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Figure 3.90. Mole-fraction profile of 1,3-pentadiyne in the fuel-rich toluene flame. 
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Figure 3.91. Mole-fraction profile of cyclopentadienyl radical in the fuel-rich toluene 
flame. 
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Figure 3.92. Mole-fraction profile of 1,3-cyclopentadiene in the fuel-rich toluene. 
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Figure 3.93. Mole-fraction profile of cyclopentene in the fuel-rich toluene flame. 
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Figure 3.94. Mole-fraction profile of triacetylene in the fuel-rich toluene flame. 
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Figure 3.95. Mole-fraction profile of benzyne in the fuel-rich toluene flame. 
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Figure 3.96. Mole-fraction profile of benzene in the fuel-rich toluene flame. 
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Figure 3.97. Mole-fraction profile of methyl cyclopentadiene in the fuel-rich toluene 
flame. 
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Figure 3.98. Mole-fraction profile of 1,2-butadienone-3-methyl in the fuel-rich toluene 
flame. 
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Figure 3.99. Mole-fraction profile of 1,3-cyclopentadiene-5-ethenylidene in the fuel-rich 
toluene flame. 
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Figure 3.100. Mole-fraction profile of benzyl radical in the fuel-rich toluene flame. 
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Figure 3.101. Mole-fraction profile of phenol in the fuel-rich toluene flame. 
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Figure 3.110. Mole-fraction profile of 4-ethylphenol in the fuel-rich toluene flame. 
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Figure 3.111. Mole-fraction profile of 1,4-diethynylbenzene in the fuel-rich toluene 
flame. 
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Figure 3.112. Mole-fraction profile of naphthalene in the fuel-rich toluene flame. 
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Figure 3.113. Mole-fraction profile of methylindene in the fuel-rich toluene flame. 
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Figure 3.114. Mole-fraction profile of C9H8O in the fuel-rich toluene flame. 
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Figure 3.115. Mole-fraction profile of 1-H-indene-2-ethenyl in the fuel-rich toluene 

flame. 
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Figure 3.116. Mole-fraction profile of naphthalene-1-methyl in the fuel-rich toluene 
flame. 
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Figure 3.117. Mole-fraction profile of C10H8O in the fuel-rich toluene flame. 
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Figure 3.118. Mole-fraction profile of acenaphthylene in the fuel-rich toluene flame. 
 
 
 

-2.00E+09

-1.50E+09

-1.00E+09

-5.00E+08

0.00E+00

5.00E+08

1.00E+09

1.50E+09

2.00E+09

2.50E+09

3.00E+09

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00

Distance from the burner (mm)

M
as

s 
Si

gn
al

Mass 154 Mass 156 Mass 166 Mass 168 Mass 184

 
 
 
 

Figure 3.119. Signals of mass 154, 156, 166, 168 and 184 in the fuel-rich toluene flame. 
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Mass 1. The mass 1 species was not detected in the energy scan range of 8.5 to 

11.0 eV. The species showed up at 14.35 eV burner scan. It was considered as hydrogen 

atom. The hydrogen atom mole-fraction profile is depicted in Figure 3.74. It shows an 

increase in hydrogen atom mole fraction away from the burner for a while and then 

shows a decrease into the post-flame zone. 

Mass 2. The mass 2 species was not detected in the energy scan range of 8.5 to 11 

eV. The species appeared at 16.2 eV burner scan. It was identified as hydrogen molecule. 

The hydrogen mole-fraction profile is depicted in Figure 3.75. Hydrogen mole fraction 

has a steady increase away from the burner to about 5.76 mm, and then it remains almost 

constant throughout the post-flame gases. 

Mass 15. The mass 15 was identified as methyl (CH3) radical, based on its mass 

and threshold ionization energy reported in Table 3.5. The mole-fraction profile was 

reported in Figure 3.78. It shows a peak  in methyl radical mole fraction at 3.76 mm and 

then reaches near almost zero at 8.26 mm away from the burner.  

Mass 16. The mass 16 signal was identified as methane (CH4) and O.  They were 

identified following the same principles as discussed in section 3.3.1. A 13.2 eV burner 

scan was used to obtain the methane mole fractionmole-fraction profile (Figure 3.77). 

The mole-fraction profile shows a peak at 2.76 mm. A burner scan at 14.35 eV was used 

to obtain the atomic oxygen mole fraction. The oxygen mole-fraction profile is depicted 

in Figure 3.78. It shows a peak at 3.26 mm. 

Mass 17. The mass 17 signal was treated as hydroxyl radical (OH). A 13.2 eV 

burner scan was used to obtain its mole-fraction profile. The mole-fraction profile shows 

a scattered signal (Figure 3.79). 
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Mass 18. The mass 18 signal was identified as water. The mole-fraction profile of 

water is given in Figure 3.73.  

Mass 26. The mass 26 was identified as acetylene (C2H2) based on the same 

principles discussed in section 3.2.1. The mole fraction profile is depicted in Figure 3.80.  

The profile shows a peak at 4.76 mm. 

Mass 28. As discussed in the lean-toluene flame, carbon monoxide (CO) and 

ethylene (C2H4) were identified as the two species present as mass 28. The peak for the 

C2H4 signal is observed at 2.26 mm. The CO signal showed a gradual increase away from 

the burner and then it remained at steady state in the post-flame zone. Figure 3.73 shows 

the CO mole fraction and Figure 3.81 shows the C2H4 mole fraction profile. 

Mass 30. The mass 30 species was identified as formaldehyde (HCHO). Figure 

3.82 depicts its mole-fraction profile. The profile shows a peak at 3.26 mm. 

Mass 32. The mass 32 species was identified as molecular oxygen (O2). Figure 

3.73 depicts its mole fraction profile along with other major species. The oxygen profile 

shows a sharp decrease in oxygen mole fraction to 5.76 mm away and becomes 

negligible in the post-flame zone. 

Mass 39. The mass 39 species was identified as propargyl (C3H3). Figure 3.83 

depicts its mole-fraction profile. The propargyl profile shows a peak at 4.26 mm. 

Mass 40. Allene, propyne, and argon were found in the fuel-rich toluene flame. 

Figure 3.73 shows the mole fraction profile for argon along with other major species in 

the flame. The argon mole fraction profile shows a decrease to 5.26 mm away from the 

burner and then it remained steady. Figure 3.84 shows the mole fraction profile for allene 

and propyne. 
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Mass 42. The mass 42 species was identified as ketene (C2H2O). Its mole-fraction 

profile is depicted in Figure 3.85. The profile shows a peak at 3.78 mm. 

Mass 44. The mass 44 species was identified as carbon dioxide (CO2). Although 

CO2 did not appear in the energy scan (8.5 to 11 eV) as it has a higher ionization energy, 

but the mass 44 signal that was detected at 14.35 eV was considered to be CO2. Its profile 

is shown in Figure 3.73 along with other major species. 

Mass 50. The mass 50 species was identified as 1,3-butadiyne or diacetylene. 

Figure 3.86 depicts its mole-fraction profile. The profile shows a peak at 4.76 mm. 

Mass 52. The mass 52 species was identified as 1-buten-3-yne or vinylacetylene. 

Figure 3.87 depicts its mole-fraction profile. The profile shows a peak at 3.78 mm. 

Mass 54. The mass 54 species was identified as 1,3-butadiene. Figure 3.88 

depicts its mole-fraction profile. A burner scan at 9.977 eV was used to get its mole 

fraction profile. The profile shows a peak at 2.76 mm. 

Mass 56. The mass 56 species was identified as methoxy acetylene. Its mole-

fraction profile is depicted in Figure 3.89. The profile shows a peak at 2.76 mm. 

Mass 64. The mass 64 species was identified as 1,3-pentadiyne (C5H4). Figure 

3.90 depicts its mole-fraction profile. The profile shows a peak at 4.26 mm. 

Mass 65. The mass 65 species was identified as cyclopentadienyl radical (C5H5). 

Figure 3.91 depicts its mole-fraction profile. The profile shows a peak at 3.78 mm. 

Mass 66. The mass 66 species was identified as 1,3-cyclopentadiene (C5H6). 

Figure 3.92 depicts its mole-fraction profile. The profile shows a peak at 3.78 mm. 

Mass 68. The mass 68 species was identified as cyclopentene. Figure 3.93 depicts 

its mole-fraction profile. The profile shows a peak at 2.26 mm. 
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Mass 74. The mass 74 species was identified as 1,3,5-hexatriyne or 

triacetylene(C6H2). Figure 3.94 depicts its mole-fraction profile. A burner scan at 9.977 

eV was used to get its mole fraction profile. The profile shows a peak at 4.76 mm. 

Mass 76. The mass 76 species was identified as benzyne (C6H4). Figure 3.95 

depicts its mole-fraction profile. The profile shows a peak at 4.26 mm. 

Mass 78. Fulvene (C6H6) and benzene (C6H6) were identified from the PIE scan 

of mass 78 signal. Benzene was found to be the dominant species at mass 78. Hence the 

total mass 78 signal was considered as benzene and its mole fraction was obtained. 

Figure 3.96 depicts the benzene mole-fraction profile. It shows a peak at 3.78 mm. 

Mass 80. The mass 80 species was identified as methyl cyclopentadiene (C6H8). 

Figure 3.97 depicts its mole fraction profile. A burner scan at 9.977 eV was used to get its 

mole-fraction profile. The profile shows a peak at 2.76 mm. 

Mass 82. The mass 82 species was identified as 1,2-butadienone-3-methyl. Figure 

3.98 depicts its mole-fraction profile. The profile shows rapid decrease of the species 

away from the burner. 

Mass 90. The mass 90 species was identified as 1,3-cyclopentadiene-5-

ethenylidene. Figure 3.99 depicts its mole-fraction profile. The profile shows a peak at 

4.26 mm. 

Mass 91. The mass 91 species was identified as benzyl radical. Figure 3.100 

depicts its mole-fraction profile. The profile shows a peak at 3.78 mm. 

Mass 92. The mass 92 species was identified as toluene (C7H8).This is the fuel in 

the flame. Figure 3.73 depicts its mole-fraction profile. It shows that all the toluene is 

oxidized within 4.76 mm. 
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Mass 94. The mass 94 species was identified as phenol (C6H6O). Figure 3.101 

depicts its mole-fraction profile. It shows a peak at 2.76 mm. 

Mass 102. The mass 102 species was identified as phenylacetylene (C8H6). Figure 

3.102 depicts its mole-fraction profile. It shows a peak at 4.26 mm. 

Mass 104. The mass 104 species was identified as styrene (C8H8). Figure 3.103 

depicts its mole-fraction profile. It showed a peak at 3.78 mm. 

Mass 106. The mass 104 species was identified as benzaldehyde (C7H6O). Figure 

3.104 depicts its mole-fraction profile. At 2.76 mm it forms a peak. 

Mass 108. The mass 108 species was identified as benzyl alcohol (C7H8O). 

Figure 3.105 depicts its mole-fraction profile. At 2.76 mm it forms a peak. 

Mass 115. The mass 115 species was identified as indenyl radical (C9H7). Figure 

3.107 depicts its mole-fraction profile. At 2.76 mm it forms a peak. 

Mass 116. The mass 116 species was identified as indene (C9H8). Figure 3.106 

depicts its mole-fraction profile. At 2.76 mm it forms a peak. 

Mass 118. The mass 118 species was identified as indane (C9H10). Figure 3.108 

depicts its mole-fraction profile. At 3.26 mm it forms a peak. 

Mass 120. The mass 120 species was identified as 1-phenylethenol (C8H8O) . 

Figure 3.109 depicts its mole-fraction profile. At 1.26 mm it forms a peak. 

Mass 122. The mass 122 species was identified as phenol,4-ethyl (C8H10O) . 

Figure 3.110 depicts its mole-fraction profile. At 1.26 mm it forms a peak. 

Mass 126. The mass 126 species was identified as 1,4-diethynylbenzene (C10H6). 

Figure 3.111 depicts its mole-fraction profile. At 4.26 mm it forms a peak. 
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Mass 128. The mass 128 species was identified as naphthalene (C10H8). Figure 

3.112 depicts its mole-fraction profile. At 4.26 mm it forms a peak. 

Mass 130. The mass 130 species was identified as methyl indene. Figure 3.113 

depicts its mole-fraction profile. At 2.76 mm it forms a peak. 

Mass 132. A species shows up as mass 132. Its ionization energy is below 8.5 eV, 

and it forms close to the burner surface. It might be an oxygenated species (C9H8O). With 

a carefully estimated cross section for this species, its mole-fraction profile is obtained 

and given in figure 3.114. 

Mass 140. The mass 140 species was proposed to be as 1H-indene-2-ethynyl. 

Figure 3.115 depicts its mole fraction profile. At 4.26 mm it forms a peak. 

Mass 142. The mass 142 species was proposed to be as 1-methylnaphthalene. 

Figure 3.116 depicts its mole-fraction profile. At 3.26 mm it forms a peak. 

Mass 144. A species shows up as mass 144. Its ionization energy is below 8.5 eV, 

and it forms close to the burner surface. It might be an oxygenated species (C10H8O). 

With a carefully estimated cross section for this species, its mole-fraction profile is 

obtained and given in Figure 3.117. 

Mass 152. The mass 152 species was identified as acenaphthylene (C12H8). 

Figure 3.118 depicts its mole-fraction profile. At 4.76 mm it forms a peak. 

Other higher hydrocarbons. Species with mass 154, 156, 166, 168, and 184 

were detected in the flame. These signals are weak and the ionization energies of these 

species appear to be below 8.5 eV. Further investigation is needed to identify these 

species. The raw signals for these species are depicted in Figure 3.119. 
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3.4.2 Checks for mole-fraction-profile analysis 

 The mole-fraction profiles obtained from the flame data was checked with the 

initial feed composition, and a mole balance was performed with hydrogen and carbon 

atom balances in the feed and the post-flame zone of the flame. 

 Initial mole fraction of the feed gas going into the burner was obtained from the 

feed conditions of the toluene flame. This result was then compared against the mole 

fraction achieved for the first data point away from the burner. The comparison is 

tabulated in Table 3.9. 

 

Table 3.9. Comparison of mole fraction of the feed composition and mole fraction 
obtained at the first data point away from the burner. 

 Mole fraction in the feed gas Mole fraction at 1.35 mm away 
from the burner 

Toluene 0.091 0.128 
Oxygen 0.548 0.37 
Argon 0.361 0.21 
 
 
 The initial check suggests that something is wrong with the data or data analysis 

as the initial mole fraction of toluene is slightly higher than that in the feed gas. This 

implies a need for re-measuring the species profiles in the flame. 

 

3.5 Temperature measurements for the toluene and methane flames 

 Experiments were done to measure the temperature profiles of the two toluene 

flames discussed beforehand and a stoichiometric methane flame. But after the 

experiments were done it was found that, there was an air leak while the flow conditions 

were calibrated. This air leak led to low flow rate of oxygen and made the toluene flames 

fuel-rich. After the air leak was fixed the exact flow rates for these flames were found out 
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and hence their fuel equivalence ratios were recalculated. Although the species 

measurements were not done with these flames, the temperature profile for these flames 

is reported here, as these data might be useful in the future. 

 Figure 3.120 depicts the temperature for the methane flame.  Figure 3.121 depicts 

the temperature profile for a toluene flame (Ф=2.03) and Figure 3.122 depicts the 

temperature profile for a toluene flame (Ф=3.97). 

 The difference between the heated and unheated temperature for the toluene flame 

(Ф=3.97) is significantly less compared to the difference between the two in other flames. 

This attributes to an error while measuring the temperature in this toluene flame. While 

the thermocouple was being heated up with the resistive circuit, it was heated up to 18 

mV (approximately). The data points were far away from the calibration curve and they 

were linearly extrapolated to get the crossing point between the data points and the 

calibration curve. This led to the error in getting the heated temperature accurately. 

However the unheated temperature that was measured with the thermocouple would be 

able to provide an estimation of temperature for the toluene flame. 
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Temperature profile for methane flame (phi 0.451) 
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Figure 3.120. Temperature profile for methane flame (Ф =0.451) ( ■ Heated temperature, 

▲unheated temperature ). 
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Figure 3.121. Temperature profile for toluene flame (Ф = 2.03)  

(∆ Heated temperature, ■ unheated temperature). 
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Temperature profile for toluene (phi = 3.95)
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Figure 3.122. Temperature profile for toluene flame (Ф = 3.97)  

(∆ Heated temperature, ■ unheated temperature).  
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CHAPTER 4 

CONCLUSIONS AND RECOMMENDATIONS 

 

4.1 Conclusions 

 Measurements. Three flames were studied with the MBMS system at the ALS 

during the course of this dissertation. One fuel-rich cyclohexane flame was studied to 

compare against a stoichiometric cyclohexane flame studied in the group before. Two 

toluene flames (one fuel-rich and the other fuel-lean) were studied to understand the 

hydrocarbon growth chemistry in combustion. Toluene was chosen as it was believed that 

more and more higher hydrocarbons would be observed in the toluene flame.  

 Several species were identified in these three flames. Their mole-fraction profiles 

were obtained. Species identification and their mole-fraction profiles contribute 

significantly to highlight the reactions going on in the flame. Thus, a useful basis for an 

understanding of the hydrocarbon flame kinetics was obtained during this study.  

 The fuel-rich cyclohexane flame analysis showed formation of some higher 

hydrocarbons that were not observed in the stoichiometric cyclohexane flame measured 

in the group previously. These species are triacetylene (C6H2), p-xylene (C8H10), indene 

(C9H8), styrene (C8H8), and naphthalene (C8H10). The formation of triacetylene indicates 

that when fuel equivalence ratio is increased, the polyacetylene chemistry in the flames 

become significant. It has been a long-standing debate whether these linear long-chain 

molecules contribute much to the formation of soot. The other group of thought is that the 

polyaromatic hydrocarbons (PAH) like indene and naphthalene are the precursors for 

soot. Although these PAHs were observed in the flame and their mole-fraction profiles 
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were obtained, the concentrations for these species were very low and the mole-fraction 

profiles looked scattered. Tetra-acetylene (C8H2) (I.E. 9.09 ± 0.02 eV) was believed to be 

in the flame, but the presence of cyclohexanone (I.E 9.16 ± 0.02 eV) dominates any 

signal from it. These species have the same mass number (98) and their ionization 

energies are very close. The burner scan of mass 98 shows a species close to the burner 

surface; hence, for this study it was considered that the mass 98 species was more likely 

cyclohexanone because the polyacetylenes form only at high temperatures.  A richer 

cyclohexane flame could be studied in the future to look for the formation of higher 

hydrocarbons in cyclohexane flames. 

 Cyclohexane flame modeling. Preliminary modeling was performed for the fuel-

rich cyclohexane flame with CHEMKIN. The convergence of the code was achieved only 

without considering thermal diffusion. A previous analysis with a stoichiometric 

cyclohexane flame modeling showed that the change in the mole fraction profile of the 

major species does not change much when thermal diffusion is considered. Suitable 

adjustments should be made in the mechanism or the code so that the calculation will 

converge while it accounts for thermal diffusion.  

The preliminary modeling results are discussed in Appendix C. A SENKPLOT 

analysis of the major reaction pathways for the cyclohexane flame has been performed 

and is discussed  in Appendix C as well. A qualitative comparison between the 

experimental results and the model prediction shows similarity in shape for the mole 

fraction profiles of major species Ar, H2O, CO, CO2, O2 ,cyclohexane and H2 in the 

flame. 
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 Species in the toluene flames. The two toluene flames that have been studied in 

the current research show several species that were not detected in the fuel-rich 

cyclohexane flame. 

• The radicals H, OH and O were observed in the toluene flames. These radicals 

should have been observed in the fuel-rich cyclohexane flame as well because 

these radicals play key roles in the combustion chemistry of all the hydrocarbons. 

This problem has been identified as one of the weakness of the ALS system 

because with this system, the data for H, O, and OH for different hydrocarbon 

flames are not consistent.  

• In the fuel-lean toluene flame, the mass 42 species was identified as ketene only. 

In the rich toluene flame both ketene and propene were identified.  

• In the fuel-rich toluene flame, several higher hydrocarbons were observed as well. 

These mass species are mass 115, mass 128, mass 130, mass 132, mass 140, mass 

142, mass 144, mass 152, mass 154, mass 156, mass 166, mass 168, mass 180, 

mass 182 and mass 184. The presence of these species once again is consistent 

with the importance of PAHs in soot formation. 

Temperatures.  Temperature measurement is an important aspect of combustion 

studies. The temperature measurements were carried out in the UMass apparatus for the 

fuel-rich cyclohexane flame, two toluene flames, and a lean methane flame as well. These 

temperature measurements should be helpful in understanding the detailed reaction 

chemistry of combustion for these fuels. 
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4.2 Recommendations 

 Recommendation 1.  The liquid feed delivery system for the UMass apparatus 

can be upgraded for better accuracy and ease of experimentation.  

• The current set-up uses four syringes in a syringe pump (Model PHD 2000, 

Harvard Apparatus). The operating limit of atmospheric pressure for these 

syringes makes it hard for the experiment. When the pressure in the vaporizer 

goes below atmospheric, air leaks into the syringes, which imparts error to the 

liquid flow rate. When the pressure in the vaporizer goes above atmospheric, the 

vapor starts pushing the liquid out of the syringes, which again imparts error in 

the liquid flow rate and creates a flame hazard in the lab as well. It takes lot of 

time and effort to build the right pressure in the vaporizer and get a stable flame 

with this setup.  

• Even after a stable flame is achieved, the storage capacity of the syringes brings 

further limitation in operation. Two syringes can deliver 100 ml of fuel altogether. 

When two syringes are emptied, the other two syringes are filled and the direction 

of the syringe pump needs to be reversed. There is always a possibility that the 

flame may go out during this transition. Even if the flame survives the transition, 

it takes about 20 minutes approximately to make the flame stable.  

• Getting rid of the air bubbles from the syringes is a laborious process, as the 

whole syringe-pump assembly needs to be held upright while the pump is 

running, and the buoyancy of the bubbles helps to get rid of them. A syringe 

pump assembly with a big single syringe standing upright can work better to 

resolve this issue.  
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Recommendation 2.  While measuring the temperature profile with the UMass 

system, it was found that the voltage reading fluctuates within a small range. The upper 

and lower bounds of that range were noted, and the average voltage was used to measure 

the temperature. Manual reading might incorporate error in the experimental data, hence 

a computer-controlled data acquisition system for reading the data over a period of time 

and averaging them might be more accurate way of reporting the data. 

Recommendation 3.  The tubing that carries the liquid vapor to the burner for the 

UMass system is heated with heating tapes and variable autotransformers. The 

temperature of the tubing is read at three points with a Type K thermocouple 

thermometer. This arrangement gives us a limited control over the actual temperature at 

which the tube can be heated. Care should be taken that the tubing is heated uniformly. 

Recommendation 4.  Measuring the area-expansion ratio profiles of the flames 

would bring more accuracy for modeling the flame. The area expansion ratios for the 

studied hydrocarbon flames need to be found and incorporated in the modeling. 

 Recommendation 5.  The issue related to the uncertainty in seeing the important 

radicals O, OH and H with the ALS system should be investigated. Careful preparation of 

the quartz sampling probe should resolve this issue. As one aspect, surface-catalyzed 

radical recombination reactions might be the key. In order to make the quartz probe outer 

surface perfect, the surface of the quartz probe was polished with sandpaper and crocus 

cloth until a good water-jet test was achieved with the cone (an aligned water jet 

produced in the probe from pressurized water at the probe tip). The experimental results 

showed a better signal intensity for these radicals detected in ALS. However the probe 

surface was cleansed with distilled water at that point. A dilute solution of hydrofluoric 
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acid would be able to cleanse the surface properly, and a second wash with distilled water 

would minimize the catalyzed radical recombination on the probe surface as suggested by 

Law (2005). This cleansing method should be incorporated to see if this solves the OH, H 

and O detection problem at the ALS. 

 Recommendation 6.  The UMass apparatus was able to detect the radicals O, H, 

and OH in hydrocarbon flames. The mole fraction profiles of these radicals should be 

found for the cyclohexane and toluene flames. 

 Recommendation 7.  Some of the higher hydrocarbons in the fuel-rich toluene 

flame were not identified sufficiently. The energy scans for these species were conducted 

at a range of 8.5 to 11.0 eV. The PIE scans of these species were observed to be below 

8.5 eV, as mentioned in Chapter 3. Most of these higher hydrocarbons show a peak at 

4.26 mm away from the burner; however, some of the oxygenated species show maxima 

closer to the burner surface (at 1.76 mm away from the burner).  A PIE scan in the range 

of 7 to 11 eV at 3 mm away from the burner would be helpful to identify these species.  

 Recommendation 8.  In the fuel-rich cyclohexane and fuel-rich toluene flames, 

both propene and ketene were found at mass 42, but as their ionization energies lie very 

close to each other, these species were not resolved with the ALS equipment. The UMass 

equipment has better mass resolution than the ALS equipment. These species need to be 

resolved with the UMass system for the flames mentioned above.  

 Recommendation 9.  Detailed modeling needs to be done for the cyclohexane 

and toluene flames. The reactions leading to the high-molecular weight species found in 

the fuel-rich toluene flame might clarify interesting aspects in understanding the 

hydrocarbon growth mechanism in flames. 
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 Recommendation 10.  When the flow conditions for the fuel-lean toluene flame 

were being set for temperature measurements with UMass system, there was an air leak 

that created a different toluene flame from that which was desired. It became a fuel-rich 

(Ф = 2.02) flame. The temperature profile that was measured with this flame showed a 

very gradual increase in temperature away from the burner. The flame stood away from 

the burner, it was very stable, and the luminous reaction zone was very wide 

(approximately 25 mm). The flame was not emitting soot. The wide reaction zone of this 

flame would lead to wider peaks for the intermediate hydrocarbons formed in the flame. 

This flame would be interesting to study. The mole-fraction profiles for this flame should 

be analyzed, and this flame should be modeled as the temperature profile for this flame 

has already been measured in the current work. A similar air-leak problem was also 

encountered while temperature profiles were being measured for a stoichiometric 

methane flame and a rich-toluene flame. As the temperature profile for these flames has 

already been measured, their mole fraction profiles can be measured, so that these flames 

could be modeled. 

 Recommendation 11.  The photo-ionization cross sections for different 

hydrocarbons are not readily available in the literature, and there is ambiguity for the 

specific photo-ionization cross sections of different species in the literature as well. In 

this current research, the photo-ionization cross sections that had been measured in the 

ALS/MBMS group were mainly used. For several intermediate species, an expression 

used by Koizumi (1990) was used. Although this might be a good first approximation, the 

expression suggests that the photo-ionization cross section decreases with increasing 
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photon energy, which is contradictory to the experimental findings. Hence, a better way 

for approximating the photo-ionization cross sections needs to be investigated. 
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APPENDIX A 

PHOTOIONIZATION CROSS-SECTIONS AND MASS DISCRIMINATION 

FACTORS 

 

A.1 Photo-ionization cross-sections used: 

 This appendix presents the values used in this work for photo-ionization cross-

sections. The values are given in megabarn (mbarn). The notations used for references 

are as follows. 

A Palenius et al. (1976) 

B Collaboratory for Multi-Scale Chemical Science, ALS Low Pressure Flames data 

base (cmcs.org) 

C Samson and Pareek, 1985 

D Dehmer, 1984 

E  Measured in the group 

F Measured with the expression used by Koizumi, 1991 

G Holland et al., 1993 

H Cool et al., 2003 

I Samson, and Stolte, 2002 
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Table A.1 Photo-ionization cross-sections 
Mass 
(amu) 

Name IP (eV) Energy 
measured 
at (eV) 

Photo-
ionization 
cross-section 
(mbarn) 

References 

1 Hydrogen atom 
(H) 

13.59844 14.37 4.85 A 

2 Hydrogen 
molecule (H2) 

15.42593 
±0.00005 

16.22 8.032 B 

15 Methyl radical 
(CH3) 

9.84±0.01 10.0 8 B 

16 Methane (CH4) 12.61 
±0.01 

13.21 3.75 B 

16 Oxygen (O) 13.61806 14.37 4.962 C 
17 Hydroxyl 

radical (OH) 
13.017 
±0.002 

13.21 4 D 

18 Water (H2O) 12.621 
±0.002 

13.21 7.2 B 

26 Acetylene 
(C2H2) 

11.4±0.00
2 

12.32 29.77 E 

28 Ethylene (C2H4) 10.5138 
±0.0006 

12.32 11.48 B 

28 Carbon 
monoxide (CO) 

14.014 
±0.0003 

14.37 26.542 B 

29 Formyl radical 
(HCO) 

8.12±0.04 10.00 6.913 F 

30 Formaldehyde 
(HCHO) 

10.88 
±0.01 

11.52 10.129 B 

32 Oxygen (O2) 12.0697 
±0.0002 

12.32 2.2 G 

39 Propargyl 
(C3H3) 

8.67±0.02 10.00 8.3 B 

40 Allene (C3H4) 9.692 
±0.004 

10.00 8.308 H 

40  Propyne (C3H4) 10.36 
±0.01 

10.52 23.06 H 

40 Argon (Ar) 15.759 
±0.001 

16.22 32.2 I 

41 Allyl radical 
(C3H5) 

8.18±0.07 10.00 6.2 B 

42 Propene  
(C3H6) 

9.73±0.01 10.00 6.316 B 

42 Ketene (C2H2O) 9.617 
±0.003 

11.52 6.9 F 

44 Carbon dioxide  
(CO2) 

13.777±0.
001 

14.37 20.65 B 
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Mass 
(amu) 

Name IP (eV) Energy 
considere
d (eV) 

Photo-
ionization 
cross-section 
(mbarn) 

References 

50 1,3-
butadiyne(C4H2
) 

10.17 10.52 23.82 E 

52 1-Buten-3-
yne(C4H4) 

9.58±0.02 10.06 24.57 E 

54 1,3-Butadiene 
(C4H6) 

9.072±0.0
07 

10.00 7.53 E 

56 Methoxyacetyle
ne (C4H8) 

9.48 10.06 9.94 F 

56 1-Butene 9.55±0.06 10.00 9.45 B 
64 1,3-Pentadiyne 

(C5H4) 
9.5 ± 0.02 10.00 8.2 F 

65 Cyclopentadien
yl (C5H5) 
radical 

8.41/8.56 10.00 7.22 F 

66 1,3-
Cyclopentadien
e    (C5H6) 

8.57 ± 
0.01 

10.00 7.39 F 

68 1,3-Pentadiene 
(C5H8) 

8.6 10.00 7.42 F 

68 1,2-Butadienone 
(C4H4O) 

8.68±0.05 10.06 7.45 F 

70 2-Pentene 
(C5H10) 

9.01±0.03 
 

10.00 7.89 F 

74 1,3,5-
Hexatriyne 
(C6H2) 

9.5±0.02 10.00 8.48 F 

76 Benzyne (C6H4) 9.03±0.05 10.00 7.91 F 
78 Benzene (C6H6) 9.24378±0

.00007 
10.00 24.28 B 

80 1,3-
Cyclohexadiene 
(C6H8) 

8.25 10.00 7.047 F 

80 Methylcyclopen
tadiene (C6H8) 

8.28±0.05 10.06 7.022 F 

82 Cyclohexene 
(C6H10) 

8.95±0.01 10.00 7.817 F 

82 1,2 Butadienone 
3 methyl 
(C5H6O) 

8.65 10.06 7.4 F 

83 Cyclohexyl 
radical (C6H11) 

7.66±0.05 10.00 6.46 F 
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Mass 
(amu) 

Name IP (eV) Energy 
measured 
at (eV) 

Photo-
ionization 
cross-section 
(mbarn) 

References 

84 Cyclohexane 
(C6H12) 

9.88±0.03 10.00 2.12 E 

90 1,3-
Cyclopentadien
e,5-ethenylidene 
(C7H6) 

8.29 10.06 7.03 F 

91 Benzyl radical 
(C7H7) 

7.242±0.0
06 

10.06 6.02 F 

92 Toluene (C7H8) 8.828±0.0
01 

10.06 35 E 

94 Phenol (C6H6O) 8.49±0.02 10.06 7.303 F 
 

98 Cyclohexanone 9.16±0.02 10.00 8.06 F 
102 Phenyl 

acetylene 
(C8H6) 

8.82±0.02 10.00 7.67 F 

104 Styrene (C8H8) 8.464±0.0
01 

10.00 7.27 F 

106 Para-xylene 
(C8H10) 

8.44±0.05 10.00 7.248 F 

106  Benzaldehyde 
(C7H6O) 

9.5±0.08 10.06 8.41 F 

108 Benzyl alcohol 
(C7H8O) 

8.26±0.05 10.00 7.06 F 

115 Indenyl Radical 
(C9H7) 

8.35 9.98 11.62 F 

116 Indene (C9H8) 8.14±0.01 10.00 6.93 F 
120 1-Phenylethenol 

(C8H8O) 
8.01 ± 
0.03 

9.98 12.25 F 

122 Phenol , 4-ethyl 
(C8H10O) 

7.84 9.98 12.53 F 

126 1,4-
Diethynylbenze
ne (C10H6) 

8.58 ± 
0.02 

9.98 11.23 F 

128 Naphthalene 
(C10H8) 

8.144 
±0.001 

10.00 6.96 F 

130 Methyl Indene 
(C10H10) 

8.27 9.98 11.79 F 

140 1H-Indene,2-
ethynyl (C11H8) 

8.04 9.98 12.2 F 

142 Naphthalene,1-
methyl (C11H10) 

7.96 ± 
0.03 

9.98 12.34 F 
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Mass 
(amu) 

Name IP (eV) Energy 
measured 
at (eV) 

Photo-
ionization 
cross-section 
(mbarn) 

References 

152 Acenaphthalene 
(C12H8) 

8.12± 0.1 9.98 12.06 F 

 
 
 
A.2 Mass discrimination factors used 

 Mass discrimination factors are used to rectify the error in the signal due to 

different velocities of ions of different masses. According to (Chernushevic et al., 2001), 

the velocity component of an ion in a monoenergetic beam in a time-of-flight mass 

spectrometer is inversely proportional to its mass-to-ion ratio. Thus lighter ions spread 

out over a distance larger than heavier ions. To account for this effect, mass 

discrimination factors are used. A sample gas with known mole fraction of the target 

species (whose mass discrimination factor is required) is fed into the instrument. The 

mass spectrometer detects its signal, and with known photo-ionization cross section of 

the species at a particular energy, its mass discrimination factor is measured. Mass 

discrimination factors measured for the ALS equipment were used for the data analysis in 

this study. The mass discrimination factors for a few species were measured, and the 

mass discrimination for the rest of the species were found by fitting a suitable curve 

through them. The data measured and the interpolated data with respect to argon are 

given below. 
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Table A.2 Experimental results of mass discrimination factors measured in ALS in 
January, 2006 

Species Mass Mass discrimination factor 

H2
2.02 0.21 

D2
4.03 0.47 

CH4
16.04 0.47 

C2H2
26.04 0.69 

CO 
28 0.70 

Ar 
39.948 1.00 

C3H4
42.08 1.04 

CO2
44.01 1.06 

C6H6
78.11 0.91 

Mass 84 
84 1.05 

Mass 132 
132 0.55 

 

 

Table A.3 Interpolated mass discrimination factors relative to argon for other mass 
species 

Mass Mass 
discrimination 

Mass Mass 
Discrimination

Mass Mass 
Discrimination

1 
0.252 

45 
1.045 

89 
1.047 

2 
0.281 

46 
1.052 

90 
1.040 

3 
0.309 

47 
1.059 

91 
1.033 

4 
0.337 

48 
1.066 

92 
1.026 

5 
0.365 

49 
1.073 

93 
1.019 

6 
0.391 

50 
1.079 

94 
1.011 
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Mass Mass 
discrimination 

Mass Mass 
Discrimination

Mass Mass 
Discrimination

7 
0.418 

51 
1.084 

95 
1.003 

8 
0.443 

52 
1.090 

96 
0.995 

9 
0.469 

53 
1.095 

97 
0.987 

10 
0.493 

54 
1.099 

98 
0.978 

11 
0.517 

55 
1.103 

99 
0.969 

12 
0.541 

56 
1.107 

100 
0.960 

13 
0.564 

57 
1.111 

101 
0.951 

14 
0.587 

58 
1.114 

102 
0.942 

15 
0.609 

59 
1.116 

103 
0.932 

16 
0.630 

60 
1.119 

104 
0.922 

17 
0.651 

61 
1.121 

105 
0.912 

18 
0.671 

62 
1.122 

106 
0.902 

19 
0.691 

63 
1.124 

107 
0.892 

20 
0.711 

64 
1.124 

108 
0.881 

21 
0.730 

65 
1.125 

109 
0.871 

22 
0.748 

66 
1.125 

110 
0.860 

23 
0.766 

67 
1.125 

111 
0.849 

24 
0.784 

68 
1.125 

112 
0.837 

25 
0.801 

69 
1.124 

113 
0.826 

26 
0.817 

70 
1.123 

114 
0.814 

27 
0.833 

71 
1.122 

115 
0.803 

28 
0.849 

72 
1.120 

116 
0.791 
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Mass Mass 
discrimination 

Mass Mass 
Discrimination

Mass Mass 
Discrimination

29 
0.864 

73 
1.118 

117 
0.779 

30 
0.879 

74 
1.116 

118 
0.767 

31 
0.893 

75 
1.113 

119 
0.754 

32 
0.906 

76 
1.110 

120 
0.742 

33 
0.920 

77 
1.107 

121 
0.729 

34 
0.932 

78 
1.104 

122 
0.716 

35 
0.945 

79 
1.100 

123 
0.704 

36 
0.957 

80 
1.096 

124 
0.691 

37 
0.968 

81 
1.091 

125 
0.677 

38 
0.979 

82 
1.087 

126 
0.664 

39 
0.990 

83 
1.082 

127 
0.651 

40 
1.000 

84 
1.077 

128 
0.637 

41 
1.010 

85 
1.071 

129 
0.624 

42 
1.019 

86 
1.066 

130 
0.610 

43 
1.028 

87 
1.060 

131 
0.596 

44 
1.036 

88 
1.054 

132 
0.582 
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APPENDIX B 

EXPERIMENTAL CALIBRATIONS 

 

B.1 Gas flow calibration methods 

As discussed in Chapter 2, the gas flow is calibrated against a dead volume.  One 

sample calculation for setting up the flow condition for the cyclohexane flame is 

tabulated below. The required flow rate for oxygen and argon for the cylohexane flame is 

1.058 slm and 0.564 slm respectively. The volume of the cylinder is 43.364 l. The 

temperature in the room was 294 K. Ideal gas law was applied to calculate the number of 

moles (M) in the cylinder. F refers to the molar flow rate. 

 

 

 

Table B.1 Gas flow required. 
Gas Flow required 

(SLM) 

Flow required 

(mole/sec) 

Oxygen 1.058 0.000787 

Argon 0.564 0.000412 
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Table B.2 Pressure and time reading for set point 52 for argon 
Set 
point 

Pressure
(Torr) 

Time 
(sec) 

dt 
(sec) 

M 
(moles) 

dM 
(moles) 

F (dM/dt) 
(moles/sec) 

Average 
(moles/sec) 

51 
22.05 0 0 5.22E-02   4.06E-04 

 
24.02 11.67 11.67 5.68E-02 4.66E-03 3.99E-04  

 
26.06 23.61 11.94 6.16E-02 4.82E-03 4.04E-04  

 
28.05 35.14 11.53 6.63E-02 4.71E-03 4.08E-04  

 
32.06 58.36 23.22 7.58E-02 9.48E-03 4.08E-04  

 
35.05 75.61 17.25 8.29E-02 7.07E-03 4.10E-04  
 

The following graph represents the molar flow rate versus set point for the argon. 
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Figure B.1. Molar flow rate against set point in argon. 

A similar procedure was followed to find the proper flow conditions for all the 

flames. 
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B.2 Calibration for the syringe pump 

The syringe pump flow was calibrated using water at room temperature (20 ۫ C). 

The pump flow rate was set at a certain value, and then the pump was run for a known 

period of time. The water that came out of the pump was collected and weighed. From 

the density of water, the total volume delivered by the pump was calculated. Using this 

known volume and time, the volumetric flow rate was calculated.  

Figure B.2 presents the actual flow rate against the target flow rate. The straight 

line represents the ideal case when actual flow rate equals the target flow rate. The points 

in the graph represents the data points. The deviation of the data points from the straight 

line represents the error involved with the syringe pump delivery rate. 

It shows that as the target flow rate is decreased, the error decreases significantly. 

During the course of experiment, the maximum target flow rate required by the syringe 

pump was 0.6 ml/min. It was assumed that at this flow rate the error involved was 

negligible, but a fluctuation observed in the toluene and cyclohexane flame while 

measuring  their temperature suggested that the syringe pump delivery rate might have 

fluctuated with time. This source of error needs to be further investigated. 
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Figure B.2. Syringe pump calibration 

( The straight line represents the ideal case where the actual flow rate equals the 

target flow rate, the diamonds represent the actual data point) 
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APPENDIX C 

MODELING OF  FUEL-RICH CYCLOHEXANE FLAME 

 

CHEMKIN, a code developed by Sandia, was used for the preliminary flame 

modeling. A general description of the numerical properties of the code is discussed 

below. 

C.1 Overview of the code 

The code solves the one-dimensional transport equations and, in principle, the  

energy-balance equations. The flame is called one-dimensional because there is assumed 

to be no radial velocity gradient and temperature gradient across the burner. The common 

practice is to measure the temperature profile in the flame and fit that data into the code 

to solve the transport equation because the energy conservation equation can not be 

solved efficiently without knowing the energy losses in different flames to its 

surroundings. The modeling approach of the combustion system uses a combination of 

time-dependent and steady-state methods. The idea of coarse-to-fine grid refinement was 

used as a means to enhance the convergence properties of the steady state approach and 

as a means to provide optimal mesh placement. The model can be used for analyzing 

species profiles in flame experiments with a known mass flow rate. 

 

C.2 Structure of the code. 

 The code depends on data and subroutines from the CHEMKIN and transport 

packages. Therefore to solve a flame problem, a command procedure needs to be set up 

that would allow for the execution of several preprocessor programs, the access to several  
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Figure C.1. Structure of the CHEMKIN code. 
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data bases, the loading of subroutines from several libraries, and the passing of files from 

one process to another. Figure C.1 shows the flow chart of the CHEMKIN code. 

The first step executes the CHEMKIN interpreter. It reads the user-supplied 

information about the species and chemical reactions for a particular reaction mechanism. 

It then extracts further information about the species thermodynamic properties from   a  

data base. This information is stored in the CHEMKIN linking file, a file that is needed 

by the transport property-fitting program TRANFIT and later by the CHEMKIN 

subroutine library, which is accessed by the flame-model program. 

The next program that is executed is the TRANFIT program. It needs input data 

from a transport property database and from the CHEMKIN subroutine library. Its 

purpose is to compute polynomial representations of the temperature dependent parts of 

the individual species viscosities, thermal conductivities and binary diffusion 

coefficients. Like the CHEMKIN interpreter, the TRANFIT program produces a linking 

file that is later needed in the transport-property subroutine library, which will evaluate 

mixture properties during the course of flame computation. 

The CHEMKIN and the transport subroutine libraries must be initialized before 

use and the flame program makes the appropriate initialization calls. The purpose of the 

initialization is to read the linking files and set up the internal working and storage space 

required by all subroutines in the libraries. 

The input that defines a particular flame and the parameters needed to solve it are 

read by the flame program in keyword format. The flame program can begin iteration 

from a previously computed flame solution. In this case the old solution is read from a 
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restart file. The program saves the solution, which can be used to continue iterating or 

can be read as a starting estimate for a different flame. 

 

C.3 Numerical Method Used 

In the premixed laminar quasi-one dimensional (flat) flame, the following 

assumptions were made in modeling the flame.  steady state, isobaric system, and the 

Dufour effect as well as external forces were negligible. The flame equations may then be 

written as: 

Conservation of mass.                                                                              (C.1) uAM ρ=
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Energy conservation.  
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Species continuity. 
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Equation of state. 
RT
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where 
.

M is the mass flow rate, ρ is the mass density, u is the velocity of the fluid 

mixture, A is the area expansion ratio, T is the temperature, x is the spatial coordinate, cp 

is the constant pressure heat capacity of the mixture, λ is the thermal conductivity of the 

mixture, Yk is the mass fraction of the k th species (there are K species), Vk  is the 

diffusion velocity of the k th species, cpk is the constant pressure heat capacity of the k th 
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species, is the molar rate of production of the k th species, is the specific enthalpy 

of the k th species, is molecular weight of the k th species, 

.

kw kh

kW W is the mean molecular 

weight of the mixture, p is the pressure, and R is the universal gas constant. 

 

C.4 Modeling of thermodynamic properties 

Conventionally specific heats, standard state enthalpies and standard state 

entropies are expressed by polynomial fits of arbitrary orders. Seven-parameter fits 

developed by Gordon and McBride (1971) at NASA are used. These fits take the 

following form. 
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Other thermodynamic properties are then calculated in terms of these parameters. To 

account for the variation of these properties with the temperature, two sets of seven 

coefficients are calculated, one for low temperature (300 - 1000 K) and one for high 

temperature (1000 – 3000 K). 

 

C.5 Transport processes 

The dominant transport processes in flames are diffusion, thermal conduction and 

thermal diffusion. As stated earlier, viscosity effects are neglected. Thermal 

conductivities and diffusion coefficients for the individual species are estimated using 
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methods available in the literature. For example, diffusion velocity is assumed to be 

composed of three parts. ordinary diffusion velocity Vk , thermal diffusion velocity ψk, 

and correction velocity Vc (included to make sure that the mass fractions sum to unity). 

ckkk VV ++= ψν                                                                    (C.8) 
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where is the mole fraction,  is the mixed average diffusion coefficient, is the 

binary diffusion coefficient, and  is the thermal diffusion ratio. 

kX kD kjD

kTK

 

C.6 Boundary conditions 

The burner surface is taken as cold boundary and a distance far away from the 

burner, usually 30 mm from the burner surface, represents the hot boundary. For 

premixed flame, 
.

M is a known constant. Temperature and mass flux fractions at the cold 

boundary are specified. Vanishing gradients are imposed at the hot boundary. 
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C.7 Modeling  results and comparison with experimental data. 

 The fuel-rich cyclohexane flame was modeled using CHEMKIN. The reactions 

for production of triacetylene, styrene, indene and naphthalene were added into the 

existing  mechanism of stoichiometric cyclohexane flame. The total number of species 

considered in the set of 891 reactions is 105.  The temperature profile that was measured 

for this particular flame, in the UMass Amherst lab was used in the modeling. 

  The model results are compared here for the major species.  
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Figure C.2. Comparison of code result and experimental result for production of CO ( the 

line represents model prediction, the diamonds represents experimental results). 
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Figure C.3. Comparison of code result and experimental result for production of CO2 (the 

line represents model prediction, the squares represents experimental results). 
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Figure C.4. Comparison of code result and experimental result for consumption of O2 

(the line represents model prediction, the triangles represents experimental results). 
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Figure C.5. Comparison of code result and experimental result for production of H2O (the 

line represents model prediction, the triangles represents experimental results). 
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Figure C.6. Comparison of CHEMKIN code result and experimental result for production 

of Ar (the line represents model prediction, the stars represents experimental results). 
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Figure C.7. Comparison of code result and experimental result for cyclohexane oxidation 

(the line represents model prediction, the stars represents experimental results). 

0.00E+00

5.00E-02

1.00E-01

1.50E-01

2.00E-01

2.50E-01

0.00 10.00 20.00 30.00

Distance from burner (mm)

M
ol

e 
fra

ct
io

n

 

Figure C.8. Comparison of code result and experimental result for H2 productin (the line 

represents model prediction, the stars represents experimental results). 
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 The results show qualitative similarity in the shape for all the species compared. 

For CO and Ar, the model prediction and experimental result matches well. For CO2, O2 , 

and H2O production, the model underpredicts the experiment. For cyclohexane 

combustion, the model predicts a faster combustion of cyclohexane compared to the 

experiment.  For H2 the model overpredicts the experimental findings by almost 4 times. 

This deviation is a major concern. The overprediction of H2 and underprediction of H2O 

suggest that H2 and O2 reactions in the mechanism need to be reinvestigated. 

 

C.8 Reaction pathway analysis of the cyclohexane flame 

 Using the mechanism file for the code and its prediction, a SENKPLOT analysis 

was done to find out the major reaction pathways for this mechanism in the fuel-rich 

cyclohexane flame. Figure C.9 shows the major reaction pathways, where CYC6H12 

refers to the cyclohexane, A refers to benzene, and CY refers to cyclic species. The 

reaction pathway analysis shows that cyclohexane forms cyclohexyl radical first, which 

then opens and forms a linear species.  This species upbeat-scissions into C4H7 and C2H4.  

C4H7  further breaks up into 1,3-butadiene (iiiC4H6).  1,3-Butadiene breaks up into C2H4 

and C2H3. C2H2 forms HCCO and CO. HCCO further gets oxidized to CO. C2H3 gets 

oxidized to HCO, which forms CO. CO then gets oxidized by OH to form CO2.  

 The pathway analysis also suggests that hydrogen abstraction reactions of 

cyclohexane are the major benzene formation reactions for this particular flame, which 

supports the findings of (Law, 2005) for a stoichiometric cyclohexane flame. 
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Figure C.9. Major reaction pathways for the cyclohexane flame.
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