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Abstract 

Research on Polycyclic Aromatic Hydrocarbons (PAHs) and soot reduction is important in combustion 

studies. The'fom1er is known as soot precursor, which is harmful to people, tl1e environment, and engines. Soot 

emission can be minimized by mixing primary fuel with oxygenated fuel. Butanol, which is known as an 

oxygenated fuel, was used in this study due to it being a second-generation biofuel capable of reducing soot 

emission. Other reported advantages of n-butanol relative to methanol and ethanol are its lugher cetane number, 

lower volatility, and higher energy density. 

Previous st11dies elucidated soot behavior(s) at higher temperatures (> 1,500 K), however, stt1dies on 

soot behavior al temperatures under 1,400 K is rare. Elucidating the effect or tl1e addition of butanol on sooting 

tendency and the formation of PAHs would help explain sooting behavior(s), wllile identifying the major reactions 

of tl1e effect of皿xingbutanol with small and large hydrocarbons, as well as PAHs would help detail the soot 

formation process. Both would lead to the development of an accurate model for predicting PAHs and soot, 

especially at lower temperatures. 

This work intends to elucidate the effect of the addition o「butanolon sooting tendencies and PAHs 

formation of 11-heptane using a micro flow reactor with a controlled temperat1.1re profile (MFR). The MFR, relative 

to other conventional methods, is capable of providing gentle temperature profiles in the reactor, while also 

distinguishing the reaction zone of flame, PAI-Is gro叩 h,and soot fom1ation. Th.is would be tremendously help釦l

when validating the gas phase chemical kinetic mechanism in foel-rich conditions prior to soot formation. 

The study of the eftects of the addition of n-butanol OD sootiDg tendency aDd formations or C1 and C2 

primary intermediates of 11-heptane/air血x皿eswere performed using MFR at a maximum wall temperatt1re of 

I,300 K. Three types of fuel at different mole percentage ratios were used in this study, consisting of pure n-

heptane (hp 100), n-butauol (btl 00), as well as their mixture of n-heptane 50% and u-butanol 50%，山attenned as 

hp50bt50. The sooting tendency was investigated over equivalence ratios of l.5 -4.0, an inlet mean velocity of l 0 

emfs, and a pressure of I atm. Experimental observations indicated two types of flames: with and without soot 

formation. The critical sooting equivalence ratio was identified, which in the case hplOO was 2.0, in the case of 

hpSObtSO was 2.2, and for btlOO was 2.6. These values conf'irmed that the critical equivalence ratio is directly 

proportioual to the n-butanol mole percentage, implying that mixing it with butanol lowered sooting lendencie~ 

The effect of the addition of but皿olis also evident due to the length of the sooting region in the MFR, and 

i11creased addition ofbutanol results in shorter region lengths. 

The capability of current chemical mechanisms, such as CRECK, Veloo, Sarathy and Wang were also 

examined by comparing the maximum heat release rate (HRR) with the flames position of the experin1ental results. 



The CRECK mechanism reported a fair agi・eement with the measurement results relative to that of other 

mechanismツ ・

The effect of the addition of butanol to the sooting teudency of n-heptaue was farther evaluated by 

measuring small hydrocarbon species (CI and C2). The measurements were conducted at equivalence ratios of 1.5 

-4.0, and a maximum wall temperature of 1,100 K using MFR equipped witl1 Gas Chromatography-Thennal 

Conductivity Detector (GC-TCD). Six species were measured, which were C2H4, C2H2, C2H6, CH4, CO, and CO2. 

The computations used five chemical mechanisms; CRECK, Wang, reduced and detailed Livermore, and KUCRS. 

The CRECK rnech皿 ismaccurately predicted the trend ofC1 and C2 species at multiple equivalence ratios. It was 

also used to皿alyzethe relation between soot precursor (C2H4 and C2H2) and the f"ioal fonnation species (CO and 

CO2). The CRECK mechanism showed the C2J-I4 and C2l七molefraction decreasing, while CO and CO2 mole 

fraction increasing with increasing the mole percentage of butanol, especially at Jligher equivalence ratios. This 

trend was also observed from the measurement of the species. 

Large hydrocarbons and PA.Rs (C叫 C晶 OH,C晶 0,CsH10, C贔 ，andCIO山） weremeasured using 

MFR equipped with Gas Chromatography/Mass Speclrometry (GC/MS). The computation uses the CRECK 

mechanism at equivalence ratios of 1.5 -2.5 and a maximum wall temperature of 1,100 K. lt can be seen that the 

CRECK mechanism is in agreement with the experimental results (similar trends). Large hydrocarbons and PAl-Is 

mole fractions are inversely related to the mole percentages ofbutanol. 

The overall reaction path analysis and major reactions iu the rate of productio1-.Jcoasiin1ptioo involving 

small and large hy山ocarbons and PAHs were determined for CRECK mechanism. Rl617: 

CH3CH2CI七CHOH<=>CI七CHO+C2H5was identified as tl1e key reaction controlling the concentrations of C2H2, 

C北1、1,CO, and CO2, wltile the reactions identified as major reactions controlling the concentrations of large 

hydrocarbons and PAHs were Rl612: 比CHCH2CH20H<=>C3比＋Cl-l20H, Rl615: 

CH3CH2CHCH2OH<＝>NC4l-Is+OH, and Rl617: Cl~bC比CH2CHOH<=>CH3CHO+C晶 ．

The results from this work provide new insights into sooting tendency and PAHs formation behavior at 

lower temperatures, which is expected to benefit mankind, the envirorunent, and engines in the near foture. 
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Chapter 1 

Chapter 1 

Introduction 

1-1 Background of this study 

Combustion is defined as an exothemuc reaction, due to its energy release upon 

completion, and Warnatz et al. [l] reported that ~90 % of energy production can be attributed 

to. Energy is crucial to the survivability of mankind, due to its role in heating and preparing 

food, and the study of combustion, in the context of energy, is regarded as a meaningful 

endeavor. 

Combustion of gasoline and diesel in engines dictates almost the entirety of ground 

transportation. As per Figure 1.1. l(a), transportation(s) mainly utilizes gasoline as fuel, 

especially ground transportation. The demand for oil as fuel for ground transporation is 

significantly different relative to the other components. Its low supply accompanying high 

demands prompted researchers to look elsewhere, and the promising characteristic of biofuels 

(renewable and environmentally friendly) render it an attractive subsitute. The use ofrenewable 

energy is becoming more widespread. It is expected that the use of electricity and gas for 

transporation will become common in the near future. Energy demand is projected to continue 

increasing from 1980 to 2035. 

Figure 1.1.1 (b) shows the transport activity based on countries from 2000 to 2050. 

~ ~ 
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Most countries show an upward trajectory in its use of transportation up till 2050. This increase 

will also result in increased combustion emissions, such as soot, which is an incomplete 

combustion product that is harmful to people [5,6], the envirorunent [7] as well as engines [8,9]. 
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Fig. 1.1.1 (a) Transportation demand of fuel from year 1980 to 2035 [2], (b) Transport activity 
based on countries from year 2000 to 2050 [3,4]. 

Soot, or particulate matter, is a hazardous component. Figure 1.1.2 shows the types of 

particulate matter based on its size and its effects on our bodies. Particulate matter with 

diameters of 2.5 -10 μmare known as PM10, while particulate matter with diameter in the range 

of 1.5 to 2.5 μm are known as PM2.s, and particulate matter smaller than 1.0 μm are known as 

PM1.o. Barfknecht et al. [5] reported that small soot particles with diameters lower than 5 run is 

transported directly to human lungs, since the respiratory tract is unable to filter it. This leads 

to diseases such as astl1ma, cancer, chronic bronchitis, and collapsed lungs [ 1 OJ. 

Combustion also produces polycyclic aromatic hydrocarbons (PAHs), which is as 

harmful to our bodies as soot. PAHs are generally smaller than soot, with diameters ofless than 

3 nm. Soot ernrnision also results in environment pollution. Bond et al. [ 12] posited that soot is 

the secondmost severe contributor to global warming after carbon dioxide. Figure 1.1.3 

illustrates bow soot emmision affect the environment. For example, soot released from factories, 
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Chapter J 

transports, and open burning causes direct absorption by solar radiation, which increases the 

earth's surface temperature. Moreover, in colder climates, soot particles prevents the reflection 

of sunlight, which melts snow and ice at a quicker rate. The fact that soot emission is detrimental 

to air quality and the environment is undeniable, which prompted many countries to implement 

and enforce regulations for limiting soot emissions. 

PM 2.5 ． 
PM1 

Trans-synaptic blood 

circulation 

Sedjmentation 

Impactation 

Impactation 

Sedimentation 

Brownian diffusion 

Pulmonaiy circulation 

Systemic circulation 

Fig. 1.1.2 Size of particles inside our body [ 11]. 
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Fig. 1.1.3 Black carbon (soot) sources and its effects on the enviro1unent [12]. 

,'，ー
・

9

T

』



Chapter 1 

Soot is not only problematic to health and the environment, but it is it also negatively 

impact engines. High soot concentration in engines will contaminate the lubricant oil, which 

shortens its life and increase its service frequency. Continued usage of contaminated lubricant 

oil will severely wear the engine. Figure 1.1.4 shows the effect of soot on lubricant oil in diesel 

engine by using contamination index (IC), residual dispersancy (MD) and combined 

performance rating (DP) [ 13]. 

IC is applied to identify the concentration of insoluble matter in the lubricant oil which 

the scale is within 0.1 to 4 percent scale. High IC value means combustion is not efficient. Some 

of the reasons for high value ofIC are problems in fuel injection, lugging and low compression. 

MD represents the quality of lubricant oil. Lower value of MD signifies that the oil is 

not effctive and should be replaced earlier. Large number of soot causes lower value of MD 

since the soot lower down the oil's residual dispersion ability. This problem leads to change the 

colour of oil to become blacker and darker, thus it has high possibility to interfere with the oil 

flow toward en印ne'sparts. 

DP is a combination measurement of IC and MD methods. DP rating helps the user in 

monitoring degradation of oil condition. It is expressed by a rating from O to 200. Higb DP 

signifies poor oil condition which can be caused by high quantity of soot particles that related 

with too long between oil changes. 

From Figure 1. 1.4, starting from the left, clean silver represents the excellent condition 

of lubricant oil, which means near perfect combustion. The middle image represents the 

medium condition post usage. It coloration is slightly darker relative to the image on its left 

(prior to usage). The image on the right, however, is darker, signifying soot contamination. The 

presence and contamination of soot on lubric皿 toil in engines have been the subject of many 

studies [8, 14-17]. Fundamental studies for soot reduction is regarded as essential. The results 

of this work is expected to be of use when ioteIDding to mitigate/eliminate the effect of soot on 
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people, the envirorunent, and engines. 

Examples -Diesel Engine 

C: 0.8 MD: 95 DP: 4 

o Good combustion 

and good 

dispersancy. 

C: 0.4 MD: 85 DP: 

o Slight decrease of 

dispersancy. 

o Probable engine 
temperature 

problem. 

|IC: 3.5 MD: 75DP: 87| 

o Very high quantity 

ofsoot. 

o Too long between 
oil change 

米 ,waasysrems-sa. com 

Fig. 1.1.4 Effect of soot on lubricant oil [ 13]. 
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1-2 Motivation 

Jess et al. [ 18] pointed out that petroleum-based fuel meets ~80 % of energy demands, 

which is expected to increase in the near future. As such, this work is concerned with: 

1) Petroleum-based fuel as an energy source decreases annually, which could affect future 

generations. 

2) Combustion product from petroleum-based fuels such as NOx, SOx, and soot(particulate 

matter). This study focuses mainly on soot. 

In order to deal with the first problem, many researchers search for renewable 

alternatives, such as biofuels. Renewable energy sources can be used indefinitely while also 

being environmentally friendly (18]. The International Energy Agency (IEA) (19] reported that 

by 2050, biofuels usage will increase from 2 % to 27 % in the context of global transportation. 

Furthermore, the European Union (EU) project that by 2020, 10 % of their energy source in the 

transportation sector will be made up of biofuel sources [20]. This projection implies the 

suitability of biofuels as an alternative to diesel, kerosene, and jet fuel. The applicability of 

biofuels not only solve the first problem, it also indirectly solves the second problem. Its 

enviromnental friendliness would reduce the formation and accumulation of soot, which forms 

the focus of this study. 

Butanol, as a second-generation biofuel, is being explored by researchers as a potential 

alternative fuel source iJ1 the future. Fu呻 errnore,butanol, as an oxygenated fuel, is known for 

its ability to reduce soot emission (21,22]. Oxygenated fuels contains oxygen, which aids tl1e 

oxidation process and lower soot emission, as per [23-26] (experimentally) and [27,28] 

(computationally). Miyamoto et al. (23] reported that reduction of soot is due to oxygen content 

in the molecular structure of oxygenated fuel. However, Frijters and Baert [24] explained that 

there is possibility to have different efficiencies in soot reduction eventhough the oxygen 

content is same. Song et al. [27] conducted modelling study by using a constant-pressure reactor 
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model (SENKJN) to investigate the effect of oxygenated additives on aromatic species in fuel 

rich, premixed ethane combustion. Computational results showed that soot precursors reduction 

by structure of the oxygenated fuels are related to the effects of enthalpy formation. Westbrook 

et al. [28] reported that difference in the molecular structure of the oxygenated fuels influenced 

the efficiencies of soot reduction. The effectiveness ofbutanol as oxygenated fuel in this context 

prompted its selection for use in this work. 
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1-3 Butanol as oxygenated fuel 

Butanol, as an oxygenated fuel, is environmental friendly and could potentially replace 

fossil fuels in the future. Butanol can produce ~90 % of the energy that can be produced from 

petrol [29], which makes it suitable as a fuel on its own or as an additive. Butanol is produced 

by fermenting various organic materials, such as corn, wheat, and sugar canes [30,31]. It can 

also be procuced via non-fermentative synthesis [32]. Butanol has four types of isomers; n-

butanol, 2-butanol, iso-butanol, and tert-butanol. The molecular structures of these isomers are 

shown in Fig. 1.3. l. 

／＼へ。H

＾ n-butanol 

OH 

2-butanol 

人 OH 木。H
lso-butanol tert-butanol 

Fig. 1.3.l Isomer structures of butanol. 

The potential ofbutanol as an oxygenated fuel is currently being studied [33-37]. Some 

researchers studied combustion of butanol in jet stirred reactor [38], ignition delay in shock 

tt1be [39,40], and auto ignition of butanol isomers/n-heptane blend fuels in a rapid compression 

machine [41,42]. Chemical kinetic mechanisms were also developed to elucidate the reactions 

involved in the combustion of butanol [ 43,44]. Combustion of butanol as a fuel or a mixing 

agent with gasoline in engines were also experimented upon [45-51]. Due to promising results 

and the purported advantages of butanol, companies such as BP and Dupont are collaborating 

to produce bio butanol from British Sugar ethanol [52]. 
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The properties of gasoline, diesel, methanol, ethanol, and butanol are compared and 

tabulated in Table 1.3. l, followed by details pertaining to the advantages of butanol relative to 

methanol and ethanol. 

Table 1.3.l Properties of gasoline, diesel, methanol, ethanol and butanol [30, 53]. 

Fuel Research Cetane Saturation Volumetric Lower heating 

octane number, number pressure at energy value [MJ/Kg) 

RON 38 °C density 

[kPa] 
[MJ/L] 

Gasoline 92-98 0-10 31.01 32 42.7 

Diesel 20-30 40-55 1.86 32-40 42.5 

Methanol 136 3 31.69 16 19.9 

Ethanol 129 8 13.8 20 28.9 

Butanol 96 25 2.27 29 33.1 

The advantages ofbutanol include: 

a. The cetane number of butanol exceeds both methanol and ethanol, while its RON 

number is almost similar to gasoline. Therefore, it can function as an additive to gasoline 

at lower or higher concentrations. 

b. The saturation pressure of n-butanol is inversely proportional to carbon atoms, which 

menas that butanol has a lower volatility and lack vapor lock problems. 

c. Its longer number of carbon atoms increases its (lower) heating value. Thus, the energy 

density of butanol exceeds that of methanol and ethanol, which results in better ignition 

performance during cold starts while also minimzing the usage of fuel. 

d. Butanol is safe for consumption as it is less corrosive when transported in pipelines. 

e. Butanol has higher oxygen content relative to biodiesel, which reduces the formation 

ofsoot. 
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1-4 Soot formation phenomenon 

Prior to discussing the methods used in this study, it is crucial to understand how soot 

forms. Earlier studies reported soot formation as a complex process [34,54]. This chapter details 

the formation of soot and the associated processes. Soot is an incomplete combustion product 

formed from fuel-rich conditions. Soot formation, beginning from the decomposition of 

hydrocarbon fuel to carbonaceous agglomerate, reports millions of carbon atoms. 

Rubino et al. [55] and Bockhorn [56] posited four main steps in soot formation. (1) 

Precursor formation, (2) particle inception, (3) particle growth, and (4) particle oxidation. 

Figure 1.4.1 depicts the soot formation process, starting from precursor formation by oxidation 

with hydrocarbon fuel, forming small hydrocarbon radicals, such as acetylene (C晶），ethylene

(C2H4), and CJHx. 

Coagulation/ 

Agglomeration 

＇ Condensation 會

Surface growth 
會

Particle inception 

．凡o凡 t
. Aromatics formation 

t 
Formation of linear hydrocarbons: 

C2H2, C2几，C3几，C4Hx,etc 

Fig. 1.4. l Soot fom1ation and reduction process [57]. 

These small hydrocarbons react with other hydrocarbons, producing larger PAHs such 
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as benzene (CGHG) and naphthalene (C10Hs). This process, which involves two step reactions 

consisting of hydrogen abstraction and reaction with C晶 ，isknown as the "Hydrogen 

abstraction acetylene addition" (BACA) mechanism [58], illustrated in Fig. 1.4.2. 

After the formation of aromatics, particle inception takes place. During this process, 

the condensation process of gas-phase to solid-phase condition with the particles'diameter 

measuring less than 1.5 nm takes place. Particle growth reaction involves surface growth and 

coagulation/agglomeration process, which further increases the diameter of the particles. 

Surface growth is a reaction between gas-phase species and the surface of the particles, while 

the coagulation process is a break up and combine process. The latter forms the final size of the 

soot particle, which could potentially reach ~50 nm. 

It can be surmjsed that C2比 andlarger PAHs are important towards the formation of 

soot. This study measure these species, and their characteristics will be elucidated in the next 

chapter. 
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Fig. 1.4.2 Hydrogen abstraction acetylene addition (HACA) mechanism [58]. 
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1-5 Sooting tendency 

Sooting tendency is also a crucial component of soot reduction studies. Sooting 

tendency explains the sooting behavior of the tested fuels. The earliest study of sooting 

tendency was conducted by Kewley et al. [59] in 1927. They utilized a small lamp to measure 

the height of the flame to identify the sooting tendency from lO mm to 32 mm. However, 

Miochin [60] disagrees with Kewley et al. [59] due to the fact that not all fuels are covered 

within the l 0-32 mm length, with some fuels are beyond the scale used in that work. Due to the 

non-inclusivity of the scale, a new definition of sooting tendency, St, was proposed: 

s k 
t ＝ SP 

Here, SP stands for the smoke poit1t, which represents the highest flame without smoking when 

the tested fuel is combusted, while K is a constant set to 320. Mitchin et al. [60] pointed out 

that sooting tendency is proportional to the aromatic content of a fuel, which implies that an 

increase in the aromatic content leads to higher sooting tendency. 

Clarke et al. [ 61] conducted sooting tendency experiments for 115 compounds, 

encompassing hydrocarbons, alcohol, ketones, and others using a new smoke point lamp setup 

by the Institute of Petroleum, encompassing a scale from 9 to 450 1nm. The smoke point values 

were used to determine the sooting tendency, and their results show that the oxygenated fuel 

reduces sooting tendency. Olson et al. [62] concluded that the structure and composition of fuel 

plays an important role it1 sooting tendency. However, the unfixed smoke point value and 

behavior of molecular structure in many studies are inconsistent [63-65], and due to this, in 

1983, Calcote et al. [66] introduced the threshold sooting index(TSI), as per the following 

equation: 

TSI= a-b * r/Jc 
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Here, a and bare constant values, where according to [67], a = 219 and b = 101, 

while 0c is the C/0 ratio. TSI was determined to be within O -100. For example, ethane was 

identified as the least sooting, with TSI = 0, while methylnaphtbalene reported the highest 

sooting, w1th a TSI = 100. Higher values of TSI indicate that the fuel has higher sooting 

tendencies. However, the TSI method is not without flaws. First, the order of sooting tendency 

by TSJ is strange, since it shows alkynes with lower sooting behavior than alkenes and alkanes, 

as per Fig. 1.5.1. 

100 

80 

60 

゜
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I
S
J
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。゜
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4
 
6 8 10 
Carbon Number 

12 14 16 

Fig. 1.5.1 TSI behavior for aromatics, alkanes, alkenes and alkynes [62]. 

For example, acetylene (C2比），whichis an alkynes, is expected to be more sooting 

relative to alkenes and alkanes. This is due to acetylene being widely accepted as a main soot 

precursor [68,69]. Hence, the correct order should be aromatics> alkynes > alkenes > alkanes, 

as per [70]. As shown in Fig. 1.5.1, TSI was developed only for pure hydrocarbons, and not for 

oxygenated fuels. Since our group focuses on the sooting tendency of butanol as oxygenated 
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fuel, therefore, the application of TSI in this study is irrelevant. 

In 1993, Hamins [70] concluded the ranking of sooting tendencies for polyaromatics, 

aromatics, alkynes, alkenes, alkanes, and alcohol. He confirmed that alcohol bas the lowest 

sooting tendency, while polyaromatics have the highest sooting tendency. Therefore, the 

ranking of sooting tendencies are as follows: 

Polyaromarics >aromatics> alkynes > alkenes > alkanes > alcohols. 

Based on this supposition, alcohol is identified as a potential fuel for the reduction of 

soot ermnission. Butanol from the alcohol group is used in this study as a fuel by mixing it with 

n-heptane to determine its sooting tendency. 

Several studies were performed to demonstrate the fact that the equivalence ratio can 

also be used to describe sooting tendency [71,72]. The smaller equivalence ratio at the sooting 

limit region implies that the fuel has higher tendency to soot. Most critical equivalence ratio 

experiments are conducted at high temperature. For example, Harris and Al [71] performed the 

critical equivalence ratio for five types of fuels (methane, ethane, propane, etylene, and 

acetylene) at 1,600 -1,800 K. Ergut and Pickens [72] also carried out experiments to determine 

the effect of the equivalence ratio on soot formation behaviours at high temperatures (~1,900 

K). The aforementioned studies confi血 1edthat temperature is crucial towards sooting 

tendencies. However, most previous studies focused on higher temperatures, and only a few 

covered experiments at temperateures lower than 1,400 K. 

In order to determine the sooting tendency of the tested fuels, the temperature of the 

flame needs to be fixed, as it is the only way to pinpoint the effect of temperature/structure for 

further analyses. This study focuses on investigating sooting tendencies at temperatures lower 

than 1,400 K, where the temperature will be kept constant using a hydrogen/air burner. 

Nakamura et al. [73][74] and Dubey et al. [75] pointed out that this method managed to maintain 

the temperature throughout the experiment in the micro flow reactor with a controlled 
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temperature profile(MFR). 

To gain a more detailed insight into the parameters outlined in previous studies, a three-

dimensional graph of fundamental studies including multiple equivalence ratios, temperatures, 

and pressures for heptane and butanol were plotted, and is shown in Fig. 1.5.2. Previous sn1dies 

mostly investigated lower equivalence ratios which were under 2.0. This could be due to the 

difficulty associated with handling stable premixed flames at higher equivalence ratios. 

However, the current work explores the usage of higher equivalence ratios (2.0 -5.0), which 

sets it apart from previous studies. This avenue was pursued in this work due to the capability 

and advantages of the MFR in carrying out experiments at wider equivalence ratios relative to 

other reported methods. Previous studies reported significant progress in covenng an 

approximate range of temperatures (500 -2,000 K) and pressures (I -10 atm). 

(a) heptane (b) butanol 
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Fig. 1.5.2 Paran1eter ranges of pressure, equivalence ratio, and temperature studied for (a) 

heptane and(b）butanol. Data were from lngemarsson et al. [76], Davidson et al. [77,78], 

Smallbone et al. [79], Yao et al. [80], Akih-kumgeh and Bergthorson [81 ], Yamamoto et al. [82], 

Herbinet et al. [83], Sileghem et al. [84], Hakka et al. [85], Seidel et al. [86], Tekawade et al. 

[87], Loparo et al. [88] and Savard et al. [89] studied for (a) heptane and Dagaut et al. [90], 

Sara thy et al, [3 7], Black et al. [ 44], Togbe et al. [91], OBwald et al. [ 92], Cai et al. [ 93], Zhang 

et al. [94], Hansen et al. [95], Braun-unkhoff et al. [96] and Tran et al. [97] for (b) butanol. 

This study also focuses on a maximum wall temperature of 1,100 K and atmospheric 
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pressure by using the MFR, where soot formation could be prevented even at higher 

equivalence ratios, which would allow for the species measurement of the forn皿 ionof PAHs 

and soot precursors at atmospheric pressures and under I, l 00 K for extremely fuel rich 

conditions. 
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1-6 Micro flow reactor with a controlled temperature profile (MFR) 

The MFR is a method derived from micro combustion research [98-103]. Numerous 

research in micro combustion has been performed, with many insightful contributions towards 

the development of higher energy density and improved efficiency of the energy conversion 

system. Attention on micro combustion study to produce small scale device with long-life time 

and good thermal efficiency is increased [l 04]. One of the pioneering approach to improve 

thermal efficiency management by decreasing heat loss was combination of swiss-roll burner 

and thermoelectric by Ronney [ 105]. 

In order to further investigate micro combustion, Tohoku University group designed 

and produced several scales of disk-shaped swiss-rolled micro combustors, shown in Fig. 1.6.1. 

Cross section of a 46 mm combustor 

Combustion room Coin size combustor 

T2 T3 I T4 Ts 

igniter 

Fig. 1.6.1 Disk shaped swiss-roll combustor by Tohoku University group [102][106][107]. 
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The swiss-rolled micro combustor applies recirculated beat from the burned gas to the 

unburned gas. Figure l.6. l(a) demonstrates that a flame was stabilized in the swiss-rolled 

combustor. Positions of thermocouples in the swiss-rolled combustor are shown in Figure 

1.6.1 (b) Top view and (c) Cross section of a swiss-rolled combustor. Four sizes of prototype of 

swiss rolled combuster were fabricated. These four sizes of prototype have outer diameter of 

64 mm, 45 mm, 26 mm and 20 mm. One of the combustor that has outer diameter of20 mm is 

shown in Fig. 1.6. l (d). Besides development of disk shaped swiss-roll combustor, knowledge 

of stationary premixed flames in small tubes is also important. Therefore flame studies in MFR 

have been carried out. Explaination about MFR as follows. 

The main part of the MFR is a quartz tube, which functions as a reactor, where the 

combustion and flame characteristic phenomena can be observed in the reactor. The diameter 

of this reactor is smaller relative to the normal quenching cliameter. Stationary wall temperature 

can be observed along the axial direction when the reactor is heated. The reactor is heated by 

external heat source, which is either an electric heater [73,98] or a hydrogen air burner [74,103]. 

Figure 1.6.2 shows a schematic diagram of the MFR profile using an electric heater 

[73,98) and hydrogen/air burner [74,103) as beat sources. Both show that fuel and air are flown 

inside the reactor, which is controlled by a mass flow controller. The flow is laminar, since it 

has small Reynold number, while its pressure is constant. As outlined previously, the diameter 

of the reactor is small, which causes the wall temperature to strongly rely on the inner surface 

of the wall temperature. 

Earlier studies of the MFR focused on identifying weak flames produced by fuels to 

elucidate fuel reactivity and ignition characteristics, such as dimethyl ether(DME) [108), n-

heptane [82], gasoline primary reference釦el(RPF) [109], n-heptane/n-toluene [110], diesel 

surrogate (n-cetane, n-decane, n-heptane, iso-cetane, and a-methylnaphthalene) [ ll 1 ], natural 

gas components (methane, ethane, propane and n-butane) [112], as well as syngas [113]. 

Previous studies also showed that the radical quenching effects of the quartz tube are negligible 
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52.5 mm 
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(b）Hydrogen/air burner 
Flow 
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CH4/air -
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Unburned 
mixture 

Flat flame 
for heating 

Sintered metal 

Fig. 1.6.2 (a) MFR with electric heater •• ••.............................-•ー・・・・・・・・

One of the interesting results obtained from the aforementioned studies by the MFR 

was the identification of three types of flame characteristic shown in Fig. 1.6.3 [108], which are 

(a) normal flame, (b) flame with repetitive extinction and ignition (FREI), and (c) weak flame. 

Stable flame of normal flame can be observed at high velocity (100 emfs to 40 cm/s), while 

unstable flame of FREI (explained later) can be observed in the intermediate velocity (between 

normal and weak flames). 

FREI is a continuous cycle phenomenon, where ignition occurs at high temperatures, 

then shift to lower temperatures, causing extinction. This flame was tem1ed as the flame with 

repetitive extinction/ignition. In the case of low velocity (5 -0.2 cm/s), weak flame was 

observed. This flame is termed weak flame due to its low luminosity. It is not visible to the 

naked eye and require a CH band pass filter to be seen. This filter was used to eliminate them叫

radiation from the heated reactor. All of the three types of flames based on mean flow velocity 

and location are shown in Fig. 1.6.4. 

19 



Chapter J 

(a) 

(b) 

(c) 

•—-

一--------------------------------

一一一一一一一一一一一一 一ヽ 一一一一一一一一一一一一一一一一一一

Fig. 1.6.3 (a) Normal flame (b) FREI (c) Weak flame •• ••.• • • 
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Minaev et al. [116] reported that weak flame corresponds to ignition branch of the 

Fendell curve. This is also supported by Tsuboi et al. [100], who posited that the wall 

temperature at the lower limit of weak flame related to the ignition temperature of the fuel 

implies that the reactivity of the fuel can be determined. The weak flame is located upstream 

and at lower temperatures, which corresponds to a more reactive fuel. 

Yamamoto et al. [82] reported that in the case of weak flame of n-heptane/air mixtures, 

transient ignition phenomena takes place, which helps in the identification of spatially separated 

flame consisting of cool, blue, and hot flames at different pressures, as shown in Fig. 1.6.5. The 

first flame was termed as the cool flame, the second was tem1ed as the blue flame, while the 

third was termed as the hot flame. With increasing pressure, the cool and blue flames shift 

upstream, which is the low temperature region. It also shows that an increase in pressure causes 

the flames to become clearer. 

(1) Cool flame (2) Blue flame (3) Hot flame 
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Fig. 1.6.5 Cool flame, blue flame and hot flame at different pressures • —••—.. 

MFR can also distinguish flame from soot within rich conditions [73-75, 117]. 

Examples of flame and soot response with temperature profile is shown in Fig. 1.6.6, where (a) 

shows the luminosity of soot formation, (b) shows only the flame, while (c) shows none. 

These types of flame and soot responses are plotted on the regime map of flame and 
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soot response, which relies on the inlet mean velocity and equivalence ratio shown in Fig. 1.6.7. 

Based on this regime map, the critical sooting equivalence ratio can be identified. 
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The function oftbeMFR was extended to measure small hydrocarbons [117] and PAHs 

[73,74]. The MFR was connected to a Gas Chromatography/mass spectrometry GC/MS 

(Agilent 7890/5975). IJ1 Nakamura et al. [73], major species of PAHs fonnarion from 

acetylene/air mixtures, such as benzene, styrene, naphthalene, phenanthrene, indene, 

acenaphthylene and biphenyl were measured at high equivalence ratios and different 

temperatures. This confirms that the MFR can be used to elucidate the temperature dependence 

of PAHs formation. Nakamura et al. [74] also reported results pertaining to species 

measurement of PAHs, such as benzene, toluene, styrene, indene, napthalene, biphenyl, 

acenaphthene, fluorene, and phenanthrene in the case of more complicated fuels (n-cetane and 

iso-cetane). These species measurements result is shown in Fig. 1.6.8, and determined the 

influence of fuel molecular structure on the formation of PAHs. The concentration of PAHs for 

n-cetane exceeds that of iso-cetane. This work utilized the MFR to measure small hydrocarbons 

and PARs, even in the case of heavy and complicated fuels. 
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According to Dubey et al. [75], the MFR can distinguish three phases of soot fonnation 
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behaviors, which are flame and aromatic precursor formation, small aromatics forrnatjon, and 

large PAHs皿 dsoot formation, as per Fig. 1.6.9. These features is important for species 

measurement皿alyses,which bas been conducted in earlier studies. By controlling the 

temperature, the fomrntion of soot can be prevented, and the experiment can then focus on 

measuring only the concentration of PAHs. The application of MFR is expected to be further 

developed to the point that it becomes the best method for investigating flaine chemistry, PAHs, 

and soot formation behavior in the near future. 

Wall Temperature (K) 

600 1000 1300 1330 1300 

Flame and Aromatic Small Aromatics Large PAHs and Soot 
Precursor Formation Formation Formation 

Fig. 1.6.9 Soot formation phases [75]. 
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1-7 Research objectives 

The objectives of this study are to gain a deeper understanding of the effect of the addition of 

butanol to sooting limit and PAHs formation of n-heptane. The specific objectives are: 

a) To analyze sooting tendency of n-heptane with n-butanol addition at temperatures lower than 

1,400 K. Comparison of pure n-heptane, pure n-butanol, and mix of both fuel will result in 

new insights into sooting tendencies. 

b) To conduct species measurement of small hydrocarbons of C1 and C2, larger hydrocarbon, 

and PAHs formation species on the effect of the addition of n-butanol. The species are 

important due to their contributions to soot formation. 

c) To understand the effect of the addition of n-butanol on n-heptane, the reaction path and 

rate of production analyses were conducted. Hence, major reactions contributing to the 

reduction of PAHs concentration can therefore be identified. 
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1-8 Structure of the thesis 

Chapter 1: Introduction 

This chapter details the background and motivation of this study, and literature 

pertaining to butanol as oxygenated fuels, phenomenon of soot formation, as well as sooting 

tendencies. Earlier studies on MFR were also detailed. This was then followed by outlining the 

objectives of this study. 

Chapter 2: Sooting behaviour of n-heptane with butanol addition 

This chapter details the experimental apparatus (MFR) and its associated procedures. 

This was followed by discussion pertaining to the computational method, encompassing energy 

equation, modifications, parameters, and other factors. Sooting limits and the influence of 

increasing equivalence ratio on soot formation behaviors were also elucidated. The chapter ends 

with the discussion of the validation of mechanisms for flame positioning. 

Chapter 3: Validation capability of existing mechanism 

This chapter details the validation of multiple mechanisms with the measured sample 

gases results of small hydrocarbons C1 -C2 formation, such as ethylene (C晶）， acetylene

(C2田），ethane(C2H6), methane (CH4), carbon monoxide (CO), and carbon dioxide (CO2). This 

was followed by the validation of, larger hydrocarbons and PAHs such as benzene (C6H6), 

phenol (CG比OH),benzaldehyde (C1比0),toluene (C1Hs), ethylbenzene (CsH 10), styrene 

(CsHs), and naphthalene (C10Hs). This chapter ends with a discussion on the effect of the 

addition of butanol on the measured species. 

Chapter 4: Reaction path and rate of production analyses 

This chapter explains the experimental results of the reaction path from the 

computational results reported by the mechanisms. The explanation detail the differences 

between n-heptane and the addition of butanol to n-beptane via reaction path and the rate of 
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production analyses. 

Chapter S: Summary and Conclusions 

This chapter concludes this study. 

Chapter 1 
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Chapter 2 

Sooting behaviour of n-heptane with butanol addition 

2-1 Introduction 

This chapter discusses the effect of the addition of butanol on the flame and soot 

response of n-heptane using MFR. Nakamura et al. [73][74] and Dubey et al. [75] reported that 

MFR managed to elucidate flame and soot responses for multiple equivalence ratios. At the 

lowest equivalence ratio, only the flame can be observed, however, soot is evident when the 

equivalence ratio increases. The determination of the flan1e and soot response is important 

towards determining the critical equivalence ratio. 

Here, the critical equivalence ratio means the beginning of soot formation at its lowest 

equivalence. Each fuel have different starting point of equivalence ratios for soot fonnation; if 

it is higher, it means that the fuel has a lower sooting tendency, and vice versa. 

The maximum wall temperature for investigating the sooting tendency in this work 

was set to 1,300 K, which is lower relative to other studies. Moreover, Wang et al. [118] and 

Pickett et al. [119] reported that soot formation is difficult at temperatures lower than 1,400 K, 

except if the process takes place an MFR, setting it apart from the traditional methods involved 

in soot formation. 

The length of the sooting region can also be used to quantitatively demonstrate the 
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formation of soot. The length of sooting region was used in this work to investigate the effect 

of increasing equivalence ratios and the mole percentages of butanol. A fuel with a shorter 

length of sooting region produces less soot, and vice versa. 

This chapter also discusses the validation of the capability of the mechanisms by 

comparing the maximum heat release rate (HRR) of the computation with the flames position 

in the experiment. The flame position can be determined using the peak position from the 

luminosity profile of the captured image. In the case of computations, the flames positions in 

the MFR were modelled using a one-dimensional steady state condition. The detail of the 

experiment and computational methods are explained in the next section. 
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2-2 Experimental setup for flame and soot response observation 

2-2-1 Micro flow reactor with a controlled temperature profile(MFR) 

Figure 2.2.1 shows the schematic diagram of the 1nicro flow reactor with a controlled 

temperature profile (MFR). The MFR consists of a quartz tube with an internal diameter of 2 

mm, which is smaller than its quenching diameter. It is heated by an external heat source from 

a hydrogen/air burner(Fig. 2.2.2 (a)), and forms a stationary wall temperature profile along the 

inner surface of the quartz tube. The hydrogen/air burner was used as it provides a better 

visualization of chemiluminescene from the hydrocarbon flames in the MFR. The flow rate of 

hydrogen and air is controlled via two separated mass flow controllers(Fig 2.2.2 (b)) for setting 

the maximum wall temperature profile, T、’,max-When the desired temperature is achieved, the 

flow of both mass flow controllers are fixed. 
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Fig. 2.2.1 Schematic diagram of the MFR. 
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In. this work, high purity of n-butanol (99 % pure) and n-beptane (99 % pure) purchased 

from Wako Pure Chemical Industries, Ltd were used. n-heptane and n-butanol were mixed in 

1 iquid state at multiple mole percentages, where pure n-heptane is denoted by hp l 00, 50 % mole 

percentage of n-heptane + 50 % mole percentage of n-butanol is denoted by hp50bt50, and pure 

n-butanol is denoted by btlOO. Mixtures of pre-mixed fuel and air was passed inside the MFR. 

A 500 μL micro syringe (Hamilton l 750RN) was used to inject fuel(s) into tl1e upstream region 

of the MFR. The amount of fuel injected is controlled using a stepping motor (Fig. 2.2.2 (c)), 

while air is controlled by the mass flow controller (MFC) (KOFLOC 3200) (Fig. 2.2.2 (d)). 

(a) 

(c) (d) 

Fig. 2.2.2 (a) Hydrogen/air burner (b) Mass flow controller for hydrogen/air burner (c) Stepping 

motor and syringe (d) Mass flow controller to control flow of air. 
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The MFC is calibrated by the film flow meter (HORJBA) prior to using it with the 

MFR. An electric heater is used to control the temperature (313 K to 343 K) of air. It is covered 

at the upstream region of the MFR for heating the upstream mixing zone to completely vaporize 

the liquid fuels prior to it entering the MFR. An appropriate combination between the given 

heating temperature and fuel supply were tested in advance. Complete vaporization is 

confirmed by observing the stable flames in the MFR. 

The wall temperature of the inner surface of the quartz was measured using a K-type 

thermocouple inserted from the outlet of the tube. The wall temperature profile is shown in Fig. 

2.2.3. The maximum wall temperature, T,、v,max,of 1300 K, was fixed. The same temperature 

profile was also used in the computation approach. 
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 Fig. 2.2.3 Temperature profiles for sooting limit experiment. 

The experiments were performed at different equivalence ratios, </>, at 1.5 -4.5 and an 

inlet mean velocity, Ll。,of10 cm/s at atmospheric pressure. The images of the flame and soot 
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were obtained using a digital still camera(Nikon D300). To better visualize the flames position, 

an optical band-pass filter (transparent wavelength: 431.4 run, half bandwidth: 6.4 nm) was 

used with the camera. The filter eliminates the thermal radiation from the heated quartz tube 

along with the maximum luminosity from the flame, confinning that the flames position are 

established. For better visualization of the flame images, the background image was subtracted 

from the captured images. 
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2-3 Computational methods 

The same computational method was used in this work, as per [75,112,120]. The flow 

inside the MFR was modeled using a one-dimensional reactive steady flow computation based 

on the PREMIX package and AN SYS Chem.kin-Prov l 7.2. A heat convection term between the 

gas and wall is added to the energy equation (red dash line at the left side) Maruta et al. [98] of 

PREMIX to model the flow field in the MFR as follows: 

-------k k 

憂号（疇）＋臼こ叩Vkい芸＋台シ占Wkーし号竺(Tw―T)：=0 
k=1 P k=1 1 P I -------

Here, M denotes the mass flow rate, T denotes the gas-phase temperature, x is the spatial 

coordinate, Cp is the specific heat at constant pressure, A represents the cross sectional area, A 

represents the thermal conductivity, p denotes the density,栓denotesthe mass fraction, Vk is 

the diffusion velocity，叫 representsthe rate of production, hk represents the specific enthalpy, 

Wk denotes the molecular weight, dis the inner diameter, Nu is the Nusselt number, and Tw 

denotes the wall temperature. Note that, the flow in the qua1tz tube is laminar and in steady 

state. The pressure is always constant at atmospheric pressure. The radical quenching at the 

wall, heat recirculation, and the Soret and Dufour effect are negligible. 

The target of this computation is the region at the upstream of the soot formation, 

where no soot was observed, therefore, the soot model was not used in this work. However, 

same parameters to those used in the experiments, such as temperatt1re, pressure, and inlet mean 

flow velocity were used in the computation. The measured wall temperature profile is shown 

in Fig. 2.2.3 (see Section 2.2). The pressure is set to atmospheric, while the inlet mean velocity 

is set to 10 cm/s. The computation was also performed at multiple equivalence ratios. 

The computation also require a chemjcal kinetic mechanism. To the best of the author's 

knowledge, there are only two reaction mechanisms involving the oxidation of n-heptane and 

n-butanol, and PAHs growth. The PAHs growth begins from C1 and C2 hydrocarbon species, as 

well as larger PAHs such as naphthalene (C10Hs), phenanthrene (C14H10), and pyrene (C16H10). 
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The chemical kinetic mechanisms used in thjs study are the Wang and CRECK mechanisms. 

These chemical kinetic mechanism scripts are available at (http://www.erc.wisc.edu/)for the 

Wang mechanism, and (http://creckmodeling.chem.polimi.it/) for the CRECK mechanism. 

The Wang mechanism is a reduced mechanism made up of 76 species and 349 reactions 

(118]. It was developed by the Engine research center in University of Wisconsin-Madison. It 

consists of a combination of three parts; a reduced mechanism of gasoline primary reference 

fuel (PRF) developed by (121], a detailed mechanism of PAHs growth up to pyrene (A4) 

developed by [ 122], and a reduced mechanism of n-butanol based on detailed mechanism 

developed by (123]. The Wang mechanism was validated in other studies in the context of 

ignition delay timings by shock tubes and soot emission by constant volume chambers, and it 

reported excellent agreement with its experimental counterpart [ 118]. 

The CRECK mechanism is a detailed mechanism Version 1412 of fuel, which consists 

of 225 species and 7645 reactions (103]. This mechanism was developed by the Chemical 

Reaction Engineering and Chemical Kinetics (CRECK) modeling group. They developed this 

mechanism by combining the oxidation mechanisms ofPRF and PAHs (129], alcohol [125,126], 

as well as esters (127]. ln previous studies, this mechanism was used to measure several 

oxidation species of ethanol in a jet stirred reactor, and the results are ii1 excellent agreement 

with that of the ignition delay time of ethanol by the shock tube (129]. The Veloo mechanism 

(128] and Sarathy mechanism (123] were also used in this work, but only in the case ofbtlOO, 

since the mechanisms were initially developed for butanol. 
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2-4 Critical equivalence ratio 

The critical equivalence ratio was established to defme the relative sooting tendency 

amongst fuels in premixed伽mes[73-75,117]. The fuel with a lower critical equivalence ratio 

has a high(er) sooting tendency. 

The critical equivalence ratio can be determined using the flames and soot responses. 

In this study, the flame.sand soot responses experiment were performed at a maximum wall 

temperature, T≫;max of 1,300 K, equivalence ratios, tp, of 1.5 -4.5, inlet mean velocity, Ll。,of10 
cm/s, and atmospheric pressure. Two types of flame and soot responses were confirmed in the 

present direct observation, which consists of only flame and flame with soot. Figttre 2.4.1 shows 

the representative images of the captured flame and soot responses. In order to better distinguish 

the flames'image from its chemiluminescence, CH filtered images and their corresponding 

intensity profiles are shown together. The existence and position of the flames are framed by 

the white dotted circles. 

In Figure 2.4. l(a), only weak chemiluminescence from the flame is apparent in the 

CH-filtered image, however, thermal radiation from soot is not visible in the direct and CH-

filtered images. In Figure 2.4.1(b），both weak chemiluminescence from the flame and thermal 

radiation from soot are shown. Hereinafter, the flame and soot responses depicted in Figs. 

2.4.l(a) and 2.4.l(b) are denoted as "Flame" and "Flame+ Soot", respectively. Furthermore, 

Figure 2.4. l(b) shows that the flame position is far upstream of the onset of soot formation, 

which indicates that fuel pyrolysis and PAHs growth occurs in the region between the flame 

position and the onset of soot formation. This region is considered as the target of species 

measurement, which will be explained in the upcoming sections of this thesis. 
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Fig. 2.4.1 Two types of flame and soot responses confirmed at T1,¥111ax = 1300 Kand Ll。

= 10 cm/s. (a) flame (hp50bt50 atゆ＝2.1)and (b) flame+ soot (hplOO at </J= 3.0). 

Figure 2.4.2 shows a regime map of flame, as well as soot responses, with the x-axis 

representing the various eqwvalence ratios (1.5 -4.0), while the y-axis represents the tested fuel. 

In the regime map, the blue triangles represent a condition where only chemiluminescence from 

a flame is observed, whereas a red circle represents a condition where both chemiluminescence 

from a flame and thermal radiation from soot are observed. Here, the border between "Flame" 

and "Flame + Soot" responses is evident, which is known as the critical equivalence ratio. As 

outlined in the previous chapter, the critical eqwvalence ratio plays an important role in sooting 

tendencies. 

If the fuel has a higher critical equivalence ratio, it means that the fuel has lower 

sooting tendency, and vice versa. Figure 2.4.2 shows that hp 100 begin producing soot at an 
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equivalence ratio of 2.0, while hp50bt50 does so at an equivalence ratio of 2.2, and btl 00 at an 

equivalence ratio of 2.6. These trends show that the critical equivalence ratio increases 

sigi1ificaotly with increasing of n-butanol mole percentage. Therefore, tbe order of the sooting 

tendency ranking, which begins from a higher sooting tendency to the lowest sooting tendency 

is hplOO > hp50bt50 > btlOO. 

▲Flame ●Flame+ soot 

btlOO 

で
&: hp50bt50 

hplOO 

1.5 2.0 2.5 3.0 3.5 4.0 

Equivalence ratio [-] 

Fig. 2.4.2 Regime map of overall experimentally obtained results of flaine and soot responses 

for hp 100, hp50bt50, and btIOO with equivalence ratios in the range of 1.5 to 4.0, T1v,111a入＝ 1,300

kand u。=10cm/s. 
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2-5 Sooting region length 

2-5-1 Effect of an increase in equivalence ratio on the sooting region Jengtb 

The length of the sooting region can be used to show the relative ease of soot fo皿 ation.

A longer sooting region length indicates that the fuel has higher sooting behavior. However, it 

should be noted that measurement of the soot formation is not done directly since it may be 

affected by the effect of surface reactions. It means comparison for sooting tendency may not 

be quantitatively showing soot formation. Figure 2.5.1 shows direct images of flrunes and soot 

responses for hpl 00, bp50bt50, and btl 00 for equivalence ratios of 2.0, 3.0, and 4.0, 

respectively. As expected, the length of the sooting region in all of these cases extends with 

increasing equivalence ratios. For hp 100, all of the values of equivalence ratios are present in 

the sooting region. However, at hp50bt50 and btlOO, no sooting regions are evident, which 

con:firms the potential of butanol as an oxygenated fuel for the reduction of soot formation. 
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Fig. 2.5.1 Equivalence ratio dependence: Direct images of flan1es and soot responses for hp 100, 

hp50bt50, and btl 00 at T,、v,ma、、.＝1,300 Kand Vo= 10 cm/s. 
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2-5-2 Effect of butanol addition on the sooting region length 

If the same images are fixed at the same equivalence ratio, starting at hpl 00, hp50bt50, 

and btl 00, the effect of the addition ofbutanol on sooting behavior will become evident. Figure 

2.5.2 shows the effect of the addition of butanol on soot formation at an equivalence ratio of 

2.0, 3.0, and 4.0. All of the equivalence ratios show the sooting region length being inversely 

proportional with butanol mole percentages. The decreasing sooting region length is also 

indicative of the decrease of the rate of aromatic formation. Hence, the sooting tendency of n-

heptane is inverserly proportionaly to the, amount of butanol 
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Fig. 2.5.2 Effect of butanol addition: Direct images of flames and soot responses for hp 100, 

hp50bt50, and btl 00 at T,、v,max= 1,300 Kand U,。=10emfs. 
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2-6 Flame position 

The mechanisms were validated by comparing the computed flame positions to its 

experimental counterparts. The experimental flame position is defined as the peak position in 

the luminosity profile, while the computational one is defined as the peak position in the heat 

release rate (HRR) profile. Figures 2.6. l, 2.6.2, and 2.6.3 show the representatives of hp 100, 

hp50bt50, and btlOO of the luminosity profile of the CH filtered images and the HRR profiles 

computed with the Wang and CRECK mechanisms at the highest equivalence ratio of¢ = 4.0, 

Tw,max = 1,300 K, and V,。=10cm/s. Since the flaine has a weak luminosity, the location of the 
flame is shown using white circle lines. Furthermore, the fuels show a small single peak for 

flame position and large abroad peak for the luminosity of soot formation. 

The value of axial flame positions (x) and wall temperature at flame positions (TwJ) in 

the experiments and computations at similar conditions as the ones shown in Tables 2.6.1, 2.6.2, 

and 2.6.3. 

2-6-1 hpJOO 

As shown in Figure 2.6. l, a flame with very weak chemiluminescence is located at the 

far upstream side of the onset of soot formation. The flame position can be determined using 

the CRECK mechanism (x = 4.07 cm and T,~,r = 1,151 K), and it is in agreement with the 

experimental flame position (x = 4.05 cm and Tw,r= 1,147 K). There is a small discrepancy in 

its wall temperature, at ~0.3 %. The flame position computed with the Wang mechanism (x = 

3.76 cm and Tw,r = 1,017 K) reported a much lower temperature region relative to the 

experimental flame position, and its wall temperature discrepancy is quite significant, at~ 11 %. 
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Fig. 2.6.1 Comparison between experimental of peak luminosity profile with computational 

HRR profile (Wang and CRECK mechanisms) for hplOO at¢= 4.0, Tw,max = 1,300 K, and Ll。=
10 crn/s. 

Table 2.6.1 shows the comparison between the axial flaine position and wall temperature at 

multiple flame positions via experiment and computational approaches at parameters of hp I 00 

at¢= 4.0, T,、v,max= 1,300 K, and Ll。=10cm/s. 

Fuel: hplOO Axial flame position, Wall temperature, Percentage wall 

x, [cm] T、vJ;［k] temperature different 

［％］ 

Experiment 4.05 1147 

Wang mechanism 3.76 1017 11 

CRECK mechanism 4.07 1151 0.3 

2-6-2 bp50bt50 

Experimental CH filtered images and computed H邸 forbp50bt50 at an equivalence 
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ratio of 4.0 and Ll。=10cm/s is shown in Fig. 2.6.2. Current mechanisms (Wang and CRECK 
mechanisms) predicted the flames position of hp50bt50 at similar conditions as those reported 

in Fig. 2.6.1. The computational values for the axial positions of the flame position and wall 

temperature at the flame position is tabulated in Table 2.6.2. There are variations among the 

mechanism in the case of flame position prediction. Wang mechanism report an axial flame 

position at 3.81 cm at wall temperature of 1,038 K, which is a 7 % difference with that of the 

experimental flame position. However, the CRECK mechanism shows a closer prediction to 

the experimental flame position, where it reports an axial flame position of 4.06 cm and a wall 

temperature of 1,149 K, which is only a 3 % difference with that of the experimental value of 

the flame position. 
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Fig. 2.6.2 Comparison between experimental of peak luminosity profile with computational 

瞑 profile(Wang and CRECK mechanisms) for hp50bt50 atゆ＝40, T、V、max= 1,300 K, and 

Uo = 10 cm/s. 
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Table 2.6.2 show the comparison between axial flame position and wall temperature at the 

flames position via experiment and computational approaches in the case of hp50bt50 atり＝

4.0, Tw,max = 1,300 K, and Ll。=10cm/s. 

Fuel: bp50bt50 Axial flame position, Wall temperature, Percentage wall 

x, [cm] Tw.r, [K] temperature different 

［％］ 

Experiment 3.98 1119 

Wang mechanism 3.81 1038 7 

CRECK mechanism 4.06 1149 3 

2-6-3 btlOO 

Same as hp 100 and hp50bt50, flame position in the experiments for btl 00 also was 

defined as maximum luminosity from the flame while in the computations was defined as peak 

position of net heat release rate. Experimental CH filtered image with temperature profile, 

luminosity profile and computational HRR profile (Wang and CRECK mechanisms) for btl 00 

atゆ＝ 4.0,and Ui。=10cm/s are presented in Fig. 2.6.3. A small single luminous region 
represents flame position and large peak for the luminosity of soot formation are observed. 

Axial flame position, wall temperature and percentage wall temperature difference for 

btlOO are presented in Table 2.6.3. Existing Wang and CRECK mechanisms predict the flame 

position of btlOO satisfactory. It can be seen in Table 2.6.3 that the Wang mechanism reported 

a small discrepancy, at 0.1 % (x = 3.87 cm, Tw,r= 1,107 K). However, the CRECK mechanism 

still reports a reasonable percentage discrepancy, which is lower than 3 % relative to that of the 

experimental value(s). 
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Fig. 2.6.3 Comparison between experimental of peak luminosity profile with computational 

HRR profile (Wang and CRECK mechanisms) for btl 00 atゅ＝4.0,T,、v,max= 1,300 K, and Ll。=
10 c1n/s. 

Table 2.6.3 shows the comparison between axial flame position and wall temperature at flame 

position via experiment and computational approaches for btl 00 at¢= 4.0, T、v,max= J,300 K, 

and u。=10cm/s. 

Fuel: btlOO Axial flame position, Wall temperature, Percentage wall 

x, [cm] T双 f,［K] temperature different 

［％］ 

Experiment 3.88 1109 

Wang mechanism 3.87 1107 0.1 

CRECK mechanism 3.94 1133 2.2 

2-6-4 Overall flame position 

Figure 2.6.4 presents the overall flame position between the experiments and 
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Fig. 2.6.4 Experimental and computational flame positions for hp 100, hp50bt50 and btlOO at伶

= 2.0, 3.0 and 4.0 at T,、v,max= 1,300 K and Ui。=10cm/s. 

computations at equivalence ratios of2.0, 3.0, and 4.0 in the case of all of the employed fuels. 

Atゆ＝ 2.0,Flames with Repetitive Extinction and Ignition (FREI) [76] was observed for 
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hp50bt50 and btlOO, while stable flame was observed only in the case of hp 100. Nonetheless, 

the CRECK mechanism are in excellent agreement with the flame position ofhplOO relative to 

the ones reported by the Wang mechanism. At rp = 3.0, the experimental flame position 

expressed by the wall temperature slightly increased, from hplOO to hp50bt50, then decreases 

from hp50bt50 to btlOO. The CRECK mechanism predicts this trend well, although a small 

discrepancy is apparent in the case of btlOO. The flame positions expressed by the wall 

temperature computed using the Wang mechanism are much lower than that of the experiments 

involving hp 100 and hp50bt50, while the computed values obtained using the Wang mechanism 

reported excellent agreements with the experimental values in the case of btlOO. The Veloo 

mechanism overestimates the experimental flame position in the case of btlOO, however, 

computations using the Sarathy mechanism resulted in the best agreement with that of 

experimental values among the employed mechanisms. At rp = 4.0, the experimental flame 

position expressed by the wall temperature is inversely proportional to the amounts of n-butanol 

in mixed fuels. The CRECK mechanism predicted this experimental trend well, while the Wang 

mechanism reported an inverse tendency relative to the experimental values. Although the 

Wang mechanism significantly underestimates the flame positions for hpl 00 and hp50bt50, it 

reported the best agreement with the experimentally obtained values in the case ofbtlOO. 

From the overaJI flame position results, it can be concluded that the CRECK 

mechanism reported values that are in better agreement with experimental values relative to 

that of the Wang mechanism. 
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2-7 Summary 

The effects of the addition of n-butanol on sooting tendency and formation of initial 

stages of primary intermediates for rich n-heptane/air mixtures were studied using the MFR. 

The sooting tendency was experimentally investigated over equivalence ratios of 1.5 -4.0 at a 

maximum wall temperature of 1,300 K. 

In the critical equivalence ratio experiment, the results showed two types of flame and 

soot responses, consisting of "flame" and "flame + soot". The latter is directly proportional to 

the amount of butanol added to the fuel. Hp 100 started showing a critical equivalence ratio at 

2.0 and hp50bt50 at 2.2, while btlOO shows this at 2.6. This confirms the effect of butanol as 

an oxygenated fuel at higher critical equivalence ratios, which results in lower sooting tendency. 

The sooting tendency was also qualitatively investigated via the length of the sooting region. 

The extension of the sooting region is directtiy proportional with the equivalence ratio and 

inversely proportional with the amount of n-butanol in the fuel. 

The validity of the present mechanisms were tested by comparing the maximum HRR 

in the computational results with that of the experimental peak position in the luminosity profile 

of the flames position. The CRECK mechanism are in excellent agreement with the 

experimental flames position. 
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Appendix 2-A Contribution of heat release rate for the CRECK and Wang 

mechanisms 

Figures 2.A.1 and 2.A.2 show the contribution of the heat release rate to the peak value 

of the CRECK and Wang mechanisms at T mru、=1,300K. The reaction(s) significantly 

contributed to the CRECK and Wang mechanisms. However, the dependence of fuel(s) on the 

contributions differ between the CRECK and Wang mechanisms. 

CRECK mechruusm 

R虞4:C2凡＋H(+M)<=>C凸 (+M)

凡16:HC0+02<=>H02+CO 

Rcl3: 20H(+M)<=>H凸 (+M)

(a) 

(b) 

(c) 

hplOO 

hp50bt50 

■btlOO 

-80 -60-40 -20 0 20 40 60 80 

Contribution heat release rate [J/cm3.s] 

Figure 2.A. 1 Contribution of heat release rate to its peak value for the CRECK mechanism at 

T,v.max=l,300 K. (Re: CRECK reaction) 

For example, the contribution from C2凡＋H(+M)<=>C晶 (+M)decreases with the 

addition ofbutanol in the CRECK mechanism, but it lacks a monotonic variation in the Wang 
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mechanism; the contributions from HC0+02<=>HO吋COand 20H(+M)く＝＞比 02(+M)

increased with the addition of butanol in the CRECK mechanism, but decreased in the Wang 

mechanism. Due to the large contribution from HCO+O各＝＞HOサCOat bt50hp50 and hp 100 

in the Wang mechanism, it could predict the flame positions at much lower temperatures relative 

to the experiments in the aforementioned fuel conditions. 

Wang mechanism 

Rw212: C2比＋H(+M)<=>C北 (+M)

R、v43:HCo+02<=>HO吋CO

Rw34: 20H(+M)<=>H凸 (+M)

(a) 

(b) 

(c) 

hplOO 

hp50bt50 

btlOO 

-80 ・-60 -40 -20 0 20 40 60 80 

Contribution heat release rate [J/cm3.s] 

Figure 2.A.2 Contribution of heat release rate to its peak value for the Wang mechanism at 

T1,,・max=l,300 K. (R,、,:Wang reaction) 
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Chapter 3 

Validation of existing mechanism using MFR 

3-1 Introduction 

The previous chapter discussed the effect of the addition of butanol on the sooting 

behavior(s) of n-heptane flames. It was concluded that butanol is capable of extending the 

critical equivalence ratio, which lower sooting tendencies. The discussion continues with the 

species measurement produced from the n-heptane/n-butanol mixture flames. The measurement 

species are divided into two parts: (1) Small hydrocarbons of CI and C2 species, and (2) larger 

hydrocarbons and PAHs. Both were tested under similar parameters, such as an inlet mean 

velocity, Uo = 10 crn/s, pressure, P = 1 atm, and a maximum wall temperature, Tw,max = 1,100 

K. 

The measurement of small hydrocarbons species CI and C2 were done using a Gas 

Chromatography-Thermal Conductivity Detector (GC-TCD). Six species profiles were 

identified by GC-TCD, which were ethylene (C晶），acetylene(C晶），ethane(C2H6), methane 

(CH4), carbon monoxide (CO), and carbon dioxide (COか
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The measurement of larger hydrocarbons and PAHs were done using a Gas 

Chromatography/mass spectrometry (GC/MS). Seven gases were measured; benzene (CG比），

phenol (CG凡OH),benzaldehyde (C1比0),toluene (C7Hs), ethylbenzene (CsH10), styrene 

(C8田），andnaphthalene (C10Hs). 

The concentration for the measured species in the case of each fuels were plotted against 

the equivalence ratios. The capability of several mechanisms were also compared with the 

measured species by plotting them on the same axis. 

Species measurement results are essential towards understanding the effect of butanol 

as an oxygenated fuel on the products of small and larger hydrocarbons, as well as PAHs. These 

products are well known and widely accepted by researchers as key intermediate species or soot 

precursors that form larger soots [ 129-131]. Therefore, discussions regarding the effect of tl1e 

addition of butanol to soot precursors (C2比 andC2比），PAHs(C6H6, CsH10, Cs出 andC10Hs), 

as well as CO and CO2 was conducted. This study intends to provide useful insights into the 

soot formation process. 
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3-2 Experimental method for species measurement 

The experimental method for species measurement used in this work is similar to the 

ones outlined in the previous chapter (Section 2.2.1). The objective detailed in the previous 

chapter is to investigate flame and soot responses of n-heptane/n-butanol mixtures, while in this 

chapter, the objective is to measure the species of n-heptane/n-butanol mixture flames. 

Therefore, the MFR was used alongside with a gas sampler and GC-TCD or GC/MS. The 

schematic diagram of the MFR with a species measurement method and temperature profile are 

shown in Fig. 3.2. l. 
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Fig. 3.2.1 Schematic diagram of the MFR connected to a gas sampler and GC-TCD or GC/MS. 

The quartz tube was used as a reactor and the exit of the quartz tube is connected to the 

gas sarnpler (see Fig. 3.2.2(a)), which can be used to obtain the constant sampler loop volume. 

In this study, a sampler loop volume of 250 μL was set up. After the gas sampler, the GC-TCD 

or GC/MS method was used to identify and measure the obtained species. Two s皿 piinglines 

were used to flow the gas from the MFR to GC-TCD or GC/MS. The first sampling line was 

connected between the MFR and gas sampler while the second sampling line was connected 

between the gas sampler and GC-TCD or GC/MS. The sampling line was stainless tube of 1 

mm that attached with thermocouple and cord type resistance heaters. An insulation tape also 
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was used to cover whole parts of sampling line in order to maintain a fixed temperature. Both 

sampling line temperature were kept at 120℃ to prevent condensation from interrupting the 

measurements. 

(a) (b) 

(c) 

Fig. 3.2.2 (a) Gas sampler (b) GC-TCD (c) Column of Shimalite Q and Shincarbon 

ST. 
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As pointed out previously, the species measurement method is made up of two parts. 

The first part is to measure small hydrocarbons species CI and C2, conducted using the GC-

TCD (see Fig. 3.2.2(b）)．GC TCD separates a different components gas mixture and identifies 

the components. The GC consists of a stationary phase (column), a flowing mobile phase 

(carrier gas) and detector. In these experiments, a 2.0 m long Shincarbon ST was used as a 

sampler column, while a 0.5 m long Shimalite Q was used as a reference column (see Fig. 

3.2.2(c)). The column temperature for GC-TCD was set to 150℃,while the TCD temperature 

was set to 210℃ .Helium (He) was used as the carrier gas, at a flow rate of 50 ml/min. Six 

initial-stage primary intermediates species (C2H4, C2恥 C曲 ，C叫 CO,and CO2) were 

detected and quantified via calibration with standard gases. 

The second part measures larger hydrocarbons and PAHs conducted using a GC/MS 

(see Fig. 3.2.3(a)). GC/MS was used instead of GC-TCD was due to the current GC-TCD 

column unable to measure higher carbon species than the C2 species. 

(a) (b)_ 
‘ ’‘ 
Agilent DB 5 ms Ultra 
lnert column 

Fig. 3.2.3 (a) GC/MS (b) Agilent DB-5 ms Ultra Inert column. 

GC/MS consists of two important parts which are GC and MS. The GC uses capillary 
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colmnn which depend on the column's length, diameter and thickness. The column used for 

currect study was Agilent DB-5 ms Ultra Inert column that is 60 m long, has an inner diameter 

of 250 μm, and a film thickness of 0.25 μm (see Fig. 3.2.3(b））．The temperature oftbe column 

for GC/MS was set to 55℃ for l O minutes, then increased to 200℃at20℃/min for 2 minutes, 

as shown in Fig. 3.2.4. The column separated the sampled gas into several compounds before 

entering MS. 

MS produces mass spectrum to identify and measure sampled gas. In the GC/MS 

experiment also, helium as carrier gas was used to move sampled gas from GC to MS through 

column. Seven sampled gases were measured in this study, which were C6H6, C6比OH,C1凡0,

C1Hs, CsH10, CsHs, and C10Hs. 
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Fig. 3.2.4 Temperature profile for GC/MS. 

The concentration of benzene was determined using a standard calibration gas of 965 

ppm, 99.7 ppm, and 9.65 ppm, while the concentration of other species were calculated using 

a relative response factor. In this study, the relative response factor calculated in [ 129] was used. 

They proposed an equation that can be used to measure the total ionization cross section: 

It= QledN 
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where ft represents the total ion current, Q represents the total ionization cross section, le 

denotes the ionizing electron current, d denotes the ionizing path length, and N denotes the 

molecules'concentration. It was reported in Fitch et al. [ 132] that the prediction ofrelative total 

ionization cross section method accuracy is within 4.69 %. In order to calculate Q, the number 

of carbons, hydrogens, and oxygens are essential. Thus, the following equation is used. 

Q= 0.082 + a団 c+a砂 H+a。n。

where ac, aH, and ac are the coefficients of carbon, hydrogen, and oxygen, at 1.43, 0.73, and 

1.10, respectively, while nc, nH, and n。representsthe atom numbers of carbon, hydrogen, and 

oxygen, respectively. The information of each measured species is tabulated in Table 3.2.1. 

Table 3.2.l • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 

Name of Molecular Number N皿 berof Number Total Relative 

species structure of carbon hydrogen of ionization response 

atoms atoms oxygen cross factor 

atoms section 

[eV] 

Benzene C6H6 6 6 13.042 l 

Phenol C6H5OH 6 6 14.142 1.084 

Benzaldehyde CH60 7 6 1 15.572 1.194 

Toluene C7H8 7 8 15.932 1.222 

Ethylbenzene CsHw 8 10 18.822 1.443 

Styrene C8H8 8 8 17.362 1.331 

Naphthalene C10Hs 10 8 20.222 1.551 
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3-3 Computational methods 

The computation of the flow in the MFR is the same to the one detailed in Section 2.3. 

Therefore, the computational method will only be briefly described here. The computations 

were performed using ANSYS chemkin 17.2 with a PREMIX based code. A heat convection 

between the wall and inner gas flow was included in the energy equation_ The parameters from 

the experimental method, such as temperature, pressure, equivalence ratios, and inlet mean 

velocity were used in the computational method. 

As outlined above, one of the parameter from the experiment used in the computation 

is the temperature, where its profile is shown in Fig. 3.2.1. Note that the maximum wall 

temperature for the experimental flame and soot response was 1,300 K, as per the previous 

chapter_ However, in the measurement species experiment, the maximum wall temperature here 

is 1,100 K_ The maximum wall temperature in the measurement species experiment is lower 

than the flame and soot response experiment, since the target is not soot formation, instead, it 

is the gas phase of small and large hydrocarbons, as well as PAHs_ Therefore, this temperature 

condition was set up after conducting several trial experiments to ensure that no soot is 

fom1ed/present during species measurement. 

To understand the formation of small and large hydrocarbons, as well as PAHs, a 

suitable chemical kinetic mechanism is required. Therefore, several chemical kinetic 

mechanisms were compared with the experimentally obtained results, where each fuel has 

different tested by chemical kinetic mechanism. 

In the case of hplOO fuel, five mechanisms were used. The frrst mechanism is the 

CRECK mechanism, which was developed by the Chemical Reaction Engineering and 

Chemical Kinetics (CRECK) modeling group [12牛 126].The second mechanism is the Wang 

mechanism, developed by the Engine Research Center, Unjversity ofWisconsin, Madison [ 118]. 

The third and fourth mechanisms are the reduced Livermore [133] and detailed Livermore 
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mechanisms [134,135], where both were developed by Lawrence Livermore National 

Laboratory. The last mechanism is the KUCRS mechanism, which was created by Professor 

Miyoshi from Japan [136]. 

ln the case of the btl 00 fuel, four mechanisms were used in the computations, which 

were the CRECK [124], Wang [I 18], Sarathy [123], and Veloo [128] mechanisms, while in the 

case of hp50bt50 fuel, only two mechanisms were used, which were tl1e CRECK and Wang 

mechanisms. 
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3-4 Measurement of small hydrocarbons 

C2比 andC2比 ledto the growth of the aromatic species to polycyclic aromatic 

hydrocarbons (PAHs), as well as larger aromatic rings. The coagulation of these larger aromatic 

ring compounds results in the production of soot. Previous studies reported that soot formation 

begins from hydrocarbons such as C晶 ，C2H4,and others [68,139,140]. 

The suitability of the reaction mechanisms with the experimental results are shown in 

Section 3-4-1 in the case of small hydrocarbons (C 1 and C2 species), as well as in Section 3-4-

2 in the case of larger hydrocarbons and PAHs formations. The best mechanism obtained from 

Section 3-4-1 will be used in Section 3-4-2, which helps determine the effect of adding butanol 

ton-heptane on small and large hydrocarbons, as well as PAHs. Figure 3.4.l shows the mole 

fraction profile of the computed species for small hydrocarbons (C晶 ，C晶 ，C2H6,C叫 CO,

and CO2) using the CRECK mechanism along the axial length of the quartz tube, where the 

dashed line represents the maximum HRR. 

Note that the profile of species mole fraction from computation were taken at the end 

of the domain of the MFR model. It can be seen in Fig. 3.4.1 that all of the species increase 

with respect to the maximum HRR point before they become constant until at the exit of the 

tl1be, implying that reactions are quenched at the sampling point. Thus, there are no reactions 

beyond the sampling point. This confirms that the trend of species from the CRECK mechanism 

demonstrate reasonable behavior and species measurements at the end of the quartz tube is 

indeed relevant. 

A similar trend was also reported by large hydrocarbons and PAHs (C晶， C晶 0凡

C7比0,CsH10, CsHs, and C10Hs), as shown in Fig. 3.4.2. The trend of mole fraction profiles of 

large hydrocarbons, and PAHs reported similar trends for all fuels and equivalence ratios. A 

representative result of hp 100 at Vo = 10 emfs, ¢ = 2. 0, and Tw,max = 1,100 K is shown here, 

while the other mechanisms'profiles will be discussed in the upcoming sections. 
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Fig. 3.4.1 Computed mole fraction profiles of small hydrocarbons species by the CRECK 

mechanism along the axial length of the quartz tube. (Uo = 10 cm/s，ゆ＝ 2.0,and T、v,max= 1100 

K). 

At this point, it is important to note that profile of species mole fraction (small and large 

hydrocarbons, as well as PAHs) along the axial length of the quartz tube was not measured. 

Measurement and comparison between experimental results (measurement species) and 

computational results were conducted at the sampling point which was at the exit of the quartz 

tube. This means, species measurement measures results of complete reactions of measured 

species that covers overall production and consumption in the micro flow reactor. 
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Fig. 3.4.2 Computed mole fraction profiles of large hydrocarbons and PAHs measurement 

species along the axial length of the quartz tube. (Uo = 10 cm/s, </> = 2.0, and Tw,max = 1100 K). 

3-4-1 Formation of small hydrocarbons (C1 and C2 species) 

This section details the measurement of species C晶 ，C2H2,C晶 ，CH4,CO, and CO2, 

representing the overa11 primary reactions from the pyrolysis of hp 100, hp50bt50, and btl 00. 
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The concentration of these species derived from the computation was plotted alongside the 

measurements at multiple equivalence ratios, as shown in Fig. 3.4.3. 

In general, some of the species concentration are directly proportional to the 

equivalence ratios, which are demonstrated by C2H4, C2H2, C2HG, and CH4. CO shows different 

trend in certain fuel. For hp 100, CO concentration increases with respect to equivalence ratio 

and then shows slightly decrease. On the other hand, for hp50bt50 and btlOO, tl1e CO 

concentration increases with the increase of equivalence ratios and finally it shows constant 

concentration. Final product which is CO2 concentration shows inversely proportional relation 

with respect to the equivalence ratios. Figure 3.4.3 shows the frrst group behavior ofらH4,

C出2,C2嵐 CH4,and CO. In the case of hp 100, the KUCRS and reduced Livem1ore mechanism 

underpredicted the measurement of C2H4, especially at equivalence ratios of 3.0, 4.0, and 5.0. 

However, Wang, CRECK, and detailed Livermore mechanisms reported fair agreements with 

the measurement results. The capability of Wang and CRECK mechanisms for hp50bt50 were 

tested, and the results reported reasonably excellent predictions. ln the case of btl 00, the 

Sarathy, CRECK, and Veloo mechanisms reported similar trends to that of the measurement 

results, where it is directly proportional to the equivalence ratios. 

In the case C2H2, most of the mechanisms under-predicted the experimental 

concentration values, but in the case ofbtl 00, the Veloo mechanism reported an over-prediction 

of the measurement results relative to the computational results. All of the computations 

reported a similar trend with the measurement results of C2H6, but most over-predicted the 

measurement results, especially at higher equivalence ratios for the reduced Livermore as well 

as Wang mechanisms in the case of hp 100. It is. also evident that at the equivalence ratio of2.0 

in the case of btl 00, C2H6 cannot be detected due to the C2H6 signal being too weak. In the case 

of the CH4 mole fraction, the measurement results confirmed that it is directly proportional to 

the equivalence ratios. This trend is similar in all of the mechanisms used in this work. 
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Fig. 3.4.3 Computational and experimental results of C1 and C2 species mole fractions at Ui。=

10 cm/s, ¢ = 2.0 to 5.0, and Tw,max= 1100 K. 
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The computation of the CH4 mole fraction with the detailed Livermore mechanism 

reported better agreement in the case of hp 100, while the CRECK mechanism reported better 

agreement in the case of hp50bt50 and btl 00 relative to other mechanisms. 

The highest measurements among the species are shown in the CO mole fraction for 

btlOO at炒＝ 5.0,which is ~20%. However, the computations were unable to yield excellent 

predictions vis-a-vis the measurements, where all of the mechanisms under-predicted the 

experimental results. The closest mechanism with CO measurement results was reported by the 

Reduced Livermore mechanism in the case of hplOO. Unfortunately, this mechanism is 

inapplicable for hp50bt50 and btl 00. Also, the CO mole fraction computed by the Wang 

mechanism shows a completely opposite trend with the experimental results, which is directly 

proportional to the equivalence ratio. Generally, the computation results by the CRECK 

mechanism reported a similar trend to that of the measurement results in the case of all of the 

fuels. 

As seen in Fig. 3.4.3, the second behavior shown by COれsitsinverse relationship with 

the equivalence ratios. All of the mechanisms predicted a similar trend with the measurement 

results in the case of all of the fuels. In the case ofhp 100, the KUCRS mechanism reported the 

best agreement with that of the experimentally obtained results. The Detailed Livermore and 

Reduced Livermore mechanisms underpredicted the CO2 concentration. However, in the case 

of hp50bt50 and btlOO, the CRECK mechanism reported better agreements with the 

measurements, especially at higher equivalence ratios. In these conditions, the Wang, Sarathy, 

and Veloo mechanisms under-predicted the measurement results. Overall, it can be concluded 

that, the CRECK mechanism reports a fair agreement between the mechanisms in the case of 

small hydrocarbon C1 and C2 species. The next section elucidates the application of the CRECK 

mechanism for the investigation of the addition of butanol on n-heptane for C1 and C2 species 
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at various equivalence ratios within 2.0 -5.0. 

3-4-2 The effect of butanol addition to n-heptane on C2H2 and C2H4 as well as CO and 

CO2. 

This section discusses the effect of butanol addition to n-heptane on C2H2 and CzH4 

and CO and C02Previous studies investigated the effectiveness of addition of oxygenated fuels 

to base fuels in reducing soot [28]. Many researchers used a detailed chemical kinetic model to 

anticipate processes that takes place during the reaction of hydrocarbon with oxygenated fuels. 

They reported that, reaction path to CO and CO2 species were the most produced product from 

the reactions of oxygenated fuels instead of going to form soot precursors. Since CO and CO2 

are strongly bonded and tend to remain intact, the concentrations of soot precursors are 

subsequently reduced. This agrees with Esarte et al. [141], where the authors analyzed the 

pyrolysis of acetylene as a baseline mixed with methanol, ethanol, iso-propanol, and n-butanol 

in a flow reactor. They concluded that alcohol is capable of reducing soot concentration. The 

mixed fuel mostly going to form into CO and CO2, which removes the carbon from the alcohol 

from soot formation pathways, subsequently leading to soot reduction. The prevention of soot 

formation indirectly contributes to decreased soot precursors, such as C2圧 andC2H4. However, 

those studies did not outline the major reactions involved in the targeted species. This work 

intends to elucidate the effects of the addition of butanol on the concentrations of C2H2, C2H4, 

CO, and CO2. 

Figure 3.4.4 shows a comparison of the experimental and computational results of 

C2H2 and C2凡 molefractions atゅ＝2.0-5.0 and Tw,max= 1,100 K. The computational results 

of C2比 showgradually improving agreement with the measurement results in tandem with 

increasing equivalence ratios. Its trend mirrors that of the experimentally obtained results. It is 

apparent that the C2比 molefraction is inverse! y proportional to the mole percentage of butanol, 

which is also the trend observed in the case ofらH2.The computation of C2H2 concentration 
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confirmed the accuracy of the prediction relative to the measurement results in the case of aU 

equivalence ratios. Decreasing concentrations of C2H4 and C2庄 confim1the capability of 

butanol towards decreasing soot fom皿ion.
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The effect of the addition ofbutanol ton-heptane on CO and CO2 at¢= 2.0 to 5.0 and 

Tw,max = 1,100 Kare shown in Fig. 3.4.5. The increasing trend is evident and significant in the 

case of CO and CO2 concentrations with the addition of butanol at higher equivalence ratios 

(3.0, 4.0, and 5.0) relative to that of the equivalence ratio of 2.0. Overall, the CRECK 

mechanism accurately predicted the CO2's mole fraction. In the case of CO mole fraction, 

despite the trend being consistent with the measurements, the mechanism still require slight 

modifications. 

The results shown in Figures 3.4.4 and 3.4.5 show that the mole percentage of butanol 
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is inversely proportional to the concentrations of C2H4 and C2庄 anddirectly proportional to 

the concentrations of CO and CO2. This could be due to the fact that butanol as oxygenated 

fuels plays an important role in modifying reaction path of C2H2, C晶 ，COand CO2 fonnation. 

To further understand the effect of the addition of butanol to n-heptane on soot 

precursors, the behavior of larger hydrocarbons and PAHs were measured. The reaction path 

analysis between small and large hydrocarbons, as well as PAHs were also determined and the 

results are discussed in the next section. 
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3-5 Measurement of Larger hydrocarbons and PAHs 

Formation of C2H2 and C2H4 contribute towards the production of PAHs. From the 

soot formation process detailed in Section 1-4, it was pointed out that PAHs are able to combine 

and produce incipient soot particles. It continues to grow, aggregate, and fom1 bigger structl.ires, 

subsequently fom血gsoot particles. Singh and Sung [142] analyzed PAHs measurement using 

planar laser-induced fluorescence (PLIF), and it was concluded that fuel structure influences 

the formation of PAHs, proving the importance of C2比 inPAHs'growth process. Therefore, in 

the context of the second group, PAHs analysis is equally important. 

3-5-1 Formation of large hydrocarbons and PAHs 

The CRECK mechanism was used to investigate larger hydrocarbons and PAHs since it 

reported the best agreement relative to the other mechanisms. Figure 3.5.1 shows the 

equivalence ratio dependence on the measured and computed mole fractions by the CRECK 

mechanism for larger hydrocarbons and PAHs, such as C晶 ，C晶 OH,C晶 O,C晶 ，CgH10,

CsH8, and C10H8 for all of the fuels. The measurements and computations were conducted at 

similar parameters as the measurements of small hydrocarbons species C1 and C2, as outlined 

in Section 3-4-1. The conclitions were set at Uo = l O cm/s, P = 1 atn1, and Tw,max = 1,100 K. 

All computed species from the CRECK mechanism in the case of all of the fuels 

reported similar trends with that of the measurement species, where the mole fraction is directly 

proportional to the equivalence ratio. However, overall, most of the species mole fraction 

(C6比OH,C1比0,C1Hs, CsH10, and Cs比）computedby the CRECK mechanism overestimates 

the measurement species, except in the case of C6H6 and C10Hs. 

c6比 isthe most important species in the case of PAHs and soot growth [137]. It 

reported the highest concentration relative to other species, as shown in Fig. 3.5.1, which 

implies C晶 isa dominant species in the context of PAHs'and soot formation. This was also 

posited in Golea et al. [138], where C6H6 is the fust aromatic ring that is closely related to the 

69 



Chapter 3 

soot formation process. 
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(Continued from Fig. 3.5.1) Experimental and computational results of e) C晶 ot)C晶 and

g) C10Hs for hp100, hp50bt50 and btlOO at Ll。=1O cnvs and Tw,max = 1100 K by the CRECK 
mechanism. 

The second aromatic ring after CGH6 is C10Hs. In this study, the highest PAHs that can 

be measured by GC/MS is C10Hs. Note that the mole fraction of all of the identified species for 

hplOO are evident, while in the case ofhp50bt50, only benzene, phenol, and toluene are evident. 

However, in the case ofbtl 00, none of the species are evident, since the signals were too weak. 

This indicates that the concentration of the measured species is inversely proportional to the 

butanol mole percentages, confirming the capability of butanol as oxygenated fuel towards 

inhibiting the formation of PAHs. 
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It can be sunnised from Figure 3.5.1 that the CRECK mechanism remains in agreement 

with the measured species'しH6,C6比OH,C1比0,CsH10, CsHs, and C10比 molefractions. 

Hence, the effect of the addition of butanol ton-heptane for large hydrocarbons and PAHs using 

the CRECK mechanism was analyzed, and the results discussed in the next subsection. 

3-5-2 The effect of butanol addition to n-heptane on larger hydrocarbons and PAHs 

This section details the investigation of the effect of the addition ofbutanol ton-heptane 

on larger hydrocarbons and PAHs (CGHG, C1Hs, CsH10, CsHs, and C10Hs) formations. </J = 2.0 

was selected for this purpose, due to the fact that it reports the lowest critical equivalence ratio 

for hpJ 00, as per Section 2-4. Figure 3.5.2 shows effects of the addition of butanol ton-heptane 

on GH.6,C7H8, C晶 o,CsHs, and C10Hs at ui。=10cm/s and Tw,max = 1, I 00 K. A II of the 

measured species mole fraction are inversely proportional to the mole fraction ofbutanol, which 

is consistent with the computation approaches reported by the CRECK mechanism. 
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3-6 Comparison of the effect of butanol addition to n-heptane for larger 

hydrocarbons and PAHs between measured species of hp50bt50 and 

hp50bt0 

In order to determine PAHs reduction is due to the influence of the addition of butanol or 

mole fraction of n-heptane, the measured species of hp50bt50 and hp50bt0 were compared, and 

the results shown in Fig. 3.6. l. Note that, mole fraction of hp50bt0 is controlled by N2 and it 

has the same mole fraction as the n-heptane in hp50bt50. Therefore, the effect of butanol 

addition to n-heptane for larger hydrocarbons and PAHs as well as the decrease inn-heptane 

can be distinguished. 

(a) C6H6 
6.0E-05 

5

5

 

0

0

 

E

E

 

o

n-

4

2
 

]
U
OIP8.IJ ~I0E

9H
9:) 

O.OE+OO 

(d) C,H8 
4.SE-07 

7

7
 

0

0

 

．

．
 

E

E

 

5
 

，
 

3

1
 

]U
Oi
l~l?JJ 

JjOlU SH
LU
 

O.OE+OO 

゜
Benzene 

hp50b150 hp50bl0 

Fuel 

竺

(b)C6H50H 
8.0E-07 

釘

0
7
0
7

E

E

E

 

0

0

0

 

6

4

2
 

[＇
]
U
O
ll
;)CJJ 
3
(0lU H
O
'H
9::> 

0.0E+oo 

(c) C8IT,。
2.0E-08 

0

8

0

8

0

9

g

 

E
 

―

―

 

E
 

E

E

 

5

0

O

n

-

1

1

5

0
 

]
U
O
)lo
e
.y "I
0E

o1H
•U 

。
ーーc
 

h
 

ら，

hp50bt50 hpSObtO 

Fuel 

e
 
m
 

ら
』
y
 

lh 
E
 

(c) C7H60 
3.0E-08 

8
 ゜

8
 ゜
E
 

E
 

C
~

C

心

2

1

 

['
]
LIO
!l~llJJ

:l
(0E
0

9H
L:J 

O.OE+OO, 

(f) CsTis 
3.0E-07 

7
 ゜

7
 ゜
E

E

 

0

9

 

?
-

1
 

[＇
l
u
o
百
逗
a
-
O
E
8H
8
U

O.OE+OO 

ふH
Benねldchydピ

hp50bt50 hp50bt0 

Fuel 

乞

hp50bt50 hp50b10 

Fuel 

hp50bt50 hp50bt0 

Fuel 

hp50bt50 hp50bt0 

Fuel 

Fig. 3.6.1 Larger hydrocarbons and PAHs for all fuels between hp50bt50 and hp50bt0. a)しH6

b) C』sOHc) C1H心 d)C7比 e)CsH10 and t) C吐s.(Uo = 10 cm/s,ゅ＝2.0and Tw,max = l, 100 

K). 

It can be seen that the mole fractions of PAHs higher in the case of hp50bt0 than hp50bt50. 

However, the concentration of naphthalene in the case of hp50bt50 and n-beptane diluted with 
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N2 cannot be detected by GC/MS, due to its weak signal. Therefore, the figure corresponding 

to naphthalene is not shown in this section. However, it is evident that in the case of the other 

species, PAHs concentration decreased due to the addition of butanol instead of decreased n-

heptane's mole fraction. 
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3-7 Summary 

The species measurements of small hydrocarbons C 1 and C2, consisting of C晶，C2H2,

C2曹HG,CH4, CO, and CO2 were carried out using GC-TCD. The behavior of the measurement 

species results was divided into three trends; the first consists of species concentration that are 

directly proportional to the equivalence ratios, which are C2H4, C2H2, C吐16,and CH4 for all 

fuels. Second trend is shown by CO, CO concentration shows an increment at first and then 

slightly decrease with respect to equivalence ratios for hplOO, while for hp50bt50 and btlOO 

shows an increment of CO concentration at flfst and then constant with respect to equivalence 

ratios. The third species that is concentration inversely proportional to the equivalence ratio, 

which is demonstrated by CO2. 

Several mechanisms were tested by comparing them with the measurement results of 

small hydrocarbon species C1 and C2. The tested mechanisms were the CRECK, Wang, KUCRS, 

Reduced Livermore, Detailed Livermore, Sarathy, and Yeloo mechanisms. From the overall 

computational results, the CRECK mechanism reported satisfactory agreement with the 

measurement species, and due to this reason, the CRECK mechanism was used to compute the 

larger hydrocarbons and PAHs. 

Next, species measurement for larger hydrocarbon and PAHs, such as C晶 ，C晶 OH,

C7比O,C晶 o,CsHs, and C10Hs were conducted using GC/MS. The computed species using the 

CRECK mechanism results with that of the measurement results were compared, and all of the 

species computed using the CRECK mechanism reported similar trends where the mole fraction 

of the species is directly proportional to the equivalence ratios. Overall, computed species 

concentration for C6比OH,C7比0,C1Hs, CsH10, and Cs凡 bythe CRECK mechanism 

overestimates the measurement species, except in the case of C6比 andC10Hs. 

All of the parameters in the experimental and computational methods reported in this 

chapter were performed under similar parametric conditions of the flame and soot response 

experiments outlined in Chapter 2, except in the case of the maximum wall temperature, which 
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was decreased from 1,300 K to 1,100 K to prevent soot formation and focus only on the region 

of gas phase of small and large hydrocarbons, as well as PAHs. 

The PAHs'concentration of hp50bt50 was lower than that of PAHs of hp50bt0, which 

is due to the addition of butanol instead of the decrease in the mole fraction of n-heptane. 

The effects of the addition ofbutanol ton-heptane onto soot precursors (C2比 andC21L), 

PAHs (CGHG, CsHw, CsHs and C10Hs), as well as CO and CO2 were investigated by comparing 

the results obtained from the CRECK mechanism to that of the measurement results. It was 

confumed that the mole fractions of C2恥 C晶 ，C晶 ，C晶 o,CsHs, and C10Hs are inversely 

proportional to the mole percentage of butanol. CO and CO2 are directly proportional to the 

mole percentage of butanol especially at higher equivalence ratios (3.0, 4.0 and 5.0). This 

implies that the addition of butanol to n-heptane enhances the role of carbon in increasing the 

rate of fo叩 ationof CO and CO2 instead of soot precursors and PAHs. The phenomenon process 

of soot precursors, PAHs, and CO and CO2, its corresponding reaction path and rate of 

production analysis will all be elucidated in the next chapter. 
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Chapter 4 

Reaction path and rate of production analyses 

4-1 Introduction 

The reaction path and rate of production analyses were conducted to elucidate the effect 

oftbe addition of butanol on small species (ethylene (C晶），acetylene(C晶），ethane(C晶 ），

methane (CH4), carbon monoxide (CO), and carbon dioxide (CO2)), as well as large 

hydrocarbons and PAHs such as benzene (C6H6), phenol (CG比OH),benzaldehyde (C1H心），

toluene (C1Hs), ethylbenzene (C晶 o),styrene (C晶），andnaphthalene (C10Hs). 

From the results of the flame position (refer to Chapter 2, Section 2-6) and measuremet 

species (refer to Chapter 3, Section 3-4 and 3-5), the CRECK mechanism showed the best 

agreement relative to the other mechanisms. The CRECK mechanism was used to elucidate the 

reaction path and rate of production analyses. 

The reaction path analyses were performed at t/> = 2.0, Uo = 10 emfs, and Tw,max= 1,100 

K, since the effect of the addition of butanol on the measurement species was significant at 

these parameters (refer to Chapter 3, Section 3-5-1). The analyses were performed by selecting 

major rates of production reactions where the maximum heat release rate(HRR)occurs. These 

reactions represent the significant production and consumption reactions of the species. 
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4-2 Reaction path analyses 

In order to elucidate the effect of effect of the addition of butanol on reaction pathways 

of the small and large hydrocarbons and PAHs, a comparison of reaction pathways between 

hp 100, hp50bt50 and btl 00 are shown in Fig. 4.2.1. Fuels: n-heptane(NC1H16) and n-butanol 

(NlC4H9QH)) are represented by the red ellipse. The production of the identified species such 

as small hydrocarbons (C晶 ，C2恥 C2H6,CH4, CO, and CO2) are shown in the blue box, while 

large hydrocarbons and PAHs（しH6,C6比OH,C1H60, CsH10, Cs印 andC 10Hs) are shown in 

the yellow box. To represent the number of reactions in the reaction path analyses, "R with 

number" was applied. For example, R4065 shows that the reaction of NC1H16 forms NC1H1s. 

An explanation of reaction pathways for all fuels producing the identified species can 

be divided into two parts, where the first explains the reaction path of small hydrocarbons, while 

the second explain the large hydrocarbons and PAHs. 

The reaction path for the first part is summarized in Fig. 4.2. l. Starting from the 

decomposition of the fuels by H abstraction via OH, which produces NC1H1s from NC1H16, the 

products of the fuel decomposition react further to form C晶． C山4is known to be one of 

soot's precursor [68]. Therefore, the formation of C2比 iscrucial towards the formation of 

higher PAHs. It can be seen from the figure that the formation ofC晶 comesvia the formation 

ofNC4枷 throughC晶 Thereaction of C晶 withOH forms C晶 ，andcontinues on to form 

C出2.The reaction between C2凡 andC4比 alsopromotes the production of the first aromatic 

species, which is C6H6. From C2H3, further oxidation takes place to yield CH2CHO, which then 

go on to form CH2CO. The CH2CO reacts with OH to yield CH3 prior to producing CH4. The 

same reaction also partially forms CO2. 

After the decomposition of the fuel, three main pathways for the measured species 

were evident. The first is the formation of C1Hs, CsH10, and C1比0via NC4Hs. NC4比 isformed 

from the decomposition of fuel and NC1H1s. The formation of NC晶 isimportant as it affect 

the subsequent concentrations of C1Hs, CsH 10, and C1HGO. 
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The next phase is the formation of C6H6, C,oHs, and CsHs via C2Ri and C3H3. C3H3 

undergoes self recombination to form C晶． FromChapter 3, Section 3.4.2, the experimental 

and computational results for all of the fuels show that the mole fraction of CG恥 exceedsthat 

of the other PAHs. The higher concentration of C6H6 could be due to the domination pathway 

of 2C北(+M)く＝＞C凡(+M) and C凡＋C凸＝＞C6H6+H＋凡．Thissupposition is also 

supported in Richter and Howard [11 O], where C3凡 iscrucial towards the formation of 

benzene. The forrnation of CG凡 fromC晶 andC晶 isregarded as the continuation product of 

NC1H1s. Also, the decomposition of NC1枷 contributesto the formation of C晶 andNC出 年・

C3比 isone of the small unsaturated hydrocarbon species that leads to the production of small 

aromatics and PAHs [28]. The third phase is the formation ofC晶 OHviaC晶 ．C晶 isfurther 
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divided into reactions forming larger hydrocarbons (C6HsOH) and PAHs (C6H6, C10凡 and

CsHs). 

The reaction pathway for the addition of butanol is shown in Fig. 4.2.2. The addition of 

butanol resulted in a significant difference in the reaction pathway relative to that of the base 

fuel(hp 100) as shown in green arrow. However, since it possess components from n-heptane, 

most of the reactions are similar to the reaction path of hp 100. It can be seen that the reaction 

from NC1H16 identify species of small and large hydrocarbons, as well as PAHs, which is 

similar to the reaction path of hp l 00. 
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The addition ofNlC晶 OHresulted in new reactions. NI C晶 OHchanges the reaction 

pathway(s), as per R6600, R6639, and R6678. These reactions represent the decomposition of 
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NlC晶 OHto form CH3CHCH2CH20H, CH3CH2CHCH20H, and CH3CH2CH2CHOH, with H 

abstraction via OH. These hydroxybutyl radicals play an important role to the reduction of the 

measured species of small and large hydrocarbons, as well as PAHs. The production of these 

hydroxylbutyl radicals resulted in the production of different species for hp50bt50. For example, 

the formation of CH3CHCH2CH20H in R6600 was followed by Rl 612, which produced C晶

and CH20H. As pointed out previously, the fomrntion of C晶 isalso influenced by Rl297 from 

NC1H 1s, while the formation of CH心Hled to the formation of CO2. Furthermore, the formation 

of C3比 ledto the formation ofらHiformation, which controls the concentrations of CGHG, 

CloH8, GH8, C7恥0,and CG比OH.

The fonnation of CO2 from butanol could result in the reduction of PAHs. According to 

Westbrook et al. [28], the addition of oxygenated fuel such as butanol result in the formation of 

CO and CO2. Both are strongly bonded carbon atoms, which prevents the atoms from 

participating in the production of soot. Another fo皿 ationof hydroxybutyl radicals, such as 

CH3CH2CHCH心Hin R6639, promotes R1615 on the formation of NC4Hs, which is also 

formed from NC1H1s in R1298. The formation of NC晶 fromboth reactions resulted in the 

decrease of the concentrations of C1比 andCsH10. The product of R6678, given by 

CH3CH2CH2CHOH, was also among the most prominent reaction that reduced PAHs. It was 

evident that CH3CHO and C2比 wereproduced from CH3CH2CH2CHOH in Rl617. CH3CHO 

also demonstrated similar fmal direction to that of CH20H, as pointed out previously. Also, 

C2比 ledto the production of C2H4 and subsequently to the reduction of C晶，C10Hs,andC晶．

The reaction path of bt 100 is not shown in this work, due to the fact that the reaction is 

almost similar to that of hp50bt50. Bearing this fact in mind, only a short brief of the reaction 

path of btl 00 is shown here. N 1 C4比OHproduces hydroxybutyl radicals via R6639, R6600, 

and R6678. Since no sources of hp l 00 contributes to the soot precursor, the concentrations of 

C2fu and C2比 decreased.Subsequently, the concentrations of larger hydrocarbons and PAHs 

(C6H6, CG比OH,C1比0,CsH10,Cs凡 andC 10Hs) decreased as well. 
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In summary, the results confirmed that bydroxybutyl radicals'reaction in R 1612 

(CH3CHCH2CH20H<=>C3H叶CH20H),Rl615 (CH3CH2CHCH20H<=>NC晶＋OH)and 

R1617 (CH3CH2CH2CHOH<=>CH3CHO+C2Hs) plays a major role during the addition of 

butanol on the formation of C6H6, C6比OH,C1比0,C1Hs, CsH10, CsHs, and C10Hs. Also, 

Rl612 and Rl617 dictate the ratio between PAHs or CO2, which eventually influence the 

formation of soot. Low concentrations of PAHs results in the reduction of soot formation. 

The upcoming sections detail the main species of soot precursors. Also, for comparison 

purposes with the CREEK mechanism, the reaction path analysis for the Wang mechanism is 

detailed in Appendix 4-A. 
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4-3M・ajor reaction analyses 

As outlined in Chapter 3, Section 3-5-1, soot reduction is reliant upon the reduction of 

the concentration of soot precursors. This necessitates a detailed study on major reactions 

involved in the formation of soot precursors. The three main species that are imperative towards 

the formation of soot precursors, such as primary hydrocarbons (C晶），intermediates(C晶），

and largest PAHs (C10Hs) were selected, as per the main reaction pathway in Figs 4.2.1 and 

4.2.2. These species represent the continuity formation from C2H4 to C晶 ，leadingto the 

formation of C10Hs. In order to aid in the interpretation of the measurement species, the total 

rate of production/consumption for hp 100, bp50bt50, and btl 00 were set atゅ＝2.o and Tv,max 

= 1,100 K, and analyzed using the CRECK mechanism. The total rates of 

production/consumption plays a crucial role towards confirming the trend of the experimental 

results, where positive values represent production behaviors, while negative values represent 

consumption behaviors. 

Figures 4.3.l(a), 4.3.2(a), and 4.3.3(a) show the total rate of production/consumption of 

C出4,CGH6, and C10Hs. The total rates of production/consumption are representative of the 

experimentally observed trend (as per Figures 3.4.1 and 3.5.1). The total production and 

consumption for C晶 ，C晶 ，andC10Hs are evidently well balanced. It shows that the net 

reaction of the production and consumption for these species decreases when the mole 

percentage of butanol increases (inverse relationship). These results are in agreement with the 

experimental results. 

To determine the major reactions contributing to the net production/consumption, the 

top three production/consumption reactions are shown in Figures 4.3. l(b), 4.3.2(b) and 4.3.3(b）． 

4-3-1 Rate of C2H4 production/consumption 

As evident in Figure 4. 3.1 (b), most of the production rate of C晶 isrelated to the C晶

reactions in hplOO. The main reactions are R223: 0サC2圧＝＞HOサC2山 whichcontinues to 
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R 757: NC4H9r<=>C2HサC2H4.However, when butanol was introduced (hp50bt50), the 

reaction of R 757 decreased, and the position of the second dominant reaction was overtaken by 

R95. This implies that the addition of butanol enhances the formation of NC非

NC知 <=>CHサC却 Inthe case of btlOO, R757 is not present, since NC孔 Pin R757 is 

available only for hp 100. 
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On the other hand, R1610 CH2CH2CH2CH20H<＝＞らHけC2H40Hproduction bas 

taken place in the top three of the C晶 productionrate in bt 100. For constunption reactions, 

R391: OH+C2比く＝＞圧O+C2H3is dominant in the case of all fuels. A large discrepancy 

between R39 l and other consumption reactions (R304 and R 185) is evident in hp l 00 and 

hp50bt50, which means that R39 l plays an important role in the concentration of C2比

4-3-2 Rate of C6H6 production/consumption 

Based on the reaction path analysis (refer Figure 4.2.1), CG比 isformed after C晶 ．

Therefore, the production/consumption of C晶 isdiscussed in this section. Figure 4.3.1 shows 

the total rate ofC晶 productionand the main reactions involved in the production/consumption 

ofCGHG. 

C2比 production/consumptionalso shows a decrease with increasing mole percentage 

ofbutanol, showing a similar trend with the rate of the production/consumption of C21Li. Figure 

4.3.2(b） show the main reactions of CG比 production contributed by R473: 

2C3H3(+M)く＝＞C晶 (+M), R494: C4比＋C2fl-4=>C6HけH+H2, and R488: 

CH2CHCHサPC3比＝＞CoH社H2+H. R473, confirming that the self reaction of C3H3 

significantly contribute towards the formation of C6H6. This supposition is also supported in 

[ I 07], where C3凡 playsan important role in the formation of benzene. The reaction by C2H4 

plays an important role in the formation ofC晶 ，meaningthat the higher concentration of C晶

leads to a higher concentration of C6H6. 

In previously reported results (refer to Fig. 3.5. 1), the experimental and computational 

values for all of the fuels confirmed that the mole fraction of C6H6 exceeded that of the other 

PAHs. This higher concentration ofC6H6 could be due to the domination pathway ofR473 from 

to its large peak area relative to both R494 and R488. Based on the reaction path analysis seen 

in Figs. 4.2.1 and 4.2.2, the formation of C晶 fromC晶 andC晶 representsthe continuation 

product of NC1H1s. The decomposition of NC1H1s contributed to the fomiation of C晶 and
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NC4H9p. Therefore, the formation of C却 fromR494 and C晶 fromR473 are crucial towards 

the formation of C6H6. 
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Fig. 4.3.2 (a) Total rate of C晶 production/consumption(b) Major reactions of C晶

production/consumption for all fuels at Ll。=10cm/s, </> = 2.0 and T双max= 1, I 00 K. 

The effect of butanoJ is significant to the production(R473, R494, and R488) and 

consumption reactions (R505, R642 and R469), as it decreases with increasing mole percentage 

of butanol shown in hp50bt50 and btl 00. This implies that the production of CGHG can be 
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i油ibitedwhen butanol is introduced into the mixture. 

4-3-3 Rate of C10Hs production/consumption 

The largest measured PAHs in this study is that of C10Hs. The main reactions of 

production and consumption are shown in Figure 4.3.3. The total rate ofC10Hsfor hplOO is 

evidently higher in terms of production/consumption relative to fuels containing butanol 

(hp50bt50 and btl 00). 
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The total rate of C10Hs production was mostly fom1ed by the smallest PAHs, which in 

this case was C6H6. This is shown by R500: C出サc6比＝＞CloH8+H吋H,and continued by 

R986: H+C,o比OH=>C10Hs+OHand Rl034: C3凡＋C7H1=>C10H社2H.The trend of these 

reactions are similar in the case of all of the fuels (hp 100, hp50bt50, and btlOO). However, it is 

inversely proportional to the butanol mole percentage. 

4-4 Discrepancy of n-heptane/n-butanol mixture flame mechanisms: 

revisited 

As pointed out previously (Chapter 2, Section 2-3), chemical reactions involving n-

butanol and n-heptane was only evident in the CRECK and Wang mechanisms. However, from 

the previous results of flame position of the measurement species of small and large 

hydrocarbons and PAHs, the CRECK measurement are in better agreement relative to tl1e Wang 

mechanism. This discrepancy can be explained by the fact that C晶 wasselected as a 

representative species, and was investigated in the context of mole fraction profile along the 

axial length. All of the fuels reported similar trends, and hp 100 was selected as a reprensentative 

of the behavior of mole fraction. 

Figure 4.4.1 shows the computational profiles of the C2比 molefraction from the hp 100 

fuel using the CRECK and Wang mechanisms. In the case of the fonner, the C2比 molefraction 

used a peak as an intermediate at the flame position prior to maintaining a constant value up till 

the end of the tube, while in the case of the latter, the peak behaves differently, where the C2H2 

mole fraction demonstrating a continuously decreasing trend. In order to elucidate these trends 

in the context of the computed C2H2, the rate of C晶 productionwas analyzed at parameters 

ofゆ＝2.0and T、v,max= 1,100 Kin the case of the CRECK and Wang mechanism. Figure 4.4.2 

shows the rate of production of C2H2 computed using the CRECK and Wang mechanisms for 

hp 100 fuel. The major reactions in the case of C晶 consumptionas a function of temperature 

distributions are also shown in the figure. The CRECK mechanism reported a zero rate ofC2比
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production in the low-temperature region (under ~800 K) towards the end of the reactor, 

confll111ing the lack of reactions in tltis region. 

The Wang mechanism reported a negative rate of C晶 productionin the low 

temperature region (under ~800 K). The C晶 productionbehaviors were obtained from R 130: 

C2比＋H<=>C2比 andR268: C2H汁C2H各＝＞C4Hs.These reactions reduced the C2比 mo1e

fraction within the lower temperature region (downstream side of the quartz tube), and 

subsequently induced a different trend in the C晶 molefraction profile between the CRECK 

and Wang mechanisms. 

Creek mechanism 

一
---------... ク｀｀r...‘‘ 
‘’  、...... クク‘......— ---------

2.0E-03 

9 中 l l.SE-03 

5 
・士ニg l. OE -0 3 

し

゜:8 5.0E-04 
O.OE+OO 

3 4 

Wang mechanis1n 

（ 、 、
`‘  ｀ 
... ...＿ --------_, 

5 6 7 

Length [cm] ，
 Figure 4.4.l Computation of C晶 fromhp 100 mole fraction profile by the CRECK and Wang 

mechanisms at Vo = 10 crn/s，ゅ＝2.0,and T,双max= I, 100 K. 
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り＝2.0,and Tw.max= 1,100 K. 
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Both reactions (corresponding to RJ30 and R268 in the Wang mechanism) were 

included in the CRECK mechanism to represent R83 and R43. However, these reactions are 

not the top three reactions in the CRECK mechanism, and the kinetic parameters in the CRECK 

mechanism differed from those of the Wang mechanism, as per Table 4.4.1. 

Table 4.4.1 Kinetic parameter for Wang and CRECK mechanisms 

Wang mechanism 

Reaction Number Reaction A B E 

Rl30 らH3= C2H2 + H 4.60E+40 -8.80 46200. 

R268 C4Hぷ＝＞C2HサC2H2 O.IOE+l5 

゜
43610 

CRECK mechanism 

R83 C2H汁H(+M)= C叫＋M) O.IOE+l4 

゜
2770 

R43 C4Hs=C2H汁C2H2 0.75E+13 

゜
40000 

The rates of C2比 productioncomputed using the CR ECK mechanism using reactions 

R83 and R43 are shown in Fig. 4.4.3. The reactions (corresponding to R84 and R43 in the 

CRECK mechanism) shows zero rate of C2H2 production within the low temperature region, 

which is expected. The finite consumption of C2比 shownby the Wang mechanism within the 

low temperature region shown in Fig. 4.4.2 led to the underestimation of C2比
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4-5 Summary 

The effect of the addition of butanol on the reaction path and rate of 

production/consumption using the CRECK mechanism was elucidated in this chapter. The 

production of the measured species by GC-TCD, such as small hydrocarbons (C2H4, C晶，

C2H6, CH4, CO, and CO2), large hydrocarbons, as well as PAHs (C6H6, C6比OH,C1比O,C出10,

CsHs, and C,oHs) measured by GC/MS are shown in the reaction path. 

The addition of butanol on the n-heptane resulted in three main reactions involving 

hydroxybutyl radicals, which were CH3CHCH2CH心H, CH3CH2CHCH心H, and 

CH3CH2CH2CHOH. These radicals decompose and react withらH6,CH20H, NC晶，

CH3CHO, and C2Hs, which result in the reduction of small and large hydrocarbons, as well as 

PAHs. These reactions are: Rl612 (CH3CHCH2CH20H<=>C晶 ＋CH20H),R1615 

(CH3CH2CHCH心H<=>NC晶＋OH)and Rl617 (CH3CH2CH2CHOH<=>CH3CHO+C晶）．

The effect of the addition of butanol on the three main species of soot precursors, which 

are primary hydrocarbon (C2H4), intem1ediate and largest PAHs (C晶， andC10Hs), were 

determined by analyzing the total rates of production/consumption and the top three major 

production/consumption reactions for hp 100, hp50bt50, and btlOO at </J = 2.0, and T,、v.max=1,100 

K using the CRECK mechanism. The reduction of C2H4 is caused by the production reaction 

ofR95: NC3比<=>CHサC2比 andconsumption reaction ofR391: OH+C孔 く＝＞比O+C晶 ．In

the case of the smallest PAHs, wruch is C晶， the self-reaction by R473: 

2C晶 (+M)く＝＞C晶 (+M)was identified as the dominant reaction. The fom1ation of C晶 also

influenced the formation of C 10:Hs via R500: C4HサC6H6=>C10Hs+H吋H.

The overall trend of the total rate of production/consumption and the contribution of 

reactions to the trend of soot precursors were determined. The total rate of 

production/consumption of soot precursors is inversely related to the mole percentage of 

butanol. 

Mechanisms covering fuel n-heptane and n-butanol were the CRECK and Wang 
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mechanisms. The rate of production analysis for C2庄 bythe CRECK and Wang mechanism 

were also determined, and we managed to identify the possible cause of the large discrepancy 

between the experimental and computation results, which is the negative rates of the C2庄

production in the low-temperature region by R 130: C2圧＋H<=>C2H3and R268: 

C2比＋C2凡<=>C4H汀nthe Wang mechanism. 
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Appendix 4-A Reaction path analysis of Wang mechanism 

Figure 4.A.1 shows the reaction path analysis for all of the fuels atゅ＝2.0and Tw,max 

= 1,100 K using the Wang mechanism. It shows a similar reaction path with that of the CRECK 

mechanism, despite the fact that theW皿 gmechanism not being able to reproduce experiments 

quantitatively. Therefore, the only reaction path involving small hydrocarbons is shown here, 

which are C2H4, C2H2, CH4, CO, and CO2 (illustrated in small box). 
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Figure 4.A.1 Reaction path analyses for Wang mechanism 

Starting with the decomposition of fuel(NC1H16) to C2H4 via NじH15-2and C晶．The

C2凡 molefraction of the Wang mechanism shows excellent trend with the measurement results, 

as shown in Fig. 3.4.1 in Chapter 3. 
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C2H2, known as the former PAH, is formed after the reaction C2凡 viaC2H3. Due to 

this fact, the mole fractions of C晶 andC晶 areproportional to one another. C晶 continues

to form larger PAHs. 

C2H3 will produce CH2CHO, then CHJCO. CHJCO will then go on to produce CH4 

via CH3. The same CH3CO reaction partially forms CH20 and HCO prior to forming CO and 

CO2. 
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Figure 4.A.2 Reaction path analyses for hp50bt50 by Wang mechanism 
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The reaction path analyses for hp50bt50 by the Wang mechanism is shown in Fig. 4.A.2. 

The reaction path for hp50bt50 shows a similar reaction path with that of the hplOO, since n-

heptane is included in the mixture. However, the addition ofbutanol changed the C吐sspecies. 

C4比OHwas oxidized with OH to produce C4HsOH. C4HsOH then go on to form C2Hs and 

C2H30H. 

It can be seen that C2Hs from C4凡OHis related to C2比 andC2H2. It can be surmised 

that C2Hs species is an important key species when butanol is added to n-beptane. The produced 

C2庄OHwill then go on to produce CH4, CO, and CO2. 

96 



Chapter 5 

Chapter 5 

Summary and Conclusions 

The impact of the addition ofbutanol to sooting tendency and PAHs fonnation behaviors 

have been investigated using a micro-flow reactor with a controlled temperature profile (MFR). 

The following conclusions were made: 
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Species measurement, which were produced from the n-beptane/n-butanol mixtures 

flames, were investigated. The measurement species was divided into two parts: (1) Small 

hydrocarbons of C1 and C2 species by GC-TCD, and (2) larger hydrocarbons and PAHs by 

GC/MS. Both parts were tested under similar parameters: inlet mean velocity, Uo = 10 cm/s, 

pressure, P = l atm, and maximum wall temperature, T,、v,max= 1,100 K. It can be concluded that: 

(I) Small hydrocarbons ofC1 and C2 species by the GC-TCD measurement. 
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in bp50bt50 were smaller relative to the same species in hp50bt0. 

The discrepancy of the n-heptane/n-butanol mixture involved in the CRECK and Wang 

mechanisms were elucidated. 
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