 0.7-1.4 400,470 K 1.01 bar
Cratlso We:tﬂ;o"k Detailed 1668 6449 JSR species concentration 1.0 900 — 1200 K 1.01 bar [103]
Chang et al. Reduced 36 128 ST ID times 0.5,1.0 9001350 K  13.17—-40.5bar [107]
Mze- .
) ST ID times 0.5,1.0 750 - 1300 K 13.17 bar
Ahmedet - Detailed 1813 7885 ISR 05-20  560-1030K 101bar U8
Semi-reduced 74 341 ST ID times 0.5, 1.0 900 - 1300 K  13.17 —40.5 bar
Sun et al. Reduced 62 279 Internal combustion engine 1.0,1.2 325,350K 1.01, 1.2 bar [119]
eduee ISR 2.2 1630 K -
Pyrolysis in flow reactor - 825-1275K 0.04 — 1.0 bar
. 254 2217 JSR species concentration 0.5-2.0 560 - 1030 K 10 bar
Zengetal.  Detailed 1975 6444 ST ID times 0.5, 1.0 833 1250K  13.17-40.5bar 2V
Laminar flame speed 0.7-14 423,443 K 1.01 bar
ST ID times 0.5, 1.0 850 - 1300 K 9.11 —50.6 bar
Internal combustion engine 1.0 350K 1.01 bar
Sun etal. Reduced 85 317 Oxidation in flow reactor - 1173 K 1.01 bar [121]
JSR species concentration 0.5 1040 — 1240 K 1.01 bar
Ci6H3zs  Westbrook . ST ID times 1.0 625 - 1250 K 13.5 bar
et al. Detailed 2116 8130 JSR species concentration 0.5-1.5 900 — 1400 K 1.01 bar [103]
Ristori et al. Detailed 242 1801 JSR species concentration 0.5-1.5 1000 — 1250 K 1.01 bar [122]
JSR species concentration 0.5-1.5 1000 — 1250 K 1.01 bar
Chaos et al. Reduced 98 944 Pyrolysis in quartz reactor - 973 K 1.01 bar [123]
Laminar flame speed 0.7-14 - -
Poon et al. Reduced 49 97 ST ID times 0.5-2.0 650 - 1350 K 60 bar [124]
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Spray combustion simulation - 1300 K ~60 bar
ST ID times 05-2.0 650 - 1350 K 40, 60, 80 bar
ST species concentration 1.0 650 - 1350 K 60 bar
Poon et al. Reduced & 289 JSR species concentration 1.0 650 - 1350 K 60 bar [123]
Spray combustion simulation - 900 K ~60 bar
Kourdisand  p  41ced 20 ; Internal combustion engine  0.36, 1.03, 1.5 650, 1000 K 40,60 bar  [126]

Bellan
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Westbrook et al. [103] developed a detailed chemical kinetic mechanism for

n-alkane hydrocarbons from n-octane to n-hexadecane and this mechanism consists of
2116 species and 8130 reactions. With the removal of several species and reactions
for larger component fuels, the resulting detailed mechanism for n-dodecane consists
of 1282 species and 5030 reactions. Westbrook et al. [103] further explained that a n-
alkane reaction mechanism can be classified into 25 classes by which 9 classes in the
high-temperature mechanism and 16 in the low-temperature mechanism. These
reaction classes are tabulated in Table 2-2 [103]. Additionally, the overall reaction
path diagram that describes the ignition of n-alkane hydrocarbon is shown in Figure
2-1 [103]. In Figure 2-1, the top section describes the oxidation pathway under high-
temperature combustion where the decomposition of alkyl radicals occurs while the
lower section shows that low-temperature combustion is initiated by the addition of

oxygen (O2) to the alkyl radicals.

Moreover, in contrast to Westbrook et al.’s [103] detailed mechanism, the n-
dodecane detailed mechanism developed by You et al. [111] is relatively compact in
size than the aforementioned detailed mechanism [103] with only 171 species and
1306 reactions. This detailed mechanism [111] is developed through the merging of a
111 species and 784 reactions mechanism, that describes the oxidation of hydrogen
(Hz2) and CO and the high-temperature chemistry of C; to C4 hydrocarbons, with a 60
species and 522 reactions mechanism that describes the high-temperature oxidation of
alkanes. From then on, successive studies have utilised those detailed mechanisms
[103,111] as a starting mechanism for the development of skeletal or reduced n-
dodecane mechanisms [67,94,97,112]. Several detailed and reduced mechanisms for
n-dodecane [110,116,117] have also been developed in recent years to improve the
predictions of the earlier developed n-dodecane mechanisms. Although improvements
to the predictions such as the ID times could be observed, the size of those mechanisms

[110,116,117] are large and this would likely increase the computational time.

Apart from standalone n-dodecane mechanisms, Wang et al. [114],
Narayanaswamy et al. [98] and Frassoldati et al. [115] developed their respective n-
dodecane mechanisms that includes a PAH mechanism. Since the PAH mechanism is

included as a sub-mechanism, the size of the mechanism increases and thus increasing

22



r Unive[sitg of
. . ) . i Sl Nottingham
University of Nottingham Malaysia UK | CHINA | MALAYSIA

the computational time in CFD simulations. In Wang et al.’s [114] study, they have
also reported that the ID and FLOL of n-heptane are over-predicted as compared to n-
dodecane whereas its soot mass is around two to three times lower. This shows that
there is noticeable difference in the combustion characteristics between n-heptane and

n-dodecane fuels.

Table 2-2: Low and high temperature reaction classes [103].

Reaction

Types of reaction
classes yp

High-temperature reaction classes
| Unimolecular fuel decomposition

2 H-atom abstraction from fuel

3 Alkyl radical decomposition

4 Alkyl radical + Oz = olefin + HO:

5 Alkyl radical isomerisation

6 H atom abstraction from olefins

7 Addition of radical species to olefins
8 Alkenyl radical decomposition

9 Olefin decomposition

Low-temperature reaction classes

10 Alkyl radical addition to Oz
11 R+R’0,=RO+R’0O
12 Alkylperoxy radical isomerisation
13 RO; + HO; = ROOH + O,
14 ROz + H202 = ROOH + HO»
15 RO+ CH30, =RO + CH30 + O2
16 RO, +R’0O2=RO+R’0O+ O2
17 RO;H =RO + OH
18 Alkoxy radical decomposition
19 QOOH decomposition and production of cyclic ethers
20 QOOH beta decomposition to produce olefin + HO>
21 QOOH decomposition to small olefin, aldehyde and OH
22 Addition of QOOH to molecular oxygen O»
23 02QOO0H isomerisation to carbonylhydroperoxide + OH
24 Carbonylhydroperoxide decomposition
25 Reactions of cyclic ethers with OH and HO»

Note: R and R’ both have same number of carbon atoms.
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RH
v
R —> olefin+ R
O2
v
RO,
Y olefin + HO,
QOOH § cyclic ether + OH
0 olefin + ketene + OH
2
v

0,Q00H —— keto-hydroperoxide + OH

|—. (low T branching)

Figure 2-1: Pathway diagram describing the high and low temperature ignition for
hydrocarbon [103].
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2.22 PAH

High soot formation remains as one of the major drawbacks in diesel engines
and the understanding of the soot mechanism is of paramount importance to facilitate
various combustion strategies to minimise soot [127]. C2H» has been widely been
regarded as a soot precursor and it has been used in many previous soot modelling
studies [93,128-133]. However, Schuetz and Frenklach [134] observed through
molecular dynamics simulation that soot nucleation is initiated through the collision
of PAH molecules. Moreover, Wen et al. [135] compared the usage a CoH»> and a PAH
based inception model for the prediction of soot formation in kerosene flames and it
is observed that there are significant improvements in the prediction of SVF when the
PAH inception model is utilised as compared to the C2H> inception model [135]. This
shows the importance of PAH as an intermediate species in the soot formation process

and should be thus employed as the soot inception model [135].

The formation of PAH and their sequential growth into soot was discussed in
detailed by Richter and Howard [136] and a brief schematic diagram depicting the
soot formation processes is shown in Figure 2-2 [137]. PAHs are generally considered
as species that acts as building blocks for the transition of gaseous phase to solid phase
[138,139]. The pyrolysis of fuel produces various soot precursors and species such as
benzene (A1) and CoHz have been often recognised as a soot precursor [136]. While
the usage of C2H; as soot precursor has resulted in several successful soot modelling
studies [93,128—-133], A plays a vital role in the formation of larger PAH species. On
the other hand, C;H> aids the formation of larger PAH species through the “H-
Abstraction-Carbon-Addition” (HACA) mechanism that was proposed by Frenklach
and Wang [140,141]. However, Frenklach [142] mentioned that C,H> is not the only
surface growth species as species such as methyl, propargyl and cyclopentadienyl have

also been discovered to contribute to soot surface growth.

Precursors Nuclei PrimaryParticles Agglomerates
= CoH, o, *
W Pyrolysis Nucleation . .: Coalescence *g's*s* Agglomeration -f‘
E _— —_— l:-..":.-,- —_— o.:.,oto' —_— ".
’ Surface ° -.-'.'.-_' I oo
PAH Growth

Figure 2-2: Schematic diagram of soot formation processes from gas phase to solid
agglomerate particles [137].
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For the past two decades, researchers have been developing PAH chemical

kinetic mechanisms in order to obtain reliable soot modelling results. For instance,
Wang and Frenklach [143] developed a 99 species and 527 reactions PAH mechanism
to describe the fuel pyrolysis, oxidation, A; formation and PAH mass growth/
oxidation. Predictions by the mechanism [143] have shown that mass growth of PAH
up to pyrene (As) is well described by the HACA mechanism. Nevertheless, the
predicted peak mole fractions for the PAH deviated by a factor of three to the
experimental data under C,H, flame conditions. Furthermore, Appel et al. [138]
updated Wang and Frenklach’s [143] mechanism by including reactions of
acenaphthylene (A2Rs) and vinylacetylene (Cs4Hs). However, despite the changes
made to the reaction rate constant of allenes (a-C3Ha), A4 is still under-predicted with
a factor of 10 to the experimental data under ethane (C2Hg) flame. Similarly, Marinov
et al. [144,145] also observed that the concentration of A4 is under-predicted around
two orders magnitude despite having reasonable prediction for the two-ring and three-
ring PAHs. Besides, D’Anna and co-workers [146,147] noticed that their developed
PAH mechanisms over-predicts the A concentration by a factor of three to four but
the peak SVF is under-predicted by a factor of two under coflowing diffusion ethylene
(C2Hs) flames. This suggests that their chemical kinetic mechanisms [146,147]
probably lacks the reactions that are able to link the transition of gaseous species to
the solid phase soot. Moreover, the under-prediction of A4 concentration in the work
of Appel et al. [138] and Marinov et al. [144,145] indicates that reactions that

contributes to the formation of A4 could be incomplete.

Set against this drawback, Slavinskaya et al. [148,149] constructed a 93 species
and 729 reactions chemical kinetic mechanism that contains up to five aromatic rings
species. In the formation of larger PAH species, it is noted that apart from the HACA
mechanism, reactions of aromatic molecules/radicals — small molecules and aromatic
molecules — aromatic radicals are also responsible for it [148]. Slavinskaya et al. [149]
also compared their newly developed PAH mechanism to the previous PAH
mechanisms [138,145] and found that the previous mechanisms [138,145] only
consider the HACA mechanism for the growth of A4 from phenanthrene (As3). This
explains why there is a huge deviation in the prediction of A4in the previous modelling

studies [138,145]. Hence, in order to improve the prediction of A4, Slavinskaya et al.
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[149] added two additional routes: AxRs + diacetylene (CsH2) = A4 and A1CoH- +
A1C2H = A4 + H into their mechanism and the prediction of A4 improves significantly.
This improvement consolidates their earlier theory [148] that the formation of large

PAH species does not depend only on the HACA mechanism.

In terms of PAH reduced mechanisms, Wang et al. [82] developed a PAH
reduced mechanism based on the detailed mechanism by Slavinskaya et al. [148,149]
with 41 species and 228 reactions that describes the PAH formation up to Aas.
Meanwhile, Zeng and Chen [150] constructed a PAH reduced mechanism for C>Hg
combustion that comprises of 52 species and 83 reactions. Both reduced mechanisms
[82,150] showed good validation results for the predictions of building blocks species
such as CoH,, CoHy, C4Hz and C4Hs and PAH species such as A1, naphthalene (A»),
Az and A4. However, the PAH reduced mechanism by Wang et al. [82] has shown to
be more accurate and has been used in many subsequent soot modelling studies

[114,151-153].

Recently, Dong et al. [154] developed a reaction mechanism for PAH up to
coronene (A7) for a multi-component diesel surrogate mechanism because it is
observed that there are discrepancies between the measured and calculated soot
emissions with A4 as the soot precursor. Nevertheless, Yoshihara et al. [155] found
that the inclusion of PAH species larger than A4 only resulted in a final soot amount
not more than a factor of two. Hence, a PAH mechanism up to A4 should give

reasonable soot prediction without incurring high computational cost.
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2.2.3 n-Butanol and its Isomers

From the kinetic modelling standpoint, the development of chemical kinetic
mechanisms for n-butanol and its isomers is one of the main focus over the past decade.
The available detailed chemical kinetic mechanisms for n-butanol and its isomers with
its corresponding validating conditions are summarised in Table 2-3. Although the
size of the n-butanol mechanisms is relatively smaller than those of diesel fuel, it is
still large with up to a few hundred of species and a few thousands of reactions.
Nonetheless, it should be noted that several detailed mechanisms [156—-161] consists
of all the butanol isomers and hence the large mechanism size. According to Table 2-3,
the developed butanol detailed mechanisms [156—167] have been generally validated
over a wide range of operating conditions such as ST ID times, JSR species
concentration, laminar flame speed, pyrolysis species concentration and premixed
laminar flame species concentration. The predictions by the butanol detailed
mechanisms [156-167] have shown reasonable agreement to each validating
conditions which then can be used as a starting point for the development of butanol
reduced mechanism. The kinetic modelling of detailed butanol mechanism shows that
the reactivity of the butanol isomers under ST auto-ignition conditions is in the
descending order of n-butanol, iso-butanol, sec-butanol and tert-butanol [156].
Besides, it is found that butanol is mainly consumed through the H-atom abstraction
followed by the B-scission which results in the production of fuel radicals [164] and
these reactions have an influence on the ID times and species concentration profiles
[159]. Meanwhile, Black et al. [162] discovered that the a position in the n-butanol
fuel structure has the highest tendency for H-atom abstraction followed by vy, B, 0
position. This is due to the lowest bond dissociation energy at the a position as
compared to other positions as shown in Figure 2-3. Contrarily, the abstraction from
the OH group is least important [ 162]. Furthermore, in Zhang et al.’s [167] experiment,
the H-atom abstraction is deduced to be an important reaction for the oxidation of n-
butanol while unimolecular decomposition reaction only becomes dominant at higher

temperatures.
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Figure 2-3: Bond dissociation energies of the n-butanol fuel structure [162]. The
values shown are the dissociation energies in kJ/mol.

Despite the abundance of butanol detailed mechanisms, butanol reduced
mechanism is more preferable for CFD simulations. Table 2-3 shows that the
development of butanol reduced mechanisms mainly focuses on the n-butanol isomer.
However, Chang et al. [168] managed to develop a compact reduced mechanism that
consists of all butanol isomers with only 66 species and 196 reactions. On the other
hand, Hui et al. [169] separately developed reduced mechanisms for each butanol
isomer using the detailed mechanisms of Sarathy et al. [160] and Merchant et al. [170].
Although the number of species in the reduced mechanisms developed by Hui et al.
[169] is generally lower than 100, the number of reactions are still high at around 1000
reactions averagely. Nonetheless, the n-butanol reduced mechanisms by Feng et al.
[171] and Diaz-Gonzélez et al. [172] are relatively compact in size and have been
validated in various engine relevant operating conditions such as ST ID times, JSR
species concentration and laminar flame speed. However, it is noticed that the reduced
mechanism by Feng et al. [171] was not validated under lean operating conditions for
ST ID times which is the main feature in HCCI engine [6]. Furthermore, Wang et al.
[82] developed a n-butanol reduced mechanism that consists of 44 species and 177
reactions and has shown good validation results under ST ID times and premixed
laminar flame species concentration. Despite that, it is only validated under a small
range of operating conditions in which the fidelity of the mechanism remains unknown

at other operating conditions apart from those being validated.
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Table 2-3: Compilation of detailed and reduced mechanisms for n-butanol and its isomers.

T f Number Number Validating conditions
Author ypeo of of Equivalence Ref.
mechanism . - Types of reactor . Temperature Pressure
species reaction ratio
Moss et al. Detailed” 158 1250 ST ID times 0.25-1.0 1200 — 1800 K 1.0-4.0bar [156]
JSR species concentration 0.25-2.0 800 — 1250 K 1.0 bar
Sarathy et al. Detailed 118 878 Laminar flame speed 0.7-14 350K 0.9 bar [164]
OPPDIFF - - 1.0 bar
Dagaut et al. Detailed 116 880 JSR species concentration 0.5-2.0 800 — 1150 K 10.1 bar [163]
Pyrolysis in ST - 1200 - 1600 K 1.0 bar
Pyrolysis in flow reactors 0.67 1027 K 1.0 bar
o ST ID times 0.25-2.0 1250 — 2000 K 1.0 bar
Grana et al. Detailed 249 7933 JSR species concentration 1.0 800 — 1250 K 1.0, 10.1 bar [157]
Laminar flame speed 0.7-1.5 343 K 1.0 bar
OPPDIFF 0.23, 0.5283 - -
Black et al. Detailed 234 1399 ST ID times 0.5-2.0 1100 — 1800 K 1.0 — 8.1 bar [162]
JSR species concentration 0.5-2.0 800 - 1150 K 10.1 bar
Pyrolysis - 673 -1010 K 1.72 bar
Geem et al. Detailed? 281 3608 ST ID times 025-1.0 1250 - 1818 K 1.30-3.95bar [158]
Doped methane flames - 445 - 1898 K -
. Ignition temperature - - 1.0, 3.0 bar
Liuetal.  Reduced o1 i Laminar flame speed 0.6-1.6 353K 1.0.2.0bar 73
Pyrolysis - 640 - 820 K 1.72 bar
ST ID times 0.25-2.0 1100-1800 K  1.01 —1.38 bar
Harper et al. Detailed 263 3381 JSR species concentration 0.25-2.0 800 - 1250 K 1.0, 10.1 bar  [165]
OPPDIFF - - 1.0 bar
Doped methane flames - ~450 K -
Cai et al. Detailed 121 656 Pyrolysis - 900 - 1200 K 0.006 —1.0 bar [166]
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ST ID times 0.5-2.0 1100 - 1800 K 1.0 —45.6 bar
JSR species concentration 0.5-2.0 800 — 1250 K 1.0 bar
Premixed laminar flames 0.7,1.0,1.3,1.8 - 0.02 — 0.03 bar
Yasuglaga " Detailed® 284 1892 ST ID times 0.25-2.0 1000~ 1800 K~ 1.0-4.1bar  [159]
ST ID times 1.0 770 — 1667 K 1.4 —81.0 bar
JSR species concentration 1.0 700 — 1200 K 10.1 bar
Sarathy et al.  Detailed® 426 2335 Laminar flame speed 0.6-1.6 343 K 1.0 bar [160]
Premixed laminar flame 1.0 - 0.02 bar
Rapid compression machine 0.5-2.0 725 -855K 15.2 bar
. ST ID times 0.5-2.0 1200 — 1650 K 2.0, 10.1 bar
Zhang et al. Detailed 243 1475 JSR species concentration 1.0 800 — 1200 K 1.0 — 10.1 bar [167]
Pyrolysis - 1274 K, 1431 K 1.5, 1.6 bar
Frassoldati et o 1 JSR species concentration - 800 - 1150 K 10.1 bar
al. Detailed 317 12353 Laminar flame speed 0.6-1.6 343 K 1.0 bar [161]
Premixed laminar flame - - -
ST ID times 0.5-2.0 700 — 1250 K 40, 80 bar
Wang et al. Reduced 44 177 Premixed laminar flame 1.7 - 0.03 bar [82]
Reduced” 126 832
Reduced® 149 953
Reduced! 126 929
Brady et al. Reduced® 84 543 Ignition temperature - 380 K 1.0—-4.1bar [174]
Reduced' 102 1904
Reduced" 108 2197
Reduced' 117 1755
ST ID times 1.0 750 — 1550 K 10 — 80 bar
a JSR species concentration 1.0 800 - 1150 K 10.1 bar
Changetal.  Reduced 66 196 Laminar flame speed 0.6-1.4 353 -373K 1.0-51bar L1068
Premixed laminar flame 1.7 - 0.04 bar
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OPPDIFF - - 1.0 bar
Rapid compression machine 0.5-2.0 650 — 1000 K 15.2, 30.4 bar
HCCI simulator 0.22 - -
ST ID times 1.0 770-1600 K 1.5 — 80 bar
JSR species concentration 0.5-2.0 800-1150 K 10.1 bar
Feng et al. Reduced 75 285 Laminar flame speed 0.6-1.6 353-433 K 1.0—10bar  [171]
Premixed laminar flame 1.0 - 0.02 bar
HCCI simulator 0.325 425 K 1.0 bar
Reduced® 86 637
Reduced® 85 574
Reduced? 95 687
Reduced® 81 536
Reduced” 61 409
Reduced® 58 385
Reduced! 62 425 ST ID times 02-2.0 700 — 1600 K 1.0 — 40.5 bar
Hui et al Reduced® 64 445 Laminar flame speed 0.6-1.6 400 K 1.0 — 40.5 bar [169]
’ Reduced’ 102 1904 PSR 0.5-1.5 400 K 1.0, 40.5 bar
Reduced?® 153 3405 HCCI simulator 0.5 489 K 1.5 bar
Reduced" 108 2197
Reduced' 117 1755
Reduced! 68 1046
Reduced?® 81 1709
Reduced" 69 1357
Reduced’ 78 1114
Liu et al. Reduced 65 188 ST ID times 0.5-2.0 900 — 1800 K 1 — 30 bar [175]
Gonzalez et ST ID times 0.5-2.0 770 — 1250 K 1.13 —81.0 bar
al Reduced 62 279 JSR species concentration 0.25-2.0 800 — 1250 K 1.0-10.1 bar [172]
' Laminar flame speed 0.6-1.6 343 -373 K 1.0 — 10 bar
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 Detailed mechanism contains butanol isomers (2-butanol, iso-butanol, tert-butanol)
® n-butanol reduced mechanism based on Sarathy et al. [160] detailed mechanism
¢iso-butanol reduced mechanism based on Sarathy et al. [160] detailed mechanism

4 2-butanol reduced mechanism based on Sarathy et al. [160] detailed mechanism

¢ tert-butanol reduced mechanism based on Sarathy et al. [160] detailed mechanism

" n-butanol reduced mechanism based on Merchant et al. [170] detailed mechanism

£ iso-butanol reduced mechanism based on Merchant et al. [170] detailed mechanism
b 2-butanol reduced mechanism based on Merchant et al. [170] detailed mechanism
Itert-butanol reduced mechanism based on Merchant et al. [170] detailed mechanism
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2.2.4 Diesel-n-Butanol Blends

As compared to the pure fuels, the mechanism development for fuel blends is
limited partly due to the absence of experimental data for validation. In the context of
diesel-n-butanol mechanism where it covers the diesel surrogate fuels such as n-
heptane and n-dodecane, Wang et al. [82] merged a n-butanol reduced mechanism
with 44 species and 177 reactions to a 41 species and 130 reactions base n-heptane
mechanism. A reduced PAH mechanism is also merged into the n-butanol-n-heptane
mechanism to form a final reduced n-heptane-n-butanol-PAH mechanism with 76
species and 349 reactions. Although this mechanism has shown good agreements to
the experimental measurements under ST ID times, premixed laminar flame species
concentration and 3D engine simulations, the mechanism is not validated for the
laminar flame speed which is a key parameter for analysis of fuel reactivity, diffusivity
and exothermicity [171]. Following that, Zhou et al. [83] added toluene into the Wang
et al.’s [82] mechanism to form a n-heptane-n-butanol-toluene-PAH reduced
mechanism because a research carried out by Golovitchev et al. [176] indicates that
mixtures of n-heptane and toluene would better simulate the diesel combustion
characteristics. Nevertheless, there is a lack of experimental validations under
fundamental reactors such as ST and JSR [83] and for this reason Huang et al. [84]
developed and optimised a new 101 species and 531 reactions mechanism for the
combustion of n-heptane-n-butanol-toluene-PAH. The mechanism [84] has shown
good agreements under a wide range of operating conditions such as ST ID times,
laminar flame speed, premixed laminar flame species concentration, 0D HCCI engine
and most importantly under 3D engine simulations. Upon recognising the potential
limitations of the previous mechanisms [82—84] such as the neglection of low-
temperature reaction pathways of toluene, Li et al. [85] constructed a 116 species and
433 reactions skeletal mechanism for the combustion of diesel-n-butanol blend with
n-heptane acting as the diesel surrogate fuel. It should be highlighted that PAH
reactions are absent in this mechanism [85] but toluene and a NOx sub-mechanism are
included. Nevertheless, the diesel-n-butanol mechanism [85] well predicts the
experimental conditions of ST ID times, laminar flame speed, premixed laminar flame

species concentration and 3D engine simulations.
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In spite of the development efforts for diesel-n-butanol mechanisms, the

aforementioned mechanisms have utilised n-heptane as the surrogate fuel which is not
suitable for representing diesel fuel as highlighted previously. On the contrary, as n-
dodecane is a promising diesel surrogate fuel due to its close resemblance in
physiochemical properties to diesel fuel and also its reasonable molecular size, Wakale
et al. [75] developed a n-dodecane-n-butanol mechanism that consists of 203 species
and 709 reactions by combining two existing n-dodecane [67] and n-butanol [177]
reduced mechanisms. Subsequently, the reduced mechanism [75] is only validated
under ST ID times and CFD simulations in an ignition quality tester where the trends
of the experimental ID are well replicated. However, as a mechanism that is developed
for diesel engine applications, additional validations under conditions such as JSR,
laminar flame speed and premixed laminar flame are needed because those validation
targets are crucial for diesel combustion processes. In a following study, Wakale et al.
[88] added the PAH and NOy sub-mechanisms into the previous n-dodecane-n-butanol
mechanism [75] to form a 246 species and 1062 reactions n-dodecane-n-butanol-PAH-
NOx mechanism. Despite showing good predictions under ST ID times, JSR and
premixed laminar flame species, the spray combustion ID is observed to over-predict
by nearly a factor of three at ambient temperature of 800 K. Moreover, the size of the
mechanism is considered huge (> 1000 reactions), which could increase the
computational time. Nonetheless, the mechanisms by Wakale et al. [75,88] are among
the first developments of diesel-n-butanol mechanism that utilise n-dodecane as the
diesel surrogate fuel. Lately, Li et al. [178,179] developed a diesel-n-butanol-PAH
mechanism using the decoupling method and this mechanism consists of 149 species
and 497 reactions. In their mechanism, they have used multi-fuel surrogates such as
n-dodecane, iso-cetane, iso-octane, toluene and decalin to represent diesel fuel.
Although multi-fuel surrogates better represent the physiochemical properties of
diesel fuel, the larger mechanism size will increase the computational time as there
will be a higher number of conservation equations to solve for each species.
Nonetheless, the mechanism showed satisfactory validation results when it is validated
against the ID times, laminar flame speed, premixed flame species profile and 3D

engine simulations.
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2.3 Chemical Kinetic Reduction Methods

Modern chemical kinetics reduction methods are derived from
mathematical algorithms and they are used to reduce detailed chemical kinetic
mechanism by calculating the dependency among species. Each reduction methods
gives different level of reduction and accuracy of the resulting skeletal mechanism.
Therefore, proper selection of the reduction methods is needed to obtain the desired

size and accuracy of the skeletal mechanism.
2.3.1 DRG

Lu and Law [180] first introduced a simple reduction algorithm that is
called the direct relation graph (DRG) method which eliminates species and reaction
that are deemed to be unimportant through the assessment on the rate of production
(ROP). A species in the mechanism is represented as a node and it is connected to
other species through a vertex. A simple illustration of the dependency between

different species, with the width of the connecting lines showing its strength is

presented in Figure 2-4.

Figure 2-4: Example of species coupling relations for the DRG method.

From Figure 2-4, if the removal of species B causes a significant error in the
production of species A, then species B should be retained in the mechanism. In other
words, species A strongly depends on species B. The coupling dependency between
two types of species can be calculated through the species coupling dependency ratio,

Tap, as follows:
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_ Zi=1,1|UA,iwi53i| (2-1)

T, =
A Zi=1,1|vA,i(‘)i|

where [ is the total number of elementary reactions in the mechanism, v,; is the
stoichiometric coefficient of species A, w; is the net production rate of the i*" reaction
and lastly &p; is the involvement of species B in the it" reaction and it is expressed as
follows:

1, if species B participates in the i reaction (2-2)
0, otherwise

Opi = {
Based on Equations (2-1) and (2-2), a user-defined threshold ¢, is needed to

quantify the dependency strength of species A and species B, such that if 745 is less
than the user-defined threshold, species B is considered insignificant and can be safely
eliminated without causing any significant errors to the mechanism. Moreover, it
should also be noted that the DRG method considers a set of strong coupling species
group that is reachable from species A. For instance, in Figure 2-4, if one were to
remain species A in the mechanism, species B has to be kept which in turn relies on
species D and these two species form a strong coupling species group to species A.
Hence, both species B and D have to be retained for accurate prediction of species A.
Nagy and Turanyi [181] noticed this characteristics and mentioned it retains many
unnecessary and redundant species in the mechanism as it considers all species to be
equally important. To overcome the aforementioned drawback, Lu and Law [182]
proposed an improvement to the DRG method which is called the “two-stage DRG”.
This method restarts the procedure again after the first-stage reduction to further
eliminate any unimportant species and reactions in the mechanism. Nonetheless, it can
be argued that more than two stages of DRG reduction are needed for large-scale
mechanism to achieve a compact size reduced mechanism but Lu and Law [182]
confirmed that a two stage DRG is adequate, given that a typical skeletal mechanism
generated from the first stage reduction is sufficiently small compared to the original
mechanism. The mechanism size will only reduce slightly when the second stage
reduction is performed. Any subsequent reduction after the second stage reduction is

considered trivial and would not reduce the size of the mechanism significantly [182].
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2.3.2 DRGEP

Due to the downside of the DRG method where it considers all species and
reactions to be equally important and tends to retain the unnecessary ones, Pepiot-
Desjardins and Pitsch [183] proposed a new method called the direct relation graph
with error propagation (DRGEP) method. Unlike the DRG method, this new method
considers species that is further away from the target species (e.g. fuel, oxidiser, key
radicals, pollutants) to be less important. The species coupling dependency ratio of the
DRG method [180] is modified slightly in the DRGEP method where it considers the
contributions of the overall production and consumption rate of one species to the
other. The newly modified dependency ratio or also known as the direct interaction

coefficient (DIC) is expressed as follows:

oy = Zi=1,nR|vA,iwi5Bi| (2-3)
max (Py, Cy)

'R (2-4)
P, = Z max (0, vy ;w;)

i=1

& (2-5)
Cy = z max(0, —v;w;)

i=1

1, otherwise (2-6)

531':{

where np is the total number of elementary reactions in the mechanism, v, ; is the

0, if species B participates in the i reaction

stoichiometric coefficient of species A, w; is the net production rate of the it"
reaction, 8p; is the involvement of species B in the it" reaction, P, is the ROP of

species A and Cy is the rate of consumption (ROC) of species A.

Next, the path-dependent interaction coefficient (PIC) is calculated by taking
the product of all DICs from the target species to the species of interest. Once the PICs
for all possible pathways from the target species to the species of interest are
determined, the maximum among all PICs is then defined as the overall interaction

coefficient (OIC). The expressions for the PIC and OIC are listed as follows:
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n-1

TaBp = erixi_,_l (2-7)
i=1

Ryp = max (TAB,p) (2-8)

where n is the number of species along the pathway from species A to species B and

x is a placeholder of the intermediate species from species A to B.

For example, considering the species mapping in Figure 2-5, the PIC values

from species A to species D are calculated as follows:

Tap1 = (Tap-Tc-Tep)

Tap2 = (TaB-T8D)

After that, the OIC is determined through the maximum of the two PICs listed above.
From there, a user-defined threshold egp is defined and species with OIC value lower
than the threshold value is considered unimportant and eliminated from the
mechanism. The main difference of the DRGEP method compared to the DRG method
is that it offers finer selection of the species by tracing the error that is propagated
from the species of interest up to the target species [183,184]. Therefore, the selection

of the target species related to chemical processes of interest is vital to maximise the

reduction by better aligning the OIC value with error in the global phenomena such as

0
ofllo
o¥o

Figure 2-5: Example of species coupling relation for the DRGEP method.

ID times and laminar flame speed [104].
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Meanwhile, Niemeyer and Sung [185,186] investigated several graph search

algorithms that is based on the DRGEP method. The algorithms include the depth-first
search (DFS), breadth-first search (BFS) and the Dijkstra’s algorithm. Detailed
explanation and discussion of the DFS, BFS and Dijkstra algorithm can be found in
the book published by Cormen et al. [187]. From the findings of Niemeyer and Sung
[185], the DFS and BFS are among the most favourable algorithms adopted in
mechanism reduction work. The DFS and BFS based algorithms initiate the search of
a species through exploring their connection to other species along the pathway of the
graph. On the other hand, the Dijkstra’s algorithm is programmed to determine the
shortest pathway from the target species to all other species. Therefore, although all
the algorithms have comparable accuracy performance, the Dijkstra’s algorithm is

able to produce the smallest skeletal mechanism with the lowest computational time.

2.3.3 DRGASA

The concept of extending the DRG method with the sensitivity analysis
(SA) is first introduced by Zheng et al. [188]. This development is done upon noticing
the flaw of the DRG method where it retains species that is unimportant to the target
species or the global phenomena. The DRGASA method performs brute-force SA
right after the DRG to further minimise the size of the mechanism. As a result, it is
more computational demanding and is not recommended to be used as the first stage
reduction for large scale mechanisms. Despite improvements made to the DRG-based
method, Niemeyer et al. [104] discovered that the DRGASA method could not identify
all the unimportant species in the mechanism due to species “shielding”. This occurs
because the DRG method uses the species coupling dependency ratio or known as the
DIC to rank the importance of a species relative to the target species. Hence, many
species are automatically retained in the mechanism rather than being brought forward
for assessment in the SA phase. As such, this method is not recommended for
reduction work due to its inefficiency and high computational cost caused by the DRG

method and SA phase, respectively.

40



r Unive[sitg of
. . ) ) i Sl Nottingham
University of Nottingham Malaysia UK | CHINA | MALAYSIA

2.3.4 DRGEPSA

By taking the advantage of the DRGEP and DRGASA methods, Niemeyer
et al. [104] developed a new reduction method called the DRGEPSA method. This
method combines the strength of the DRGEP method [183] and the SA phase in the
DRGASA method [188], making it superior compared to the other methods discussed
previously. This is proven in the study of Niemeyer et al. [104] where all previous
methods including the DRGEPSA are applied to the n-heptane and iso-octane

mechanism.

From Table 2-4 and Table 2-5, it can be observed that the DRGEPSA
method produces the smallest skeletal mechanism size while maintaining the accuracy
in the same range as the other methods which is below the error limit of 30%. In fact,
for the iso-octane reduction, the DRGEPSA method generates a smaller skeletal
mechanism yet with better accuracy when compared to the skeletal mechanism
generated through DRGASA method. This is expected as the DRGEP phase can
overcome the species “shielding” limitation induced by the DRGASA method and
provides a more optimised mechanism in terms of mechanism size and accuracy.
Nevertheless, since the DRGEPSA method involves SA, it is inevitable that this
method will be more time consuming than the DRG and DRGEP methods. As a result,
method is also not recommended to be used as the first step reduction for large scale
mechanism.

Table 2-4: Comparison of the skeletal mechanism size of n-heptane using DRG,
DRGEP, DRGASA and DRGEPSA methods [104].

Method No. of species No. of reactions Maximum error (%)
DRG 211 1044 21
DRGASA 153 691 24
DRGEP 173 868 28
DRGEPSA 108 406 27
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Table 2-5: Comparison of the skeletal mechanism size of iso-octane using DRG,
DRGEP, DRGASA and DRGEPSA methods [104].

Method No. of species No. of reactions Maximum error (%)
DRG 275 722 13
DRGASA 211 885 26
DRGEP 232 1140 15
DRGEPSA 165 779 19

2.3.5 Isomer Lumping

It is often that large-scale detailed mechanism contains species that have the
same molecular weight but with distinct molecular structure and thermo-physical
properties which are known as isomers. Isomer lumping is a reduction method that
lumps all isomer species together into a single pseudo-species and hence reducing the
size of the mechanism. For instance, Huang et al. [189] developed a novel chemical
species lumping approach and successfully reduces a skeletal mechanism from 75
species to 53 species. On top of that, the lumped scheme allows the user to have direct
control on the reduction scale through a user-defined threshold. In another study,
Ahmed et al. [190] applied the isomer lumping method to the n-heptane detailed
mechanism and it is able to reduce the parallel pathways isomeric species from 18 to
8 by lumping the heptyl peroxy radicals together. Meanwhile, Lu and Law [191]
proposed a new isomer lumping approach by grouping isomers with similar thermal
and diffusion properties together to reduce the number of species transport equations.
In their approach [191], isomers with a concentration level lesser than 1 x 107'°
mole/cm? are directly removed from their mechanism while the remaining isomers are
assessed to select the representative isomer for each group. The isomer lumping
method managed to further reduce a 78 species skeletal mechanism to a 68 species
skeletal mechanism by lumping 15 species into 5 different isomer groups.
Furthermore, Stagni et al. [192] applied the isomer lumping method together with an
automatic reduction scheme to formulate reduced mechanisms for n-heptane and n-
dodecane and both reduced mechanisms show very similar prediction accuracy to the
detailed mechanism under laminar co-flow flame simulations. Moreover, a reduction
in computational time of about 35 times is achieved [192]. Generally, from these

studies [189—-192], it can be deduced that the isomer lumping method could be utilised
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in combination with the other reduction methods such as the graph-based methods to

obtain a compact yet robust reduced mechanism. While the graph-based methods
require certain knowledge on the selection of target species, the isomer lumping
method is a rather straightforward process as it only requires the selection of a

representative species to represent the whole group of isomers.

24 Numerical Modelling of Diesel-n-Butanol Blends under Diesel Engine

Conditions

Having realised the potential of blending n-butanol with diesel fuel, substantial
effort has been made to investigate the combustion and emission characteristics of
diesel-n-butanol blends experimentally and numerically. Experimental investigations
have been conducted extensively and the engine-out measurement results for diesel-
n-butanol have been briefly mentioned in Section 1.4. On the other hand, numerical
investigations on diesel-n-butanol blends are rather scarce but they are equally
important to acquire detailed insights on the in-cylinder events. As such, Chen et al.
[78] numerically investigated the combustion and emission characteristics of diesel-
n-butanol blend with 40% n-butanol blending ratio and results indicate that diesel-n-
butanol blend has a longer ID which lowers the equivalence ratio and resulted in lower
soot emission. However, NOx emission is higher for diesel-n-butanol blend as
compared to pure diesel due to wider region of high-temperature combustion [78].
Meanwhile, Zhou et al. [83] observed that the addition of n-butanol (10 — 30 %
blending ratio) in diesel plays a significant role in soot suppression by slowing the
formation of PAH soot precursor species. Additionally, Zhu et al. [59] found that the
soot emission of diesel-n-butanol blend with 30% n-butanol blending ratio follows a
non-monotonic trend when the oxygen concentration decreases from 21% to 15%.
This is unlike the sooting behaviour of pure diesel where soot increases gradually as
oxygen concentration decreases [59]. As oxygen concentration decreases, the
increased in soot for the diesel-n-butanol blend was mainly caused by the decrease in
soot oxidation while decreased in soot was caused by the decrease in soot formation
[59]. The NOx emission for diesel-n-butanol blend is lower than pure diesel and it
decreases with lower oxygen concentration due to lower in-cylinder temperature and
oxygen deficiency [59]. Furthermore, Huang et al. [193] numerically investigated

diesel-n-butanol blend with 30% n-butanol blending ratio under a multi-injection
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strategy in a diesel engine and results indicate that soot emission decreases with the

increase in pre-injection interval but increases with the increase in pre-injection ratio.
The NOx emission increases with pre-injection interval but show no obvious
difference with respect to the changes in pre-injection ratio. Besides, CO and UHC
emissions increased with the increase in both pre-injection interval and pre-injection
ratio. The UHC emission, which mainly composed of alkanes, olefins and
methylbenzene are found to be mainly distributed in the central region and walls of
the combustion chamber where the in-cylinder temperature and oxidation rate is low.
Nevertheless, Kattela et al. [194] suggests that the increasing the in-cylinder swirl ratio
and subsequently the turbulent kinetic energy could help mitigate high UHC emission
by improving the air-fuel mixing within the combustion chamber. Lately, Zhang et al.
[195] compared the combustion and emission characteristics of diesel-methanol,
diesel-ethanol, diesel-n-butanol, diesel-methanol-n-butanol and diesel-ethanol-n-
butanol in a diesel engine using CFD. The dual fuel blends are tested with an alcohol
blending ratio of 10% and 20% whereas the ternary blends are set to 10% blending
ratio for each alcohol fuel. Results show that with the increase in alcohol blending
ratio, the cylinder pressure, cylinder temperature, heat release rate (HRR), ID increase
whereas the combustion duration shortens. Soot, UHC and CO emissions of the
blended fuels also decrease with diesel-methanol blends giving the most significant
decrement. Contrarily, the NOx emission increases due to increased cylinder
temperature and high oxygen concentration in alcohol fuels. More importantly, all test
fuels are found to effectively improve the combustion, performance and emission
characteristics of a diesel engine with the diesel-methanol-n-butanol blend having the

best balance between the three aforementioned aspects.

Besides engine test bed experiments, the combustion and emission
characteristics of diesel-n-butanol blends are numerically investigated in a constant
volume combustion chamber. Hou et al. [87] developed a nine steps
phenomenological soot model to study the soot formation of diesel-n-butanol blend
with 20% n-butanol blending ratio and it is revealed that the addition of n-butanol and
the decrease in ambient temperature lowers the soot formation mechanism through the
shrinking of high-temperature and fuel-rich zone in the fuel spray. On the other hand,
Wakale et al. [88] reported that the NOx and soot profiles in addition to the ID, FLOL
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and LPL of n-dodecane-n-butanol blends up to 20% of n-butanol blending ratio are

very similar to pure n-dodecane. This suggest that n-butanol is an ideal “drop-in” fuel
for diesel combustion [88]. The flame structure of the n-dodecane-n-butanol blend
with 20% n-butanol blending ratio is more compact as the ambient pressure and
temperature increases, which could possibly minimised the NOx formation regions at

the outer core of the diffusion flame [88].

From the literature, the numerical studies related to diesel-n-butanol blends in
both multi-dimensional engine and constant volume combustion chamber focus on the
global combustion and emission characteristics only. However, the detailed processes
of ignition, combustion and soot of diesel-n-butanol are not well understood and
elucidated in previous modelling studies which is particularly important in the quest
to design and optimise clean combustion engines. Having said that, these fundamental
studies are not suitable to be conducted in a diesel engine due to the cycle-to-cycle
variations of the ambient conditions in the engine [196]. Therefore, it is inevitable that
the constant volume combustion chamber with ambient conditions similar to real
diesel engines would be used to conduct the spray combustion fundamental study
because it does not contain any surfaces such as piston and valves which makes it
easier to segregate the effect of one parameter to the others. This also allows key
processes such as fuel droplet breakup, evaporation, air-fuel mixing, ignition,

combustion and soot formation to be well replicated and studied.

2.5  Concluding Remarks

Based on the literature review conducted above, it is found that n-heptane has
been widely used as a diesel surrogate fuel in earlier diesel modelling studies.
However, in recent years, n-dodecane is becoming more favourable because the
carbon number and boiling characteristics of n-dodecane is within the range of real
diesel fuel which allows the air-fuel mixing processes of diesel fuel to be well
replicated. On the other hand, the species and reactions of PAH are crucial for reliable
soot modelling results but it is unnecessary to include PAH species larger than A4 in
the mechanism because simulation results show that there are no significant changes
in final soot amount when larger PAH species are used. For the mechanisms of n-

butanol, most work focuses on constructing detailed mechanisms whereas there are
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only a few for the reduced mechanisms. Even so, the available n-butanol reduced
mechanisms in literature are either large in mechanism size or validated only under
limited engine conditions in which is also not favourable for practical high-fidelity
simulations. Meanwhile, for the developments of diesel-n-butanol mechanism, a large
majority of the mechanisms utilise n-heptane as their diesel surrogate fuel whereas the
availability for n-dodecane-n-butanol mechanism is extremely scarce. To the author’s
best knowledge, there are only two mechanisms for n-dodecane-n-butanol in the
literature but those mechanisms are having high number of species and reactions. The
spray combustion simulations are also poorly predicted by the mechanisms. As such,
it can be concluded that it is necessary to construct a compact yet comprehensive n-
butanol reduced mechanism and combined it with a n-dodecane diesel surrogate
mechanism where there is a need to further improve the existing n-dodecane-n-butanol

mechanisms in terms of its size and accuracy.

To aid the development of the n-dodecane-n-butanol reduced mechanism,
modern reduction methods such as DRG, DRGEP, DRGASA, DRGEPSA and isomer
lumping are reviewed. In particular, the reduction methods that consists of the SA
phase are not recommended to be used as the first-stage reduction as the computational
cost is high [188]. Besides, the isomer lumping method is way more straightforward
than the DRG-based methods as it does not require the identification of target species.
Most importantly, studies [189-192] have proven that isomer lumping could be used
in combination with the DRG-based methods to produce compact yet robust reduced

mechanisms.

In terms of the combustion and emission characteristics of diesel-n-butanol, it
has been studied extensively over the past decade in a diesel engine and constant
volume combustion chamber. However, most studies are conducted experimentally
and only a few of them are done numerically despite the importance of it to gain
detailed understanding on the in-cylinder events. Nevertheless, the numerical studies
that pertains to diesel-n-butanol in both 3D engine and constant volume combustion
chamber have thus far only reported the engine-out measurements and the global spray
combustion characteristics such as the ID, HRR, LPL, VPL and FLOL. There are very

limited information regarding the chemical kinetics and the fundamental key processes
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such as the ignition, combustion, flame and soot characteristics of diesel-n-butanol are

not well understood. This shows that the overall understanding on diesel-n-butanol is
still somehow limited and additional research should be done particularly in a constant

volume combustion chamber to further develop and extract the potential of this fuel
blend.
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CHAPTER 3
COMPUTATIONAL MODELS

3.1 Introductory Remarks

This chapter presents the theoretical background of the chemical kinetics and
CFD models used in this entire study with a detailed description on the governing
equations. The software packages that are used in this study are ANSYS CHEMKIN-
PRO 17.2 and ANSYS FLUENT 19.1. CHEMKIN-PRO is used to develop and solve
the chemical kinetics of the detailed and reduced mechanisms and the governing
equations are presented in Section 3.2. On the other hand, ANSYS FLUENT is used
as a CFD tool to simulate the multidimensional simulations. The sub-models and its
associated governing equations are presented in Section 3.3. Lastly, the numerical

models that are used in this study are summarised in Section 3.4.
3.2 Chemical Kinetics

ANSYS CHEMKIN-PRO is a chemical kinetic modelling software used to
solve complex gas phase and surface chemistry reactions for the development of
reaction models in practical combustion systems. In order to run the simulations, the
gas-phase chemistry (chem.inp) and thermodynamic data (therm.dat) are required and
both of these files are categorised as the reaction mechanism. Details regarding each
of the data files are tabulated in Table 3-1. In CHEMKIN-PRO, a set of state variables
is used to define the thermodynamic and chemical state of the fluid mixture. The state
variables that are available in CHEMKIN-PRO include the pressure (P), density (p),
temperature (7), mass fraction (Yx), mole fraction (Xx) and molar concentration ([Xk]).
The calculations throughout CHEMKIN-PRO are performed using the equation of

state of an ideal multi-fluid as shown in Equation (3-1),
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Table 3-1: Details of the chemical data required to run the simulations in CHEMKIN-
PRO.

File name Contents
chem.inp Chemical reactions and the Arrhenius rate in the gas phase
therm.dat Thermochemical data of each species
Ny
P = Z[Xk]RTk (-1
k=1

where R is the universal gas constant and N is the number of species.

In the therm.dat file, the standard-state thermodynamic properties for the
species are expressed as functions of temperatures in the form of polynomial fits.
These fits take the following form where the specific heat capacity (C,), enthalpy (H)
and entropy (S) are calculated using Equations (3-2) to (3-4),

C

sza1+a2T+a3T2+a4T3+a5T4 (3-2)
£=a + 274 B2 2ps  ISpa g 26

RT 1727773 4 5 T (3-3)
£=alln(T)+a2T+%T2+%T3+ET“+a7 (3-4)
R 2 3 4

where a,, is the n-th polynomial fit coefficient. Meanwhile, the interactions of the gas-
phase species are described by the gas-phase reactions and each species that
participates in the reaction must contain a respective thermodynamic data. The
equilibrium constants and reverse-rate coefficients for a reaction are then calculated
using the thermodynamic data. The production rate of kth species (wy) is written as
the sum of the rate of progress for all reactions involving the kth species and it is

defined in Equation (3-5),
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I

Wy = Z Uk,iqi (3-5)

i=1

where / is the number of reactions involving kth species. vy ; is the difference between
the forward and backward stoichiometric coefficients as shown in Equation (3-6) and
the rate of progress for the ith reaction (q;) is the difference of the forward and reverse

rates as shown in Equation (3-7),

n !

Uki =V ki — Uk, (3-6)
K K

qi = ky; H[Xk]vl’”' —kepy | [ DXV R (3-7)
k=1 k=1

where v’y ; and v" ; are the forward and reverse stoichiometric coefficients whereas

ks; and k,.; are the forward and reverse rate constants for the ith reaction.

The forward rate constant is described using the following Arrhenius

temperature dependence equation:

Ky = ATPrexp (- =1) (3-8)
where 4 is the pre-exponential factor, 5; as the temperature exponent and E; as the

activation energy. Following that, the reverse rate constant is calculated using the

following equations:

L
" Kci (3'9)
K
P Yk=1Vki
Kot = Ky (22) (3-10)
~ AS; AH;
Ky = exp\ o= =57 (3-11)

where K¢; and Kp; are the equilibrium constants determined from thermodynamic

properties of the species. Py, 1s the atmospheric pressure and A refers to the changes

that occurs when the reactants is completely passed to products for the ith reaction.
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In some cases, a “third body” is present in the reaction in order for the reaction
to proceed. Therefore, the concentration of the third body must appear in the equation

for the rate of progress. Accordingly, Equation (3-7) is modified as follows:

K K K
q = (Z (aki)[Xk])> ((kfi H[Xk]vl""' — kyi [Xk]v"k'i> (3-12)
k=1

k=1 k=1

where ay; is set to 1 for every species if all species in the mixture contribute equally

as third bodies.

In CHEMKIN-PRO, there is a wide range of 0D and 1D reactor models that
are available to model industry reacting flow conditions such as open and closed
homogeneous reactor, flow reactor, flame simulator and engine simulator. The reactor
models employed in this study are tabulated in Table 3-2 to model the auto-ignition,
species concentration and the flame characteristics of the reduced and detailed
mechanisms. On the other hand, the understanding of the effects of chemical kinetics
towards the target solutions (e.g., ID) is achieved through the sensitivity and ROP

analyses.

Table 3-2: Descriptions of reactor models used in the simulations.

Model Reactor name Type Description

O Closed Homogeneous 0D Transient, constant volume,

Batch Reactor homogeneous

@ PSR 0D Transient, PSR

. Premixed Laminar Flame- 1D Freely propagating flame for
:Gj: Speed Calculation flame speed calculation

W Premixed Laminar Burner- 1D Premixed, stabilised flame on a
__ Stabilized Flame burner port.

3.2.1 Homogeneous 0D Reactor Models

The Closed Homogeneous Batch Reactor and PSR are 0D homogeneous

reactors where it allows the investigation of systems with close coupling between the
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gas-phase kinetics and surface kinetics. In these well mixed or stirred reactors, the

reactant’s rate of conversion to products is controlled by chemical reaction rates but
not by mixing processes. Hence, it can be said that the reactor is “limited” by reaction
kinetics. As a results, these reactors are very suitable to be used to model the ST
ignition and JSR species concentration as the operating principles of a ST and JSR do
not involved any physical processes such as fuel atomisation, breakup and mixing and

the occurrence of combustion is purely dependent on the chemical kinetics.

In modelling these homogeneous reactors, the mass transport to the reactor
walls is assumed to be infinitely fast. Besides, the flow through the reactor is
quantified by a nominal residence time, where it can be deduced from the flow rate
and the reactor volume. The conservation of mass, energy and species of a
homogeneous system include net generation of chemical species within the reactor
volume, net loss of species and mass to surfaces in the reactor. In the closed batch
reactor, no inlets or outlets flow are available during the entire period of interest,
although heat flow to the environment may or may not happen. Such batch systems
are transient in nature and the chemical state changes as production and destruction of
a species occur through chemical reaction. On the other hand, the PSR consists of a
chamber and having inlet and outlet ducts where there may be more than one inlet

defined for each reactor.

The global mass conservation in a reactor, where the time-rate of change for
the mass is equal to the difference between mass flow in and out plus any material that
is added or subtracted from the surfaces within the chamber, is describe as the

following equation:

Ninlet(j)
i(py)(j): Z )
dt - '

=

Npsr M

Kg
n Z Mm®OR,; - + Z 4,0 Z NONTA
r=1 m=1 k=1

where j is the reactor number, V is the reactor volume, m”* is the inlet mass flow rate,

(3-13)

m is the outlet mass flow rate, N;,;..(» is the number of inlets for each reactor j, Npggr
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is the total number of reactor modules in the reactor network and R,; is the fraction of

the outflow of reactor 7 that is recycled into reactor j. In Equation (3-13), the last term
towards the right represents the difference between the outlet mass flow and the sum
of the inlet and recycled mass flow due to deposition or etching of materials within
the reactor. In that term, A4,, is the surface area of the mth material within the reactor,
Skm 1s the molar surface production rate of the kth species on the mth material per unit
surface area and Wy, is the molecular weight of the kth species. There are K;; gas-phase
species and M materials. Following the mass conservation equation, the time-
dependent equation for mass conservation of each gas-phase species is given as

follows:

€)]
( V)(]) dYk Z mlet(l) *(J) (Y* L Yk) +

N PSR @) ™ 6))
m" R, (Y, =Y,
Z ( k ) (3-14)

Yk(j) Z%:ﬂ‘lm(j) Zki;lS(j)k.ka + (d)ky)(j)wk +

Z%: 1 Am 2 S o) km Wk

The superscript * denotes the inlet stream quantities.

For steady-state conditions, the nominal residence time (t) in the reactor is

calculated as follows:

pV
= (3-15)

[ ivnlllet(/) *(])+ZNPSRm(T)R ]

The residence time is often a characteristic parameter of a reactor instead of the mass
flow rate of the steady-state flow. Thus, Equation (3-15) can be used to calculate m*
from the specified residence time. However, in the case where the mass flow rate is

zero, the reactor may not be characterised by the residence time.

3.2.2 1D Premixed Laminar Flames Models

The equations governing the Premixed Laminar Flame-Speed Calculation and
Premixed Laminar Burner-Stabilized Flame models are treated as steady, isobaric and
1D. The Premixed Laminar Flame-Speed Calculation model is used to characterise the

flame speed of the fuel-oxidiser mixture and also determine its flammability limits.
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Contrarily, the Premixed Laminar Burner-Stabilized Flame model is often used to

analyse the species profiles in flame experiments. Both models uses the implicit finite
difference methods and a combination of time-dependent and steady state methods to
solve the set of governing equations. Moreover, in order to enhance the convergence
properties of the steady-state approach and to provide optimal mesh placement, the
solver algorithm automates the coarse-to-fine grid refinement method. With the
assumption the flow is 1D and the inlet conditions are uniform, the conservation
equations for continuity, energy and species are presented in Equations (3-16), (3-17)

and (3-18), respectively,

M = pud (3-16)
d 1 d (AAd )
dx C,dx dx
A~ AT A~ A G-17)
+ C_pz PYiVielpr 7 +C_p e Wy +C_pQrad =0
k=1 k=1
dY, d ,

where x denotes the spatial coordinates, M is the mass flow rate, u is the velocity of
fluid mixture, 4 is the thermal conductivity of mixture, Cpy is the constant pressure
heat capacity of the kth species, hy, is the specific enthalpy of the kth species, V} is the
diffusion velocity of the kth species, Q,q4 is the heat loss due to gas and particle
radiation and A is the cross-sectional area of the steam tube encompassing the flame

normalised by the burner area.

By using the mixture-averaged transport approach, the diffusion velocity V; is

assumed to consists of three parts as follows:

Vi=V, + W, + V. (3-19)
1 dX,
Vo = _D"mX_kW (3-20)
1=y
ek X (3-21)
J*k ij
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Dy, 0y 1dT
W, = il
d Xk T dx

(3-22)

where V,, is the ordinary diffusion velocity, Dy, is the mixture-averaged diffusion
coefficient, W, is the thermal diffusion velocity, @ is the thermal diffusion ratio and

V. is the correction velocity.
3.2.3 SA and ROP

The SA of a solution is performed to understand quantitatively on how the
solution is affected by various parameters contained in a model. For steady-state

computations, the sensitivity coefficients is represented as follows:

F(¢(a);a) =0 (3-23)

where the residual vector (F) is dependent both explicitly and implicitly on the
solution vector (¢ ) and also a set of model parameters (). By differentiating
Equation (3-23) with respect to a, a matrix equation for the sensitivity coefficient is

obtained as follows:

OF 0¢ OF _

3¢ da  da (3-24)

. OF . . .. F . . .
The matrix g 18 the Jacobian of the original system and 55 18 the matrix of partial

o . o0 . e
derivatives of F with respect to the parameters. Meanwhile, % is the sensitivity

coefficients matrix and it contains quantitative information on the effects of each

reaction-rate coefficient towards the temperatures and species fraction.

In addition, the system of ordinary differential equations for transient problems

is of the general form of:

W _ rio b i
— =~ F@ta) (3-25)

where ¢ is the vector of temperature, mass fractions, surface site fractions and bulk

activities. The first-order sensitivity coefficient matrix is defined as:
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_9

W;: = —
Jit
aai

(3-26)

where indices j and i refer to the dependent variables and reactions, respectively.
CHEMKIN further processed the raw sensitivity coefficients to make them more
useful by computing the normalised sensitivity coefficients in the form of logarithmic

derivatives as follows:

0ln Yk _ ﬁaYk
alnai F Yk aai F (3'27)
dInT| ;0T
alnai F B T aai F (3_28)

Apart from SA, the ROP analysis is also another useful tool to determine the
contribution of each reaction to the net production or destruction rates of a species.
For 0D homogeneous system, the molar production of a species per unit volume Py, is

expressed as:

1

Py = z Vkiqi (3-29)

i=1

where vy; is the stoichiometric coefficients for gas reactions and g; is the rate of
progress of the /th gas-phase reactions. From here, the contribution to the ROP of

species k from gas-phase reaction / is calculated as:

Cri = VkiG; (3-30)
Additionally, the computed normalised values of the reaction contributions to the
species production (CP;) and destruction (C%;) rates are given as:

= max (v, 0)g;
j=1 max (v, 0)g; (3-31)

cd min (vy;, 0)q;
7 Xl min (v, 0)g; (3-32)
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3.3 CFD Sub-Models

ANSYS FLUENT is a CFD package that acts as a solver for various flow-
related cases such as laminar, turbulent, multiphase and reacting. Therefore, the
selection of appropriate CFD sub-models is crucial to ensure that accurate results are
obtained. In this section, the CFD sub-models that are employed to model the complex
processes of the spray, ignition, combustion and emission are discussed. Among those
that are described below includes the spray breakup model, turbulence model,

combustion model and soot model.

3.3.1 Spray Breakup Model

Accurate prediction of the fuel spray droplet breakup is important as it affects
the subsequent air-fuel mixing process and ultimately the auto-ignition. There are
three main spray breakup models available in ANSYS FLUENT and they are the
Taylor analogy breakup model, Wave model and Kelvin-Helmholtz — Rayleigh-Taylor
(KHRT) model. The Taylor analogy breakup model is not suitable for diesel sprays
because it is developed for low-Weber-number, low-speed sprays. Meanwhile, the
Wave model is more suitable for high-speed fuel injections where it considers the
Kelvin — Helmholtz instability. Nevertheless, as compared to the Wave model, the
KHRT model is much more superior because it takes into account both the KH waves
driven by aerodynamic forces and the RT instabilities due to acceleration of shed drops
injected into freestream conditions [197] (Further discussion regarding the spray
breakup model is found in Chapter 5). For this reason, the KHRT model is selected to
be used in this study to model the diesel spray breakup.

The KHRT model is suitable for High-Weber-number sprays and is not for low
pressure sprays. In the KH breakup model, the newly formed droplets are assumed to
have a radius that is proportional to the wavelength of the fast-growing unstable

surface wave on the parent droplet as describe in Equation (3-33),
r= ByA (3-33)

where B is a model constant normally taken as 0.61 based on the suggestion of Reitz

[198]. A is the corresponding wavelength and is given as:
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A
a

(1 + 0.450h%%)(1 + 0.4Ta’7)

=9.02
(1+0.87Wel57)06

(3-34)

where Oh = \/W_el /Re; is the Ohnesorge number and Ta = Oh\/W_ez is the Taylor
number. In addition, We, = p,U?a/o and We, = p,U?a/c are the Weber numbers
of liquid and gas, respectively, and Re; = Ua /v, is the Reynolds number. p; and p,
are the densities of liquid and gas, respectively, o is the surface tension, U is the
relative velocity between liquid droplets and gas phase, a is the radius of the liquid jet
and v, is the viscosity of liquid fuel. Furthermore, the rate of change of the droplet

radius in a parent parcel due to drop breakup is given as:

da  (a—71)

dt T

r<a (3-35)

where the breakup time, T is expressed as:

3.726B,a
3-36
t AQ (3-36)

and A is obtained from Equation (3-34) while the growth rate of the fastest growing

wave, (1 is expressed as:

a3 0.34 + 0.38Wel*>
Q <P1 > ( 27) (3-37)

o )~ (1+0h)(1 + L4Ta%6)

B, is a breakup time model constant and it can be varied between 1 to 60, depending

on the injector characterisation.

For the RT model, the frequency of the fastest growing wave, Qpr is computed
by

2[~ge(p1 = p)I”"” (3-38)
330 (p + pg)

Qpr =

and the corresponding wave number is given by

Ker = \/—m ((SP;_ o) (3-39)
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where g, is the droplet acceleration in the direction of the droplet travel, p; and p, are

the densities of liquid and gas, respectively.

The wavelength that corresponds to the fastest wave growth rate is given as
2nCry /Kgr and this is compared to the droplet radius. The RT waves are assumed to
be growing if the wavelength is smaller than the droplet diameter and the wave growth
time is tracked. The wave growth time is then compared with the breakup time as
defined by Equation (3-40),

Cy
Tpr =
Qgr

(3-40)

where C; is a model constant with a default value of 0.5. Droplets are assumed to
breakup if the RT waves have been growing for a time larger than the breakup time

and the radius of the child droplet is calculated using Equation (3-41),

mtCpr
Krr

T, = (3-41)

where Cgr is an adjustable model constant with a default value of 0.1.

The KHRT model also assumes the existence of a liquid core near the nozzle
region and child droplets are shed from this liquid core which is then subjected to
sudden acceleration in the freestream conditions where the RT model becomes a
dominant effect. The breakup length of this liquid core is calculated from the Levich

theory [199] as presented in Equation (3-42),

_ P
L= C.d, o (3-42)

where C;, is the Levich constant and d|, is the reference nozzle diameter.

3.3.2 Turbulence Model

In this study, the standard Reynolds-averaged k-¢ turbulence model is applied
to the simulations to predict the turbulence flow conditions during the spray
combustion (Further discussions related to the selection of turbulence model is found
in Chapter 5). The selection of Reynolds-averaged over large-eddy simulation is

mainly due to the consideration of the computational cost and also the popularity of
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Reynolds-averaged simulations in the industry [200]. The standard k-¢ turbulence

model is a two-equation semi-empirical model where the transport equations are
solved separately to determine the turbulent length and time scale. In the derivation of
the model, the flow is assumed to be fully turbulent and the effects of molecular

viscosity are negligible.

The turbulence kinetic energy (k) and the rate of dissipation (¢) are obtained
from transport equations are follows:
9 2

] ok
ox, (pku;) = = I(# + —) a_le + G+ Gy —pe—Yy+5S (343

)
— (pk
5 Pl + 3 o

d d
7t (pe) + ox; (pew;)
(3-44)

_ 0 <+“t)a£ G (Gt Co) = Cop Bt s
—axj u o, axj lsk(k 3¢ b) Zspk £

where G}, is the generation of turbulence kinetic energy due to mean velocity gradients,
Gy 1s the generation of turbulence kinetic energy due to buoyancy and Yj, represents
the contribution of the fluctuating dilatation in compressible turbulence to the overall
dissipation rate. C;., C,, and (3. are model constants while g, and o, are the
turbulent Prandtl numbers for £ and ¢, respectively. The turbulent viscosity (¢;) in both
transport equations above is computed using the equation as follows:

k2
ue = pCy = (3-45)

where Cu is a model constant.

In ANSYS FLUENT, the aforementioned model constants in the standard k-¢
model have default values and they are being tabulated in Table 3-3.

Table 3-3: Model constants in the standard k-¢ turbulence model.

Model
Cls CZs Cu Ok O¢
constant
Default value 1.44 1.92 0.09 1.0 1.3
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3.3.3 Combustion Model

In this study, the species transport with finite rate chemistry combustion model
is used to model the combustion processes in the reacting flow and the CFD-
CHEMKIN chemistry solver is employed as the chemistry acceleration tool. This
model is chosen because it solves a sequence of reactions and the transport equations
for each species to characterise the combustion and emission events. In order to
achieve high-fidelity combustion simulations, a detailed chemistry model is much
needed as compared to a pre-tabulated chemistry model where it consists only a one-

step global mechanism which is unrealistic for the combustion process.

In this species transport model, the conservation equations for chemical
species are resolved and the local mass fraction of each species is predicted through
the solution of a convection-diffusion equation for the ith species as follows:

0 R -
5. PYD V- (pvY) ==V Ji + R +5; (3-46)

where R; is the net production rate of species i by chemical reaction and S; is the rate

of creation by addition from the dispersed phase plus any user-defined source.

In Equation (3-46), fl is the diffusion flux of species / which is due to the
gradients of concentration and temperature. By default, ANSYS FLUENT utilises the
dilute approximation or known as Fick’s law to compute the mass diffusion due to

concentration gradients as given below:
S vT
Ji = =PDimVY; = Dri— (3-47)

where D; ,,, is the mass diffusion coefficient for species / and Dy ; is the thermal
diffusion coefficient. Contrarily, in turbulent flows, the mass diffusion is written as

follows:
> Mt VT
Ji=-— (pDi,m + S_ct> VY; = Dr; T (3-48)

where Sc; is the turbulent Schmidt number.
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3.3.4 Soot Model

ANSYS FLUENT provides three soot models which is the one-step Khan and
Greeves model [201], two-step Tesner model [201] and the Moss-Brookes model
[202]. Both the one-step and two-step soot models are empirical and the detailed
chemistry and physics of soot formation are only approximated in these models.
Contrarily, the Moss-Brookes soot model is a semi-empirical, multi-step model that
incorporates the soot nucleation, surface growth, coagulation and oxidation processes.
As such, the Moss-Brookes model should theoretically provide much higher accuracy
than the one-step and two-step models and is thus selected to be used in this study to
simulate soot. To further support the selection of model, the Moss-Brookes soot model

has also been widely used to predict soot in diesel combustion simulations

[130,203,204].

The soot model solves the transport equations for the normalised radical nuclei

concentration (b *muc) and soot mass fraction (Ysoot) and they are expressed as follows:

O (ob* )+ V- (p b )—v(“fvzo* )+ 1 dN

ot PO nuc pv nuc/) — Onuc nuc Nnorm dt (3-49)
d S Mt aM

—(pY. . Y. — | — VY. —_ .
ot (.D soot) + V (,0 v soot) v (Usoot \% soot) + dt (3 50)

where 0, 1s the turbulent Schmidt number, M is the soot mass concentration and N
is the soot particle number density. N,,,-m 1S the value used to normalised the soot

number density and it is set at 10'° particles [201]. The source term in Equation (3-49),

dN

;> fepresents the instantaneous production rate of soot particles that is subjected to
nucleation from the gas phase and coagulation in the free molecular regime. It is

expressed as follows:

1
2

dN XprecP\! T, 24RT 1
— = C,N (—” ) {——}—c ( ) d,2N? 3-51
dr ~ A\T R ) FPUTS T "B \p N, P (3-51)

where C,, Cg and | are model constants. N, is the Avogadro number and it has a value

of 6.022045 x 102° kmol~! while X, is the mole fraction of the soot precursor
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where it is selected as A4. Moreover, d,, T, are the mean diameter of soot particle and

activation temperature for the nucleation reaction, respectively. ps,o¢ 1S denoted as the
mass density of soot and it is assumed to be 2000 kg/m?® [201]. For the soot mass

concentration source term in Equation (3-50), it is modelled as follows:

dM XprecP T,
E—Mpca( RT ) exp{‘ﬂ

| T ) I

Here, the C), Coxiq, Co» m and n are additional model constants. My, is the constant
for mass of soot particle inception and it is set to 1200 kg/kgmol, which consists of
100 carbon atoms [201]. Meanwhile, X, is the mole fraction of the participating soot
surface growth species. Furthermore, the last term in Equation (3-52) are the soot
oxidation reactions through hydroxyl radical (OH). The OH soot oxidation reaction
mainly assumes the OH radical as the dominant oxidising agent and this process is

formulated according to the model as proposed by Fenimore and Jones [205].

3.4  Concluding Remarks

The theory and the governing equations of the chemical kinetics and CFD sub-
models are discussed in this chapter. The 0D and 1D models in CHEMKIN-PRO are
used simulate the experimental chemical kinetic measurements. Furthermore,
conclusions on the relationship between the chemical kinetics and the solutions are
drawn through sensitivity and ROP analyses. Subsequently, the CFD sub-models in
ANSYS FLUENT are employed for the spray combustion simulations. Table 3-4
shows a summary on the chemical kinetics models and CFD sub-models used in this

entire study.
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Table 3-4: Numerical models used for the simulations in CHEMKIN-PRO and

ANSYS FLUENT.
Measurement Type Model
ID time 0D Closed Homogeneous Batch Reactor
JSR species 0D PSR
Flame speed 1D Premixed Laminar Flame-Speed Calculation
Premixed flame species 1D Premixed Laminar Burner-Stabilised Flame
Process
Spray breakup 2D KH-RT
Turbulence 2D Standard k-¢
Combustion 2D Species transport with finite-rate chemistry
Soot 2D Moss-Brookes
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CHAPTER 4

DEVELOPMENT OF A N-DODECANE-
N-BUTANOL-PAH REDUCED
MECHANISM

4.1 Introductory Remarks

In this chapter, the development and validation of a practical chemical kinetic
mechanism for n-dodecane-n-butanol is presented with n-dodecane being used as the
single component diesel surrogate fuel. As n-butanol is most often used in internal
combustion engine applications, the development work here focuses on the n-butanol
isomer only. Furthermore, a PAH mechanism is also integrated into the n-dodecane-
n-butanol mechanism to give an accurate prediction of the soot formation processes.
The entire development process of the n-dodecane-n-butanol-PAH mechanism is
presented in Section 4.2 to 4.6. In Section 4.7, the n-dodecane-n-butanol-PAH
mechanism is then validated under engine relevant conditions such as ST ID times,
JSR species concentrations, laminar flame speed and premixed laminar flame species

concentration. The last section highlights the main findings of this chapter.
4.2 Reduction Methodology

Generally, applying only a single reduction method limits the extend of
reduction and it is usually insufficient to reduce the size of large mechanism to a size
that is suitable for practical CFD simulations. For this reason, it is necessary to reduce
large mechanism using a combination of different reduction methods. Here, the
reduction work will be applied only to the n-butanol sub-mechanism because as
reviewed in Chapter 2, the n-butanol reduced mechanisms in literature are either too
large in size or have only been validated in a limited range of engine conditions. As
such, first of all, the DRGEP method [183] is employed to remove unimportant species
and reactions in the detailed mechanism [160] since it allows a larger reduction in
mechanism size as compared to that of the DRG method [180]. Then, isomer lumping

[191], which calculates the significance of radical isomer species based on the net

65



r Unive[sitg of
. . ) ) i Sl Nottingham
University of Nottingham Malaysia UK | CHINA | MALAYSIA

production rates, is utilised with the aid of reaction pathway analysis (RPA) to select

the representative species for each isomer group and lump the remaining isomer
species and reactions together. The sequence of performing DRGEP first before
isomer lumping is selected based on the suggestion of Pepiot-Desjardins and Pitsch
[206] as it provides better accuracy than the reversed sequence. Following that, the
DRGEP method [183] is employed again to remove unimportant species and reactions
that have lost connections to the target species due to their lumped parent isomers
[124,125]. Finally, if necessary, the pre-exponential factor of key reactions in the n-
butanol reduced mechanism are adjusted after it is merged with the base n-dodecane

and PAH sub mechanisms to match the experimental ID times [82].

4.3 n-Dodecane Base Mechanism

The n-dodecane reduced mechanism developed by Yao et al. [94] is selected
as the diesel surrogate mechanism and is used as the base mechanism here. This n-
dodecane reduced mechanism [94] is derived from the n-dodecane detailed
mechanism by You et al. [111]. In the development process, the Cs — Ci2 sub-
mechanism is simplified through the elimination of unimportant species and reactions
and isomer lumping. The simplified Cs — Ci2 sub-mechanism is then combined with a
simplified Ho/CO/C1 — C4 base mechanism adopted from Vié et al. [207]. Additionally,
the low-temperature n-decane chemistry that was developed by Bikas and Peters [100]
is modified to be suitable for n-dodecane and is added to the skeletal mechanism to
form an optimised n-dodecane reduced mechanism with 54 species and 269 reactions,
known as SK54a [94]. However, spray combustion simulations at ambient temperature
of 800 K show that the ID predicted by SK54a mechanism is more than 6 ms whereas
experimental measurement is 0.8 ms. As a result, the decomposition reaction of
ketohydroperoxide (OC12H2300H) is changed from OC12H2300H = CH>0 + 3C,Hg4
+ C2Hs + C;H3CHO + OH to OC12H2300H = 3C2Hs + C2Hs + 2CH2CHO + OH to
produce vinoxy radical (CH>CHO) that could facilitate the chain branching reactions
at low temperatures [94]. The pre-exponential factor of the aforementioned reaction is
also adjusted by a factor of two lower than the original value and this newly modified
mechanism is known as SK54b [94]. Nevertheless, the SK54b mechanism still over-

predicts the spray combustion ID by around 25% at ambient temperature of 800 K.
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Consequently, the pre-exponential factor of the OCi2H2300H = 3CoHs4 + CoHs +

2CH>CHO + OH reaction is further decreased by approximately 25% and this resulted
in the final n-dodecane mechanism known as SK54 [94]. The SK54 reduced
mechanism [94] shows good agreement to the experimental ST ID times, JSR species
concentrations, laminar flame speed and pyrolysis species concentrations. Most
importantly, the SK54 reduced mechanism [94] is able to well predict the spray
combustion ID at ambient temperature of 800 K with a deviation of less than 15%.
This result is also even more accurate than the other previously developed n-dodecane
reduced mechanisms [67,114]. On top of that, the SK54 reduced mechanism [94] is
able to well predict the spray combustion ID and FLOL under different oxygen

concentrations, injection pressures and ambient densities.

4.4 PAH Sub-Mechanism

The PAH reduced mechanism developed by Wang et al. [82] is utilised in the
current work. This PAH reduced mechanism [82] is constructed based on the detailed
PAH mechanism developed by Slavinskaya et al. [149]. This PAH reduced
mechanism is generally split into two major sections. The first part of the mechanism
consists of the PAH species “building blocks” such as propargyl (CsH3), C4H> and
cyclobutadiene (C4H4), which are necessary and responsible for the formation of larger
PAH species. On the other hand, the second part of the mechanism consists of the
reactions that describe the formation of PAH from A1 up to As. In this mechanism [82],
the formation of the first-ring PAH species, A1, is mainly through the combination of
two Cs radicals and Cs with C; radicals. Subsequently, the growth of larger PAH
species is primarily through three main pathways: the HACA mechanism; reactions
between aromatic molecules/radicals and small molecules; and reactions between

aromatic molecules and aromatic radicals [148].

4.5 n-Butanol Sub-Mechanism

Among the detailed mechanisms found in literature, the detailed mechanism
built by Sarathy et al. [160], which contained the oxidation pathways at both low-
temperature and high-temperature, is selected here to describe the chemical kinetics
for n-butanol fuel. This is because good validation results were obtained for the

detailed mechanism by Sarathy et al. [160] against the experimental measurements
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under the operating conditions of ST, JSR, premixed laminar flame, laminar flame
speed and RCM. Apart from that, the mechanism [160] is the only detailed mechanism
which had been validated under a high initial ST pressure of 80 bar. Further details on
the validation of the detailed mechanism [160] are found in Ref. [160].

4.5.1 First Stage: DRGEP Method

The detailed mechanism [160] with 426 species and 2335 reactions is reduced
using the DRGEP method [183]. In order to retain the comprehensiveness of the
detailed mechanism [160], key species including nCsHoOH, O», carbon dioxide (CO»),
hydrogen peroxide (H202) and nitrogen (N2) which are pertinent to the fuel oxidation,
auto-ignition and also chain branching are selected as target species. Besides, the
maximum error for the ID prediction between the detailed and reduced mechanisms is
set to 30%, which is in line with that used by Niemeyer et al. [104,208] to develop
skeletal mechanisms for n-heptane, iso-octane and toluene reference fuel (TRF). As a
result, a n-butanol skeletal mechanism with 213 species and 1289 reactions is obtained.
A deviation of 19.26% is recorded when the predicted ID times by the skeletal
mechanism are compared to those of the detailed mechanism [160] at initial
temperatures of 750 — 1350 K, initial pressures of 10 — 80 bar and equivalence ratios

of 0.5 -2.0.

4.5.2 Second Stage: Isomer Lumping Aided by RPA

In order to further reduce the size of the skeletal mechanism by the isomer
lumping method, the RPA in CHEMKIN-PRO [209] is employed to identify the
suitable representative isomer species for each isomer group. The low-temperature
(750 K) and high-temperature (1250 K) combustion of n-butanol after 20% of fuel
consumption at the initial pressure of 40 bar and equivalence ratios of 0.5 — 2.0 are

depicted in Figure 4-1 and Figure 4-2, respectively.

Based on Figure 4-1, during low-temperature combustion, n-butanol initially
breaks down into four hydroxybutyl (C4sHsOH) radical isomers namely C4H3OH-1,
C4H3OH-2, C4H3OH-3, C4sHgOH-4, through the H-atom abstraction from the parent
fuel molecule. It is found that the C4HsOH-1 radical is the most dominant species with

a production rate of more than 50% when n-butanol is consumed by OH and
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hydroperoxyl (HO.). The productionrate of C4HsOH-1 radical is also the highest when

n-butanol undergoes high-temperature combustion as presented in Figure 4-2. These
results are similar to those by Wang et al. [210] where they have also found that the
C4HSOH-1 radical has the highest production rate among the remaining C4HsOH
isomers at initial temperatures of 800 — 1200 K, initial pressure of 20.2 bar and
equivalence ratio of 0.5. As such, C4HsOH-1 is selected as the representative isomer
species for the C4HsOH isomer group and the remaining CsHsOH isomers and
reactions associated to it are therefore eliminated. This approach, which is similar to
the previous works [82,124,125,171,211], is applied to other isomer groups in the 213
species skeletal mechanism. At this reduction stage, a total of 83 species and 517
reactions are removed and the resulting skeletal mechanism contains 130 species and

772 reactions.

57.15% nC,H,OH

2 14.21%
57.58% _// ‘R\_\R 14.32%
_——’// _\‘_
S 0.53% 18.09% —
«— 1051%  17.88% T
C,H,OH-1 C,HO0H-2 C,H,OH-3 C,H,OH-4
nC;H,CHO C,H,;0H-10, C,H;0H-20, C,HOH-30, C,H,OH-40,
v l l
nC,H,CO C,H,0H-100H-3 C,H,0H-200H-1 C,H,0H-300H-1 C,H,OH-400H-1
l v l A. l
nCH, C,H,0H-100H-30, nC,KET12 nC,KETI3 C;H;0H-300H-10, nC,KET14
v l
C,OHKET1-3 C,OHKET3-1

Figure 4-1: Formation of C4HsOH radicals at low-temperature combustion with 20%
n-butanol fuel consumption, at the initial temperature of 750 K, initial pressure of 40
bar and equivalence ratios of 0.5 (black), 1.0 (red) and 2.0 (green). Percentage values
denote the ROP of C4HsOH radicals.
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Figure 4-2: Formation of C4HgOH radicals at high-temperature combustion with 20%
n-butanol fuel consumption, at the initial temperature of 1250 K, initial pressure of 40
bar and equivalence ratios of 0.5 (black), 1.0 (red) and 2.0 (green). Percentage values
denote the ROPS of C4HsOH radicals.

4.5.3 Third stage: DRGEP Method

Since several reaction pathways are removed during isomer lumping, species
that are connected to those lumped isomer species tend to also lose their connections
to the target species [124,125]. As such, the DRGEP method [183] is employed again
to identify those species that have lost connections to the target species and to
eliminate them from the skeletal mechanism. The settings here are similar to those in
the first stage DRGEP reduction, with additional target species such as carbon
monoxide (CO), HO; and H> specified to further retain the comprehensiveness of the
detailed mechanism [160] due to the changes in species pathways. Here, 70 species
and 466 reactions are removed and this resulted in a n-butanol reduced mechanism of
60 species and 306 reactions. The maximum deviation in ID times for the initial n-
butanol reduced mechanism is approximately 23% when compared to those of the 130
species and 772 reactions skeletal mechanism at initial temperatures of 750 — 1350 K,

initial pressures of 10 — 80 bar and equivalence ratios of 0.5 — 2.0.

4.6 Combined Mechanism

The developed 60 species and 306 reactions n-butanol reduced mechanism is
merged with the n-dodecane reduced mechanism [94] that contains 54 species and 269
reactions. Subsequently, the PAH reduced mechanism [82] of 41 species and 228
reactions is integrated into the n-dodecane-n-butanol mechanism to form a n-
dodecane-n-butanol-PAH mechanism. The duplicated reactions in the n-butanol and

PAH sub-mechanisms are removed from the combined mechanism to retain the
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predicting capabilities of the base n-dodecane mechanism. This leads to the final n-

dodecane-n-butanol-PAH mechanism that consists of 105 species and 584 reactions

and is henceforth referred as the DB105 mechanism hereafter.

Preliminary validation of the DB105 mechanism reveals that the predicted n-
butanol ID times deviated highly from that of the detailed mechanism [160]
particularly at temperatures of 700 — 900 K. As such, adjustment to the pre-exponential
factor is necessary to improve the n-butanol ID predictions at the aforementioned
temperature range. The temperature A-factor SA is performed to determine the
important reactions that are sensitive to the ID times when the pre-exponential factors
are perturbed [160]. The SA is performed using the constant volume batch reactor at
initial temperatures of 750 K and 850 K, initial pressure of 40 bar and equivalence
ratios of 0.5 — 2.0. The initial pressure of 40 bar used here is to mimic the in-cylinder
pressure during the onset of fuel injection of a diesel engine [125]. The normalised
sensitivity coefficient charts obtained at different conditions are presented in Figure
4-3. Here, a negative sensitivity value indicates low reactivity while a positive

sensitivity value indicates high reactivity.

According to Figure 4-3, it is observed that the C4HsOH-1 + O, = C4HsOH-
10 reaction shows the highest reactivity at initial temperature of 750 K regardless of
the equivalence ratios. On the other hand, the C4HsOH-1 + O> = nC3H;CHO + HO»
reaction shows the lowest reactivity at both initial temperatures of 750 K and 850 K.
The reactions related to the consumption of n-butanol by HO, and OH are found to
also exhibit a positive sensitivity value, which shows that increasing the pre-
exponential factor of these reactions could increase the reactivity of the mechanism.
However, this could lead to under-prediction of the n-butanol concentration under JSR
conditions. Meanwhile, the H>-O> elementary reactions are all adopted from the n-
dodecane reduced mechanism [94] and thus the pre-exponential factor of these
reactions should not be modified so that the accuracy of the n-dodecane reduced
mechanism [94] is retained. Specifically, the C4HsOH-1 + O, = C4HsOH-10: reaction
is part of the low-temperature reaction class for n-butanol and increasing the pre-
exponential factor could increase the overall reactivity of the mechanism at low

temperatures. Therefore, the pre-exponential factor of the C4HsOH-1 + O> = C4H3sOH-
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10> reaction is adjusted from 1.0E+12 to 6.0E+12 to improve the accuracy of the

combined mechanism and reproduce the auto-ignition behaviour of n-butanol. The
newly adjusted pre-exponential factor is determined using the iteration steps as

follows:

(1) The pre-exponential factor of the n-butanol reactions in the DB105
mechanism are initially adopted from the detailed mechanism [160]. The
ID times predicted by the DB105 mechanism are then validated against the
experimental measurements under ST conditions to determine the accuracy
of the predictions.

(2) The pre-exponential factor of C4HsOH-1 + O = C4HsOH-10; is then
modified to match the experimental ID times under ST conditions.

(3) After each modification process, the ID times predicted by the DB105
mechanism are validated against the experimental measurements to ensure
that the predictions are within the acceptable error limit over the entire
temperature range.

(4) Steps 2 and 3 are repeated until the DB105 mechanism is able to reproduce

the experimental ID times satisfactorily under ST conditions.

The entire development process of the DB105 mechanism is summarised in a

flowchart as shown in Figure 4-4.
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(a)
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C4H8OH-102 = C4H70H-100H-3
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C4H8OH-1 + 02 =nC3H7CHO + HO2
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Normalised A-Factor Temperature Sensitivity

Figure 4-3: Normalised temperature A-factor sensitivity at the point of ignition at
initial temperatures of (a) 750 K and (b) 850 K, the initial pressure of 40 bar and
equivalence ratios of 0.5 — 2.0.
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PAH reduced mechanism
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Figure 4-4: Flowchart of the development of DB105 mechanism.
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4.7 Validation of Mechanism Under 0D and 1D Conditions
4.7.1 1D times

The DB105 mechanism is validated under ST ID times by comparing the
predicted ID times to the experimental measurements. The experimental
measurements for the n-dodecane/air mixtures under ST conditions were obtained
from the work conducted by Shen et al. [212], Vasu et al. [213] and Shao et al. [214].
The 0D closed homogenous constant volume batch reactor in CHEMKIN-PRO is used
to compute the predicted ID times by the DB105 mechanism under ST conditions.
Here, the ID is defined as the maximum temperature gradient with respect to time
(maximum dT/dt). From Figure 4-5, it can be observed that the DB105 mechanism
shows good agreement to the predictions by the SK54 mechanism [94] and
experimental measurements over a wide range of initial pressures, initial temperatures
and equivalence ratios. The predictions by the DB105 mechanism also closely match
those predictions by the SK54 mechanism [94] in the negative temperature coefficient
(NTC) region despite having deviations against the experimental measurements.
Nevertheless, these validation results have already shown that the current DB105
mechanism is more accurate than Wakale et al.’s [75,88] mechanisms as their
mechanisms show deviations in the low temperature regions. The good validation
results are also sufficient to confirm that the oxidation of n-dodecane is well
represented in the DB105 mechanism and the merging of the n-butanol and PAH sub-

mechanisms did not deteriorate the overall predictions for n-dodecane.
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Figure 4-5: Comparison of the n-dodecane ST ID times predicted by the DB105
mechanism against the experimental measurements [212-214] and SK54 mechanism
[94] at (a) initial temperatures of 700 — 1800 K, initial pressures of 14.2 and 40.5 bar
and equivalence ratio of 0.5, (b) initial temperatures of 700 — 1800 K, initial pressures
of 14.2 and 40.5 bar and equivalence ratio of 1.0, (¢) initial temperatures of 700 — 1800
K, initial pressure of 20.2 bar and equivalence ratios of 0.5 and 1.0, and (d) initial
temperatures of 700 — 1800 K, initial pressures of 17.2 and 60.8 bar and equivalence
ratio of 1.0.

The experimental measurements for the stoichiometric n-butanol/air mixtures
under ST conditions were obtained from Heufer et al. [215] at initial pressures of 20
and 40 bar, and Vranckx et al. [216] at initial pressure of 80 bar. According to Figure
4-6, the ID times predicted by the DB105 mechanism are in good agreement with the
predictions by the detailed mechanism [160] and experimental measurements over the
entire range of temperature. The trends of the n-butanol ID times are also well
reproduced by the DB105 mechanism, where n-butanol does not exhibit the NTC
behaviour as n-dodecane does. Although the deviation in ID predicted by the DB105
mechanism and the detailed mechanism [160] is as high as 43% at initial temperature
of 1350 K and initial pressure of 20 bar, the prediction by the DB105 mechanism is in
better agreement with the experimental measurements at that particular operating

condition. Since the typical in-cylinder pressures of a CI engine are at 40 and 60 bar
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[211], it can be concluded that the DB105 mechanism has reasonable accuracy for the

predictions of n-butanol ID times under CI engine relevant conditions.
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Figure 4-6: Comparison of the stoichiometric n-butanol ST ID times predicted by the
DB105 mechanism against the detailed mechanism [160] and experimental
measurements [215,216] at initial temperatures of 750 — 1350 K and initial pressures
of 20 — 80 bar.

4.7.2 JSR Species Concentration

The PSR in CHEMKIN-PRO is employed for the simulations of species
concentration under JSR conditions. The experimental measurements for n-dodecane
under JSR conditions at initial temperatures of 550 — 1100 K, initial pressure of 10.1

bar and equivalence ratios of 0.5 — 2.0 were obtained from Mzé-Ahmed et al. [113].

Based on Figure 4-7, the trends of C12Hz6, C2Hs, C2Ha, C2H2, methane (CHa),
CO», water (H20), CO and O> are well replicated by the DB105 mechanism over the
entire range of temperatures and equivalence ratios. The experimental NTC region of
Ci2Ha6 at temperatures of 650 — 750 K exhibit a non-monotonic trend whereas the
predictions do not and this could be due to model uncertainty in which was also
observed in the original work by Yao et al. [94]. Specifically, the predicted mole
fractions for Co2Hs and CO: show slight deviations at temperatures of 600 — 700 K,
where the former species is over-predicted and the latter species is under-predicted.
This could be due to the discrepancy in predicting the n-dodecane consumption at the

NTC region which subsequently affects the prediction of the end products. Such
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results are also found in the work by Wakale et al. [88] where the predictions for

species such as H>O, CO and CO; also deviate as compared to the experimental

measurements.
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Figure 4-7: Comparison of the n-dodecane JSR species concentration profiles
predicted by the DB105 mechanism (lines) against the experimental measurements
(symbols) [1 13] for nClezs, C2H6, C2H4, Csz, CH4, COz, HzO, CO and 02, at initial
temperatures of 600 — 1100 K, initial pressure of 10.1 bar and equivalence ratio of 0.5
(top row), 1.0 (middle row), and 2.0 (bottom row).

In addition, the experimental measurements for n-butanol under JSR
conditions at initial temperatures of 800 — 1150 K, initial pressure of 10.1 bar and
equivalence ratios of 0.5 — 2.0 were obtained from Dagaut et al. [163]. From Figure
4-8, the mole fractions of C4HoOH, CO, CO; and H>O are well predicted by the DB105
mechanism over the entire range of temperatures. For all equivalence ratios, the
intermediate species such as CoHz, CoHs and CyHg are also well predicted by the
DB105 mechanism over the entire range of temperatures. However, the mole fraction
for CH4 is under-predicted at equivalence ratio of 0.5 and at temperatures above 850
K, which could be attributed to the removal of isomer species that leads to the

formation of CHs. Interestingly, the prediction of CH4 mole fraction improves
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significantly at equivalence ratios of 1.0 and 2.0, which shows that there could be a

possibility that the eliminated isomer species are pertinent to fuel-lean condition only.
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Figure 4-8: Comparison of the n-butanol JSR species concentration profiles predicted
by the DB105 mechanism (lines) against the experimental measurements (symbols)
[163] for nC4sHoOH, C2He, CoH4, C2H2, CH4, CO2, H20O and CO, at initial temperatures
of 600 — 1100 K, initial pressure of 10.1 bar and equivalence ratio of 0.5 (top row),
1.0 (middle row), and 2.0 (bottom row).
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4.7.3 Laminar Flame Speed

The CHEMKIN-PRO 1D premixed laminar flame speed code is used to
simulate the laminar flame speed of n-dodecane and n-butanol. The simulation
assumes a mixture-average transport and considers the Soret effect. As shown in
Figure 4-9, the n-dodecane laminar flame speed predicted by the SK54 mechanism
[94] and the DB105 mechanism are compared to the experimental measurements
obtained from Ji et al. [217], Kumar and Sung [218] and Hui and Sung [219] at
ambient pressures of 1.01 — 3.03 bar, unburned temperatures of 400, 403 and 470 K
and equivalence ratios of 0.7 — 1.4. From Figure 4-9(a), the DB105 mechanism well
predicts the experimental n-dodecane laminar flame speed and the predictions by the
SK54 mechanism [94] with respect to the changes in unburned temperatures.
However, in Figure 4-9(b), the DB105 mechanism over-predicts the experimental n-
dodecane laminar flame speed as the ambient pressure increases to 3.03 bar, with a
maximum deviation of 8 cm/s at equivalence ratio of 0.7. Nonetheless, the trends of
the laminar flame speed are well replicated at all conditions, where the maximum

flame speed occurs approximately at equivalence ratio of 1.1.

The n-butanol laminar flame speed predicted by the DB105 mechanism are
compared against the predictions by the detailed mechanism [160] and the
experimental measurements of Veloo et al. [220] and Liu et al. [173] at ambient
pressure of 1.01 bar, unburned temperatures of 343 and 353 K and equivalence ratios
of 0.7 — 1.4. From Figure 4-10, the DB105 mechanism generally over-predicts the
experimental n-butanol laminar flame speed and the results by the detailed mechanism
[160] despite replicating the trends well. The maximum deviation between the
predictions by the DB105 mechanism and the experimental measurements is 9 cm/s at
equivalence ratio of 1.1. Since the laminar flame speed is found to be governed by the
H»-O» reactions that are responsible in chain developing and chain branching [221],
the predictions of the n-butanol laminar flame speed here are considered reasonable
owning to the fact that the H2-O; reactions in the DB105 mechanism are mostly

adopted from the n-dodecane mechanism [94].

80



r University of
. . ) ) i Sl Nottingham
University of Nottingham Malaysia UK | CHINA | MALAYSIA

—
=-]
-

100.0
90.0
80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0
0.0

Laminar flame speed (cm/s)

B Jietal, 2010, P=1.01 bar, T=403 K
O Kumar et al., 2007, P=1.01 bar, T=403 K
® Jietal, 2010, P=1.01 bar, T=470 K
SK54, P=1.01 bar, T=403 K
——— SK54, P=1.01 bar, T=470 K
----- DB105, P=1.01 bar, T=403 K
----- DB105, P=1.01 bar, T=470 K
T T T T

0.6

(b)
80.0

T T

08 09 10 1.1 12 13 14 15
Equivalence ratio (¢)

~70.0 1
w

(=]

e

[l
I

N

<

[
1

[F'S)

<

o
1

Laminar flame speed (cm/
o =
o =)
=) <
1 1

[

o

[l
1

-
- -

B Hui and Sung, 2013, P=1.01 bar, T=400 K
® Hui and Sung 2013, P=2.02 bar, T=400 K
Hui and Sung, 2013, P=3.03 bar, T=400 K
— SK 54, P=1.01 bar, T=400 K
—— SK 54, P=2.02 bar, T=400 K
SK54, P=3.03 bar, T=400 K
----- DB105, P=1.01 bar, T=400 K
----- DB105, P=2.02 bar, T=400 K

o

=)
<
o

DB105, P=3.03 bar, T=400 K
T T

09 1.2 1.5
Equivalence ratio (¢)

Figure 4-9: Comparison of the n-dodecane laminar flame speed predicted by the SK54
mechanism [94] (solid lines) and DB105 mechanism (dash lines) against the
experimental measurements (symbols) [217-219] at (a) initial pressure of 1.01 bar,
unburned temperatures of 403 K and 470 K and (b) initial pressures of 1.01 —3.03 bar,
unburned temperature of 400 K.
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Figure 4-10: Comparison of the n-butanol laminar flame speed predicted by the
detailed mechanism [160] (solid lines) and DB105 mechanism (dash lines) against the
experimental measurements (symbols) [173,220] at initial pressure of 1.0 bar and
unburned temperatures of 343 K and 353 K.

4.7.4 Premixed Laminar Flame
The CHEMKIN-PRO 1D premixed laminar burner-stabilised flame code is
used to simulate the species concentration profiles under premixed laminar flame. The

initial conditions used for the validations under premixed laminar flame are tabulated

in Table 4-1.

Table 4-1: Initial conditions for the premixed flame simulations.

Flame Fuel O2 H: Ar P ¢ (-) Ref
(%) (%) (%) (%) (bar)

CoHy 21.3 209 - 57.8 1.01 3.06 [222]

C4HoOH (Flame 1) 3.6 241 241 482 0.02 1.4 [223]

C4HoOH (Flame 2) 33 16.7 - 80 0.03 1.2 [223]

C4HoOH (Flame 3) 7.2 428 - 50.0 0.02 1.0 [223]

The DB105 mechanism is validated against the experimental measurements of
CoH4 premixed flame. As seen in Figure 4-11, the predicted mole fractions of C>H>,
CoH4, C4H> and C4Has, which act as “building blocks” for the formation of PAH species
are in good agreement with the experimental measurements with a maximum
deviation of an order magnitude. On the contrary, the mole fractions of large PAH

species such as Az and As are slightly under-predicted but the predictions improved as
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the height above burner (HAB) increases. Meanwhile, the mole fractions of A1 and

naphthalene (A2) are generally well predicted by the DB105 mechanism. This
demonstrates that the formation reaction pathways from C, species to PAH are
accurate and well-represented in the DB105 mechanism. As the experimental
uncertainties could be as high as an order magnitude [82], the level of agreement
between the DB105 mechanism and the experimental measurements are considered

reasonable since the deviations are mostly within the uncertainty limit.

Figure 4-12 shows the n-butanol premixed laminar flame species
concentrations predicted by the DB105 mechanism against the experimental
measurements. Referring to Figure 4-12, the mole fractions of C4HyOH and other
major species such as Oz, CO, CO2, H2O and H» are in good agreement with the
experimental measurements, with a maximum error of 20%. The highest error occurs
close to the burner port and this could be due to the uncertainties in local temperature
and flame/sampling-probe interactions [223]. Nevertheless, the DB105 mechanism is
able to reproduce the trends of the species mole fractions, where the species tend to
reach equilibrium as the HAB increases to 30 mm. Additionally, the validation results
here are much more promising than those by Wakale et al.’s [88] mechanism because
their modelling results have shown noticeable discrepancies to the experimental data.
To this end, Wakale et al. [88] suggested that optimisation is needed to be done to the
detailed mechanism that they have used in developing their n-dodecane-n-butanol

mechanism which then leads to a doubt on the accuracy of subsequent modelling

results.
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Figure 4-11: Comparison of the predicted mole fractions of C2Hz, CoHa, C4Ha, C4Ha,
A1, A2, Az and A4 by the DBI105 mechanism (lines) against the experimental
measurements (symbols) [222] under C;H4 premixed flame.
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4.8  Concluding Remarks

A n-dodecane-n-butanol-PAH mechanism that consists of 105 species and 584
reactions (DB105) is constructed by merging a n-butanol reduced mechanism that is
reduced using DRGEP, isomer lumping and RPA methods to the reduced mechanisms
of n-dodecane and PAH. Subsequently, the DB105 mechanism is validated under a
wide range of 0D and 1D diesel engine relevant conditions such as ST ID times, JSR
species concentrations, laminar flame speed and premixed laminar flames for both n-
dodecane and n-butanol. Good agreements are obtained between the predicted results
and the experimental measurements at all conditions. However, in some conditions
such as the ST ID times and laminar flame speed, it could be seen that the DB105
mechanism could better replicate the experimental measurements for n-dodecane than
n-butanol. This is because the n-dodecane mechanism is selected as the base
mechanism and many reactions of lighter weight species (e.g., C1/C2/H2/O2) from the
n-dodecane mechanism are used to predict n-butanol combustion. As such, there
would obviously be a higher deviation for the results of n-butanol. Nevertheless, from
the validation results in Section 4.7.1 to 4.7.4, it can be deduced that the DB105
mechanism is accurate, compact and comprehensive. To further support this fact, the
DB105 mechanism is more superior than the previous n-dodecane-n-butanol
mechanisms by Wakale et al. [75,88] in terms of size and accuracy. The DBI105
mechanism is smaller in size, validated under a wider range of engine operating
conditions and shown more accurate validation results than Wakale et al.’s [75,88]
mechanisms. This makes the DB105 mechanism to be well accepted by the

combustion modelling community for high-fidelity practical CFD simulations.
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CHAPTER §
2D SPRAY COMBUSTION
SIMULATIONS SETUP

5.1 Introductory Remarks

The modelling of diesel combustion in a diesel engine is complex and time
consuming. Therefore, experimental and computational research are often conducted
in a constant volume combustion chamber to study the detailed combustion processes.
In this chapter, the experimental setup that is used for validations and the numerical
formulations for the 2D spray combustion simulations in a constant volume
combustion chamber are described in Section 5.2 and 5.3, respectively. Subsequently,
simulations under non-reacting condition are presented in Section 5.4 whereas Section
5.5 shows the simulations under reacting condition where the CFD models and the
DB105 mechanism developed in Chapter 4 are further assessed. Finally, the results

from this chapter are summarised in the Section 5.6.

5.2  Experimental Setup

The modelling of non-reacting and reacting spray in a constant volume
combustion chamber is based on the experiments conducted by Nilaphai et al. [79,81].
The spray experiments are conducted in a High-Pressure High-Temperature chamber
called the “New One Shot Engine” (NOSE), as shown in Figure 5-1. It is modified
from a single cylinder low speed diesel engine by adding an optical accessible chamber
to it. The testing conditions used for the experiment are based on the Spray A
conditions from the Engine Combustion Network (ECN) [70] as shown in Table 5-1.
The combustion chamber shown in Figure 5-1 has a square length and width of 44 mm
x 44 mm and a height of 90 mm. The experiments are conducted at ambient
temperatures of 800 K, 850 K and 900 K while the ambient density is maintained at
22.8 kg/m®. The term ‘ambient’ here refers to the working conditions in the constant
volume combustion chamber. The test fuels used for the experiments include 100% n-
dodecane (Bu0), 80% n-dodecane-20% — n-butanol (Bu20) and 60% n-dodecane — 40%
n-butanol (Bu40).
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Figure 5-1: The NOSE combustion chamber experimental setup [79,81].

Table 5-1: Testing conditions for ECN spray A conditions [79,81].

Parameters Value

Ambient gas temperature 800, 850, 900 K
Ambient gas pressure Near 60 bar
Ambient gas density 22.8 kg/m?

Ambient gas composition
Non-reactive:

Reactive:

Fuel injection pressure
Fuel temperature at nozzle
Injection duration

Nozzle diameter

Number of repetitive test

0% O3z, 100% N2
15% Oz, 85% N>
150 MPa

363 K

1.5 ms

89.7 um

12
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5.3 Numerical Formulations

The simulations are performed using ANSYS FLUENT 19.1 [201]. The
experimental data from the work of Nilaphai et al. [79,81] is used for the model
validation. The constant volume combustion chamber used for the simulation study is
a cylinder with a volume identical to those from the experimental measurements
[79,81]. In order to achieve that, the diameter of the cylindrical chamber is adjusted
while the height remains the same as the actual combustion chamber. The cylinder
chamber used in the simulation work is also modelled as an axis-symmetrical 2D plane
in order to take advantage of the symmetrical boundary conditions [200]. The resulting
2D plane consists of a radius of 25 mm and a height of 90 mm as shown in Figure 5-2.
The zero-flux heat condition is employed in the current simulations and the wall-jet
model [224] is used to model the spray impingement on the walls of the combustion
chamber. Other boundary conditions applied to the current mesh includes a no-slip for

velocity components and zero diffusive flux for the species variables.

Walls

) l.?uel .
injector

Symmetry
Area of mesh
refinement

Figure 5-2: Mesh model of the 2D axis-symmetrical plane.

The non-reacting and reacting spray simulations are carried out using the
unsteady Reynolds-averaged Navier-Stokes (URANS) turbulence modelling approach
to solve the conservation equations for mass, momentum, energy and other scalar
quantities such as turbulence and chemical species. The Pressure-Implicit with
Splitting of Operators (PISO) pressure-velocity coupling algorithm is employed. For
the combustion model, the species transport with finite-rate chemistry is used where
it solves the conservation equations that describes the convection, diffusion and

reaction source for each species. The DB105 mechanism is integrated into the CFD
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solver to describe the combustion and emission characteristics of n-dodecane-n-

butanol.

The liquid fuel spray is assumed as a constant size blob that has the same size
as the nozzle diameter [225]. This assumption allows the uncertainties related to the
effects of internal nozzle passage flow and nozzle geometry on the initial disturbance
and atomisation process to be incorporated into just one model constant [226]. The
Langrangian approach is used to track the liquid fuel particles where the trajectories
and heat/mass transfer of each liquid droplets are computed. The dynamic drag model
is employed to model the drag force that exerts on the fuel droplets during the
acceleration in freestream conditions [225]. The two-way turbulence coupling model
is also used to capture the effect of changes in turbulent quantities caused by particle

damping and turbulent eddies.

The validation under non-reacting spray conditions are conducted by
comparing the predicted LPL and VPL against the experimental measurements.
Validations under reacting spray conditions are done by comparing the predicted 1D,
FLOL and SVF against the experimental measurements. The LPL is defined as the
furthest location from the injector along the spray axis where 99% of the total liquid
mass is found [130,211] and the VPL is defined as the axial distance from the injector
along the spray axis where the fuel vapour mass fraction is 0.1% [131,227,228]. The
ID is defined as the time at which the maximum temperature gradient occurs in the
temperature profile (dT/dt) [130]. Although there are several definitions for the ID,
Pang et al. [93] reported that there was no significant difference in the ID among the
definitions. Moreover, the FLOL can be determined using a well-defined mean
temperature iso-contour [229] and the OH chemiluminescence [230] which represents
the high-temperature combustion chemistry. Both of these definitions [229,230] were
evaluated by Zhang et al. [231] and results show negligible differences between the
two definitions. Therefore, in this work, the FLOL is defined as the first location from
the injector where the Favre-average OH mass fraction reaching 2% of its maximum.
The definitions of the validating parameters used for the non-reacting and reacting
simulations are tabulated in Table 5-2 and the baseline physical models used for the

simulations are listed in Table 5-3.
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Table 5-2: Definition of parameters used for the non-reacting and reacting spray
simulations.

Parameters Definitions

LPL Maximum location from the injector where 99% of the total liquid
mass is found.

VPL Maximum location from the injector where the fuel vapour mass
fraction is 0.1%.

ID The time of the maximum temperature gradient after start of
injection (ASOI).

FLOL The location where the Favre-average OH mass fraction is 2% of

its maximum.

Table 5-3: Baseline physical models used for the simulations.

Models/Parameters Value

Grid Size 1.0 mm x 1.0 mm (radial x axial)

Time-step 1.00E-06 s

Turbulence model Standard k£ — ¢ (Ci. = 1.44)

Spray breakup model KHRT (B1 =20, C;=0.5,Cx=1.0,CL=17)
Drag model Dynamic

Injector type Single injection (constant-size blob)
Injection pressure 150 MPa

Injector nozzle diameter  89.7 um

In the experimental measurements [79,81], the liquid fuel is injected according
to a square-shaped injection profile as depicted in Figure 5-3. However, it should be
noted that there are two hydraulic delays; one at the beginning of the injection
command and the other at the end of injection command. The initial hydraulic delay
is around 310 ps while the end hydraulic delay is around 2080 ps [79,81]. Although
the injection command is only for 1.5 ms, the actual injection period lasted until
approximately 3.58 ms before the mass flow rate returns to zero. As such, by taking
into consideration of both the initial and end hydraulic delays, the end of injection
timing are set to 3.27 ms in the simulations as the hydraulic delays are not detectable

in the simulations.
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Figure 5-3: Average mass flow rate from 20 repetitive injections at pressure of 60 bar,
injection pressure of 150 MPa and injection command duration of 1.5 ms [79,81].

5.3.1 Mesh Independence Test

In order to ensure high fidelity simulations, the mesh independence test is first
carried out to obtain a suitable mesh for successive numerical studies. The mesh
independence test is carried by comparing the computed non-reacting LPL and VPL
using five different mesh sizes of 1.00 mm, 0.75 mm, 0.50 mm, 0.25 mm and 0.125
mm. It should be noted that the mesh sizes used here are uniform in the radial and
axial directions. The non-reacting simulations are performed using the baseline

settings in Table 5-3 at ambient temperature of 900 K and BuO as the test fuel.

Figure 5-4 shows the predicted LPL and VPL of the non-reacting BuO spray.
From Figure 5-4(a), LPL decreases as the mesh size decreases. On the other hand, the
VPL increases with the decreased in mesh size, as shown in Figure 5-4(b). The LPL
was also seen to be fluctuating more when larger mesh sizes (i.e., 1.0 mm and 0.75
mm) are used. As such, it is obvious that a smaller mesh size should be used for reliable
numerical results. The mesh size of 0.25 mm is found to provide mesh independence
results as further refinement of the mesh size to 0.125 mm does not show any
significant changes in the predictions of LPL and VPL. In fact, as shown in Table 5-4,
the computational time of using the 0.125 mm mesh size is higher than those at 0.25

mm by two times, which is expected due to a four times increment in number of cells
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as compared to those at 0.25 mm. Therefore, the mesh size of 0.25 mm is considered
adequate for accurate simulation results as it has proven to produce mesh

independence results.
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Figure 5-4: Comparison of the predicted (a) LPL and (b) VPL using different mesh
size under non-reacting spray conditions, at ambient temperature of 900 K.
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Table 5-4: Computational time using different mesh size.

Mesh size (mm) Number of cells Computational time (minutes)
1.00 x 1.00 2250 155

0.75x0.75 3960 234

0.50 x 0.50 9600 526

0.25x0.25 36000 916

0.125 x 0.125 144000 1860

Nevertheless, the computational time can be further reduced as it is
unnecessary to apply the fine mesh size across the entire mesh model. The common
practice in CFD modelling is to apply fine mesh size only at the area of interest, which
in this case is the area close to the injector tip to capture the LPL and VPL profiles of
the spray jet. Hence, mesh grading is applied close to the injector tip to reduce the
number of cells in the mesh and fasten the computational time (Refer to Figure 5-2).
Since 0.25 mm was proven to give mesh independence results, it is selected as the
baseline mesh and also the minimum mesh size for the mesh gradings. Table 5-5 shows

a tabulation of the details of the mesh with different gradings being applied.

Table 5-5: Description of the mesh with different grading applied.

Mesh size Baseline Mesh 1 Mesh2 Mesh3 Mesh4
Minimum mesh size

(mm):

Radial 0.25 0.25 0.25 0.25 0.25
Axial 0.25 0.25 0.25 0.25 0.25
Maximum mesh size

(mm):

Radial 0.25 1.00 0.50 0.50 1.00
Axial 0.25 0.50 0.50 1.00 1.00
Number of cells 36000 12500 17500 11550 7590
Computational time 916 261 307 253 208
(minutes)

The predicted LPL and VPL for the non-reacting spray using different mesh
gradings are shown in Figure 5-5. From Figure 5-5, as compared to the baseline mesh,
there are only slight changes in the LPL and VPL when different mesh gradings are
used. Despite the computational time for all the mesh gradings decreases around three
to four times as compared to the baseline mesh, Mesh 3 and Mesh 4 are not selected
as it is preferable to keep the axial mesh size as small as possible for accurate soot and

FLOL predictions [232]. Mesh 2 is not selected as well because the predicted LPL and
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VPL did not show any differences to those predicted using Mesh 1 and yet the
computational time is 17.62% higher than Mesh 1. Moreover, the radial mesh size that
is further away from the injector can be maximised as it does not affect the LPL and
VPL [232]. Therefore, Mesh 1 is selected for further parametric studies as it is able to
achieve mesh independence results and the computational time is approximately 3.5

times lower than the baseline mesh.
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Figure 5-5: Comparison of the predicted (a) LPL and (b) VPL using different mesh
gradings under non-reacting spray conditions, at ambient temperature of 900 K.
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5.3.2 Time-step Parametric Study

After finalising on the optimum mesh size, the time-step parametric test is
carried out to obtain a suitable time-step for the simulations. Three time-step sizes of
5.0 ps, 1.0 ps and 0.5 ps are tested in this parametric test where they are commonly
used in other studies [125,130,131]. The time-step parametric study is conducted using
Mesh 1 and the predicted non-reacting LPL and VPL at different time-steps are
presented in Figure 5-6. From Figure 5-6(a), the LPL is seen to be fluctuating more at
larger time-step size and the magnitude of the fluctuation decreases as the time-step
size decreases to 0.5 us. The VPL is however less sensitive to the changes in time-step
size as shown in Figure 5-6(b). As smaller time-step size leads to higher computational
time, the time-step size of 1.0 ps is considered sufficient to provide a steady

predictions for LPL and VPL and a reasonable computational time.

95



r University of
. . ) . i 9 Nottingham
University of Nottingham Malaysia UK | CHINA | MALAYSIA

—
1=
S

._.
:h
(=

—_—
b
(=]

o
o

504
=

B o
o o

o
o

Liquid penetration length (mm)

e
o

T T T

0.0 0.3 0.6 0.9 1.2 1.5
Time (ms)

(b)

=N
=
=}

wn

o

[}
1

=~
)
)
1

(o8]

e

<
1

(=)
=
o
1
w
=
=1
i
=
=N

Vapour penetration length (mm)

’/
10.0 - / —— 1.00E-06
,' 5.00E-07
0.0 T T T T
0.0 0.3 0.6 0.9 1.2 1.5

Time (ms)

Figure 5-6: Comparison of the predicted (a) LPL and (b) VPL using different time-
step size under non-reacting spray conditions, at ambient temperature of 900 K.
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5.3.3 Turbulence Model Parametric Study

The turbulence model parametric study is carried out to determine the optimum
turbulence model and model constants for the simulations. Three RANS based
turbulence models are evaluated namely Standard k-¢ model, Re-Normalisation Group
(RNG) k-¢ model and the Realisable k-¢ model. The default model constants for each
turbulence model are listed in Table 5-6. The turbulence model parametric study is

carried out using Mesh 1 and the time-step size of 1.0 ps.

Table 5-6: Default model constants in the Standard, RNG and Realisable k-& models.

Turbulence models Model constants

Standard k-¢ Cn=0.09,Cic=1.44,C=192,6¢,=1.0,0:.=1.3
RNG k-¢ Cu=0.0845, C1c=1.42, C2:=1.68

Realisable k-¢ Cie=1.44,C:=1.90,0,=1.0,0:.=1.2

Figure 5-7 shows the effect of turbulence model on the predicted LPL and VPL
against the experimental measurements under non-reacting spray conditions.
Referring to Figure 5-7, the standard k-¢ model was found to under-predict the
experimental LPL and VPL with the default model constants. However, it can be
observed that the predicted VPL using the standard £-¢ model matches the trend of the
experimental measurements well. The RNG k-¢ model predicts a comparable LPL with
the standard k- model but the VPL is over-predicted at the early phase of the injection.
Nonetheless, the RNG model predicts a lower rate of increment for the VPL and the
VPL is eventually under-predicted at 1.5 ms. For the realisable £-¢ model, the LPL is
over-predicted at the early phase of the injection but decreases to a stabilised level for
the rest of the injection period. The predicted VPL using the realisable k-¢ model is
similar to those of the RNG k-¢ model at the early part of the injection where over-
predictions occur but slowly converges to a level similar to those predicted using the
standard k-¢ model. In spite of that, as mentioned previously, the standard k-¢ model
predicts a better fit to the trend of the experimental measurements and is thus selected

for this simulation work.
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Figure 5-7: Comparison of the predicted (a) LPL and (b) VPL against the experimental
measurements using different turbulence model under non-reacting spray conditions,
at ambient temperature of 900 K.

Following the selection of the standard k-¢ model turbulence model, the effect
of adjusting the Cic model constant on the predicted LPL and VPL is evaluated and
the results are shown in Figure 5-8. Based on Figure 5-8, it is observed that the
increment of the Ci; model constant value from 1.44 to 1.60 increases the VPL. On
the contrary, the LPL is found to be insensitive to the changes of Ci. value. Therefore,
the Ci: model constant value should be increased to match the experimental

measurements, especially for the VPL measurements.

98



r University of
. . ) . i 9 Nottingham
University of Nottingham Malaysia UK | CHINA | MALAYSIA

(2) 14.0

E 120 1 1
g‘ ' 4 ! I l‘
= kot ogomokomo o ohie g qmm———- Floed
£ ol iy ' L
i R
= i

13 S — Experimental data
= —_—C1e

g 4.0 _I' Cle=1.44

= f T Cle=1.50

_E, 2.0 Cle=1.55

~ ' - = Cle=1.60

0.0 T T T T
0.0 0.3 0.6 0.9 1.2 1.5
Time (ms)

b
( )80.0

E 70,0 -

g

= 60.0 -

E e
£ 500 - ooms
€ 400 I

% 004 0= e Experimental data
g Cle=1.44
I Cle=1.50

2 10.0 Cle=1.55

S 0.0 ' - = Clg=1.60

0.0 0.3 0.6 0.9 12 1.5

Time (ms)

Figure 5-8: Comparison of the predicted (a) LPL and (b) VPL against the experimental
measurements using different Ci¢ values under non-reacting spray conditions, at
ambient temperature of 900 K.
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5.3.4 Spray Breakup Model Parametric Study

The effect of adjusting the B constant in the KHRT model on the predicted
LPL and VPL under non-reacting spray conditions is studied here. The B constant is
the breakup time constant that determines the time at which the fuel droplets are
broken up into child droplets. The B; constant is also the most important model
constant in the KHRT model as it has a huge influence on the spray penetration length
[233]. The value of the B constant can be in the range of 1 to 60, depending on the
injector characterisation [201]. According to Figure 5-9, the effect of the adjustment
of the B1 constant value is more pronounce in the prediction of LPL. On the contrary,
the predicted VPL shows only a slight difference with the changes in B constant value.
A higher B; value prolongs the spray breakup timing and increases the diameter of the
fuel droplets. As a result, a longer LPL is observed due to larger momentum of the

fuel droplets.
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Figure 5-9: Comparison of the predicted (a) LPL and (b) VPL against the experimental
measurements using different B; values under non-reacting spray conditions, at

ambient temperature of 900 K.

5.3.5 Optimised Numerical Setup

From the mesh independence test and all the parametric studies from Section

5.3.1 to 5.3.4, it can be deduced that the LPL is more sensitive to the B; value in the

KHRT model while the VPL is more sensitive to the Ci¢in the standard k-¢ model.

Hence, the B and Ci: model constants must be calibrated to match the non-reacting

experimental LPL and VPL. Table 5-7 shows a set of optimised numerical settings for
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the non-reacting spray simulations for Bu0 fuel. It is noteworthy to mention that the

numerical settings listed in Table 5-7 are used to simulate the non-reacting sprays for
the remaining cases of Bu0, Bu20 and Bu40 fuel at ambient temperatures of 800 K,
850 K and 900 K.

Table 5-7: Optimised numerical settings.

Models/Parameters Selection/Value

Mesh size Mesh 1; 0.25 mm x 0.25 mm (minimum), 1.00 mm x
0.50 mm (maximum) in both radial and axial directions

Time-step 1.00E-06 s

Turbulence model Standard k-¢

Model constant Cj. 1.50

Breakup model KHRT

Model constant B 40

5.4  Non-reacting Spray Simulations

The predicted non-reacting penetration lengths for Bu0, Bu20 and Bu40 fuels
at ambient temperatures of 800 K, 850 K and 900 K are compared against the
experimental measurements as shown in Figure 5-10. For brevity, the test cases are
denoted by the ‘fuel blend (ambient temperature)’ convention hereafter. From the
results in Figure 5-10, the optimised numerical settings are able to replicate the trends
of the LPL and VPL well with respect to the changes in n-butanol blending ratios and
ambient temperatures. However, the VPLs of Bu20 and Bu40 are slightly under-
predicted as the numerical settings are formulated based on the BuO fuel. The higher
density of Bu20 and Bu40 fuel exhibit higher fuel momentum and causes the fuel
vapour to penetration further into the combustion chamber and thus higher VPL.
Nonetheless, for all cases, the maximum deviation between the predicted penetration
lengths and the experimental measurements is 4% which implies a good prediction of

the air-fuel mixing is achieved.
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Figure 5-10: Comparison of the predicted non-reacting LPL and VPL (solid lines)
against experimental measurements (dash lines) [79] for Bu0, Bu20 and Bu40 fuels at
ambient temperatures of 800 K, 850 K and 900 K.

5.5 Reacting Spray Simulations
5.5.1 ID and FLOL Predictions

Following the validations under non-reacting conditions, the simulations are
extended to under reacting conditions. As fuel ignition depends on the chemical
kinetics, the ID is a suitable parameter to determine the accuracy of the chemical
kinetics. Meanwhile, accurate prediction of the FLOL is particularly important for the
soot formation process as it determines the amount of air being entrained by the fuel
vapour prior to combustion [234,235]. The numerical settings used for the reacting
spray simulations are identical to those listed in Table 5-7. The ambient oxygen
concentration used for the reacting simulations is 15% while the ambient density is

maintained at 22.8kg/m>.
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According to the results in Figure 5-11, the DB105 mechanism gives good

predictions in ID and FLOL as compared to the experimental measurements for BuO,
Bu20 and Bu40 fuels at ambient temperatures of 800 K, 850 K and 900 K. The
maximum percentage error for ID and FLOL are recorded to be 20% and 12%,
respectively, for all test cases. Besides, the trends of the ID and FLOL for all test cases
are correctly replicated by the DB105 mechanism where a lower ambient temperature
and a higher n-butanol blending ratio leads to higher ID and FLOL. Overall, the ID
and FLOL prediction results here are considered as an improvement as compared to
the previous n-dodecane-n-butanol mechanisms by Wakale et al. [75,88] where the

predicted ID deviated by a factor of three at ambient temperature of 800 K.
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Figure 5-11: Comparison of the predicted ID and FLOL for (a) Bu0, (b) Bu20 and (c)
Bu40 fuels against the experimental measurements [79] at ambient temperatures of

800 K, 850 K and 900 K.
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5.5.2 Soot Predictions

As the default model constants in the Moss-Brookes soot model are mainly
developed to predict methane combustion [202], it is necessary to calibrate the model
constant values to match the present experimental measurements [70]. Among others,
the rates of soot inception (C,) and soot surface growth (C,) are selected to be adjusted
to match the experimental measurements due to their significant contributions in the

resulting soot formation [93,236,237].

From the literature, the typical value of C, used in simulations is 10000
[131,237]. On the contrary, the C, value varies from 6000 [93,236,237] to 72000 [238].
Meanwhile, Chishty et al. [131] and Vishwanathan and Reitz [239] adopted a value of
9000 for C, in their respective soot modelling studies. Based on the values
recommended in the literature, a test matrix is constructed as shown in Figure 5-12 for
the parametric study of C, and C, values. For C,, the lower limit is set to 54 as
suggested by ANSYS FLUENT while the upper limit is set to 10000 as suggested in
the literature. An intermediate value of 5000 is also included in the test matrix.
Meanwhile, for C,, both the values for the lower and upper limit are adopted from the
literature. The values highlighted in bold are those default values recommended by

ANSYS FLUENT.

Increasing C,

54; 6000 54; 11700 54; 72000
o ———— 0o — @

5000;/6000  5000; 11700  5000;/72000
[ ®

Increasing C,,

10000;]6000  10000;|11700 10000;|72000
[ @

Figure 5-12: Test matrix for the calibration of C, and C, values.

Figure 5-13 shows the simulated SVF against the experimental measurements
[70] for BuO fuel at ambient temperatures of 900 K using different C, and C, values.
From the trends of the predicted SVF in Figure 5-13, it can be deduced that the C,
value has an influence on the peak SVF only while the C, value affects both the peak
SVF and the size of the soot cloud. Besides, it is obvious that the default values for C,,
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and C, tend to under-predict the peak SVF and the location at which the peak SVF
occurs is predicted to be around 5 mm upstream as compared to the experimental
measurements. As a result, the C,and C, values must higher than the default values in
order to replicate the experimental measurements and thus the values for C,and C, are

selected as 5000 and 72000, respectively.

o Experimental data Higher soot inception rate
54; 6000 x1000  leads to higher peak SVF
——5000; 6000 x50
10000; 6000 x50
| 54; 11700 x1000
----- 5000; 11700 =50 Higher surface
10900; 11700 =50 growth rate
1-2 500070000 | calavees the
10000; 72000 soot clod

(o] =) = h
1 1

Soot volume fraction (ppm)

—
1

0 10 20 30 40 50 60 70
Distance from injector (mm)

Figure 5-13: Effects of C, and C, values on the predicted SVF of Bu0 fuel at ambient
temperature of 900 K. The figure legend is labelled using the convention of ‘Cy; C,x
magnification factor’.

Figure 5-14 shows the predicted SVF against the experimental measurements
[70] for BuO fuel at ambient temperatures of 850 K and 900 K. Soot validation at
ambient temperature of 800 K was not performed because the laser induced
incandescence experiments could not detect any signal, indicating ultra-low or no soot
formed within the measured conditions [240]. From Figure 5-14, the peak SVF at 850
K is over-predicted by around 1.0 parts per million (ppm) (100%) while the peak SVF
at 900 K is well predicted with a maximum error of 0.3 ppm (10%). The discrepancy
of the predicted peak SVF at 850 K was also observed by Chishty et al. [131] and this
could be attributed to the temperature insensitivity of the soot formation rates.
Nevertheless, the simulations are able to well replicate the soot onset location at both
ambient temperatures, where it is slightly further downstream as the ambient
temperature decreases. Furthermore, Figure 5-15 shows the predicted soot contours
for BuO fuel against the experimental measurements at ambient temperatures of 850

K and 900 K. The red dash line in the images represents the FLOL. Referring to the
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results in Figure 5-15, the shape and location of the experimental soot clouds are well
emulated by the simulations. However, the predicted peak SVF at ambient temperature
of 900 K is located slightly downstream as compared to the experimental
measurements. Despite that, more importantly, the predicted SVF contours agree well
with the conceptual model proposed by Dec [2], where soot is mainly formed in the
fuel-rich zone of the spray jet. It should be noted that due to the lack of soot
experimental data for n-dodecane-n-butanol blends, the soot model settings are
retained to be identical to those used for BuO fuel to ensure that only the effects of n-
butanol blending ratio and ambient temperature and its associated chemical kinetics
are present in the results produced for n-dodecane-n-butanol blends (soot modelling
results in Chapter 7). Such approach is also similarly adopted by Cheng et al. [241] in

their soot modelling study of soybean methyl ester — ethanol blends.

Experimental data (900 K)
4 4 ===-Simulation (900 K)

Experimental data (850 K)
3 4 ==--Simulation (850 K)

Soot volume fraction (ppm)

0 1 1
0 10 20 30 40 50 60 70
Distance from injector (mm)

Figure 5-14: Comparison of the predicted SVF against experimental measurements
[70] for BuO fuel at ambient temperatures of 850 K and 900 K.
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Figure 5-15: Comparison of the predicted SVF contours for BuO fuel against the
experimental measurements [70] at ambient temperature of (a) 850 K and (b) 900 K.
Red line denotes the FLOL.

5.6  Concluding Remarks

The numerical formulations for the 2D spray combustion simulations in a
constant volume combustion chamber are performed in this chapter. The mesh
independence test and parametric studies for the time-step, turbulence model and spray
breakup model are conducted to obtain an optimised set of CFD sub-models for the
simulations. Subsequently, by using the optimised CFD sub-models, the simulations
are conducted under non-reacting condition by comparing the LPL and VPL of Bu0,
Bu20 and Bu40 fuels at ambient temperatures of 800 K, 850 K and 900 K to the
experimental measurements. The simulations for the test cases are also extended to
reacting condition where the predicted ID, FLOL and soot results are compared to the
simulation results. A maximum deviation of 4% is recorded for the LPL and VPL
whereas it is at 20% and 12% for the ID and FLOL, respectively. For the soot
validation, the predicted peak SVF for Bu0 fuel at 850 K and 900 K deviated by around
1.0 ppm (100%) and 0.3 ppm (10%), respectively, to the experimental measurements.
However, the experimental soot clouds are well emulated. Soot validations for n-
dodecane-n-butanol blends are not presented as there is a lack of soot experimental
data but the CFD sub-models and model constants formulated here are retained to be
identical for the numerical studies in Chapter 6 and 7.
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CHAPTER 6

IGNITION AND COMBUSTION
CHARACTERISTICS OF N-
DODECANE-N-BUTANOL SPRAY

6.1 Introductory Remarks

Following the numerical setup and validations of the CFD sub-models and the
DB105 mechanism under 2D spray combustion simulations in Chapter 5, Table 6-1
tabulates five test cases that are selected to study the ignition, combustion and flame
characteristics of n-dodecane-n-butanol at various n-butanol blending ratios and
ambient temperatures. The effects of n-butanol blending ratio and ambient
temperature towards the global combustion characteristics of n-dodecane-n-butanol
spray combustion are first presented in Section 6.2. The ignition characteristics of n-
dodecane-n-butanol blends are then studied in Section 6.3 alongside the species that
pertains to ignition. Moreover, Section 6.4 describes the transitioning behaviour of the
n-dodecane-n-butanol blends towards quasi-steady state and Section 6.5 presents their
flame characteristics at quasi-steady state. The combustion mode analysis on the
evolution of n-dodecane-n-butanol spray is performed in Section 6.6. Finally, the

conclusions from this chapter are highlighted in Section 6.7.

Table 6-1: Test cases investigated.

No Test case Ambient pressure (bar) Oxygen level (%)
1 Bu0 (900 K) 59.65 15
2 Bu20 (900 K) 59.65 15
3 Bu40 (900 K) 59.65 15
4 Bu20 (850 K) 56.34 15
5 Bu20 (800 K) 53.02 15

6.2 Global Combustion Characteristics

The temporal evolution of the flame temperature and HRR at different n-
butanol blending ratios and ambient temperatures are shown in Figure 6-1. The HRR

is calculated from the sum of heat that is produced from all the reactions. From Figure
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6-1, the flame temperature decreases and the HRR is delayed as the n-butanol blending
ratio increases and as the ambient temperature decreases. This is due to the slower
reaction rate at higher n-butanol blending ratio and at lower ambient temperature.
Besides, according to Figure 6-1(b), it could be observed that the predicted HRR for
all cases consists of two peaks where the first peak is associated to the first-stage
ignition and the second peak associated to the second-stage ignition. This is in contrast
to the spray combustion of pure n-butanol where it only consists of a single stage
ignition [242]. Besides, the trends of the predicted HRR show that after the first-stage
ignition, there is a decrease in HRR before the second-stage ignition. During this time,
the liquid fuel absorbs heat from the surroundings for further vaporisation and air
entrainment in order to achieve a combustible mixture prior to the second-stage
ignition. This is an endothermic process and thus the predicted HRR decreases.
Moreover, the combustion duration is observed to be the longest for Bu20 (800 K) as
evident from the slowest rate of decrease in HRR after the peak of the second-stage

ignition as shown in Figure 6-1(b).
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Figure 6-1: Predicted (a) flame temperature and (b) HRR for different test cases.
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6.3 Flame Ignition Characteristics

In order to understand the ignition process of n-dodecane-n-butanol blend,
three characteristic timings are adopted to distinguish the important stages of the flame
during the spray combustion event. The characteristic timings were first introduced by
Salehi et al. [243] and were subsequently adopted by Wei et al. [86] for their n-heptane
spray combustion study. All the characteristic timings are defined with respect to the

start of injection timing and they are as follows:

e t;— the time at which the first-stage ignition occurs.
e t — time at which maximum temperature gradient occurs, which also
corresponds to the second-stage ignition.

e t3—time at which the flame reaches the high-temperature combustion.

Based on Figure 6-2, the first-stage ignition of Bu0 (900 K) at t; occurs very
rapidly as can be seen from the sudden spike and decrease in the HRR. On the contrary,
the first-stage ignition of Bu20 (900 K) and Bu40 (900 K) are slower than Bu0 (900
K), as can be seen in Figure 6-2(b) and (c), where the HRR curves of Bu20 (900 K)
and Bu40 (900 K) at the first-stage ignition are increasing gradually as compared to
the rapid increase of HRR for Bu0 (900 K). However, it should be noted that the peak
HRR at the first-stage ignition for Bu40 (900 K) is marginally higher than Bu0 (900
K) and Bu20 (900 K). This could be attributed to the higher degree of homogeneity of
air-fuel mixture that was formulated prior to the first-stage ignition, which resulted in
a more intense combustion. Similarly, Bu20 (800 K) consists of a longer duration of
air-fuel mixing and this subsequently resulted in a much higher peak HRR at the first-
stage ignition. After the first-stage ignition, the flame moves towards the second-stage
ignition at t,. From Figure 6-2, it could be seen that the flame temperature and HRR
for all test cases increase drastically at to, which indicates that the combustion reaction
at the second-stage ignition is very intensive. It can also be seen that the time
difference between t; and t> is the shortest for Bu0 (900 K) as compared to the other
cases. This is due to the higher cetane number of n-dodecane as compared n-dodecane-
n-butanol blends, which increases the tendency of n-dodecane to auto-ignite. From the
viewpoint of chemical kinetics, the inclusion of n-butanol creates a competition with

n-dodecane for the consumption of OH [59]. This thus slows down the oxidation of n-
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dodecane and the difference between ti and t> increases as n-butanol blending ratio
increases. Moreover, the lower overall combustion reaction at lower ambient
temperature also leads to a larger difference between t; and t2. Nevertheless, at the end
of to, the flame temperature for all cases have reached its maximum and is at the onset
of high-temperature combustion as the combustion progresses to t3. Thereafter, the
flame temperature remains constant throughout the entire period of time while the

HRR decreases gradually from its peak until it reaches a steady-state value.
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Figure 6-2: Temporal evolution of the flame temperature and HRR for (a) Bu0 (900
K), (b) Bu20 (900 K), (c) Bu40 (900 K) and (d) Bu20 (800 K).

Figure 6-3 to Figure 6-5 further present the contours of temperature, OH and
CH:O at t1, t2 and t3. The CH20 and OH species are selected as markers for low-
temperature and high-temperature combustion, respectively [244-246]. In the
contours, the black line is the stoichiometric line, where it is used to separate the fuel-
lean and fuel-rich regions. Regions that are within and outside the stoichiometric line
are considered as fuel-rich and fuel-lean, respectively. The mixture fraction of the
spray is calculated based on the mass fractions of carbon and hydrogen atoms using

the following equation [86]:
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Ng
Y,
7= E (MW, ng g + MWyny ,) —— (6-1)
] ' < MW,
a=

where MW,., MWy and MW, are the molar mass for the carbon, hydrogen and species
a, respectively. Besides, n. , and ny , are the number of carbon and hydrogen atom
of species a, respectively, while Y, and Ny are the mass fraction of species a and total

number of species, respectively. It should be noted that in this calculation, the mass

fractions of CO; and H>O are excluded [86].

According to the temperature contours in Figure 6-3, it could be seen that the
first-stage ignition site for all cases except Bu20 (800 K) at t; is at the spray periphery.
This is because the liquid fuel that is further away from the liquid core undergoes
vaporisation and mixes with the hot ambient air to form the combustible mixture.
However, for Bu20 (800 K), the sufficiently long ID enhances the air-fuel mixing and
the first-stage ignition is observed to occur at the spray head in addition to the spray
periphery. A high amount of CH2O is also found at the same location where the first-
stage ignition occurs. The distribution of CH20 and the first-stage ignition sites are
also seen to be penetrating towards the fuel-lean region as n-butanol blending ratio
increases and as the ambient temperature decreases. Since the latent heat of n-butanol
is higher than n-dodecane [79], the vaporisation of n-dodecane-n-butanol liquid fuel
within the spray core is difficult. Hence, only the liquid fuel that is at the outermost
edge of the spray receives sufficient heat energy for vaporisation and undergoes air-
fuel mixing with the surrounding ambient air. Likewise, at lower ambient temperatures,
the heat of the surroundings decreases and air entrainment occurs only at the outermost
of the spray jet because there is a lack of heat energy for fuel vaporisation within the
inner spray core. Due to these reasons, the first-stage ignition is shifted towards to
fuel-lean region at higher n-butanol blending ratio and at lower ambient temperature.
Meanwhile, for all cases, the OH species is formed in the exact location where the

first-stage ignition occurs.

As the combustion progresses to the second-stage ignition at t2, Figure 6-4
shows that the high-temperature ignition sites occur at the spray periphery fuel-rich

region for BuO (900 K) while it is at the fuel-rich region of the spray head for Bu20
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(900 K), Bu40 (900 K) and Bu20 (850 K). For Bu20 (800 K), the high-temperature

ignition sites cover both fuel-rich and fuel-lean regions in the vicinity of the spray
head due to the enhance air-fuel mixing. From Figure 6-4, it could also be seen that
CH:>O is built up at the upstream of the flame and it is mainly concentrated within the
fuel-rich region but its distribution envelops both fuel-rich and fuel-lean regions for
Bu20 (800 K). Moreover, for all test cases, the location of OH formation is also
observed to coincide with the location where CH»O is destructed, which is in line with
the experimental findings that CH>O is being replaced by OH as the combustion

evolves from the first-stage ignition to the second-stage ignition [245].

During the occurrence of high-temperature combustion at t3, Figure 6-5 shows
that the flame for Bu0 (900 K) is more streamlined and the highest flame temperature
occurs at the stoichiometric line. However, at higher n-butanol blending ratio and at
lower ambient temperature, the flame expands radially and becomes thicker with the
highest flame temperature occurring towards the fuel-lean region. This is evident in
the OH contours in Figure 6-5, where OH is formed at the stoichiometric line for BuO
(900 K) whereas it is formed in the fuel-lean region for the remaining cases. From
Figure 6-5, the high-temperature flame for all cases except Bu20 (800 K) resembles
an arrowed head, where the highest temperature (~2300 K) is at the leading edge of
the flame and extends throughout the stoichiometric periphery. On the other hand, the
flame temperature at the downstream fuel-rich region is slightly lower (~1700 K) since
there is a deficiency in oxygen which slows the combustion reaction. However, due to
an extended duration of air-fuel mixing, the flame of Bu20 (800 K) is in a circular
shape and the flame temperature is much more uniform and evenly distributed. This
indicates that the vapour fuel in the fuel-rich region managed to entrain sufficient
oxygen and thus the combustion reaction is similar across the entire flame. As a result,
there is a small portion of OH formed in the fuel-rich region of Bu20 (800 K) in
addition to the fuel-lean region. At t3, the CH>O for all cases remain at the upstream
of the spray during the high-temperature combustion since a large amount of OH is
generated downstream, which inhibits the penetration of CH>O into the high-

temperature region.
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Figure 6-3: Predicted contours of temperature, OH and CH>O mass fractions for
different test cases at t;. Black line in the contour denotes the stoichiometric line.
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With an aim to further investigate the oxidation of n-dodecane-n-butanol blend
at various blending ratios and ambient temperatures, the mass fractions of key
intermediate species such as OH, CH>O, HO; and H»O, are plotted across the main
axis of the spray at ti, t2 and t3, as shown in Figure 6-6 and Figure 6-7. The additional
species of H2O2 and HO; are studied here because the H.O> species plays a crucial
role for the second-stage ignition and they are primarily formed through the
combination of HO> species, HO, + HO> = H2O2 + Oz [245]. Subsequently, H>O>
species is decomposed to form two OH species through the H>O»> = 20H reaction and
this resulted in a pool of OH species that accelerates the overall oxidation rate, which
leads to a rapid rise in temperature during the second-stage ignition [245]. The HO>
and H>O» species are thus considered as a precursor to ignition [247]. During the first-
stage ignition at t;, Figure 6-6 shows that the flame for all test cases is still weak and
the OH mass fraction is lower than 1E-03. Concurrently, CH>O is formed at the
upstream of the spray close to the injector where cold liquid fuel is present. Among

the test cases, the distribution and mass fraction of CH>O is the widest and the highest
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for Bu20 (800 K) at t;, which is due to the longer air-fuel mixing. The OH mass
fraction is also the highest for Bu20 (800 K) at t; because of the longer ID which
causes a higher amount of cool flame to form as compared to the other cases. As the
combustion progresses to t and subsequently to t3, the CH>O is being consumed by
OH mainly through the reaction CH,O + OH = HCO + H>O as suggested by Zhu et al.
[59] and the mass fraction of CH>O starts to decrease at the location where OH is
formed. It is noted that there are two OH peaks for Bu20 (800 K) at t3. The first peak
corresponds to the OH formation in fuel-rich region while the second peak is located
at the leading edge of the flame. Besides, at the same initial temperature, a higher
amount of OH is produced when the n-butanol blending ratio is higher. This could be
attributed to the higher amount of oxygen content in the blend as n-butanol blending
ratio increases, which promotes the OH formation during combustion. However, as
the ambient temperature decreases, the flame temperature decreases and thus the OH
formation also decreases. Furthermore, Figure 6-7 shows that the distributions of HO>
and H>O» are also located at the upstream of the spray similar to that of CH>O.
Generally, the location of the peak mass fractions for HO> and H>O; species at t| are
in the similar order with the ID of the test cases prior to the first-stage ignition. As the
duration of air-fuel mixing is extended, higher amount of fuel molecules undergo H
atom abstraction to form HO:, which then produces a higher amount of H>Ox.
Thereafter, the mass fractions of HO> and H>O, further increase and remains at a
steady value as the combustion progresses to t> and t3. Since HO, and H»O; are
precursors to ignition [247], they are not found at the downstream of the spray where
the high-temperature flame will quickly consume those radical species for combustion

[86].
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Figure 6-6: Predicted mass fraction profiles of OH and CH2O for different test cases
along the centre spray axis at t; (first row), t2 (second row) and t3 (third row).
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Figure 6-7: Predicted mass fraction profiles of HO2 and H>O: for different test cases
along the centre spray axis at t; (first row), t2 (second row) and t3 (third row).

6.4 Transitioning to Quasi-Steady State

The flame evolution for n-dodecane-n-butanol blend at various n-butanol
blending ratios and ambient temperatures from the auto-ignition stage up till quasi-
steady state are presented in Figure 6-8, where the flame temperature is plotted against
the mixture fraction space. The vertical black and red dash lines in Figure 6-8 are the
stoichiometric and most reactive mixture fraction (Zm,) lines, respectively. The Zu 1s
computed under 0D conditions in CHEMKIN-PRO and it is characterised as the
mixture fraction that consists of the shortest ID [248,249]. According to Figure 6-8, it
could be observed that the first-stage ignition at t1, as denoted by the red scatter plots,
occurs in the fuel-rich region for Bu0 (900 K) and moves towards fuel-lean region as
the n-butanol blending ratio increases and as the ambient temperature decreases. While

the combustion progresses to t2, as denoted by the green scatter plots, it is observed
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that the highest flame temperature for BuO (900 K), Bu20 (900 K) and Bu20 (850 K)

are in the fuel-rich region. On the other hand, the highest flame temperature for Bu40
(900 K) and Bu20 (800 K) at t, are located at the stoichiometric line. Nevertheless,
once the flame reaches 3.0 ms, it stabilises and the highest flame temperature is located
close to the stoichiometric line for all test cases. Besides, it could also be seen that the
Zmr occurs towards the fuel-lean region as n-butanol blending ratio increases and as
ambient temperature decreases. This explains why the ignitions within the reacting
spray tend to be shifted to the fuel-lean regions at higher n-butanol blending ratio and
at lower ambient temperatures. From Figure 6-8, it is also noteworthy to mention that
due to the differences in stoichiometric air-fuel ratio of the mixtures, the occurrence
of overly fuel-rich mixture fraction (Z > 0.1) within the flame is getting rarer at higher

n-butanol blending ratio and lower ambient temperature.

During the flame evolution, Pei et al. [250] reported that there is a significant
dilatation effect of the ambient air on the developing reacting spray. Therefore, in
order to investigate the dilatational effect of the ambient air during combustion, Figure
6-9 shows the flame temperature contours for all cases that are overlapped with the
velocity vectors, to illustrate the freestream velocity during the flame evolution. The
first three timings in the flame temperature contours are the respective ti, t2 and t3
timings while the fourth and fifth timings are captured at 1.0 ms ASOI and 3.0 ms
ASOI, respectively, for Bu0 (900 K), Bu20 (900 K) and Bu40 (900 K). Contrarily, the
fourth and fifth timings of Bu20 (850 K) and Bu20 (800 K) are captured at 2.0 ms
ASOI and 3.0 ms ASOI, respectively. At ambient temperature of 900 K, regardless of
the n-butanol blending ratios, Figure 6-9 shows that the highest axial velocity is at the
central axis of the spray jet. The ignition at t is initiated at the spray periphery and it
can be noted that the velocity vectors start to diverge in that area due to the low-
temperature combustion that causes the local pressure to increase. Subsequently, at to,
the premixed combustion takes place and as a result, the intense burning from the
premixed mixture causes the local pressure to further increase and the air in the
vicinity of the spray head diverge even more. In the meantime, air entrainment is
occurring at the upstream of the flame base and with the combination of the diverging
flow at the downstream of the spray, an anti-clockwise vortex is created [250]. The

magnitude of the vortex becomes higher at 1.0 ms ASOI as the high temperature flame
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starts to expand in the axial and radial direction. At this time, the vortex is stronger
and Pei et al. [250] suggested that these vortices are strong enough to carry the hot
products and radicals from the downstream of the spray up to the flame base. This
phenomena causes the cold upstream vapour fuel to ignite and shortens the FLOL. It
is also interesting to observe that the vortex for BuO (900 K) is closer to the
stoichiometric line where the highest temperature occurs whereas the vortex for Bu20
(900 K) and Bu40 (900 K) occur further outwards radially, towards to the leaner
mixture side. As the intensity of the premixed combustion for Bu20 (900 K) and Bu40
(900 K) are higher, the sudden increase in local pressure causes the air nearby the
spray to diverge outwards at a higher velocity and thus, the vortex is established at
regions further away from the stoichiometric line. The high turbulence created by the
vortex on the leaner mixture side then causes the flames of Bu20 (900 K) and Bu40
(900 K) to be marginally ticker than Bu0 (900 K) in the radial direction and also shifted
the highest flame temperature to the fuel-lean region. Nevertheless, at 3.0 ms ASOI,
the flame reaches quasi-steady state and the vortex moves downstream. This limits the
vortex from carrying the hot products up to the flame base and therefore the flame
stabilises at its FLOL. The stabilisation of FLOL can be further illustrated in Figure
6-10 where it first decreases and starts to maintain at a certain level as the spray

duration approaches 3.0 ms ASOL

Besides, Figure 6-9 also shows the dilatation effect on the flame evolution for
Bu20 fuel at different ambient temperatures. The air flow pattern of Bu20 (850 K) and
Bu20 (800 K) are very akin to those at Bu20 (900 K), where the premixed combustion
causes the air close to the spray head to diverge. However, at t3, comparing to Bu20
(900 K), the vortex at Bu20 (850 K) is more intense at the flame base. This leads to
hot air entrainment by the cold vapours at the flame base and induces the high-
temperature combustion. As a result, the high-temperature flame downstream is easier
to propagate upwards towards the injector and join with the upstream cool flame.
Similarly, the upstream vortex could be seen as early as t> for Bu20 (800 K). The early
vortex creation could be attributed to the longer ID and the turbulence created from
the high velocity spray. It can also be observed that as the ambient temperature
decreases, the vortex is located further outwards radially of the flame which causes

the flame to be thicker.
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Figure 6-8: Temporal evolution of the temperature versus mixture fraction for
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lines. The orange solid line is the adiabatic mixing line. The scatter plots legend are as
follows: time prior to first-stage ignition (black), ti (red), t2 (green), semi-developed
flame (blue), quasi-steady flame (purple).

123



r University of
Nottingham

A~
UK | CHINA | MALAYSIA

University of Nottingham Malaysia

Bul (900 K) Bu20 (900 K)
020ms 038ms 0.50ms 1.00ms 3.00 ms 030ms 056ms 0.68ms 1.00ms 3.00 ms

i
=
—
=

(]

=
~
=

30

= (7]
= =

n
=
th

=

(=2
=
[=a)

=

Distance from injector (mm)
s
Distance from injector (mm)

~1
=
~1

=

oe
=
e
=

Bu40 (900 K) Bu20 (850 K)
045ms 0.70ms 0.82ms 1.00ms 3.00 ms 0 058ms 0.78ms 090ms 2.00ms 3.00 ms

s
=

—

=

L

=
]
=

[

=
G
=

=
=

n

=]
n
=

f=a)

=
[=a)
=

Distance from injector (mm)
5
Distance from injector (mm)

~1

=]
~J
=

e

)
o0
=

Bu20 (800 K)
1.20ms 140ms 1.52ms 2.00ms 3.00 ms

Distance from injector (mm)
= o ! s W o o=
= = = = = = =

=]
=

500 2500

Figure 6-9: Temporal evolution of the flame overlapped with velocity vectors for
different test cases. The black and red dash lines denote the stoichiometrc line and
FLOL, respectively.

124



r Unive[sitg of
. . ) ) i Sl Nottingham
University of Nottingham Malaysia UK | CHINA | MALAYSIA

30.0

25.0 A .

-
~—
-
-~

y]

S

<
1

FLOL (mm)
o
(e
/

Sw

g
(==
I

Bu0 (900 K)
sod - Bu20 (900 K)
Bu40 (900 K)
0.0 S T
00 05 10 15 20 25 30 35

Time (ms)

Figure 6-10: Temporal FLOL for the case of Bu0 (900 K), Bu20 (900 K) and Bu40
(900 K).

Furthermore, Figure 6-9 shows that the flame initially auto-ignites and then
expands downstream but it is obvious that the rate of expansion is different among the
test cases. The understanding of the rate of expansion or flame development rate is
very helpful to problems related to flame impingement in diesel engine. As such,
Figure 6-11 presents the computed axial flame development rate with respect to
different n-butanol blending ratios and ambient temperatures. In order to calculate the
flame development rate, the first axial location where the temperature exceeds 400 K
relative to the initial temperature is determined as the flame front [250]. The flame
development rate is then calculated by dividing the time period between two time-
steps. From Figure 6-11, the flame development rate during the start of auto-ignition
is high, reaching 330 m/s for BuO (900 K). As the cetane number of n-dodecane is
higher than n-dodecane-n-butanol blends, auto-ignition occurs more rapidly for Bu0
(900 K) and the flame expands axially downstream at a faster rate. Nonetheless, the
flame development rate is higher for Bu20 (850 K) and Bu20 (800 K) as compared to
Bu20 (900 K) and this could be due to the longer duration of air-fuel mixing for Bu20
(850 K) and Bu20 (800 K), which consequently lead to a higher intensity of premixed
combustion as the flame consumes the entire premixed charge rapidly. However, after
2.0 ms, the flame development rate for all test cases converge into a steady value as
the flame is now at the diffusion combustion stage and is limited by the rate of air-fuel
mixing. At this stage, the difference in flame development rate for all test cases is only

marginal where it fluctuates within a certain range which then signifies that the
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combustion behaviour of the n-dodecane-n-butanol diffusion flame is very similar

regardless of the n-butanol blending ratio and ambient temperature.
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Figure 6-11: Predicted axial flame development rate for different test cases.

6.5 Quasi-Steady Flame

In this section, the effects of n-butanol blending ratio and ambient temperature
on the quasi-steady flame structure of n-dodecane-n-butanol blend are investigated.
The quasi-steady state here means that the changes in species and other properties such
as temperature are very slow such that it can be considered to be constant. The
contours of mixture fraction, flame temperature, mass fractions of OH, CH»0O, HO,,
H>0> and CO for various cases are depicted in Figure 6-12. The black line in Figure
6-12 represents the stoichiometric mixture fraction line. From Figure 6-12, the high-
temperature combustion zone shrinks and the peak flame temperature is reduced at
higher n-butanol blending ratio and at lower ambient temperature, which is due to the
higher latent heat of n-butanol and the lower overall reactivity of the flame at lower
ambient temperature. Besides, Figure 6-12 also shows that the OH species is mainly
formed at the periphery of the flame close to the stoichiometric line where the flame
temperature is the highest. In contrast, the distributions of CH20, HO> and H20O; are
mostly located in the upstream fuel-rich region of the spray for all test cases. CO is
also located in the fuel-rich region of the spray but it could be seen that its distribution
is getting smaller as n-butanol blending ratio increases and as ambient temperature

decreases due to the increase in oxygen caused by the longer duration of air-fuel
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mixing. Additionally, Figure 6-13 presents the scatter plots of the mass fractions of

OH, CH20, HO; and H>O> in the temperature — mixture fraction space. In Figure 6-13,
only points in the computational domain that are higher than 40% of the respective
peak mass fractions are plotted [248]. The vertical line represents the stoichiometric
mixture fraction line. According to Figure 6-13, the OH species is found to be present
only at temperatures above 2000 K and is close to the stoichiometric line. In spite of
that, the distribution of OH species is shifted slightly to the leaner mixture side at
higher n-butanol blending ratio and at lower ambient temperature. Meanwhile, the
mass fractions of CH20, HO; and H>O: are distributed over a wide range of fuel-rich
mixture fractions and at ambient temperatures below 2000 K. During the high-
temperature combustion, the CH>O and HO; species are consumed and thus they are
not found at temperatures above 2000 K. Likewise, the H»O, species, which
decomposes to form two OH radicals for the high-temperature combustion [245], is
consumed and is not found at temperatures above 1750 K. With the increase in ID and
the enhancement in air-fuel mixing at higher n-butanol blending ratio and at lower
ambient temperature, the excess oxygen entrained by the vapour fuel shifts the
formation of CH20, HO> and H>O; to the fuel-lean region. Although the OH species
distribution is also slightly shifted to the fuel-lean region at higher n-butanol blending
ratio and lower ambient temperature, the effect is more pronounce for the distributions
of CH>0, HO: and H2O: species. This indicates that the low-temperature combustion
region of the quasi-steady n-dodecane-n-butanol flame is being influenced more
significantly than the high-temperature combustion region at different n-butanol

blending ratios and ambient temperatures.
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Figure 6-13: Maps of OH, CH>0O, HO, and H,O; mass fractions onto the temperature
versus mixture fraction space at quasi-steady state for different test cases. Vertical
dash line is the stoichiometric mixture fraction line.
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6.6  Combustion Mode Analysis

The ignition of n-dodecane and n-dodecane-n-butanol blend exhibited a two-
stage ignition, as discussed previously. When the flame reaches quasi-steady state, the
FLOL stabilises at a distance away from the injector and the flame comprises of
spatially separated regions of low-temperature combustion/cool flames, premixed
burning and non-premixed flame [245,246,251]. The identification of these
combustion modes is beneficial to the understanding of pollutant formation and other
intermediate species within the reacting flame [86]. Nevertheless, since experimental
investigations are mostly limited by the spatial and temporal resolution, signal
attenuation and the difficulties in recording weak emitting minor species, Krisman et
al. [251] adopted the numerical approach to identify the different types of combustion
modes with the aid of key species markers. Here, CH>O and OH are selected as species
markers to distinguish the different combustion modes in n-dodecane-n-butanol flame

and the three main combustion modes are classified as follows [251]:

e M-LTC — region of the low-temperature combustion and is closely
associated to the first-stage ignition and the appearance of cool flame. It is
defined as: Ycn20 > YcH20(CRIT.

e M-HTC — region of the high-temperature combustion. It is defined as:
Ycn20 < Ycnzo/crir N YoH < YOH|CRIT.

e M-HTC-diff — region of high-temperature combustion with the non-
premixed flame concentration on the stoichiometric plane. This mode is

defined as: You > YoH|crir.

where the Ycnzo and Yon are the mass fractions of CH20 and OH, respectively, while
the critical values adopted here are 5% of their respective maximum mass fraction

value [251].

Figure 6-14 shows the temporal evolution of the fuel spray and the combustion
modes for BuO (900 K), Bu40 (900 K) and Bu20 (800 K), with their corresponding
HRR profile. The blue, green and red regions highlighted in the HRR profile are the
stages for first-stage ignition, second-stage ignition and diffusion combustion,
respectively. The left frame of the contours is the vapour fuel while the colour dots are

the liquid particles. On the right frame, the blue, green and red coloured contours
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denote the M-LTC, M-HTC and M-HTC-diff modes, respectively. The magenta and

yellow dash lines for both frames are the stoichiometric and Zu: lines, respectively.
According to Figure 6-14, it could be seen that prior to the first-stage ignition, the M-
LTC mode is weak for Bu0 (900 K) and Bu40 (900 K). However, due to the longer ID
and air-fuel mixing process, a wide distribution of M-LTC mode is already present for
Bu20 (800 K) at 1.0 ms, which also indicates that a large amount of cool flame is
already present at that time. The M-LTC mode for Bu20 (800 K) is also concentrated
at the fuel-lean region which corroborated the earlier findings that the first-stage
ignition of Bu20 (800 K) is at the fuel-lean region. At the first-stage ignition, as seen
from the first peak of the HRR, the amount of cool flame for Bu40 (900 K) and Bu20
(800 K) further increases and the M-LTC mode starts to penetrate into the fuel-rich
region. However, the cool flame for Bu0 (900 K) is still weak and is concentrated at
the spray periphery close to the stoichiometric line. Nevertheless, there are still no sign
of M-HTC mode at the first-stage ignition for all cases. In the course of the second-
stage ignition, the appearance of M-HTC mode is observed at the spray periphery for
Bu0 (900 K) whereas it is located the spray head for Bu40 (900 K) and Bu20 (800 K).
This phenomena is attributed to the higher latent heat of Bu40 (900 K) and Bu20 (800
K) which induces a higher evaporative cooling effect at regions near the LPL. As such,
the lower temperatures at the spray periphery surrounding the LPL inhibits ignition
from occurring. Contrarily, the vapour fuel that is at the uttermost downstream of the
spray manages to undergo air-fuel mixing with the hot ambient air and thus ignition
occurs at the spray head. Furthermore, in Figure 6-14, the presence of the M-HTC-diff
mode is also seen close to the stoichiometric line where the flame temperature is the
highest. Interestingly, a small amount of M-HTC mode is also observed at the flame
base of Bu20 (800 K) and throughout the entire spray periphery. This is mainly due to
the higher amount of cool flame accumulated prior to the second-stage ignition which
then makes it easier for the well homogeneous air-fuel mixture that is closer to the
ambient surroundings to ignite when the high-temperature combustion occurs at the
downstream of the spray. Besides, the hot combustion products that are carried
upstream by the vortex further increases the tendency of the high-temperature
combustion of the upstream cool flame. Nevertheless, from Figure 6-14, once the high-

temperature flame kernels are formed, the flame starts to enter the diffusion
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combustion stage where the burning is controlled by air-fuel mixing instead of
chemical kinetics. Accordingly, the regions that are previously dominated by the M-
LTC mode prior to the second-stage ignition are slowly being replaced by the M-HTC
mode. Consequently, the M-LTC mode moves upstream and remains there for the
remaining combustion period. At the diffusion combustion stage, it can be seen that
the distribution of the M-HTC mode is wider for Bu40 (900 K) and Bu20 (800 K) as
compared to Bu0 (900 K), especially in the fuel-rich region. This could be due to the
premixed combustion of the combustible mixture during the second-stage ignition
because it is very unlikely for the cooler vapour fuel in the fuel-rich region to entrain
fresh air for any subsequent combustion at the diffusion combustion stage. This
explanation is also reasonable because the amount of premixed mixture formed by
Bu40 (900 K) and Bu20 (800 K) is higher than Bu0 (900 K) due to longer ID. As a
result, there is a possibility that the premixed combustion of Bu40 (900 K) and Bu20
(800 K) lasted until the diffusion combustion stage. On the other hand, the ID for Bu0
(900 K) is shorter and the amount of premixed mixture formed is lower. Therefore,
the premixed combustion of BuO (900 K) could have ended by the time the flame
enters the diffusion combustion stage. Nonetheless, after all the remaining unburned
premixed mixture has been consumed, the M-HTC of Bu40 (900 K) and Bu20 (800
K) moves closer to the stoichiometric line and it remains at large in the fuel-lean region

where the Zn: 1s located.
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6.7  Concluding Remarks

The ignition, combustion and flame characteristics of n-dodecane-n-butanol at
various n-butanol blending ratios and ambient temperatures are studied in this chapter.
Results show that n-dodecane-n-butanol blends undergo a two-stage ignition
regardless of n-butanol blending ratio and ambient temperature. The first-stage
ignition site is located at the spray periphery for all test cases except for Bu20 at 800
K. However, the second-stage ignition site moves to the spray head for all test cases
but it remains at the spray periphery for Bu0. The mass fractions of CH>O, OH, HO;
and H>O» species at quasi-steady state are also slightly shifted to the fuel-lean region
at higher n-butanol blending ratio and lower ambient temperature. Furthermore, the
longer ID at higher n-butanol blending ratio and lower ambient temperature leads to a
wider distribution of the M-LTC mode. Meanwhile, the M-HTC and M-HTC-diff
modes appear and are dominant from the second-stage ignition onwards. Overall, the
work from this chapter extends the fundamental knowledge on the spray combustion
of n-dodecane-n-butanol blend from the aspect of its ignition, combustion and flame

characteristics.
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CHAPTER 7
SOOT MODELLING OF N-DODECANE-
N-BUTANOL SPRAY

7.1 Introductory Remarks

By using the same test cases in Chapter 6, the soot modelling study of n-
dodecane-n-butanol blends at various n-butanol blending ratios and ambient
temperatures are reported in this chapter. Section 7.2 first presents the transient SVF
and soot particle size of the test cases. Subsequently, the temporal evolution of soot
intermediate species are simulated and analysed in Section 7.3. Section 7.4 then shows
the normalised results for the SVF, particle size and intermediate species among the
test cases. The quasi-steady spatial distributions of soot and its intermediate species
are presented in Section 7.5 while Section 7.6 shows the quasi-steady soot particle size
and number density. The soot relevant rates of the test cases at quasi-steady state are
further discussed in Section 7.7. Lastly, the results from this chapter are summarised

in Section 7.8.
7.2 Transient SVF and Soot Particle Size

Figure 7-1 shows the temporal evolution of the SVF for the test cases at times
of ID + 0.5 ms, ID + 1.0 ms and 3.0 ms to represent early soot formation, semi-
developed soot and quasi-steady soot, respectively. The selection of timings here with
respect to the ID of the case is similarly adopted by Wakale et al. [88] in their soot
modelling study. This is because soot is only formed after combustion and there are
certain cases where the ID is longer than 0.5 ms. Nevertheless, at 3.0 ms, all test cases
have reached quasi-steady state since the changes in FLOL, species and other

properties such as temperature are very slow that it is considered as constant.

From Figure 7-1(a), at time ID + 0.5 ms, the SVF for all test cases are generally
lower than 0.2 ppm. Meanwhile, the soot onset location is in the ascending order of
Bu0 (900 K), Bu20 (900 K), Bu40 (900 K), Bu20 (850 K) and Bu20 (800 K) and this
trend is consistent with the ID times where they are at 0.35 ms, 0.50 ms, 0.70 ms, 0.86

ms and 1.38 ms, respectively [252]. However, as the combustion progresses, Figure
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7-1 (b) shows the soot moves downstream due to the flame propagation. At this time,

the SVF for all test cases increase while the soot cloud also enlarges in size, in which
Pandurangi et al. [253] and Wakale et al. [88] also report similar findings. Nonetheless,
it could be observed that the peak SVF and the soot cloud size increase at a slower rate
for cases with higher n-butanol blending ratio and lower ambient temperature. Figure
7-1(c) further shows the quasi-steady SVF at 3.0 ms and it could be seen that the
predicted peak SVF for Bu0 (900 K) is in good agreement with the experimental
measurements [70,240]. Comparing among the test cases at 3.0 ms, the SVF and soot
cloud size are the highest and largest for Bu0 (900 K) followed by Bu20 (900 K), Bu20
(850 K), Bu40 (900 K) and Bu20 (800 K). Additionally, the transient soot particle size
for the test cases are shown in Figure 7-2 where the particles are assumed to be mono-
dispersed and spherical in shape [130]. They are being computed using the equation
from Vishwanathan and Reitz [239]. According to Figure 7-2(a), at time ID + 0.5 ms,
the maximum soot particle size among the test cases is between 2.5 nm to 5 nm.
However, as the combustion progresses, the soot particle size increases and moves
downstream, as can be seen in Figure 7-2(b) and (c). At 3.0 ms, the predicted peak
soot particle size is around 12 nm for Bu0 (900 K) and this is in the similar order as
those recorded under the Spray A condition, where the mean diameter of the soot
particle is between 8.8 nm and 11.2 nm [70]. On the contrary, the case of Bu20 (800
K) consists of the smallest peak soot particle size at only 4 nm. The location of the
maximum soot particle size for the test cases at 3.0 ms is similar with the location
where the maximum SVF occurs. Altogether, the trends of soot particle size predicted
here are in qualitative agreement with the spray combustion simulation results of
Vishwanathan and Reitz [239] and the conceptual model by Dec [2], where the size of
the particle increases in the reacting jet, reaches a maximum and decreases in the flame

front.
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Figure 7-1: Predicted transient SVF for the test cases across the spray axis at (a) ID +
0.5 ms, (b) ID + 1.0 ms and (c¢) 3.0 ms. The experimental data is for BuO fuel at ambient
temperature of 900 K.
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Figure 7-2: Predicted transient soot particle size for the test cases across the spray axis
at (a) ID + 0.5 ms, (b) ID + 1.0 ms and (c) 3.0 ms. The experimental data is for Bu0
fuel at ambient temperature of 900 K.

7.3 Temporal Evolution of Soot Intermediate Species

In order to further investigate the effects of n-butanol blending ratio and
ambient temperature on the evolution of soot intermediate species, the computed

temporal mass fraction profiles for Ai, A4, CoHz and OH are shown in Figure 7-3 to
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Figure 7-6. A1 and A4 are considered as PAH species and they are mainly formed
through the combination of smaller soot precursor species which is created during the
fuel pyrolysis process [137]. Contrarily, CoH> supports the growth of PAH species
through the HACA mechanism [140,141]. Therefore, A1, A4 and C>H> are considered
as soot precursor species which are responsible for the soot formation. On the contrary,
OH is a very reactive radical species that could promote soot oxidation and helps in

reducing soot [87].

According to Figure 7-3(a), at time ID + 0.5 ms, the formation of A species is
located at the furthermost upstream for BuO (900 K) followed by Bu20 (900 K), Bu40
(900 K), Bu20 (850 K) and Bu20 (800 K). However, at times ID + 1.0 ms and 3.0 ms,
as shown in Figure 7-3(b) and Figure 7-3(c), respectively, the distribution of A;
species for all test cases enlarges in size. Nevertheless, it can be seen that the
distribution of A species enlarges at the fastest rate for Bu0 (900 K) and slowest for
Bu20 (800 K) in which this results are consistent with the study of Zhou et al. [83].
Meanwhile, Figure 7-4 shows that A4 species is formed slightly more downstream as
compared to A species where the studies by Bolla et al. [237] and Pang et al. [93] also
similarly obtained this trend. The location of A4 species formation for the test cases
exhibit similar trends with the A; species at time ID + 0.5 ms, as shown in Figure
7-4(a). Subsequently, Figure 7-4(b) and Figure 7-4(c) show that at times ID + 1.0 ms
and 3.0 ms, the distribution of A4 species also enlarges as the flame propagates
downstream. It should be noted that the A4 mass fraction for Bu20 (800 K) at time ID
+ 0.5 ms is lower than 1E-9 and thus no trace of A4 mass fraction can be seen in Figure
7-4(a). However, even at time 3.0 ms, the mass fraction of A4 for Bu20 (800 K) is still
low and is around two orders magnitude lower than Bu20 (850 K). Furthermore,
Figure 7-5 shows that the mass fraction of C,H> is the highest for Bu0 (900 K) while
the lowest for Bu20 (800 K). The distribution of C2Hb> for all test cases also closely
follow those of the A4 species and this is because the C2Hz species plays a crucial role
for the formation of larger PAH species and is considered as a precursor for A4 species
[140,141]. Nonetheless, from Figure 7-3 to Figure 7-5, it could be observed that the
formation of soot precursor species are lower for cases with higher n-butanol blending
ratio and at lower ambient temperature. Since n-butanol is an oxygenated fuel, the

oxygen atom in n-butanol is able to bond with the carbon atom in n-dodecane to form
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C-O0 bond [254]. However, these C—O bonds are not further broken down and as a

result there is one less carbon atom in n-dodecane fuel to produce soot precursor [254].
In other words, the carbon atom in n-dodecane fuel, that is capable of producing soot
precursor species, is being removed through the combination with the oxygen atom in
n-butanol to form C — O bond. Consequently, the mass fractions of the soot precursor
species such as A1, A4 and CoH» decrease at higher n-butanol blending ratio. Moreover,
as the ambient temperature decreases, the energy surrounding the fuel spray also
decreases, which leads to poor evaporation of the fuel from liquid to vapour phase.
This results in a longer air-fuel mixing duration and the combustible mixture is diluted
with more air that was entrained by the vapour fuel. Therefore, the combustion
reaction is slowed down and the flame temperature decreases. This reduces the
formation of soot precursor species because the lower flame temperature generates a
lower amount of energy that is insufficient to break the fuel molecule apart for the

production of soot precursor species [83].

Figure 7-6 shows the predicted OH mass fraction for all test cases. It should be
noted that since the OH mass fraction here is computed across the spray axis, the peak
OH mass fraction corresponds to the flame front, where the highest flame temperature
is located. Based on Figure 7-6(a), at time ID + 0.5 ms, it could be seen that the peak
OH is located at the most upstream for Bu0 (900 K) and followed by Bu20 (900 K),
Bu40 (900 K), Bu20 (850 K) and Bu20 (800 K). This trend is in the similar order as
the ID for the respective test cases. However, Figure 7-6(c) shows that at 3.0 ms, the
location of the peak OH is in a completely opposite order as compared to at the time
of ID + 0.5 ms. In a study by Pei et al. [250], they have suggested that the spontaneous
ignition of the propagating flame front is according to the gradients of ID. As such,
the above situation could be due to the higher cetane number of pure n-dodecane as
compared to n-dodecane-n-butanol blends which leads to lower ID times and thus the
sequential auto-ignition downstream is more intensive and this resulted in faster flame
propagation. Meanwhile, with the collective contribution of the lower cetane number
at higher n-butanol blending ratio and the lower combustion reaction at lower ambient
temperature, the flame propagation of Bu20 (800 K) is the slowest among the test
cases and thus the peak OH appears to be furthest upstream at 3.0 ms. Besides, it can

also be seen in Figure 7-6(a) that initially at time ID + 0.5 ms, the OH mass fraction
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of n-dodecane-n-butanol blends are higher than pure n-dodecane due to the promotion
of OH species by the oxygen atom in n-butanol [8]. However, owning to the lower
latent heat of vaporisation of pure n-dodecane, the temperature of the fully developed
flame is the highest for Bu0 (900 K) and this leads to a higher OH mass fraction at 3.0

ms.
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Figure 7-3: Predicted temporal evolution for the mass fractions of A at time (a) ID +
0.5 ms, (b) ID + 1.0 ms and (c) 3.0 ms for the test cases.
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Figure 7-5: Predicted temporal evolution for the mass fractions of C,H; at time (a) ID
+ 0.5 ms, (b) ID + 1.0 ms and (c) 3.0 ms for the test cases.
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7.4  Normalised SVF, Particle Size and Intermediate Species

Figure 7-7 shows the normalised peak SVF and soot particle size for the test
cases at 3.0 ms, where all the peak SVF and soot particle size are normalised against
the case of Bu0 (900 K). From Figure 7-7, it could be seen that peak SVF and soot
particle size of Bu40 (900 K) decrease by 93.11% and 56.58%, respectively, as
compared to the case of Bu0 (900 K). However, for the case of Bu20 (800 K), the peak
SVF and soot particle are only lowered by 88% and 50.62%, respectively, when
comparing to the case of Bu20 (900 K). These results indicate that the SVF and soot
particle size are affected more significantly at different n-butanol blending ratios than
at different ambient temperatures. Besides, this also suggest that the addition of n-
butanol with n-dodecane is probably more effective in reducing soot emission than the

lowering of ambient temperature.

Figure 7-8 further presents the normalised peak mass fractions of A1, A4, C2H>
and OH for the test cases at 3.0 ms. From Figure 7-8(a) and (b), it appears that the
decrease in A4 species is more significant than A; species as n-butanol blending ratio
increases and as ambient temperature decreases. For instance, as compared to Bu0
(900 K), the mass fractions of Ajand A4 for Bu20 (900 K) decrease by 36.06% and
74.54%, respectively. Considering C2H> species is a precursor to the formation of A4
species, the higher magnitude of decrement for A4 species is attributed to the decrease
in C2H2 species at higher n-butanol blending ratio and at lower ambient temperature,
as shown in Figure 7-8(c). Furthermore, Figure 7-8(d) shows that the decrease in OH
is less significant as compared to Aj, A4 and C;H> when n-butanol blending ratio
increases and when the ambient temperature decreases. Among the test cases, Bu20
(800 K) produces the lowest OH mass fraction but this is just approximately 20%
lower than those of Bu0 (900 K) in which the OH mass fraction is the highest.

Interestingly, it is found in Figure 7-7 that the peak SVF and soot particle size
of Bu20 (850 K) are higher and larger than Bu40 (900 K) despite the formation of A,
A4, and C2H> species are lower for Bu20 (850 K). This phenomena could possibly be
explained as follows. Although the mass fractions of Ai, A4 and CoHz species are
lower for Bu20 (850 K), the lower ambient temperature of Bu20 (850 K) causes the

overall combustion reaction to be lower and this resulted in a lower formation of OH
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radical. On the other hand, despite Bu40 (900 K) produces a higher amount of A1, A4

and C;H> species, the higher oxygen content of the blend and higher ambient
temperature produces a larger pool of OH species. As such, the soot oxidation is higher
and this causes the SVF and soot particle size of Bu40 (900 K) to be lower and smaller
than Bu20 (850 K). These discussions are in accordance with the predicted OH mass
fraction for the test cases, as shown in Figure 7-8(d), where it could be seen that the
OH mass fraction of Bu40 (900 K) is indeed slightly higher than Bu20 (850 K).
Despite that, as ambient temperature decreases to 800 K, Figure 7-8(d) shows that the
OH mass fraction of Bu20 (800 K) further decreases but the soot precursor species
also decrease drastically. Hence, the SVF and soot particle size of Bu20 (800 K) are
the lowest and smallest among the test cases because soot precursor species are already

at extremely low levels.
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Figure 7-7: Normalised peak (a) SVF and (b) soot particle size for the test cases.
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Figure 7-8: Normalised peak mass fractions of (a) A, (b) A4, (¢c) C2H2 and (d) OH for
the test cases.

7.5 Quasi-Steady Spatial Distributions of Soot and its Intermediate Species

Figure 7-9 presents the spatial distributions of the flame temperature,
equivalence ratio, SVF, CoHa, A1, A4 and OH at different n-butanol blending ratios
and ambient temperatures. These contours are selected at 3.0 ms after start of injection
(ASOI) which corresponds to the flame at quasi-steady state. In those contours, the
black line denotes the stoichiometric line and the regions that are within and outside
of the stoichiometric line are considered as fuel-rich and fuel-lean, respectively. From
Figure 7-9, the maximum difference in the peak flame temperature at different n-
butanol blending ratios and ambient temperatures is only 100 K despite the latent heat
of vaporisation for n-dodecane-n-butanol blend is higher than pure n-dodecane.
However, the equivalence ratio within the spray jet is more uniform at higher n-
butanol blending ratio and at lower ambient temperature. This is mainly due to the
lower cetane number of higher n-butanol blends, which resulted in a longer ID and
duration for air-fuel mixing. Likewise, as the ambient temperature decreases, more

energy is needed to vaporise the fuel and this also causes the ID and air-fuel mixing
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duration to increase. As a result, the combustible mixture is diluted and the local

equivalence ratio decreases. Consequently, as seen in Figure 7-9, the peak SVF and
the size of the soot cloud in the fuel-rich region decrease as the n-butanol blending
ratio increases and as the ambient temperature decreases. In addition, results also show
that the distributions of A1, A4 and CoH; shrink and its peak mass fractions decrease
at higher n-butanol blending ratio and at lower ambient temperature due to the
decrease in local equivalence ratio within the spray jet. These results are generally
similar to those obtained by Hou et al. [87] where the spatial distributions of soot and
its intermediate species decrease when the n-butanol blending ratio is increased.
Meanwhile, the OH radical is formed at the periphery of the flame close to the
stoichiometric line where the flame temperature is the highest. Within these regions,
soot ceased to exist as the high flame temperature promotes high OH radicals which

then oxidises soot.
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Figure 7-9: Spatial distributions of temperature, equivalence ratio, SVF, CoHo, A1, A4
and OH for the test cases at quasi-steady state. The black line is the stoichiometric line.
The maximum value of the colour contour is listed in the corresponding colour bar
while the minimum value is 500 K for temperature and zero for the remaining contours.
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Furthermore, Figure 7-10 shows the SVF and mass fractions of CoHa, A1, A4

and OH plotted in the temperature — equivalence ratio space at different n-butanol
blending ratios and ambient temperatures. In Figure 7-10, only points in the
computational domain that are higher than 40% of the respective peak mass fractions
are plotted [248]. The vertical dash line in Figure 7-10 is the stoichiometric line. The
fuel-lean region is at the left side of the stoichiometric line while the fuel-rich region
is at the right side. As expected, it can be observed in Figure 7-10 that soot and its
precursors are mainly concentrated in the fuel-rich region. Within the spray jet, the
location of soot coincides with the location of A4 species, which shows that soot
inception is through A4 species. On the other hand, the distributions of A; and C2H>
species cover a wider range of temperatures and equivalence ratios, which envelops
the formation of A4 species. Moreover, in Figure 7-10, it is found that the soot
formation for the test cases occurs at temperatures and equivalence ratios of 1800 —
2300 K and 1.1 — 2.2, respectively. However, the maximum soot is mainly formed at
around 2000 K and at equivalence ratio of 1.3. Beyond 2300 K, very low amount of
soot is formed due to the large amount of OH present in that region, which could
oxidise the soot. On the other hand, at temperatures below 1800 K, soot is also hardly
seen because there is a low amount of A4 species that could form soot. Nonetheless,
since there is only a marginal difference in the peak flame temperature between the
test cases as mentioned previously, it can be seen that the addition of n-butanol and
the decrease in ambient temperature causes the local equivalence ratio to decrease
through the extension of ID and allows a larger degree of air-fuel mixing, which then
leads to the shrinking of conditions that are favourable for the formation of soot and
its precursor species. This could be observed in Figure 7-10, where the distributions
of SVF, A1, A4 and C2H> are narrower and limited to lower equivalence ratios as there
is an absence of high equivalence ratio regions within the spray for cases with higher

n-butanol blending ratio and lower ambient temperature.
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Figure 7-10: Maps of SVF, A, A4, CoH> and OH onto the temperature-equivalence
ratio space for the test cases at quasi-steady state. The black dash line denotes the
stoichiometric line.
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7.6  Quasi-Steady Distributions of Soot Particle Size and Number Density

The quasi-steady distributions of soot particle size for the test cases are shown
in Figure 7-11. In Figure 7-11, the smallest soot particles are located at the upstream
region of the spray whereas the largest soot particles are found in the fuel-rich region
of the spray head. Meanwhile, the intermediate soot particles are observed to be at the
periphery of the soot cloud. However, due to the longer duration of air-fuel mixing
and the high oxygen content in the blend, the soot particle size of Bu40 (900 K) and
Bu20 (800 K) are much more uniform across the entire soot cloud. The distributions
of soot particle size predicted here are mainly in qualitative agreement with the
reacting spray simulation results by Pang et al. [203] in a diesel engine. Furthermore,
Figure 7-12 shows the soot number density for the test cases, where it decreases as the
n-butanol blending ratio increases and as the ambient temperature decreases. Besides,
it can be observed that the highest soot number density occurs at the spray head for all
test cases and the observation here is in line with the conceptual model as discussed
by Dec [2]. In Figure 7-12, it should also be noted that the highest soot number density
location does not correspond to the location of the largest soot particle size. In fact,
referring to Figure 7-11 and Figure 7-12, the largest soot particle size appears to be
slightly further upstream than where the highest soot number density occurs. This is
because the larger size soot particles are formed through the coagulation of several
other smaller soot particles [203]. As a result, the soot number density decreases as

the soot particle size increases.
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Figure 7-11: Spatial distributions of soot particle size for the test cases at quasi-steady
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Figure 7-12: Spatial distributions of soot number density for the test cases at quasi-
steady state. Black line denotes the stoichiometric line.
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7.7  Soot Relevant Rates at Quasi-Steady State

In this section, the rates for soot mass nucleation, soot surface growth, soot
coagulation and soot oxidation for the test cases are presented. In addition, the rate of
soot is also shown to identify the soot creation and destruction regions. The soot
relevant rates are captured at 3.0 ms ASOI to study the soot formation and oxidation
mechanisms at quasi-steady state. In the Moss-Brookes soot model, the soot
nucleation and surface growth processes are responsible for the creation of soot and
are categorised as the soot formation mechanism. On the other hand, the soot oxidation
mechanism is responsible for the destruction of soot. Meanwhile, the rate of
coagulation does not affect the soot mass but rather only on the soot particle size. In
the rate of soot contour, a positive value indicates soot creation whereas a negative

value indicates soot destruction.

According to the rate of soot contours as shown in Figure 7-13, it is found that
soot creation occurs in the central fuel-rich region of the spray jet whereas soot
destruction is located at the fuel-rich region of the spray periphery close to the
stoichiometric line. In particular for the case of Bu20 (800 K), the soot destruction is
found to be concentrated only at the spray head. Nevertheless, the soot creation region
becomes smaller with the increase in n-butanol blending ratio and with the decrease
in ambient temperature. This phenomena could be attributed to the following reasons.
First of all, as shown in Figure 7-13, the rate of soot mass nucleation decreases and its
distribution becomes narrower as the n-butanol blending ratio increases and as the
ambient temperature decreases. This is mainly due to the lower formation of soot
precursor species such as A1 and A4 at higher n-butanol blending ratio and at lower
ambient temperature. As a result, there are fewer sites for soot to further undergo
surface growth. Accordingly, the rate of soot surface growth decreases and its
distribution shrinks, which then leads to a smaller soot creation region. From Figure
7-13, it is noticeable that soot mass nucleation occurs in the fuel-rich region of the
spray jet and extends upstream until approximately the FLOL. However, soot surface
growth mainly occurs at the downstream of the spray jet and this coincides with the
soot creation region. These observations are in conformity with the theory that the soot

surface growth process is predominantly responsible for the soot mass [93]. On the
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other hand, the rate of coagulation is well correlated to the soot particle size [203]. As
shown in Figure 7-13, the coagulation rate for the test cases is the lowest at the
upstream of the spray and increases to its maximum at the spray head. There, the
smaller soot particles coagulate with each other to form larger soot particles and thus
the size of the soot particles is larger in the vicinity of the spray head. While the
processes of soot mass nucleation, surface growth and coagulation occur in the fuel-
rich region, soot oxidation takes place close to the stoichiometric line that surrounds
the soot creation region. Based on Figure 7-13, the soot oxidation rate is found to be
the highest for Bu0 (900 K) while it decreases as the n-butanol blending ratio increases
and as the ambient temperature decreases. This is attributed to the lower flame
temperature at higher n-butanol blending ratio and at lower ambient temperature since

the flame temperature plays a major role for the formation of OH radicals [87].

Moreover, in Figure 7-13, one interesting observation to note here is that while
the highest soot oxidation rate is at the periphery of the spray for most of the test cases,
it is entirely different for the case of Bu40 (900 K). The soot oxidation for Bu40 (900
K) is found to be more evenly distributed within the entire soot creation region even
towards fuel-rich region, as can be seen in Figure 7-13(c). This indicates that the high
amount of n-butanol in Bu40 (900 K)) helps provide sufficient oxygen to penetrate into
the fuel-rich region and this resulted in the promotion of soot oxidation. Therefore, the
soot oxidation mechanism of Bu40 (900 K) is somehow enhanced, which is partly the
reason that the SVF and soot particle size of Bu40 (900 K) are lower than Bu20 (850
K), as discussed previously. The smaller soot particle size of Bu40 (900 K) is also
attributed to the lower coagulation rate as compared to Bu20 (850 K). Another
contributing factor to the lower soot SVF for Bu40 (900 K) as compared to Bu20 (850
K) is the lower rates of soot mass nucleation and surface growth. This is interesting
because Figure 7-8 shows that Bu40 (900 K) produces a higher amount of soot
precursor species than Bu20 (850 K). Nevertheless, this situation could be attributed
to the lower residence time of the PAH species in the reaction zone for Bu40 (900 K)
as compared to Bu20 (850 K). Since soot nuclei is formed through the time-dependent
growth process of PAH species from the gas-phase to solid-phase [136,138], the high
oxygen concentration in Bu40 (900 K) could possibly oxidise the PAH species before
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it could be converted to soot. In other words, the PAH species are being destroyed

even before they have a chance to grow and form soot particles.

As discussed previously, the soot precursors and OH radical decrease at higher
n-butanol blending ratio and at lower ambient temperature. However, it is noted in
Figure 7-8 that the soot precursor species decrease more significantly than the OH
radical. Therefore, as the soot precursor species determine the soot mass nucleation
and surface growth processes, it can be concluded that the soot formation mechanism
plays a dominant role for the resultant soot and the lower soot emission at higher n-
butanol blending ratio and at lower ambient temperature is mainly due to the
suppression of the soot formation mechanism, which is in line with the findings by
Hou et al. [87]. At the same time, the soot oxidation mechanism also deteriorates due
to the lower OH radical formed in lower flame temperatures. Nonetheless, the case of
Bu40 (900 K) shows that the high oxygen concentration could help compensate the
deterioration of the soot oxidation mechanism. As such, it can be deduced that a blend
with high n-butanol blending ratio could suppress the soot formation mechanism while
maintaining the performance of the soot oxidation mechanism simultaneously. Such
deduction could explain the results in Figure 7-7, where the SVF and soot particle size
decrease more significantly at different n-butanol blending ratios than at different

ambient temperatures.

156



University of Nottingham Malaysia

University of

Nottingham

UK | CHINA | MALAYSIA

g

P~

Rate of
Rate of  soot mass
soot nucleation
(kg/m3s)  (kg/m?s)

(a) Bu0 (900 K)

Distance from injector (mm)

(b) Bu20 (900 K)
Distance from injector (mm)

| = |
4.06e-2

10

W
=

(¢) Bud0 (900 K)
Distance from injector (mm)

®L 9 = th

B | [ & a
2.85e-2

L
=

=

Distance from injector (mm)
&
S

= 2 th
=

(d) Bu20 (850 K)

®
=

-5.98 8.92
0

B =
S s = 2

(e) Bu20 (800 K)

Distance from injector (mm)
n
=

® I3
=

=

-2.69 2.54 2.72e-2

(kg/m?s) particles/m?s) (kg/m?s)

Rate of Rate of
surface coagulation Rate of
growth (1015 oxidation

1.85e7

[ 4 a [ & | [ & |
1.15e7

E _ E 1 | i
3.42 1.28e7 4.01

Figure 7-13: Predicted soot relevant rates for the test cases at quasi-steady state. Black
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7.8  Concluding Remarks

The effects of n-butanol blending ratio and ambient temperature towards the
soot emission in n-dodecane-n-butanol spray flames are investigated in this chapter.
Results show that the SVF and soot particle size decrease as the n-butanol blending
ratio increases and as the ambient temperature decreases. Comparing to the case of
Bu0 (900 K), both peak SVF and soot particle size of Bu40 (900 K) decreases by 93.11%
and 56.58%, respectively. Similarly, Bu20 (800 K) shows a decrease of 88% and 50.62%
in the peak SVF and soot particle size when comparing to Bu20 (900 K). The mass
fractions of Al, A4, C2H2 and OH also decrease as the n-butanol blending ratio
increases and as the ambient temperature decreases. Both soot formation and oxidation
mechanisms are suppressed at higher n-butanol blending ratio and at lower ambient
temperature but the soot formation mechanism plays a more dominant role in the
resulting SVF and soot particle size. Nevertheless, the high oxygen concentration in
high n-butanol blending ratio could help maintain the performance of the soot
oxidation mechanism while suppressing the soot formation mechanism
simultaneously. Therefore, the SVF and soot particle size decrease more significantly

with the increase in n-butanol blending ratio than the decrease in ambient temperature.
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CHAPTER 8
CONCLUSIONS AND FUTURE WORK

8.1 Conclusions

In this study, a new n-dodecane-n-butanol-PAH reduced mechanism is
developed and validated under a wide range of engine operating conditions.
Subsequently, the reduced mechanism is used for the applications under diesel spray
combustion where the fundamental ignition, combustion and soot characteristics of n-
dodecane-n-butanol spray flames are studied. In Section 8.1.1, the conclusion
summarises the development and validation of the DB105 mechanism that is used to
simulate the chemical kinetics of n-dodecane-n-butanol. Following that, Section 8.1.2
summarises the numerical setup for the 2D spray combustion simulations in a constant
volume combustion chamber. The DB105 mechanism is integrated into CFD where
the fidelity of the mechanism is further evaluated. Subsequently, the main findings
from the study of the fundamental ignition, combustion and flame characteristics of n-
dodecane-n-butanol spray under diesel engine conditions are highlighted in Section
8.1.3. The key soot processes of n-dodecane-n-butanol spray are further highlighted

in Section 8.1.4. Lastly, suggestions on future works are presented in Section 8.2.
8.1.1 Development and Validation of n-Dodecane-n-Butanol-PAH Mechanism

¢ A n-dodecane-n-butanol reduced mechanism that consists of 105 species
and 584 reactions (DB105) is developed where n-dodecane is being used
as the diesel surrogate fuel. A PAH mechanism that is able to describe the
aromatic rings up to A is also included in the mechanism for accurate soot
prediction.

e For the n-dodecane ID times, the DB105 mechanism shows good
agreement to the predictions by the SK54 mechanism and the experimental
measurements at various initial pressures, initial temperatures and
equivalence ratios conditions. Similarly, the n-butanol ID times are also
well predicted by the DB105 mechanism where the predictions are able to
replicate the detailed mechanism and the experimental measurements over

the entire range of temperatures.
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The mole fractions of reactants (Ci2Hzs, nC4HoOH, O3), intermediate
species (C2Hz, CoH4, C2Hg, CH4) and products (CO, CO», H>O) for the
combustion of n-dodecane and n-butanol under JSR conditions are also
well predicted by the DB105 mechanism at temperatures of 550 — 1150 K
and at equivalence ratios of 0.5 — 2.0.

The DB105 mechanism also well-predicts the experimental n-dodecane
laminar flame speed and the predictions from the SK54 mechanism at
various unburned temperatures. However, the predictions by the DB105
mechanism starts to deviate to a maximum of 8 cm/s as the ambient
pressure increases to 3.03 bar. Meanwhile, the experimental n-butanol
laminar flame speeds at various unburned temperatures and equivalence
ratios are generally over-predicted by the DB105 mechanism with a
maximum deviation of 9 cm/s.

Furthermore, under C;Hs premixed flame, the mole fractions of C2Hb,
CoHy, C4Ho, C4Ha, A1 and A are well predicted by the DB105 mechanism
but A3z and A4 are slightly under-predicted. Nevertheless, the maximum
deviation of all the predictions are within the experimental uncertainties of
an order magnitude. Moreover, the mole fractions of C4HoOH, O», CO,
COz, H20 and H> under n-butanol premixed laminar flame conditions are

well predicted by the DB105 mechanism with a maximum error of 20%.

8.1.2 Formulation and Validation of a CFD-Chemical Kinetic Modelling
Approach in a Constant Volume Combustion Chamber

The 2D spray combustion simulations are performed using ANSYS
FLUENT 19.1. The experimental measurements are conducted under
similar conditions to those of Spray A by ECN and the test fuels are Bu0,
Bu20 and Bu40 at ambient temperatures of 800 K, 850 K and 900 K.

To obtain high fidelity simulation results, the mesh independence test and
various parametric test for the time-step, turbulence model and spray
breakup model are conducted.

For all test cases, the non-reacting LPL and VPL are well predicted with a

maximum deviation of 4%. On the contrary, under reacting conditions, the
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8.1.3

ID and FLOL predicted by the DB105 mechanism and CFD sub-models
are in good agreement with the experimental measurements with a
maximum deviation of 20% and 12%, respectively.

Soot validations show that the DB105 mechanism is able to predict the
experimental SVF of Bu0O fuel at 850 K and 900 K with maximum
deviation of 1.0 ppm (100%) and 0.3 ppm (10%), respectively. The shape
and experimental soot clouds are also well emulated by the simulations.
More importantly, the predicted SVF contour agree well with the diesel
combustion conceptual model, where soot is formed in the fuel-rich zone

of the reacting spray jet.

Investigation on the Ignition and Combustion Characteristics of n-
Dodecane-n-Butanol Spray

N-dodecane-n-butanol blends undergo a two-stage ignition regardless of n-
butanol blending ratios and ambient temperatures.

The first-stage ignition site is located at the spray periphery for all test cases
except Bu20 (800 K). Due to the enhance air-fuel mixing, the first-stage
ignition of Bu20 (800 K) is extended to the spray head in addition to the
spray periphery. Moreover, the second-stage ignition site is at the spray
periphery for BuO (900 K) while it is at the spray head for Bu20 (900 K),
Bu40 (900 K) and Bu20 (850 K). Meanwhile, the second-stage ignition site
for Bu20 (800 K)) covers both fuel-rich and fuel-lean regions in the vicinity
of the spray head due to enhance air-fuel mixing.

The flame velocity of BuO (900 K) is the highest among the test cases at
the start of ignition due to having the highest cetane number but the
difference in velocity between the test cases becomes only marginal when
the flame enters the diffusion combustion stage.

Analyses at quasi-steady state reveal that key species such as OH, CH>O,
HO; and H:20: are shifted to fuel-lean region as n-butanol blending ratio
increases and ambient temperature decreases.

The M-LTC mode in n-dodecane-n-butanol flame is dominant at the first-

stage ignition and is more widely distributed for Bu20 (800 K) due to the
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8.14

longer ID. However, at the second-stage ignition, the occurrence of M-
HTC is seen at the spray periphery for BuO (900 K) while it is at the spray
head for Bu40 (900 K) and Bu20 (800 K). The M-HTC-diff mode is located
at the stoichiometric line where the flame temperature is the highest. It is
also noted that the M-HTC mode for Bu40 (900 K) and Bu20 (800 K) is
present in the fuel-rich region during the diffusion combustion stage and
this is possibly due to the left-over premixed combustion that was carried

over into the diffusion combustion stage.

Soot Modelling of n-Dodecane-n-Butanol Spray

For all test cases, the transient SVF, soot particle size increase as the
combustion progresses. Simultaneously, the mass fractions and
distributions of Ai, A4, CoHz and OH also increase. The SVF and soot
particle size decrease more significantly at different n-butanol blending
ratio than at different ambient temperature.

At higher n-butanol blending ratio and at lower ambient temperature, the
quasi-steady peak SVF, soot cloud size, distributions and peak mass
fractions of A1, A4 and C;H> species decrease due to the lower local
equivalence ratio.

Soot particle size and soot number density decrease at higher n-butanol
blending ratio and at lower ambient temperature. However, due to the
longer duration of air-fuel mixing and the higher oxygen concentration in
n-dodecane-n-butanol blends, the soot particle size of Bu40 (900 K) and
Bu20 (800 K) are much more uniform across the entire soot cloud.

The soot creation region becomes smaller with the increase in n-butanol
blending ratio and with the decrease in ambient temperature. This is mainly
due to the smaller distributions of the rates for soot mass nucleation and
surface growth.

The soot formation mechanism has a dominant role in determining the soot
and the lower SVF and soot particle size at higher n-butanol blending ratio

and lower ambient temperature are due to the suppression of soot formation
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mechanism. The soot oxidation mechanism is also suppressed due to the
lower OH formation caused by lower flame temperature. Nevertheless, the
deteriorated soot oxidation mechanism could be compensated by the high
oxygen concentration in high n-butanol blending ratio which means that
the soot formation mechanism is suppressed but the soot oxidation
mechanism 1is largely unaffected. This explains why the SVF and soot
particle size decrease more significantly with the increase in n-butanol

blending ratio than the decrease in ambient temperature.

8.2 Future work

For the mechanism development, multi-component diesel surrogate fuel that
includes cycloalkanes and alkylbenzenes could be included to better represent the
physiochemical properties of diesel fuel. However, care should be taken as these
multi-component fuels will increase the mechanism size and cause high computational
time. Validations of the mechanism under 0D and 1D conditions can also be extended
to different blending ratios (e.g., 10% n-butanol-90% n-dodecane) but it is subjected
to the availability of experimental data. Likewise, the validation for the 2D spray
combustion simulations can be conducted under different types of oxygen

concentrations and ambient density to improve the robustness of the mechanism.

Furthermore, if there are sufficient resources for high performance
computation, the investigation on the fundamental combustion characteristics of n-
dodecane-n-butanol spray could be conducted using large eddy simulations to acquire
better understanding on the turbulence-chemistry interaction of the flame. The effects
of oxygen concentration and ambient density are also the additional parameters that
can be studied on the n-dodecane-n-butanol spray flames. In the present study, the two
equation semi-empirical Moss-Brookes soot model is used to simulate soot. However,
in future, more advanced soot models such as the multi-step phenomenological soot
model is recommended where the sequential soot particle dynamics of n-dodecane-n-
butanol could be further studied. Ultimately, the ignition, combustion and soot
characteristics of n-dodecane-n-butanol blends could potentially be extended to 3D
diesel engine conditions where the spatial and temporal evolutions of the in-cylinder

events could be elucidated. Several parameters such as the engine speed, engine load
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and n-butanol blending ratio are proposed to be tested out to observe the combustion

and emission behaviour of n-dodecane-n-butanol in a diesel engine.
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APPENDIX

Appendix A: Chemical Reactions for the DB105 Mechanism

H+O2<=>0H+0
O+H2<=>H+OH
OH+H2<=>H20+H
OH+OH<=>0+H20

H+02(+M)<=>HO02(+M)

LOW /6.328E+19 -1.400 0.00/

TROE/ 0.5 1E-30 1E+30

9.756e+13  0.000 14842.26
4.589E+04 2.700 6260.00

1.024e+08 1.600 3298.28
3.973E+04 2.400 -2110.00
5.116E+12 0.440 0.00

02/0.85/ H20/11.89/ CO/1.09/ C0O2/2.18/ AR/0.40/

HO2+H<=>OH+OH
H2+02<=>HO2+H
HO2+OH<=>H20+02
HO2+H<=>0+H20
HO2+0<=>0H+02
HO2+HO02<=>02+H202
DUPLICATE
HO2+HO02<=>02+H202
DUPLICATE
H202+H<=>0H+H20
H202+H<=>HO2+H2
H202+0<=>0H+HO02
H202+OH<=>HO2+H20
DUPLICATE
H202+0OH<=>HO2+H20
DUPLICATE
OH+OH(+M)<=>H202(+M)

7.485E+13 0.000 295.00
5.916E+05 2.433 53502.00
2.891e+13 0.000 -501.91
3.970E+12 0.000 671.00
4.000E+13 0.000 0.00

1.300E+11 0.000 -1630.00

3.658E+14 0.000 12000.00

2.410E+13 0.000 3970.00

6.050E+06 2.000 5200.00

9.630E+06 2.000 3970.00

2.000E+12 0.000 427.00

2.670E+41 -7.000 37600.00

1.110E+14 -0.370  0.00

LOW / 2.010E+17 -0.584 -2293.00 /
TROE /0.7346 94. 1756.00 5182.0/
H2/2.0/ H20/6.00/ CO/1.75/ CO2/3.6/ AR/0.7/
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H+H+M<=>H2+M 1.780E+18 -1.000  0.00
H2/0.0/ H20/0.0/ CO2/0.0/ AR/0.63/

H+OH+M<=>H20+M 4.400E+22 -2.000  0.00
H2/2.0/ H20/6.30/ CO/1.75/ CO2/3.6/ AR/0.38/
O+O0+M<=>02+M 1.200E+17 -1.000  0.00
H2/2.4/ H20/15.4/ CO/1.75/ CO2/3.6/ AR/0.83/

H+H+H2<=>H2+H2 9.000E+16 -0.600  0.00
H+H+H20<=>H2+H20 5.624E+19 -1.250  0.00
H+H+CO2<=>H2+CO2 5.500E+20 -2.000  0.00
O+H+M<=>0OH-+M 9.428E+18 -1.000  0.00

H2/2.0/ H20/12.0/ CO/1.75/ CO2/3.6/ AR/0.7/

CO+OH<=>CO2+H 7.046E+04  2.053 -355.67
DUPLICATE

CO+OH<=>CO2+H 5.757TE+12 -0.664 331.83
DUPLICATE

CO+HO2<=>CO2+OH 1.570E+05 2.180 17942.61
CO+O(+M)=CO2(+M) 1.362E+10  0.000 2384.00

LOW /1.173E+24 -2.79 4191. /

H2/2.0/ H20/12/ CO/1.75/ CO2/3.6/ AR/0.7/

CO+02<=>C02+0 1.119E+12  0.000 47700.00
HCO+M<=>CO+H+M 1.870E+17 -1.000 17000.00

H2/2.0/ H20/0.0/ CO/1.75/ CO2/3.6/

HCO+H<=>CO+H2 1.200E+14 0.000  0.00
HCO+0<=>CO+OH 3.000E+13 0.000 0.00
HCO+0<=>CO02+H 3.000E+13 0.000 0.00
HCO+OH<=>CO+H20 3.020E+13 0.000  0.00
HCO+02<=>CO+HO2 1.204E+10 0.807 -727.00
HCO+H20<=>CO+H+H20 2.244E+18 -1.000 17000.00
CO+H2(+M)<=>CH20(+M) 4.300E+07 1.500 79600.00

LOW / 5.070E+27 -3.420 84350.00 /
TROE/ 0.9320 197.00 1540.00 10300. /

H2/2.0/ H20/6.0/ CH4/2.0/ CO/1.5/ C02/2.0/ C2H6/3.0/ AR/0.7/
HCO+H(+M)<=>CH20(+M) 1.090E+12  0.480 -260.00
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LOW / 1.350E+24 -2.570 1425.00 /

TROE/ 0.7824 271.0 2755.00 6570.0 /

H2/2.0/ H20/6.0/ CH4/2.0/ CO/1.5/ C02/2.0/ C2H6/3.0/ AR/0.7 /
CH2+H(+M)<=>CH3(+M) 2.500E+16 -0.800  0.00
LOW / 3.200E+27 -3.140 1230.00 /

TROE/ 0.6800 78.00 1995.0 5590.0 /

H2/2.0/ H20/6.0/ CH4/2.0/ CO/1.5/ C02/2.0/ C2H6/3.0/ AR/0.7/
CH2+0<=>HCO+H 8.000E+13  0.000  0.00

CH2+OH<=>CH20+H 2.000E+13 0.000  0.00

CH2+H2<=>H+CH3
CH2+02<=>HCO+OH
CH2+02<=>CO2+H+H
CH2+HO2<=>CH20+OH
CH2+CH2<=>C2H2+H2
CH2*+N2<=>CH2+N2

CH2*+AR<=>CH2+AR

5.000E+05 2.000 7230.00
1.060E+13  0.000 1500.00
2.640E+12 0.000 1500.00

2.000E+13 0.000 0.00
3.200E+13 0.000  0.00
1.500E+13 0.000 600.00

9.000E+12  0.000 600.00

CH2*+0<=>CO+H2 1.500E+13 0.000 0.00

CH2*+0O<=>HCO+H 1.500E+13 0.000  0.00
CH2*+OH<=>CH20+H 3.000E+13 0.000 0.00
CH2*+H2<=>CH3+H 7.000E+13 0.000 0.00
CH2*+02<=>H+OH+CO 2.800E+13 0.000 0.00
CH2*+02<=>CO+H20 1.200E+13 0.000  0.00
CH2*+H20<=>CH2+H20 3.000E+13 0.000 0.00
CH2*+CO<=>CH2+CO 9.000E+12 0.000  0.00
CH2*+C0O2<=>CH2+CO2 7.000E+12 0.000 0.00
CH2*+C02<=>CH20+CO 1.400E+13 0.000 0.00
CH20+H(+M)<=>CH30(+M) 5.400E+11 0.454 2600.00
LOW / 2.200E+30 -4.800 5560.00 /

TROE/ 0.7580 94.00 1555.0 4200.00 /

H2/2.0/ H20/6.0/ CH4/2.0/ CO/1.5/ C0O2/2.0/ C2H6/3.0/
CH20+H<=>HCO+H2 2.300E+10 1.050 3275.00
CH20+O<=>HCO+OH 3.900E+13 0.000 3540.00

CH20+OH<=>HCO+H20 3.430E+09 1.180 -447.00
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CH20+02<=>HCO+HO2

CH20+HO2<=>HCO+H202

CH3+H(+M)<=>CH4(+M)

1.000E+14  0.000 40000.00
1.000E+12  0.000 8000.00
1.270E+16 -0.630 383.00

LOW / 2.477E+33 -4.760 2440.00 /

TROE/ 0.7830 74.00 2941.00 6964.0/

H2/2.0/ H20/6.0/ CH4/2.0/ CO/1.5/ C0O2/2.0/ C2H6/3.0/ AR/0.7/

CH3+0<=>CH20+H
CH3+OH<=>CH2+H20
CH3+OH<=>CH2*+H20
CH3+02<=>0+CH30
CH3+02<=>0H+CH20
CH3+HO2<=>CH4+02
CH3+HO2<=>CH30+OH
CH3+H202<=>CH4+HO2
CH3+HCO<=>CH4+CO
CH3+CH20<=>CH4+HCO

8.430E+13 0.000 0.00
5.600E+07 1.600 5420.00
2.501E+13 0.000 0.00
3.083E+13 0.000 28800.00
3.600E+10 0.000 8940.00
1.000E+12 0.000  0.00
1.340E+13 0.000  0.00
2.450E+04 2.470 5180.00
8.480E+12 0.000  0.00
3.320E+03 2.810 5860.00

CH3+CH2<=>C2H4+H 4.000E+13 0.000  0.00

CH3+CH2*<=>C2H4+H 1.200E+13  0.000 -570.00
CH3+CH3(+M)<=>C2H6(+M) 2.120E+16 -0.970 620.00
LOW / 1.770E+50 -9.670 6220.00 /
TROE/ 0.5325 151.0 1038.00 4970.0 /

H2/2.0/ H20/6.0/ CH4/2.0/ CO/1.5/ C0O2/2.0/ C2H6/3.0/ AR/0.7/

CH3+CH3<=>H+C2H5
CH30+H<=>CH20+H2
CH30+H<=>CH3+0OH
CH30+H<=>CH2*+H20
CH30+0O<=>CH20+0OH
CH30+OH<=>CH20+H20
CH30+02<=>CH20+HO2
CH4+H<=>CH3+H2
CH4+0<=>CH3+0OH
CH4+OH<=>CH3+H20

CH4+CH2<=>CH3+CH3

4.990E+12 0.100 10600.00
2.000E+13 0.000 0.00
3.200E+13 0.000 0.00
1.600E+13 0.000  0.00
1.000E+13 0.000  0.00
5.000E+12 0.000  0.00
4.280E-13 7.600 -3530.00
6.600E+08 1.620 10840.00
1.020E+09 1.500 8600.00
1.000E+08 1.600 3120.00
2.460E+06 2.000 8270.00
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CH4+CH2*<=>CH3+CH3 1.600E+13  0.000 -570.00

C2H3 (+M)<=>C2H2+H (+M) 3.860E+07 1.620 37048.2

LOW / 2.565E+27 -3.400 35798.72 /

TROE/ 1.9816 5383.7 4.2932-0.0795 /

H2/2.0/ H20/6.0/ CH4/2.0/ CO/1.5/ C02/2.0/ C2H6/3.0/ AR/0.7/ C2H2/3.00/ C2H4/3.00/

C2H2+0<=>CH2+CO 4.080E+06 2.000 1900.00
C2H2+OH<=>CH3+CO 4.830E-04 4.000 -2000.00
C2H2+HCO<=>C2H3+CO 1.000E+07 2.000 6000.00
C2H2+CH3<=>aC3H5 2.68E+53 -12.82 35730.0
C2H3+H(+M)<=>C2H4(+M) 6.080E+12 0270  280.00

LOW / 1.400E+30 -3.860 3320.00/
TROE/ 0.7820 207.50 2663.00 6095.00/
H2/2.0/ H20/6.0/ CH4/2.0/ CO/1.5/ C0O2/2.0/ C2H6/3.0/ AR/0.7/ C2H2/3.00/ C2H4/3.00/

C2H3+H<=>C2H2+H2 9.000E+13  0.000  0.00

C2H3+0<=>CH3+CO 4.800E+13  0.000  0.00

C2H3+OH<=>C2H2+H20 3.011E+13 0.000  0.00
C2H3+02<=>C2H2+HO2 1.340E+06 1.610 -383.40
C2H3+02<=>CH2CHO+O 3.000E+11 0.290  11.00
C2H3+02<=>HCO+CH20 4.600E+16 -1.390 1010.00
C2H3+H02<=>CH2CHO+OH 1.000E+13  0.000  0.00
C2H3+H202<=>C2H4+HO2 1.210E+10 0.000 -596.00
C2H3+HCO<=>C2H4+CO 9.033E+13  0.000  0.00
C2H3+HCO<=>C2H3CHO 1.800E+13  0.00 0.0

C2H3+CH3<=>C2H2+CH4 3.920E+11 0.000  0.00
C2H3+CH3 (+M)<=>C3H6(+M) 2.500E+13  0.000  0.00

LOW /4.270E+58 -11.940 9769.80/
TROE /0.175 1340.6 60000.0 10139.8 /
H2/2/ H20/6/ CH4/2/ CO/1.5/ CO2/2/ C2H6/3/ AR/0.7/C2H2/3.00/ C2H4/3.00/

C2H3+CH3<=>aC3H5+H 1.500E+24 -2.830 18618.0
C2H3+C2H3<=>C2H2+C2H4 9.600E+11 0.00 0.
CH2CHO<=>CH3+CO 7.800E+41 -9.147 46900.00
CH2CHO+H<=>CH3+HCO 9.000E+13 0.000  0.00
CH2CHO+02<=>CH20+CO+0OH 1.800E+10 0.000 0.00
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C2H4+H(+M)<=>C2H5(+M)

LOW / 4.715e+18 0.000 755.26
/

TROE/ 0.76 40.00 1025.00 /

3.975¢+09 1.280 1290.63

H2/2.0/ H20/6.0/ CH4/2.0/ CO/1.5/ C0O2/2.0/ C2H6/3.0/ AR/0.7/

C2H4+H<=>C2H3+H2
C2H4+0<=>C2H3+0H
C2H4+0<=>CH3+HCO
C2H4+0<=>CH2+CH20
C2H4+OH<=>C2H3+H20
C2H4+HCO<=>C2H5+CO
C2H4+CH2<=>aC3H5+H
C2H4+CH2*<=>aC3H5+H
C2H4+CH3<=>C2H3+CH4
NC3H7<=>CH3+C2H4
C2H4+02<=>C2H3+HO2
C2H4+C2H3<=>C4H7
C2H5+H(+M)<=>C2H6(+M)

LOW /1.990E+41

TROE /0.8422 125.0 2219.00 6882.0 /

5.070E+07

7.93E+38

-7.080 6685.00 /

1.900 12950.00
1.510E+07 1.900 3740.00
1.920E+07 1.830 220.00
3.840E+05 1.830 220.00
3.600E+06 2.000 2500.00
1.000E+07 2.000 8000.00
2.000E+13 0.000 6000.00
5.000E+13 0.000 0.00
2.270E+05 2.000 9200.00
9.600e+13 0.000 31022.94
4.220E+13 0.000 60800.00
-8.47 14220.0

5.210E+17 -0.990 1580.00

H2/2.0/ H20/6.0/ CH4/2.0/ CO/1.5/ C0O2/2.0/ C2H6/3.0/ AR/0.7/

C2HS5+H<=>C2H4+H2
C2H5+0<=>CH3+CH20
C2H5+02<=>C2H4+HO2
C2H5+HO2<=>C2H6+02
C2H5+HO2<=>C2H4+H202
C2H5+HO2<=>CH3+CH20+OH
C2H5+H202<=>C2H6+HO2
C2H5+C2H3(+M)<=>C4H81(+M)

LOW /1.55E+56 -11.79 8984.5 /

2.000E+12 0.000 0.00

1.604E+13 0.000 0.00
2.000E+10 0.000 0.00
3.000E+11 0.000 0.00
3.000E+11 0.000 0.00
2.400E+13 0.000 0.00
8.700E+09 0.000 974.00

1.50E+13 0.00 0.0

TROE /0.198 2277.9 60000.0 5723.2 /
H2/2/ H20/6/ CH4/2/ CO/1.5/ CO2/2/ C2H6/3/ AR/0.7/
C2H5+C2H3<=>aC3H5+CH3

3.90E+32 -522 19747.0
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C2H6+H<=>C2H5+H2 1.15E+08 1.900 7530.00

C2H6+0<=>C2H5+0H 8.98E+07 1.920 5690.00
C2H6+OH<=>C2H5+H20 3.54E+06 2.120 870.00
C2H6+CH2*<=>C2H5+CH3 4.00E+13  0.000 -550.00
C2H6+CH3<=>C2H5+CH4 6.14E+06 1.740 10450.00
aC3H5+H(+M)<=>C3H6(+M) 2.00E+14 0.00 0.0
LOW /1.33E+60 -12.00 5967.8 /

TROE /0.020 1096.6 1096.6 6859.5 /

H2/2/ H20/6/ CH4/2/ CO/1.5/ CO2/2/ C2H6/3/ AR/0.7/
aC3H5+0<=>C2H3CHO+H 6.00E+13 0.00 0.0
aC3H5+0OH<=>C2H3CHO+H+H 420E+32 -5.16 30126.0
aC3H5+02<=>C2H3CHO+OH 1.82E+13 -0.41 22859.0
aC3H5+HO2<=>C3H6+02 2.66E+12 0.00 0.0
aC3H5+HO2<=>0H+C2H3+CH20 6.60E+12 0.00 0.0
aC3H5+HCO<=>C3H6+CO 6.00E+13 0.00 0.0
aC3H5+CH3(+M)<=>C4H81(+M) 1.00E+14 -0.32 -262.3
LOW /3.91E+60 -12.81  6250.0 /

TROE /0.104 1606.0 60000.0 6118.4 /

H2/2/ H20/6/ CH4/2/ CO/1.5/ CO2/2/ C2H6/3/ AR/0.7/
C3H6+H(+M)<=>NC3H7(+M) 1.33E+13 0.00 3260.7
LOW /6.26E+38 -6.66 7000.0 /

TROE /1.000 1000.0 1310.0 48097.0 /

H2/2/ H20/6/ CH4/2/ CO/1.5/ CO2/2/ C2H6/3/ AR/0.7/

C3H6+H<=>C2H4+CH3 8.00E+21 -2.39 11180.0

C3H6+H<=>aC3H5+H2
C3H6+O<=>C2H3CHO+H+H
C3H6+0<=>C2H5+HCO
C3H6+0<=>aC3H5+0OH
C3H6+OH<=>aC3H5+H20
C3H6+HO2<=>aC3H5+H202
C3H6+CH3<=>aC3H5+CH4
C2H3CHO+H<=>C2H4+HCO

C2H3CHO+O<=>C2H3+0OH+CO

1.73E+05 2.50 2490.0
0.40E+08 1.65 327.0
3.50E+07 1.65 -972.0
1.80E+11 0.70  5880.0
3.10E+06 2.00 -298.0
9.60E+03 2.60 13910.0
2.20E+00 3.50 5675.0
1.O8E+11 0.454 5820.00
3.00E+13 0.00 3540.00
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C2H3CHO+OH<=>C2H3+H20+CO 343E+09 1.18 -447.00
NC3H7+H<=>C2H5+CH3 3.70E+24 -2.92 12505.0
NC3H7+H<=>C3H6+H2 1.80E+12 0.00 0.0
NC3H7+0<=>C2H5+CH20 9.60E+13 0.00 0.0
NC3H7+OH<=>C3H6+H20 2.40E+13 0.00 0.0
NC3H7+02<=>C3H6+HO2 9.00E+10 0.00 0.0
NC3H7+HO2<=>C2H5+OH+CH20 2.40E+13 0.00 0.0
NC3H7+CH3<=>CH4+C3H6 1.I0E+13 0.00 0.0
C4H7+H(+M)<=>C4H81(+M) 3.60E+13 0.00 0.0

LOW /3.01E+48 -9.32  5833.6 /
TROE /0.498 1314.0 1314.0 50000.0 /
H2/2/ H20/6/ CH4/2/ CO/1.5/ CO2/2/ C2H6/3/ AR/0.7/

C4H7+H<=>CH3+aC3H5 2.00E+21 -2.00 11000.0
C4H7+H02<=>CH20+0OH+aC3H5 2.40E+13 0.00 0.0
C4H7+HCO<=>C4H81+CO 6.00E+13 0.00 0.0
C4H81+H(+M)<=>pC4H9(+M) 1.33E+13 0.00  3260.7

LOW /6.26E+38 -6.66  7000.0 /
TROE /1.000 1000.0 1310.0 48097.0 /
H2/2/ H20/6/ CH4/2/ CO/1.5/ CO2/2/ C2H6/3/ AR/0.7/

C4H81+H<=>C2H4+C2H5 1.60E+22 -2.39 11180.0
C4HR1+H<=>C3H6+CH3 3.20E+22 -2.39 11180.0
C4H81+H<=>C4H7+H2 6.50E+05 2.54  6756.0
C4H81+0O<=>NC3H7+HCO 3.30E+08 1.45 -402.0
C4H81+0<=>C4H7+OH 1.50E+13 0.00 5760.0
dupliCate
C4H81+0<=>C4H7+OH 2.60E+13 0.00 4470.0
dupliCate
C4H81+OH<=>C4H7+H20 7.00E+02 2.66  527.0
C4H81+02<=>C4H7+HO2 2.00E+13 0.00 50930.0
C4H81+HO2<=>C4H7+H202 1.00E+12 0.00 14340.0
C4H81+CH3<=>C4H7+CH4 4.50E-01 3.65 7153.0
IpC4H9<=>C2H5+C2H4 2.500e+11 0.000 28824.09
pC4H9+H<=>C2H5+C2H5 3.70E+24 -2.92  12505.0
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pC4HO+H<=>C4H81+H2 1.80E+12 0.00 0.0
pC4H9+0<=>NC3H7+CH20 9.60E+13 0.00 0.0
pC4H9+OH<=>C4H81+H20 2.40E+13 0.00 0.0
pC4H9+02<=>C4H81+HO2 270E+11 0.00 0.0
pC4H9+HO2<=>NC3H7+OH+CH20 2.40E+13 0.00 0.0
pC4H9+CH3<=>C4H81+CH4 1.I0E+13 0.00 0.0
C5H9=>aC3H5+C2H4 2.500e+13  0.000 30019.12
C5H9=>C2H3+C3H6 2.500e+13  0.000 30019.12
CSHI10+H(+M)<=>PXC5H11(+M) 1.33E+13  0.00 3260.7

LOW /6.26E+38 -6.66 7000.0 /
TROE /1.000 1000.0 1310.0 48097.0 /
H2/2/ H20/6/ CH4/2/ CO/1.5/ CO2/2/ C2H6/3/ AR/0.7/

C5H10+H<=>C2H4+NC3H7 8.00E+21 -2.39 11180.0
C5H10+H<=>C3H6+C2H5 1.60E+22 -2.39 11180.0
C2H4+NC3H7<=>PXC5H11 3.00E+11 0.00 7300.0
C6H12+H(+M)<=>PXC6H13(+M) 1.33E+13  0.00 3260.7

LOW /6.26E+38 -6.66 7000.0 /
TROE /1.000 1000.0 1310.0 48097.0 /
H2/2/ H20/6/ CH4/2/ CO/1.5/ CO2/2/ C2H6/3/ AR/0.7/

C6H12+H<=>C2H4-+pC4H9 8.00E+21 -2.39 11180.0
C6H12+H<=>C3H6+NC3H7 1.60E+22 -2.39 11180.0
C2H4+pC4H9<=>PXC6H13 3.00E+11 0.00 7300.0

CTH14+H(+M)<=>PXCTH15(+M) 1.33E+13  0.00 3260.7

LOW /6.26E+38 -6.66 7000.0 /
TROE /1.000 1000.0 1310.0 48097.0 /
H2/2/ H20/6/ CH4/2/ CO/1.5/ CO2/2/ C2H6/3/ AR/0.7/

C7H14+H<=>C2H4+PXC5HI11 8.00E+21 -2.39 11180.0
C7H14+H<=>C3H6+pC4H9 1.60E+22 -2.39 11180.0
C2H4+PXC5H11<=>PXC7HI5 3.00E+11 0.00 7300.0
C8H16+H(+M)<=>PXC8H17(+M) 1.33E+13 0.00 3260.7

LOW /6.26E+38 -6.66 7000.0 /
TROE /1.000 1000.0 1310.0 48097.0/
H2/2/ H20/6/ CH4/2/ CO/1.5/ CO2/2/ C2H6/3/ AR/0.7/
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C8H16+H<=>C2H4+PXC6H13
C8H16+H<=>C3H6+PXC5H11
C2H4+PXC6H13<=>PXC8H17
C9H18+H(+M)<=>PXCOH19(-+-M)
LOW /6.26E+38 -6.66 7000.0 /
TROE /1.000 1000.0 1310.0 48097.0 /

8.00E+21 -2.39 11180.0

1.60E+22 -2.39 11180.0
3.00E+11 0.00 7300.0

1.33E+13 0.00 3260.7

H2/2/ H20/6/ CH4/2/ CO/1.5/ CO2/2/ C2H6/3/ AR/0.7/

C9H18+H<=>C2H4+PXC7HI5
C9H18+H<=>C3H6+PXC6H13
C2H4+PXC7H15<=>PXC9H19
C10H20+H(+M)<=>PXC10H21(+M)
LOW /6.26E+38 -6.66 7000.0  /
TROE / 1.000 1000.0 1310.0 48097.0 /

8.00E+21 -2.39 11180.0

1.60E+22 -2.39 11180.0
3.00E+11 0.00 7300.0

1.33E+13  0.00 3260.7

H2/2/ H20/6/ CH4/2/ CO/1.5/ CO2/2/ C2H6/3/ AR/0.7/

C10H20+H<=>C2H4+PXC8H17
C10H20+H<=>C3H6+PXC7H15
C2H4+PXC8H17<=>PXC10H21
C12H24<=>PXC7H15+C5H9
C2H4+PXCI10H21<=>PXCI12H25
PXCI12H25<=>S3XC12H25
C3H6+PXCI9H19<=>SXC12H25
C4H81+PXC8H17<=>SXC12H25
C5H10+PXC7H15<=>S3XC12H25
C10H20+C2H5<=>S3XC12H25
C6H12+PXC6H13<=>S3XC12H25
C9H18+NC3H7<=>S3XCI12H25
C7H14+PXC5H11<=>S3XC12H25
C8H16+pC4H9<=>S3XC12H25
PXC10H21+C2H5<=>NC12H26
PXC9H19+NC3H7<=>NC12H26
PXC8H17+pC4H9<=>NC12H26
PXC7H15+PXC5H11<=>NC12H26

PXC6H13+PXC6H13<=>NC12H26

8.00E+21 -2.39 11180.0

1.60E+22 -2.39 11180.0
3.00E+11 0.00 7300.0
3.500e+16 0.000 70936.90
3.00E+11 0.00 7300.0
3.67E+12 -0.60 14400.0
3.00E+11 0.00 7300.0
3.00E+11 0.00 7300.0
3.00E+11 0.00 7300.0
3.00E+11 0.00 7300.0
3.00E+11 0.00 7300.0
3.00E+11 0.00 7300.0
3.00E+11 0.00 7300.0
3.00E+11 0.00 7300.0
1.88E+14 -0.50 0.0
1.88E+14 -0.50 0.0
1.88E+14 -0.50 0.0
1.88E+14 -0.50 0.0

1.88E+14 -0.50 0.0
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NC12H26+H<=>PXC12H25+H2
NC12H26+H<=>SXC12H25+H2
NCI12H26+H<=>S3XC12H25+H2
NC12H26+0<=>PXC12H25+OH
NC12H26+0<=>SXC12H25+OH
NCI12H26+0<=>S3XC12H25+OH
NC12H26+OH<=>PXCI12H25+H20
NC12H26+0OH<=>SXCI12H25+H20
NC12H26+OH<=>S3XC12H25+H20
NC12H26+02<=>PXC12H25+HO2
NC12H26+02<=>SXCI12H25+HO2
NC12H26+02<=>S3XC12H25+HO2
NC12H26+HO2<=>PXC12H25+H202
NC12H26+HO2<=>SXC12H25+H202
NC12H26+HO2<=>S3XC12H25+H202
NC12H26+CH3<=>PXC12H25+CH4
NCI12H26+CH3<=>SXC12H25+CH4

NCI12H26+CH3<=>S3XC12H25+CH4

1.30E+06 2.54 6756.0

2.60E+06 2.40 4471.0

3.90E+06 2.40 4471.0

1.90E+05 2.68 3716.0

9.52E+04 2.71 2106.0

14.28E+04 2.71 2106.0

3.40E+03 2.66 527.0

7.40E+04 2.39 393.0

10.10E+04 2.39 393.0

4.00E+13 0.00 50930.0

8.00E+13 0.00 47590.0

12.00E+13 0.00 47590.0

6.76E+04 2.55 16490.0

8.90E+04 2.60 13910.0

8.850E+04 2.60 13910.0

1.81E+00 3.65 7153.0

6.00E+00 3.46 5480.0

9.00E+00 3.46 5480.0

PXC12H25+02=>C12H2502 5.000e+13 0.000  0.00
C12H2502=>PXC12H25+02 2.750e+13  0.000 27400.0
SXC12H25+02=>C12H2502 5.000e+13 0.000  0.00
C12H2502=>SXC12H25+02 2.750e+13  0.000 27400.0
S3XC12H25+02=>C12H2502 5.000e+13 0.000  0.00
C12H2502=>S3XC12H25+02 2.750e+13  0.000 27400.0
C12H2502=>C1200H 1.510E+12  0.00 19000.0
C1200H=>C12H2502 1.000e+11  0.000 11500.00
PXC12H25+02=>C12H24+HO2 3.500e+11  0.000 6000.00
C12H24+HO2=>PXC12H25+02 3.160E+11  0.00 19500.0
SXC12H25+02=>C12H24+HO2 3.500e+11  0.000 6000.00
C12H24+HO2=>SXC12H25+02 3.160E+11  0.00 19500.0
S3XC12H25+02=>C12H24+HO2 3.500e+11  0.000 6000.00
C12H24+HO2=>S3XC12H25+02 3.160E+11  0.00 19500.0
C1200H+02=>02C12H2400H 4.6e+10 0.00 0000.00
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02C12H2400H=>C1200H+02 2.510E+13 0.00 27400.0

02C12H2400H<=>0C12H2300H+OH
OCI12H2300H=>3C2H4+C2H5+2CH2CHO+0OH
HCO+HO2=>CO2+H+OH 3.0E13 0.0 0.0EO
2HCO=>H2+2CO 3.0E12 0.0 0.0EO
OCHO+OH=HO2CHO 2.0E13 0.0 0.0E0
H+CO2=0OCHO 7.5E13 0.0 2.9E4
2HCO=CH20+CO 1.8E13 0.0 0.0E0
H+O+M=0OH*+M 1.5E13 0.0 5.975E3

H2/1.0/

H20/6.5/

02/0.4/

N2/0.4/
OH*+H20=0OH+H20 5.93E12 0.5 -8.6E2
OH*+H2=OH+H2 2.95E120.5 -4.44E2
OH*+N2=OH+N2 1.08E11 0.5 -1.242E3
OH*+OH=20H 6.01E12 0.5 -7.64E2
OH*+H=OH+H 1.31E120.5-1.67E2
OH*+02=0H+02 2.1E12 0.5 -4.78E2
OH*+CO2=0H+CO2 2.75E12 0.5 -9.68E2
OH*+CO=0OH+CO 3.23E12 0.5 -7.87E2
OH*+CH4=0OH+CH4 3.36E12 0.5 -6.35E2
CH+02=CO+OH* 4.04E13 0.0 0.0E0
HOCHO=CO+H20 2.45E12 0.0 6.047E4
HOCHO=CO2+H2 2.95E9 0.0 4.852E4

OCHO+HO2=HOCHO+02 3.5E10 0.0 -3.275E3

HOCHO+OH=>H20+CO2+H 2.62E62.06 9.16E2
HOCHO+OH=>H20+CO+OH 1.85E7 1.51 -9.62E2

HOCHO+H=>H2+CO2+H 4.24E6 2.1 4.868E3

HOCHO+H=>H2+CO+OH 6.03E13 -0.35 2.988E3

HOCHO+CH3=>CH4+CO+OH 3.9E-7 5.8 2.2E3
OCHO+H202=HOCHO+HO2 2.4E12 0.0 1.0E4

8.900e+10 0.000 17000
1.80e+15 0.000 42065

HOCHO-+HO2=>H202+CO+OH 1.0E12 0.0 1.192E4
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HOCHO+0=>CO+20H 1.77E18 -1.9 2.975E3
CH20+OCHO=HOCHO+HCO 5.6E12 0.0 1.36E4
CH30+CH3=CH20+CH4 1.2E13 0.0 0.0E0
CH30+HO2=CH20+H202 3.01E11 0.0 0.0E0
CH20+H(+M)=CH20H(+M) 5.4E11 0.454 3.6E3

H2/2.0/

H20/6.0/

Co/1.5/

C02/2.0/

CH4/2.0/

C2H6/3.0/

LOW/1.27E32 -4.82E0 6.53E3/

TROE/7.187E-1 1.03E2 1.291E3 4.16E3/
CH20H+02=CH20+HO2 1.51E15 -1.0 0.0E0

DUP
CH20H+02=CH20+HO2 2.41E14 0.0 5.017E3

DUP
CH20H+H=CH20+H2 6.0E12 0.0 0.0E0
CH20H+HO2=CH20+H202 1.2E13 0.0 0.0E0
CH20H+HCO=2CH20 1.8E14 0.0 0.0E0
OH+CH20H=H20+CH20 2.4E13 0.0 0.0E0
O+CH20H=OH+CH20 4.2E13 0.0 0.0E0
CH3+OH(+M)=CH2* +H20(+M) 1.128E15 -0.63327 -4.9315597E2

HIGH/2.394E-3 4.096E0 -1.241875E3/

TROE/2.122E0 8.37667E2 2.32605E3 4.432E3/
CH3+OH(+M)=CH20+H2(+M) 2.82320078E5 1.46878 -3.27056495E3

HIGH/5.88E-14 6.721E0 -3.022227E3/

TROE/1.671E0 4.34782E2 2.93421E3 3.919E3/
CH3+OH(+M)=CH20H+H(+M) 6.58E9 0.996 3.191122E3

HIGH/5.86E-6 5.009E0 1.8864578E3/

TROE/1.349E0 6.1215E2 2.29627E3 4.411E3/
CH3+OH(+M)=H+CH30(+M) 1.2E9 1.014 1.1947831E4

HIGH/1.78E-46 1.859E1 -2.741384E1/
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TROE/2.897E0 1.873279E3 3.32316E3 3.675E3/
CH3+OH(+M)=HCOH+H2(+M) 6.39E8 0.82548 -3.0979636E3

HIGH/3.0E-11 6.225E0 -3.125551E3/

TROE/2.386E0 8.06021E2 2.2017E3 4.44E3/
HCOH+OH=HCO+H20 2.0E13 0.0 0.0E0
HCOH+H=CH20+H 2.0E14 0.0 0.0E0
HCOH+0=CO2+2H  5.0E13 0.0 0.0E0
HCOH+O=CO+OH+H  3.0E13 0.0 0.0E0
HCOH+02=CO2+H+OH  5.0E12 0.0 0.0E0
HCOH+02=C02+H20 3.0E13 0.0 0.0E0
CH3+02(+M)=CH302(+M) 7.812E9 0.9 0.0E0

LOW/6.85E24 -3.0E0 0.0E0/

TROE/6.0E-1 1.0E3 7.0E1 1.7E3/
CH302+CH3=2CH30 2.54E12 0.0 -1.411E3
2CH302=>02+2CH30 1.4E16-1.61 1.86E3
CH302+H=CH30+OH 9.6E13 0.0 0.0E0
CH302+0=CH30+02 3.6E13 0.0 0.0E0
CH2*+H=CH+H2 3.0E13 0.0 0.0E0
CH2*+02=CH2+02 1.5E13 0.0 6.0E2
CH2+02=CH20+0  1.26E6 2.4202 1.604E3
CH2+02=CO2+H2 2.05E9 0.9929 -2.694E2
CH2+0=>CO+2H 5.0E13 0.0 0.0E0
CH2+H=CH+H2 1.0E18 -1.56 0.0E0

DUP
CH2+OH=CH+H20 1.13E7 2.0 3.0E3
CH+02=HCO+O 3.3E13 0.0 0.0E0
CH+O=CO+H 5.7E13 0.0 0.0E0
CH+OH=HCO+H 3.0E13 0.0 0.0E0
CH2+H=CH+H2 2.7E110.67 2.57E4

DUP
CH+H20=H+CH20 1.713E13 0.0 -7.55E2
CH+C02=HCO+CO 1.7E12 0.0 6.85E2

C2H6+CH=C2H5+CH2 1.1E14 0.0 -2.6E2
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2C2H4=C2H5+C2H3 4.82E14 0.0 7.153E4
CH3+C2H5=CH4+C2H4 1.18E4 2.45 -2.921E3
2CH3(+M)=C2H5+H(+M) 4.989E12 0.099 1.06E4

HIGH/3.802E-7 4.838E0 7.71E3/

SRI/1.641E0 4.334E3 2.725E3 1.0E0 0.0E0/
C2H5+0=CH3CHO+H 1.1E14 0.0 0.0E0
C2H5+02=CH3CHO+OH 4.908E-6 4.76 2.543E2

PLOG/4.0E-2 4.908E-6 4.76E0 2.543E2/

PLOG/1.0E0 6.803E-2 3.57E0 2.643E3/

PLOG/1.0E1 8.265E2 2.41E0 5.285E3/
CH3CHO(+M)=CH3+HCO(+M) 2.45E22 -1.74 8.635502E4

LOW/1.02976E59 -1.13E1 9.591249E4/

TROE/2.49E-3 7.1811861E2 6.08949E0 3.78001844E3/
CH3CHO(+M)=CH4+CO(+M) 2.72E21 -1.74 8.635502E4

LOW/1.14418E58 -1.13E1 9.591249E4/

TROE/2.49E-3 7.1811861E2 6.08949E0 3.78001844E3/
CH3CHO+H=CH2CHO+H2 2.72E3 3.1 5.21E3
CH3CHO+OH=CH3+HOCHO 3.0E15 -1.076 0.0E0
CH3CHO+OH=CH2CHO+H20 1.72E5 2.4 8.15E2
CH3CO3H=CH3CO2+OH 5.01E14 0.0 4.015E4
CH3CO2+M=CH3+CO2+M 4.4E15 0.0 1.05E4
CH2CHO(+M)=CH2CO+H(+M) 1.43E15 -0.15 4.56E4

LOW/6.0E29 -3.8E0 4.3423898E4/

TROE/9.85E-1 3.93E2 9.8E9 5.0E9/
CH2CHO(+M)=CH3+CO(+M) 2.93E12 0.29 4.03E4

LOW/9.52E33 -5.07E0 4.13E4/

TROE/7.13E-17 1.15E3 4.99E9 1.79E9/
CH2CHO+02=CH2CO+HO2 1.88E5 2.37 2.373E4

PLOG/1.0E-2 1.88E5 2.37E0 2.373E4/

PLOG/1.0E-1 1.88E5 2.37E0 2.737E4/

PLOG/1.0E0 2.51E5 2.33E0 2.38E4/

PLOG/1.0E1 7.05E7 1.63E0 2.529E4/
CH2+CO(+M)=CH2CO(+M) 8.1E11 0.0 0.0E0
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H2/2.0/

H20/6.0/

CO/1.5/

C02/2.0/

CH4/2.0/

C2H6/3.0/

LOW/2.69E33 -5.11E0 7.095E3/

TROE/5.907E-1 2.75E2 1.226E3 5.185E3/

CH2CO+H=HCCO+H2 1.40068E15 -0.17131 8.78315059E3
CH2CO+H=CH3+CO 7.70374E13 -0.17131 4.18315059E3

CH2CO+0O=CH2+CO2 1.75E12 0.0 1.35E3
CH2CO+O=HCCO+OH 1.0E13 0.0 8.0E3
CH2CO+OH=HCCO+H20 1.0E13 0.0 2.0E3
CH2CO+OH=CH20H+CO 2.0E12 0.0 -1.01E3
CH2CO+CH3=C2H5+CO 4.769E4 2.31199 9.468E3
CH2*+CH2CO=C2H4+CO 1.6E14 0.0 0.0E0
HCCO+OH=>H2+2CO 1.0E14 0.0 0.0EO
HCCO+O=>H+2CO 8&.0E13 0.0 0.0E0
HCCO+H=CH2*+CO 1.0E14 0.0 0.0EO
HCCO+02=>0OH+2CO 1.91EI11 -0.02 1.02E3
HCCO+02=>CO2+CO+H 4.78E12 -0.142 1.15E3
CH+CO+M=HCCO+M 7.57E22 -1.9 0.0EO
CH+CH20=H+CH2CO 9.46E13 0.0 -5.15E2
CH+HCCO=CO+C2H2 5.0E13 0.0 0.0E0
C2H4+0=CH2CHO+H 6.775E6 1.88 1.83E2
C2H4+OH=CH3+CH20 5.35E02.92 -1.732664E3
PLOG/1.0E-2 5.35E0 2.92E0 -1.732664E3/
PLOG/2.5E-2 3.19E1 2.71E0 -1.17233E3/
PLOG/1.0E-1 5.55E2 2.36E0 -1.80817E2/
PLOG/1.0E0 1.78E5 1.68E0 2.060519E3/
PLOG/1.0E1 2.37E9 5.6E-1 6.006701E3/
PLOG/1.0E2 2.76E13 -5.0E-1 1.1455055E4/
C2H4+OH=CH3CHO+H 2.37E-7 5.3 -2.050584E3
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PLOG/1.0E-2 2.37E-7 5.3E0 -2.050584E3/
PLOG/2.5E-2 8.73E-5 4.57E0 -6.17957E2/
PLOG/1.0E-1 4.03E-1 3.54E0 1.881689E3/
PLOG/1.0E0 2.38E-2 3.91E0 1.722729E3/
PLOG/1.0E1 8.25E8 1.01E0 1.0507256E4/
PLOG/1.0E2 6.8E9 8.1E-1 1.3867273E4/
C2H4+OH=C2H30H+H 1.04E42.64.121038E3
PLOG/1.0E-2 1.04E4 2.6E0 4.121038E3/
PLOG/2.5E-2 1.07E4 2.6E0 4.128986E3/
PLOG/1.0E-1 1.52E4 2.56E0 4.238271E3/
PLOG/1.0E0 3.19E5 2.19E0 5.255615E3/
PLOG/1.0E1 1.94E8 1.43E0 7.82878E3/
PLOG/1.0E2 8.55E10 7.5E-1 1.1490821E4/
C2H4+OH=pC2H40OH 1.74E43 -10.46086 7.69872927E3
PLOG/1.0E-2 1.74E43 -1.046086E1 7.69872927E3/
PLOG/2.5E-2 3.25E37 -8.62888E0 5.21465591E3/
PLOG/1.0E-1 1.84E35 -7.75006E0 4.90885935E3/
PLOG/1.0E0 2.56E36 -7.75206E0 6.94610961E3/
PLOG/1.0E1 3.7E33 -6.57294E0 7.60589462E3/
PLOG/1.0E2 1.12E26 -4.10119E0 5.75695429E3/
C2H30OH+02=CH2CHO+HO2 5.31E11 0.21 3.983E4
C2H30H+0O=CH2CHO+OH 1.875E6 1.9 -8.6E2
C2H30H+OH=CH2CHO+H20 3.33E9 1.1 5.405E2
C2H30H+CH3=CH2CHO+CH4 2.03E-8 5.9 1.052E3
C2H30OH+H=CH2CHO+H2 1.48E3 3.077 7.22E3
C2H30H+H=pC2H40H 3.01E8 1.577 3.67E3
C2H30H+HO2=CH3CHO+HO2 1.49E5 1.67 6.81E3
C2H30H=CH3CHO 7.42E46 -10.56 6.742E4
PLOG/1.0E-1 7.42E46 -1.056E1 6.72E4/
PLOG/1.0E0 4.42E42 -9.09E0 6.7069198E4/
PLOG/1.0E2 2.9E27 -4.35E0 6.1612896E4/
C2H30OH=C2H3+OH 6.899E21 -1.564 1.107ES5
REV/2.41E13 0.0E0 0.0E0/
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C2H30OH=CH2CHO+H 3.643E15 -0.397 9.539E4
REV/2.4E13 0.0EO 1.251E4/
CH+CH4=C2H4+H 6.0E13 0.0 0.0E0
C2H3+02=>H+CO+CH20 5.19E15 -1.26 3.31262E3
C2H2+O=HCCO+H 2.958E9 1.28 2.472E3
C2H2+OH=CH2CO+H 1.578E3 2.56 -8.445E2
PLOG/1.0E-2 1.578E3 2.56E0 -8.445E2/
PLOG/2.5E-2 1.518E4 2.28E0 -2.921E2/
PLOG/1.0E-1 3.017E5 1.92E0 5.981E2/
PLOG/1.0E0 7.528E6 1.55E0 2.106E3/
PLOG/1.0E1 5.101E6 1.65E0 3.4E3/
PLOG/1.0E2 1.457E4 2.45E0 4.477E3/
CH30CO=CH20CHO 1.629E12 -0.18 4.067E4
CH3+C0O2=CH30CO 4.76E7 1.54 3.47E4
CH30+CO=CH30CO 1.55E62.02 5.73E3
CH20+HCO=CH20CHO 1.5E11 0.0 1.19E4
H+C3H6=NC3H7 2.5E110.51 2.62E3
C3H6+0=>CH2CO+CH3+H 2.5E71.76 7.6El
C3H6+0=>CH3CHCO+2H 2.5E71.76 7.6E1
C3H6+C2H5=aC3H5+C2H6 1.0E11 0.0 9.8E3
C3H6+OH=C3H60OH 9.93E11 0.0 -9.6E2
C3H60H+02=HOC3H602 1.2E110.0 -1.1E3
HOC3H602=>CH3CHO+CH20+OH 1.25E10 0.0 1.89E4
C3H4-a+H=aC3H5 9.6E61 -14.67 2.6E4
PLOG/1.0E-1 9.6E61 -1.467E1 2.6E4/
PLOG/1.0E0 1.52E59 -1.354E1 2.6949E4/
PLOG/2.0E0 3.78E57 -1.298E1 2.6785E4/
PLOG/5.0E0 7.34E54 -1.209E1 2.6187E4/
PLOG/1.0E1 2.4E52 -1.13E1 2.54E4/
PLOG/1.0E2 6.9E41 -8.06E0 2.13E4/
aC3H5+H=C3H4-a+H2 1.232E3 3.035 2.582E3
aC3H5+0OH=C3H4-a+H20 6.0E12 0.0 0.0E0

aC3H5+CH3=C3H4-a+CH4 3.0E12-0.32-1.31E2
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aC3H5+C2H5=C2H6+C3H4-a 4.0E11 0.0 0.0EO
aC3H5+C2H5=C2H4+C3H6 4.0E11 0.0 0.0EO
aC3H5+C2H3=C2H4+C3H4-a 1.0E12 0.0 0.0EO
2aC3H5=C3H4-a+C3H6 8.43E100.0 -2.62E2
aC3H5+02=C3H4-a+HO2 4.99E15 -1.4 2.2428E4

PLOG/1.0E0 4.99E15 -1.4E0 2.2428E4/

PLOG/1.0E1 2.18E21 -2.85E0 3.0755E4/
C3H4-a+HO2=>CH2CO+CH2+OH 4.0E12 0.0 1.9E4
C3H4-a+OH=CH2CO+CH3 3.12E12 0.0 -3.97E2
C3H4-a+O=C2H4+CO 2.0E7 1.8 1.0E3
C3H4-a+O=C2H2+CH20 3.0E-3 4.61 -4.243E3
C3H4-a+HO2=>C2H4+CO+OH 1.0E12 0.0 1.4E4
C2H2+CH3=C3H4-a+H 2.4E9 0.91 2.07E4

PLOG/1.0E-1 2.4E9 9.1E-1 2.07E4/

PLOG/1.0E0 5.14E9 8.6E-1 2.2153E4/

PLOG/2.0E0 1.33E10 7.5E-1 2.2811E4/

PLOG/5.0E0 9.2E10 5.4E-1 2.395E4/

PLOG/1.0E1 5.1E11 3.5E-1 2.5E4/

PLOG/1.0E2 7.3E12 1.1E-1 2.85E4/
CH3CHCO+OH=C2H5+CO2 1.73E12 0.0 -1.01E3
CH3CHCO+H=C2H5+CO 4.4E12 0.0 1.459E3
CH3CHCO+0O=CH3CHO+CO 3.2E12 0.0 -4.37E2
NC3H7+02=NC3H702 4.52E12 0.0 0.0EO
NC3H702=C3H6+HO2 4.308E36-7.53.951E4
C2H3+C2H5=C4H&1 9.0E12 0.0 0.0EO
NC3H7CHO+02=NC3H7CO+HO2 1.2E5 2.5 3.756E4
NC3H7CHO+OH=NC3H7CO+H20 2.0E6 1.8 -1.3E3
NC3H7CHO+H=NC3H7CO+H2 4.14E9 1.12 2.32E3
NC3H7CHO+O=NC3H7CO+OH 5.94E12 0.0 1.868E3
NC3H7CHO+HO2=NC3H7CO+H202 4.09E4 2.5 1.02E4
NC3H7CHO+CH3=NC3H7CO+CH4 2.89E-3 4.62 3.21E3
NC3H7CO=NC3H7+CO 1.0E11 0.0 9.6E3
NC4H9OH(+M)=CH3+C3H60OH(+M) 3.79E24 -2.23 8.807E4
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LOW/1.782E60 -1.228E1 8.398E4/

TROE/2.352E-1 7.24E2 5.0E9 5.0E9/
NC4H9OH(+M)=C2H5+pC2H40H(+M) 5.53E24 -2.23 8.901E4

LOW/6.632E59 -1.213E1 8.472E4/

TROE/2.438E-1 7.4406E2 5.0E9 5.0E9/
NC4H9OH(+M)=NC3H7+CH20H(+M) 3.02E23 -1.88 8.571E4

LOW/1.416E59 -1.193E1 8.398E4/

TROE/7.646E-1 8.344E9 7.248E2 8.214E9/
NC4H9OH(+M)=C4H81+H20(+M) 3.52E13 0.0 6.723E4

LOW/1.69E75 -1.704E1 6.475E4/

TROE/8.0E-2 1.0E0 9.924E9 9.924E9/
H+C4H8OH-1=NC4H9OH 4.0E13 0.0 0.0E0
NC4H9OH+H=C4HSOH-1+H2 8.789E4 2.68 2.915E3
NC4H9OH+OH=C4H8OH-1+H20 3.61E3 2.89 -2.291E3
NC4H9OH+O=C4HSOH-1+OH  1.45E5 2.47 8.76E2
NC4H9OH+02=HO2+C4H8OH-1 2.0E13 0.0 4.68E4
NC4H9OH+HO2=C4H8OH-1+H202 3.5E-5 5.26 8.268E3
NC4H9OH+CH3=C4H8OH-1+CH4 1.993E1 3.37 7.634E3
NC4H9OH+HCO=C4H8OH-1+CH20 1.0E7 1.9 1.7E4
NC4H9OH+C2H5=C4H8OH-1+C2H6 2.01E11 0.0 7.9E3
C2H30H+C2H5=C4H8OH-1 8.8E3 2.48 6.13E3
NC3H7CHO+H=C4H8OH-1 8.0E12 0.0 9.5E3
C4H70H1-1+H=C4H8OH-1 2.5E110.51 2.62E3
C4H70H1-1+HO2=NC3H7CHO+HO2 1.49E5 1.67 6.81E3
C2H30H+HOCHO=CH3CHO+HOCHO 2.81E-2 3.286 -4.509E3

REV/7.04E4 1.209E0 5.56E2/
C4H70H1-1+HOCHO=NC3H7CHO+HOCHO 2.81E-2 3.286 -4.509E3

REV/7.04E4 1.209E0 5.56E2/

C4H70H1-1=NC3H7CHO 8.59E11 0.318 5.59E4
C4H70HI1-1+H=C4H81+OH 6.26E13 0.0 4.5E3
C4H70H1-1+H=C2H30H+C2H5 6.26E13 0.0 4.5E3
C4H70H1-1=C2H5+CH2CHO 2.214E22 -1.576 9.752E4

C4H8OH-1+02=NC3H7CHO+HO2 3.78E20 -2.429 3.09E3
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PLOG/1.0E-3 5.26E17 -1.637E0 8.38E2/

PLOG/1.0E-2 5.26E17 -1.637E0 8.38E2/

PLOG/1.0E-1 5.26E17 -1.637E0 8.38E2/

PLOG/1.0E0 5.28E17 -1.638E0 8.39E2/

PLOG/1.0E1 1.54E18 -1.771E0 1.12E3/

PLOG/1.0E2 3.78E20 -2.429E0 3.09E3/
C4H8OH-1+02=C4H8OH-102 6E12 0.0 0.0E0
C4H8OH-102=C4H70H-100H-3 2.5E10 0.0 2.045E4
C4H8OH-102=C4H70H1-1+HO2 4.308E36 -7.5 3.951E4
C4H70H-100H-3=>0OH+HOCHO+C3H6 1.0E13 0.0 3.0E4
C4H70H-100H-3+02=C4H70H-100H-302 7.54E12 0.0 0.0E0
C4H70H-100H-302=C40Hket1-3+OH 1.25E10 0.0 1.545E4
C40Hket1-3=>0H+CH20CHO+CH3CHO 1E16 0.0 3.9E4
H2+C2H<=>C2H2+H 0.1080E+14  0.0000 0.2165E+04
C2H2+C2H<=>C4H2+H 0.9030E+14  0.0000 0.0000E+00
C2H2+OH<=>C2H+H20 0.6000E+14  0.0000 0.1292E+05
C2H2+M<=>C2H+H+M 0.1140E+18  0.0000 0.1068E+06
02/0.400/ H20/6.500/ CO/0.750/

C4H2+0<=>C3H2+CO 0.7890E+13  0.0000 0.1348E+04
C4H2+OH<=>C3H2+HCO 0.6680E+13  0.0000 -.4087E+03
2CH2<=>C2H2+2H 0.1080E+15  0.0000 0.7959E+03
C2H+C2H3<=>2C2H2 0.1900E+14  0.0000 0.0000E+00
C2H+OH<=>CH2+CO 0.1810E+14  0.0000 0.0000E+00
C3H3+0<=>C2H2+CO+H 0.1390E+15  0.0000 0.0000E+00
C3H3+OH<=>C3H2+H20 0.2000E+14  0.0000 0.0000E+00
C4H3+M<=>C4H2+H+M 0.1120E+17  0.0000 0.4651E+05
02/0.400/ H20/6.500/ CO/0.750/

C2H2+CH2<=>C3H3+H 0.1200E+14  0.0000 0.6577E+04
2C2H2<=>C4H2+H2 0.1510E+14  0.0000 0.4242E+05
2C2H3<=>C4H5+H 0.4000E+14  0.0000 0.0000E+00
C2H3+CH20<=>C2H4+HCO 0.5420E+04 2.8100 0.5824E+04
C2H4+C2H<=>C4H4+H 0.1200E+14  0.0000 0.0000E+00
C3H2+O<=>C2H+H+CO 0.6800E+14  0.0000 0.0000E+00
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C3H2+OH<=>C2H2+CO+H  0.5000E+14  0.0000 0.0000E-+00
C3H3+0<=>CH20+C2H  0.1400E+15  0.0000 0.0000E-+00
C3H3+H<=>C3H2+H2 0.5000E+13  0.0000 0.0000E+00
C3H3+OH<=>HCO+C2H3  0.4000E+14  0.0000 0.0000E+00
C4H2+H<=>C4H3 0.1100E+31 -4.9200 0.1073E+05
C4H2+H2<=>C4H4 0.4000E+15  0.0000 0.5325E+05
C2H2+C2H<=>C4H3 0.4170E+37 -7.3000 0.8723E+04
C3H2+CH2<=>C4H3+H 0.3000E+14  0.0000 0.0000E-+00
C4H3+H<=>C4H2+H2  0.5000E+14  0.0000 0.0000E+00
C4H3+0<=>CH2CO+C2H  0.2000E+14  0.0000 0.0000E+00
C4H3+OH<=>C4H2+H20  0.3000E+14  0.0000 0.0000E+00
C4H3+H2<=>C2H2+C2H3  0.5010E+11  0.0000 0.1987E+05
C4H3+C2H3<=>2C3H3  0.4000E+13  0.0000 0.0000E-+00
C4H4<=>2C2H2 0.3400E+14  0.0000 0.7664E+05
C4H4+M<=>C4H3+H+M 0.1100E+21  0.0000 0.9863E+05
C4H4+0<=>HCO+C3H3  0.3200E+09  1.4400 0.5494E+03
C3H3+CH2<=>H+C4H4 0.4000E+14  0.0000 0.0000E-+00
C4H4+C2H<=>C4H2+C2H3  0.1000E+14  0.0000 0.0000E+00
C4H4+C2H<=>C4H3+C2H2  0.4000E+14  0.0000 0.0000E+00
C4H5<=>C2H3+C2H2  0.1000E+15  0.0000 0.4361E+05
C4H5(+M)<=>C4H4+H(+M) 0.1000E+15  0.0000 0.4968E-+05
LOW/0.2000E+16 0.0000E+00 0.4173E+05/
C4H5+02<=>C4H4+HO2 0.1000E+13  0.0000 0.2980E+04
C4H5+H<=>C4H4+H2 0.1000E+15  0.0000 0.0000E+00
C4H5+OH<=>C4H4+H20  0.2000E+08  2.0000 0.9991E+03
C4H5+C2H<=>2C3H3  0.4000E+13  0.0000 0.0000E+00
C3H3+C2H3<=>C5H5+H 0.9600E+41 -7.8000 0.2863E+05
C3H3+C2H2<=>C5H5 0.2400E+12  0.0000 0.9995E+04
C5H5+0<=>C4H5+CO  0.1000E+14  0.0000 0.0000E-+00
C5H5+OH<=>CH20+2C2H2  0.2000E+13  0.0000 0.0000E-+00
C6H50<=>C5H5+CO  0.7400E+12  0.0000 0.4391E+05
2C3H3<=>A1 0.1000E+37 -7.1800 0.8413E+04
2C3H3<=>A1-+H 0.3000E+36 -7.1800 0.8413E+04
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C4H3+C2H3<=>A1 0.3000E+14  0.0000 0.0000E+00
C4H3+C2H3<=>Al1-+H 0.6000E+13  0.0000 0.0000E+00
C2H3+C4H4<=>A1+H 0.1900E+13  0.0000 0.2484E+04
C4H3+C2H2<=>Al- 0.5000E+14  0.0000 0.1480E+05
C4H4+C2H2<=>A1-+H 0.1000E+10  0.0000 0.2980E+05
C4H5+C2H2<=>A1+H 0.1600E+16 -1.3300 0.5365E+04
C4H5+C2H3<=>A1+H2 0.1800E-12  7.0700 -3577E+04
C4H5+C2H<=>A1 0.1000E+14  0.0000 0.0000E+00
C4H5+C2H<=>A1-+H 0.6000E+13  0.0000 0.0000E+00
Al<=>Al1-+H 0.9000E+15  0.0000 0.1074E+06
Al<=>C4H4+C2H2 0.9000E+15  0.0000 0.1074E+06
A1+02<=>A1-+HO2  0.6000E+14  0.0000 0.6259E+05
Al+O<=>A1-+OH 0.2000E+14  0.0000 0.1470E+05
A1+0<=>C6H50+H  0.2200E+14  0.0000 0.4530E-+04
Al+H<=>A1-+H2 0.2510E+15  0.0000 0.1602E+05
Al+OH<=>A1-+H20  0.1450E+14  0.0000 0.4491E+04
A1+C2H<=>A1-+C2H2  0.2000E+14  0.0000 0.0000E+00
A1-+0<=>C5H5+CO  0.1000E+15  0.0000 0.0000E+00
A1-+OH<=>C6H50+H  0.5000E+14  0.0000 0.0000E+00
C4H5+C4H2<=>A1C2H+H 0.3160E+12  0.0000 0.1788E+04
A1C2H-+H(+M)<=>A1C2H(+M) 0.1000E+15  0.0000 0.0000E+00
LOW/0.6600E+76 -.1630E+02 0.1391E+05/

TROE/0.1000E+01 0.1000E+00 0.5849E+03 0.6113E+04/
H2/2.000/  H20/6.000/ CO/1.500/

C4H3+C4H2<=>A1C2H- 0.9600E+71 -17.7700 0.3112E+05
A1-+C4H2<=>A1C2H+C2H 0.2000E+14  0.0000 0.2186E+05
A1-+C2H3<=>A1C2H+H2 0.7900E+13  0.0000 0.6358E-+04
Al-+C4H4<=>A1C2H+C2H3 0.3200E+12  0.0000 0.1352E+04
A1+C2H<=>A1C2H+H 0.1000E+13  0.0000 0.0000E+00
A1-+C2H<=>A1C2H 0.5240E+15 -0.5000 0.5961E+03
A1C2H+O<=>A1C2H-+OH 0.1100E+14  0.0000 0.8147E+04
A1C2H+0O<=>C6H50+C2H 0.2200E+14  0.0000 0.4491E-+04

A1C2H+H<=>A1C2H-+H2 0.2700E+14  0.0000 0.9701E+04
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A1C2H+H<=>A1-+C2H2 0.2000E+15  0.0000 0.9701E+04
A1C2H+OH<=>A1C2H-+H20 0.2100E+14  0.0000 0.4570E+04
A1C2H+OH<=>A1-+CH2CO 0.2180E-03  4.5000 -.9935E+03
A1C2H+C2H<=>A1C2H-+C2H2 0.2000E+14  0.0000 0.0000E+00
2C4H4<=>A1C2H3 0.1800E+21 -1.9000 0.4020E+05
C4H5+C4H4<=>A1C2H3+H 0.3160E+12  0.0000 0.5961E+03
Al1+C2H3<=>A1C2H3+H 0.7900E+12  0.0000 0.6358E+04
Al1-+C2H3<=>A1C2H3 0.1060E+27 -4.0000 0.5266E+04
Al1-+C2H4<=>A1C2H3+H 0.2510E+13  0.0000 0.6150E+04
A1C2H3+0O<=>A1-+CH2CHO 0.3000E+09  1.4500 0.8942E+03
A1C2H3+0O<=>A1-+CH3+CO 0.1920E+08  1.8300 0.2186E+03
C4H5+A1=>A2+H2+H 0.5000E+12  0.0000 0.2987E+04
2C5H5<=>A2+2H 0.4300E+14  0.0000 0.9713E+04
2C5H5<=>A2+H2 0.4300E+37 -6.3000 0.4537E+05
Al-+C4H3<=>A2 0.3180E+24 -3.2000 0.4232E+04
Al1-+C4H3<=>A2-+H 0.2000E-09  7.1000 0.1562E+04
Al-+C4H4<=>A2+H 0.3300E+34 -5.7000 0.2533E+05
AIC2H-+C2H2<=>A2- 0.4000E+14  0.0000 0.1013E+05
A2+0<=>CH2CO+AIC2H 0.2200E+14  0.0000 0.4501E+04
A2+0<=>A2-+OH 0.2000E+14  0.0000 0.1470E+05
A2+H<=>A2-+H2 0.2500E+15 0.0000 0.1590E+05
A2+OH<=>A2-+H20 0.2100E+14  0.0000 0.4570E+04
A2+OH=>A1C2H+CH2CO+H 0.1300E+14  0.0000 0.1053E+05
A2-+H<=>A2 0.7800E+14  0.0000 0.0000E+00
A1C2H-+C4H4<=>A2r5+H 0.1600E+17 -1.3300 0.6557E+04
A2-+C2H2<=>A2r5+H 0.1900E+32 -5.2600 0.2086E+05
A2r5<=>A1C2H+C4H2 0.2000E+17  0.0000 0.1152E+06
A2r5+OH<=>A2-+CH2CO 0.1000E+14  0.0000 0.9935E+04
C4H2+A2r5=>A4 0.2413E+03  2.2313 -.1131E+04
A1C2H+AIC2H-<=>A4+H 0.1100E+25 -2.9200 0.1592E+05
A2+A1-<=>A4+H+H2 0.1000E+12  0.0000 0.4968E+04
A2-+Al1<=>A4+H+H2 0.1000E+13  0.0000 0.4968E+04
A2-+Al-=>A4+H2 0.4300E+38 -6.3000 0.4477E+05
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A1C2H+Al-<=>A3+H 0.1100E+24 -2.9200 0.1592E+05
A1C2H-+Al1<=>A3+H 0.1100E+24 -2.9200 0.1592E+05
A2-+C4H4<=>A3+H 0.3300E+34 -5.7000 0.2533E+05
A2-+C4H2<=>A3- 0.3300E+34 -5.7000 0.2533E+05
A2r5+C2H2=>A3 0.2765E+05 2.4500 0.2908E+05
A2+C4H2=>A3 0.2765E+05 2.4500 0.2908E+05
A3+0<=>A3-+OH 0.2000E+14  0.0000 0.1470E+05
A3+H<=>A3-+H2 0.2500E+15  0.0000 0.1590E+05
A3+OH<=>A3-+H20 0.1700E+13  1.4200 0.1496E+04
A3-+02=>CO+HCO+A2r5 0.2000E+13  0.0000 0.7352E+04
A3-+H<=>A3 0.1000E+15 0.0000 0.0000E+00
A3-+C2H2<=>A4+H 0.6600E+25 -3.3600 0.1768E+05
A4+OH<=>A3-+CH2CO 0.2000E+14  0.0000 0.4173E+05
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