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ABSTRACT 

Experimental and theoretical study of PAH and incipient soot formation in 

laminar flames 

Zepeng Li 

Emissions of soot and polycyclic aromatic hydrocarbons (PAHs) from incomplete burning 

of hydrocarbon fuels pose a great threat to the environment and human health. To reduce 

such emissions, a comprehensive understanding of their evolution process is essential. In 

this work, a series of research studies were conducted to evaluate sooting tendencies and 

to experimentally and theoretically develop PAH mechanisms. 

The sooting tendencies of oxygenated fuels were quantitively investigated in counterflow 

diffusion flames. Sooting limits are described by critical fuel and oxygen mole fractions, 

measured with a laser scattering technique. The addition of dimethyl ether displays non-

monotonic behavior on sooting tendencies at elevated pressures, which is attributed to the 

chemical effect from kinetic simulations. The tendency of incipient soot formation of other 

oxygenated fuels (e.g., alcohol, acid, ether, ketone, and carbonate ester) was also assessed, 

using a similar approach. As the precursor of soot, PAH measurement using laser induced 

fluoresecnce was implemented to track the evolution processes from PAHs to incipient 

soot.  

Developing a PAH mechanism is essential to the understanding of soot formation; 

however, PAH formation and its growth process are not well understood. Based on 

previous research, PAHs with 5-membered rings are abundant in flames. Therefore, the 

growth of PAHs with 5-membered rings was investigated, using acenaphthylene (A2R5) as 



5 
 

the example. The density functional theory (DFT) and the transition state theory (TST) 

were adopted to calculate potential energy surfaces and reaction rate coefficients. The 

existence of 5-membered rings appreciably impacts PAH production by facilitating the 

formation of planar PAHs with C2H substitution, thereby improving existing PAH 

mechanisms.  

In PAH mechanisms, the thermochemistry properties are not all calculated, but are 

hypothesized to be equal to those of a similar structure. The simulation accuracy of the 

hypothesis is explored here by discussing the sensitivity of the thermochemistry parameters 

in flame simulations. The group additivity method utilizing THERM codes is used to 

calculate thermochemistry properties. PAH loading affects the sensitivity of 

thermochemistry properties to both flame temperature and product yields. These results 

show that either accurate thermochemistry properties, or reverse reaction rates should be 

provided in the mechanism to improve simulation accuracy. 
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Chapter 1  

Introduction 

1.1 Background and motivation 

The combustion of fossil fuels, or biomass, provides energy for the operation and 

development of daily life, but its emissions pose a great threat to the environment and 

human health. Their hazardous emissions generally include polycyclic aromatic 

hydrocarbons (PAHs), soot particles, and other pollutants in different phases [1-4].  

Soot production can be beneficial as it provides radiative heat transfer in industrial furnaces 

and kilns and is closely related to carbon black formation, which is an important material. 

However, emission of soot particles is undesirable in most cases. As the byproduct of 

incomplete combustion, the production of soot represents the ineffective use of fuels and 

poor combustion efficiency. Soot also plays a detrimental role in the environment and 

human health. Evidence shows that soot particles are responsible for global and regional 

climate change [5-7], acting as cloud condensation nuclei (CCN) and ice nuclei (CN), and 

affecting both regional precipitation [8] and global warming. The growth of small particle 

emissions also poses a risk to human respiratory, cardiovascular and allergic wellbeing [9, 

10]. 

PAHs are the precursors to soot particles [11-15]. Unlike soot, there are diverse sources for 

PAHs. More than 20% of the carbon in the universe exists in the form of PAHs [18] and 
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both natural and anthropogenic sources contribute to abundant universal PAH production 

[16, 17]. Mulas et al. [19] found anthracene and pyrene on the red rectangle nebula by 

analyzing the infrared spectrum of the emitted light. Studies show that PAHs are associated 

with the formation of new stars, and thus, to the earliest form of life [20, 21]. Understanding 

the evolution of PAHs helps to clarify the origin and evolution of the universe [22, 23]. 

PAHs also play a vital role in daily life: The microstructure and properties of PAHs in 

optics and electrical conductivity has motivated interest in their application to materials 

science [24, 25]. PAHs have been widely used as modeling molecules for two-dimensional 

graphene materials [26, 27], with excellent optical, mechanical and electrical properties 

[28, 29]. Therefore, exploring the formation paths of PAHs is also helpful to the 

development of chemically modified two-dimensional graphene materials [30]. 

PAHs are widely distributed in nature; they have strong toxicity, teratogenicity and 

carcinogenicity, endangering both the environment and human health [31-35]. because of 

their abundant distribution in the atmosphere, water, and soil in the form of gas, liquid, and 

solid, PAHs easily migrate with the movement of air and water flow. Also, because of their 

stable structure and nature, PAHs are easily enriched and accumulated in nature through 

the food chain, so their content is very high. 

The hazards of PAHs to human health are manifested in cancer, cardiovascular disease, 

and fetal dysplasia. Evidence shows that PAHs in the atmosphere are likely to attach to the 

surface of ultrafine particles, making it possible for them to bond to critical targets in DNA 

molecules, and PAH–DNA adducts increase the risk of cancer in humans--especially lung 

and skin cancers [36-39]. Experiments in animals have revealed that the risk of 
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atherosclerosis is significantly increased in animals exposed to certain PAH species [40]. 

The PAHs from smoking can easily lead to cardiovascular diseases, after complex 

physicochemical reactions [41-43]. 

These issues have motivated research related to soot and PAHs, especially regarding the 

evolution process in incomplete combustion. Experimental and theoretical investigations 

have been implemented from micro to macroscale, from a simple lab-scale flame to a 

complex practical combustor, and from elementary reactions to soot models.  

This work begins with experimental observation of the sooting tendency of dimethyl ether 

(DME) added to counterflow flames, then extending the tendency of incipient soot 

formation to other oxygenated fuels with different chemical structures under sooting limit 

conditions. By recognizing 5-membered rings in PAH formation, theoretical kinetic 

pathways are explored to improve PAH formation mechanisms. The importance of the 

thermochemistry properties of the species in PAH modeling is examined and the 

uncertainty propagation analysis is developed for further improvement of PAH and soot 

models. 

 

1.2 Research objectives 

The goal of this study is to improve understanding of PAH and soot formation in 

combustion processes through experimental measurements and theoretical analysis. The 

primary objectives of this dissertation are as follows: 
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➢ To evaluate and interpret the effect of fuel additives on sooting tendency, especially 

oxygenated fuels.  

➢ To investigate the effect of pressure on the sooting tendency of various fuels. 

➢ To devise a better soot index to evaluate soot production, especially incipient soot 

production for oxygenated fuels. 

➢ To quantify the role of oxygenated functional groups in PAH and incipient soot 

formation. 

➢ To interpret the formation of PAHs with 5-membered rings in flames and to 

evaluate the influence of 5-membered rings. 

➢ To explore new and efficient PAH reaction system to improve current PAH 

mechanisms. 

➢ To analyze the importance and sensitivity of thermochemistry properties in PAH 

modeling research. 

 

1.3 Research contributions 

This dissertation involves the experimental and theoretical study of PAHs and soot 

formation in laminar flames. It clarifies PAH and soot formation processes and improves 

current PAH and soot formation mechanisms in combustion research. It facilitates the 

simulation and prediction of PAH and soot productions from incomplete combustion, thus 

ultimately supporting the emission reduction of hazardous substances. This study 

contributes to the clean combustion research. 

The contents of four journal papers are covered in this dissertation: 
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➢ Li, Zepeng, Hafiz MF Amin, Peng Liu, Yu Wang, Suk Ho Chung, and William L. 

Roberts, “Effect of dimethyl ether (DME) addition on sooting limits in counterflow 

diffusion flames of ethylene at elevated pressures.” Combustion and Flame 197 

(2018): 463-470. 

➢ Li, Zepeng, Peng Liu, Suk Ho Chung, and William L. Roberts, “Incipient sooting 

tendency of oxygenated fuels in counterflow diffusion flame.” To be submitted to 

Combustion and Flame. 

➢ Peng Liu*, Li, Zepeng*, and William L. Roberts, “Growth network of PAH with 

5-membered ring: Case study with acenaphthylene molecule.” Combustion and 

Flame. Accepted. 

➢ Li, Zepeng, Peng Liu, Yang Li, S. Mani. Sarathy, Suk Ho Chung, and William L. 

Roberts, “Uncertainty propagation analysis from PAHs thermochemistry properties 

to PAH concentration prediction.” To be submitted to Combustion and Flame. 

 

1.4 Dissertation organization 

This dissertation is organized into eight chapters as follows: 

➢ Chapter 1 introduces the research background and motivation, the research 

objectives, the author’s contributions, and dissertation organization. 

➢ Chapter 2 describes the experimental setup and laser diagnostics implemented in 

this study. One atmospheric counterflow burner system and one counterflow burner 

placed inside a pressure vessel were used to test target flames. A laser scattering 

and extinction technique was aligned to detect soot production and measure sooting 
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limits. A laser induced fluorescence technique was employed to measure PAH 

distribution in flames. 

➢ Chapter 3 describes the methodology of the theoretical study. Reaction systems 

were developed using quantum chemistry; reaction rates were calculated using the 

density functional theory (DFT) transition state theory (TST), and species’ 

thermochemistry properties were estimated using the group additivity method. 

With these methods, the PAH mechanism was updated and improved for simulating 

laminar flames. 

➢ Chapter 4 describes work performed for the paper “Effect of dimethyl ether (DME) 

addition on sooting limits in counterflow diffusion flames of ethylene at elevated 

pressures”. A synergistic effect of DME addition on sooting tendency was 

investigated at elevated pressures using a laser scattering technique in counterflow 

diffusion flames. Numerical modeling with Chemkin was performed to clarify the 

experimental observations. 

➢ Chapter 5 details the study on “Incipient sooting tendency of oxygenated fuels in 

counterflow diffusion flame”. The PAH production and incipient sooting tendency 

of oxygenated fuels were studied using laser induced fluorescence and laser 

scattering technique, respectively. 

➢ Chapter 6 examines research conducted for “Growth network of PAH with 5-

membered ring: Case study with acenaphthylene molecule”. The growth network 

of PAHs with 5-membered rings was studied with acenaphthylene under the 

hydrogen-abstraction-C2H2-addition (HACA) frame. DFT and TST methods were 
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combined to calculate the reaction system; flame simulations were conducted to 

evaluate the updated mechanism. 

➢ Chapter 7 shows the work on “Uncertainty propagation analysis from PAHs 

thermochemistry properties to PAH concentration prediction”. The 

thermochemistry properties of target species were calculated using THERM codes, 

and the sensitivity of the thermochemistry properties in PAH modeling was 

systematically investigated under various conditions. 

➢ Chapter 8 concludes this dissertation and suggests future work. 
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Chapter 2  

Experimental setup and diagnostics 

In this study, all experiments were conducted in a counterflow burner system using laser 

diagnostics techniques. The counterflow diffusion flame burner system consists of a 

counterflow burner with a flow system; a closed pressure vessel was assembled for high 

pressure studies. Major laser diagnostics implemented here were laser scattering and 

extinction techniques; a planar laser induced the fluorescence (PLIF) technique. Details of 

the experimental setup and diagnostics follow. 

 

2.1 Counterflow burner system 

2.1.1 Atmospheric counterflow burner system 

Figure 2.1 shows an image of the atmospheric pressure counterflow burner used in this 

study and the schematic of the burner in the insert. The counterflow burner includes a pair 

of contoured nozzles with an exit diameter of d = 10 mm. Concentric slits, 2 mm in width 

supply shield nitrogen to prevent interference from ambient air. The upper nozzle can be 

cooled by circulating water to keep the exit gas at a specific temperature. 
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Figure 2.1: Image and schematic of atmospheric pressure counterflow burner. 

 

The bottom nozzle rests on a set of three manual translation stages which cover the 

movement in a three-dimensional Cartesian coordinate system. In this set of translation 

stages, relative distance and position between the two nozzles can be adjusted manually, 

and the nozzles can be aligned precisely to provide a symmetric, stabilized and horizontal 

counterflow flame. Separation distance was maintained at 8 mm unless otherwise specified.  

The entire burner is supported by an automated two-dimensional translation stage 

controlled by a Labview program; this translation stage can move the burner to a target 

position when using laser diagnostics. Additionally, with the aid of a Labview program, 

the burner can be automatically repositioned for a series of measurements, which is 
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essential for any scan in both horizontal and vertical direction in laser scattering and 

extinction measurements. 

 

2.1.2 Pressurized counterflow burner system 

Figure 2.2 is an image of the high-pressure vessel with the schematic in the insert. A 

counterflow burner is enclosed in the pressure vessel to study the pressure effect. This 

counterflow burner includes a pair of contoured nozzles with an exit diameter of d = 8.5 

mm. The width of the concentric slit for shield nitrogen is 9 mm. There is no cooling system 

in this burner. The two nozzles are aligned manually, and the entire burner assembly is 

mounted on an automated translation stage to adjust it in the vertical direction.  

The high-pressure vessel has four optical windows that provide 160° of optical access. An 

electronic back pressure regulator controls the vessel pressure within 2% fluctuations at a 

setpoint. Inside the vessel, there is a nitrogen flow along the optical windows to prevent 

soot accumulation, however, routine cleaning of the windows is still required to ensure 

data quality. Details of the entire setup can be found in [44].  
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Figure 2.2: Image of pressurized counterflow burner with schematic insert. 

 

2.1.3 Flow system 

In the counterflow burner, the fuel mixture issues from the lower nozzle, and the oxidizer 

from the upper nozzle. The fuel mixture is composed of base fuel, fuel additives, and 

diluent. In this study, the base fuel was ethylene, because it has been extensively studied 

in soot research. The fuel additives were oxygenated fuels, such as gaseous dimethyl ether 

and other liquids. The diluent gas was nitrogen. The oxidizer was composed of oxygen and 

nitrogen, with the oxygen mole fraction adjustable in the range of 0 to 1 to acquire different 

flame structures. The flow rates of all gases were controlled by thermal-based mass flow 

controllers, which were frequently measured by certified calibrators. 

In this study, XF and XO represent mole fractions of fuel and oxygen in the corresponding 

streams, respectively. The mixing ratio of the fuel additives is represented by β; in chapter 
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4 and 5, this ratio refers to the ratio of volumetric and mass flow rates, respectively. For all 

flames in both setups, the global strain rate (a) was maintained at 50 s−1, which was 

calculated based on the nozzle exit velocity (U0 = 20 cm/s) and l/2 [45]. Strain rate was 

kept constant in this study. 

 

2.2 Laser diagnostics 

2.2.1 Laser scattering and extinction technique 

Figure 2.3 shows the schematic of the laser scattering and extinction technique. In this 

alignment, an Argon-ion laser (514.5 nm) was the light source. The lock-in amplifiers, 

coupled with a mechanical chopper, improved the signal-to-noise ratio. The optical system 

was aligned to provide a uniform laser beam with a diameter of 100 µm. To monitor the 

laser intensity fluctuation, a reference signal was monitored by a photodiode. The 

scattering signal was measured by a photo-multiplier tube (PMT) at 90° to the incident 

light. Because spurious laser reflections from other material surfaces can induce errors in 

the scattering signals, signal testing, using three gases (nitrogen, propane, and helium), was 

conducted following ref. [46]. Helium (99.9999 %) was regarded as the background case 

due to its extra-small (≈0) scattering cross-section relative to other gases. Since the actual 

scattering cross-section of helium was not precisely zero, the method could slightly 

overestimate the ratio of propane to nitrogen of 13.6, which was acceptable in determining 

sooting limits (this ratio was 12.7 in [46]). 
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Figure 2.3: Schematic of experimental setup for laser scattering and extinction 

measurement. 

 

The scattering signal is very sensitive to the size of its object, therefore the scattering 

intensity from soot particles is significantly larger than the intensity from gas molecules. 

Once soot appears, an obvious increase occurs in the scattering signal. Based on this, it is 

possible to detect the production of soot particles.  

 

2.2.2 Laser induced fluorescence technique 

Figure 2.4 shows the schematic of the planar laser-induced fluorescence (PLIF) technique. 

In this alignment, a 10 Hz (7 ns pulse) fourth harmonic generation of Nd:YAG laser, 

centered at 266 nm, was used for PAH excitation. Laser power was determined to avoid 

the incandescence signal from heated soot particles. The laser beam was shaped into a 9 

mm × 0.25 mm sheet with several optical components. An intensified CCD camera 
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(Princeton Instruments, PI-MAX3) with a UV lens located at 90° to the incident light was 

equipped to measure the fluorescence signal from the flame. The gain of every capture was 

set to the maximum value of 255. The camera captured five images with a total 

accumulation of 25. The gate width was 100 ns and gate delay was 70 ns. To obtain the 

information from PAHs with different sizes, five bandpass filters were utilized: 320, 350, 

400, 450, and 500 nm. 

 

 

Figure 2.4: Schematic of experimental setup for planar laser induced fluorescence 

measurement. 
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Chapter 3  

Methodology for theoretical approach 

This chapter introduces the methodology for the theoretical study. First, the potential 

energy surface (PES) of a reaction system was obtained using the density functional theory 

(DFT) and intrinsic reaction coordinate (IRC) methods. The rate coefficients of each 

elementary reaction were calculated using the transition state theory (TST). To calculate 

the thermochemistry properties of newly added species, the group additivity method, using 

THERM codes, was applied. Finally, all the information was merged to improve the PAH 

mechanism. Using this mechanism, flame simulations were conducted using Chemkin-Pro 

software to validate the mechanism and to clarify directions for further improvement. 

The overall research framework is shown in Figure 3.1. Specific theories and research 

methods are described in detail in the subsequent sections of this chapter. In this study, all 

quantum chemistry calculations were performed using Gaussian 09 software version D.01 

[47]. 
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Figure 3.1: Research framework for theoretical study. 

 

3.1 Quantum chemistry calculations for potential energy surfaces 

The physics system built by classic mechanics is no longer applicable in the microscopic 

world; quantum mechanics has emerged from the extensive exploration of many scholars. 

Quantum mechanics is used to describe the objective laws of the microscopic world; its 

guiding principle is that the motion of microscopic particles follows the Schrödinger 

equation. 

By solving the wave function of the Schrodinger equation, all the information in the system 

can be identified in a specific state. However, it is very difficult to solve the wave function, 

and only a few systems without interaction terms can obtain analytical solutions. Most of 

these are multi-particle systems that interact with each other, and their solutions are 

difficult to obtain, both analytically and numerically. 
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Reasonable approximations and simplifications are needed to solve the stationary 

Schrödinger equation for multiparticle systems. The Born-Oppenheimer approximation 

(BO approximation, or adiabatic approximation) proposed in 1927 [48, 49] simplified a 

multi-particle system to a multi-electron system by combining the non-relativistic 

approximation [50] and the orbital approximation (or Hatree approximation) [51] to 

establish the Hatrey-Fock equation (HF equation or HF approximation), which simplified 

the multi-electron interaction problem to the single-electron effective potential problem. 

As the basis for quantum chemistry calculations of molecular orbital theory, the Hatree-

Fock equation is used in many aspects of quantum chemistry, such as the arrangement 

interaction method (CI), the multi-body perturbation theory method, and in semi-empirical 

quantum chemistry calculations. However, the Hatree-Fock method does not consider the 

correlation effect within the system, but only the system’s exchange effect, which sacrifices 

a certain amount of calculation accuracy. 

In 1965, Kohn and Sham proposed the density functional theory (DFT) [52], a rigorous 

theory [53] for solving single-electron problems, based on the Thomas-Fermi model [54] 

and the Hohenberg-Kohn theorem [55]. This DFT reduces the computational complexity 

theoretically. In the DFT system, the exchange correlation functional contains all the errors 

and unknown terms, so the energy functional obtained by the DFT method can be 

accurately expressed. 

Because the accuracy of the calculated results is directly determined by the exchange 

correlation functional, the selection of the exchange correlation functional is very 

important. Jacob's Ladder can be used to understand the commutative correlation 
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functional [56, 57]. Figure 3.2 selects Jacob’s Ladder hierarchy diagram of commutative 

correlation functional classified by Qian [58]. In practical calculations, it is necessary to 

consider the research objective and calculation cost comprehensively when selecting the 

appropriate exchange correlation functional. In the study of PAH mechanism, the most 

commonly used hybrid function is B3LPY function (Becke, 3-parameter, Lee-Yang-Parr) 

[59-63]. 

 

 

Figure 3.2: Hierarchy framework of exchange–correlation functional represented in 

Jacob's Ladder [58]. 
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In this study, the B3LYP hybridization function of DFT was used to calculate the molecular 

structure and vibration frequency of all species at the level of 6-311+G(d,p) basis set [64], 

including the local minimum structure and transition state structure. Frequency 

calculations were conducted using the same method, with a correction factor of 0.967 [65] 

to obtain the zero point energy (ZPE). All transition states had only one imaginary 

frequency. By considering the hardware conditions and the accuracy of calculation, the 

zero-point energy of some structures were refined using a high-level ROCCSD(T)/cc-

pVDZ method. 

To further verify the structure of a calculated transition state, direct visual inspections of 

atomic movement and the intrinsic reaction coordinate (IRC) calculations [66] were made 

to ensure that the transition state were connecting the two correct local minimums. The 

intrinsic reaction coordinate (IRC) was first proposed by Fukui in 1970 [67]. For the 

optimized transition state structure, the irc keyword can be used to calculate its IRC 

pathway in the Gaussian09 package. Using the IRC calculation, the minimum energy 

reaction path (MERP) between the transition state and the corresponding reactants and 

products can be obtained to verify whether the calculated transition state structure has 

correctly linked the reactants and products and corrected the forward and reverse reaction 

energy barrier. In this paper, most IRC calculations were performed at the DFT B3LYP 6-

311 G+(d,p) level. 
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3.2 Reaction rates calculation 

In 1935, Eyring, Polanyi and coworkers [68-70] proposed the traditional transition state 

theory (TST) based on statistical and quantum mechanics. The TST is built on four classic 

assumptions: 

(1) The nuclear motion adiabatic hypothesis (or the Bore-Oppenheimer approximation): 

Nuclear and electron motion are distinguished and treated separately. Nuclear motion is 

regarded as electron state energy surface motion. 

(2) Treating nuclear motion with classic mechanics: Ignoring tunneling and relativistic 

effects. 

(3) The reaction system obeys the Boltzmann statistical equilibrium distribution law. 

(4) Track does not return: The reactant track passes through the partition plane only once; 

it will not return to the reactant region. 

Based on the above assumptions, the traditional TST is applicable to reactions under heavy 

atoms, low collision energy and high energy barrier conditions. Considering the actual 

situation, various species in the reaction system will cross the segmentation plane several 

times and may return to the reactants’ region. Because species pass through the 

segmentation plane many times, the orbital flux of the segmentation plane is larger than 

the actual value, so the reaction rate constant of the primitive reaction is overestimated. It 

can be inferred that the reaction rate calculated by the TST method is the upper limit of the 

reaction. 
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In this study, most reactions investigated were bimolecular reactions. The overall reaction 

rate coefficients of bimolecular reactions are nearly independent of pressure at broad 

combustion temperatures [71]. Mebel et al. [72] studied the temperature- and pressure-

dependent rate coefficients from benzene to naphthalene. Their results revealed that the 

largest k (high-pressure limit) / k(P) (P = 1, 10, 100 atm) ratio was 2.2 at 2500 K, and the 

ratio becomes smaller at lower temperature. In this work, the high-pressure limit rate 

coefficients were evaluated for all elementary reactions using the TST method with Eckart 

tunneling correction. The real frequencies below 100 cm−1 were carefully examined, and 

the results showed that the transition states involved in C2H2 addition elementary steps 

contained an internal rotation; this internal rotation was treated as 1-D hindered rotation. 

The torsional potential energies and the rotation constants, as a function of dihedral angles, 

were obtained by rigid PES scanning at the DFT/B3LYP/6-311 G+(d,p) level, with a 

dihedral angle step of 20°.  

 

3.3 Thermochemistry properties calculation 

Generally, in flame simulations, a PAH mechanism includes the data files of reaction 

chemistry, thermochemistry properties, transport properties, and surface reactions. With 

the aforementioned calculations, information about the reaction chemistry file becomes 

available. To prepare a data file for thermochemistry properties, there are experimental and 

non-experimental methods. Experimentation is time consuming and includes many 

requirements for its facilities. Non-experimental methods include ab initio quantum 

chemistry calculations at different accuracy levels, and the group additivity method at the 
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empirical level. The group additivity method was pioneered by Benson [73]; it has fewer 

hardware requirements but its accuracy is considered to be limited. Currently, there are 

many codes, or software that can be used to calculate the thermochemistry properties of 

species by employing a group additivity method, such as the THERM codes [74], the NIST 

database program [75], a reaction mechanism generator (RMG) [76-78], or other open 

source databases. 

To analyze the sensitivity or uncertainty of thermochemistry properties, the 

thermochemistry data file of the above mechanisms was updated in this work. The main 

calculation method was the group additivity (GA) method, an empirical method that 

estimates thermodynamic parameters. This study used THERM codes developed by Ritter 

and Bozzelli [74] to calculate the thermochemistry properties of all targeted species in this 

mechanism. Some other species were also selected; their thermochemistry properties were 

calculated using other methods, such as experimental measurement and quantum chemistry 

calculation, using the G3 method from the literature [79], and the group additivity method 

calculation, using the online reaction mechanism generator (RMG) [76-78]. By this means, 

the uncertainty of the GA method was estimated by comparing the different methods.  

 

3.4 Flame simulations 

Finally, to evaluate the improved PAH growth paths, several simple models (such as the 

premixed burner model and the zero-dimensional reactor model) in Chemkin-Pro software, 

were used.  
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Many programs can simulate a simple flame or combustion system, such as Chemkin, 

Cantera, OpenSmoke, Flamemaster, and others. These software systems use similar 

methods, and their results are basically the same. In this study, a mature commercial 

Chemkin-Pro software package was used to build reaction models. The premixed laminar 

burner-stabilized flame model was selected to simulate flame profiles and product yields 

using our updated mechanism.  

The premixed laminar burner-stabilized flame model consists of an external source of inlet 

gas, a laminar premixed stagnation flame, and an outlet flow of reactor. Running the model 

requires three input files: a gas reaction mechanism file, a thermochemistry properties data 

file, and a transport data file. The input conditions include flame conditions (inlet gas 

composition, inlet gas velocity, environment pressure, environment temperature, etc.), 

burner parameters (burner size, separation distance between the stagnation plate and burner 

surface, etc.), grid parameters (maximum grid points allowed, gradient and curvature, etc.), 

and other parameters. 
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Chapter 4  

Effect of dimethyl ether (DME) addition on sooting limits in counterflow 

diffusion flames of ethylene at elevated pressures 

4.1 Introduction 

The combustion of fossil fuels provides energy that is accompanied by hazardous 

emissions, such as particulate matters and nitric oxides, which threaten the environment 

[1-4]. Soot emission, in particular, is recognized as detrimental to human health and 

hazardous to the environment. To develop technologies for soot reduction, the physical 

mechanisms of soot formation and oxidation at conditions relevant to practical combustion 

devices should be understood. This goal has motivated extensive studies on the dominant 

factors controlling soot formation [25, 80-83].  

Fuel structure is one of the important factors that affect soot formation--and thus--the 

sooting propensity [84-90]. In this regard, several quantitative metrics have been proposed, 

including the threshold soot index (TSI) [84] and the yield soot index (YSI) [91], which 

are mainly based on coflow flames, or the smoke points of pure fuels and air. Using light 

extinction/scattering techniques, a sooting limit map was recently investigated for 

counterflow diffusion flames (CDFs). Critical oxygen and fuel mole fractions [92, 93] 

required for sooting were determined, from which the sooting temperature index (STI) and 

sooting sensitivity index (SSI) [93] were proposed. They revealed that sooting tendency 
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increased with the number of fuel carbon atoms at a specified strain rate; alkane fuels 

showed a lower sooting tendency than alkene fuels with an equal number of carbon atoms. 

Dimethyl ether (DME) is generally considered to be a promising fuel additive, or 

alternative fuel [4, 94-100] because of its low particulate emission, low auto ignition 

temperature and rapid vaporization upon injection, derived from its high cetane number 

(55−60, suitable for compression ignition engines), high oxygen content (35 wt%), low 

boiling point (249 K), and relatively low vapor pressure (easy to handle and transport) 

characteristics. Additionally, DME can be produced from diverse sources like natural gas, 

coal gasification, oil residues, and biomass [20]. The possibility of reducing harmful 

emissions by the addition of  DME has been investigated in various laboratory scale flame 

and engine studies [101-104]. The flame structure and species composition with DME 

blending in iso-octane fuel was investigated experimentally and numerically in premixed 

low-pressure flames; it was revealed that the addition of DME decreased the formation of 

soot precursors while enhancing the production of formaldehyde [103]. However, in 

counterflow diffusion flames, a small amount of DME addition to ethylene fuel enhanced 

the formation of small aromatic precursors and soot particles in the pyrolysis region, based 

on laser-induced fluorescence and incandescence techniques [96, 98]. These studies were 

conducted mainly in atmospheric or low-pressure conditions. Considering that pressure 

plays a crucial role in overall soot yield, and that practical combustion devices generally 

operate under high pressures [105, 106], it is important to extend the mixing effect of DME 

on sooting tendencies to higher pressures.  

The present work systematically investigates the effect of DME addition to ethylene fuel 

in counterflow diffusion flames. Note that ethylene fuel has been extensively investigated 
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for soot studies, both experimentally and numerically, including in soot modeling [5, 12]. 

Sooting limits were determined using a laser scattering technique, and the effect of pressure 

was studied. Additional numerical simulation was conducted to provide chemical kinetic 

insight into the experimental observations. 

 

4.2 Experimental setup and simulations 

The apparatus consisted of counterflow burners, a flow control system and a laser light 

scattering setup. Two counterflow burner setups were employed, one dedicated at 

atmospheric pressure and the other for operation at elevated pressures. Atmospheric-

pressure experiments were conducted on both burners to test the setup dependency in 

sooting limit measurement. Both burner systems are described in Chapter 2.1; details of 

the laser light scattering setup are introduced in Chapter 2.2.  

For all the flames studied here, the global strain rate (a) was maintained at 50 s−1. Due to 

the saturated vapor pressure of DME (about 5 atm at room temperature), the maximum 

pressure investigated in this work was limited to 3.5 atm for a stable operation. At higher 

pressures, an appreciable flame fluctuation was observed due to the vapor pressure issue. 

By resolving this issue, future study will be required at higher pressure. 

The fuel stream was composed of ethylene (>99.9 %), DME (>99.9 %), and nitrogen 

(99.9999 %), while the oxidizer stream was oxygen (99.9995 %) and nitrogen. In the 

following, XF (XO) represent the fuel (oxygen) mole fractions in the fuel (oxidizer) stream 

with the remainder of the nitrogen in each stream. The DME mixing ratio (β) in the fuel 
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stream was defined as the ratio of volumetric flow rates between DME and mixture fuel 

(ethylene+DME).  

To investigate potential reasons for the effect of DME addition on sooting limits--

especially at elevated pressures--kinetic simulations, including reaction pathway analysis 

and sensitivity analysis, were conducted using the opposed-flow module [107] in the 

Chemkin-Pro package. The boundary conditions and other relevant input parameters used 

in the simulations were determined from the experimental conditions. Specifically, the 

simulated flame conditions were set to a global strain rate a = 50 s−1; the inlet temperature 

was Tin=298 K, and the pressure ranged from P = 1 to 5 atm. The kinetic mechanism used 

here was the KAUST-Aramco PAH Mech [108], in which the base mechanism was 

AramcoMech 1.3 [109], validated against the DME/O2/N2 flame at high pressure (12.5 

atm). Because the experiments were conducted at soot onset conditions, only gas-phase 

reactions were considered in the simulation. 

 

4.3 Results and discussion 

A scattering signal is sensitive to particle size, so the scattering intensity from soot particles 

was significantly larger than from gas molecules. Based on this, a sooting limit was 

determined by varying XF and XO, following the method detailed in [92, 93]. Figure 4.1 

shows a typical procedure in determining sooting limits, where the scattering signal along 

the centerline of the burner was recorded at a spatial increment of 0.1 mm for the baseline 

ethylene flame ( = 0). The critical oxygen mole fraction (XO,cr) at the sooting limit was 

determined at a specified XF by varying the oxygen content where the scattering signal 
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varied drastically. In some cases, a critical fuel content (XF,cr) was determined at a specified 

XO.  

 

 

Figure 4.1 Illustration of determining critical oxygen mole fraction (XO,cr) at specified XF 

(global strain rate = 50 s−1). 

 

The scattering signals at the atmospheric pressure for XF = 1.0 at several XO appear in 

Figure 4.1a, along with direct images of corresponding flames in the insets. At XO = 0.16, 

the scattering signal monotonically decreased from the fuel to the oxidizer side, as a result 

of the larger gas-phase scattering cross-section of the fuel molecule C2H4, rather than that 
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of the oxidizer. At XO = 0.17, a local maximum appeared, due to particle scattering from 

soot, which was also confirmed by the orange-color luminescence emitted by the heated 

soot particles. This first appearance of the local maximum was judged to be the critical 

sooting condition. A higher concentration of O2 contributed to the increase in flame 

temperature and the production of radical species in counterflow flames, which promoted 

incipient ring formation for soot inception, and subsequent growth, along with H 

abstraction from soot surface, generating a more active site for soot growth [39, 40]. This 

may explain why the oxygen concentration had to exceed a threshold for soot formation to 

occur. As explained in detail later, these flame conditions corresponded to the soot 

formation (SF) flame [41], where the flame was located on the oxidizer side from the 

stagnation plane, so that convection was toward the fuel side in the region between the 

stagnation plane and flame. Since the concentrations of oxidizing species (such as OH and 

O2) were very low, the effects of oxidation on soot were minimal. A further increase in XO 

= 0.18 resulted in a significant increase in the magnitude of the local maximum, due to 

appreciable soot formation. At 3.5 atm (Figure 4.1b) with XF = 0.75, an increment of 0.01 

of XO led to a greater change in the scattering signal.  Both the sensitivity of the scattering 

signal to XO, and the variation of flame color, were more obvious at higher pressures. Since 

the increment of XF and XO is 0.01 (or 1%), the uncertainty in the sooting limit for XF,cr or 

XO,cr was ±0.005. 

Because this work attempts to measure sooting limits in counterflow flames at elevated 

pressures, it was essential to confirm an apparatus dependence. In this regard, the sooting 

limit maps as obtained, with both burners, were compared with those obtained by Wang 

and Chung [93]; the results for the baseline ethylene flames are shown in Figure 4.2. The 
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sooting limit curves divide the entire XF−XO plane into two regions: the upper right being 

the sooting region and the remaining area, non-sooting. Agreements among the maps 

indicate the good repeatability of the sooting limit measurements, and confirm that the 

experimental apparatus had a minimal effect on the sooting limits. Also, flame 

temperatures were calculated from the Chemkin- Pro [107] for 153 counterflow flames by 

varying XF and XO, and iso-flame temperature lines were drawn in the lines along with the 

color-coding. Note that the previously measured temperature profiles, using a coherent 

anti-Stokes Raman spectroscopy (CARS), agreed satisfactorily with those caclulated [41]. 

Also, using acoustic emissions from laser-induced plasmas, good agreement was reported 

between the calculated flame temperatures and the experimental temperatures [42]. 

 

 

Figure 4.2: Comparison of sooting limit maps of ethylene flames using different 

experimental setups and simulated flame temperature contours. 
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Sooting structures of counterflow diffusion flames can differ significantly, depending on 

the relative position of a flame to the stagnation plane, so that two distinct flame types can 

be defined [110]: soot formation (SF) flame and soot formation/oxidation (SFO) flame. 

The boundary of SF and SFO flames is calculated based on the stoichiometric mixture 

fraction [111], and marked as the dotted line in Figure 4.2. In a SF flame (large XF and 

small XO), the flame is located on the oxidizer side of the stagnation plane (refer to the 

schematic in the inset). Since soot is formed on the fuel side of the flame, newly incepted 

soot particles will be transported toward the fuel side with little oxidation, and eventually 

they will leak through the stagnation plane. Since soot formation is very sensitive to flame 

temperature [39], the sooting limit curves in Figure 4.2 closely follow iso-flame 

temperature contours for SF flames with large XF [23]. When a SFO flame is located on 

the fuel side of the stagnation plane, the soot particles formed will be convected through 

the flame toward the stagnation plane and oxidized by species such as O2, OH, and O. In 

the SFO region, the flame temperature increases significantly along the sooting limit curves 

as XO increases, which results from the competition between temperature sensitive soot 

formation rate and and the soot oxidation rate [9].  

 

4.3.1 Effect of DME addition 

The effect on the sooting limit of adding DME to ethylene was examined in this work. 

Figure 4.3a shows sooting limit maps with varying DME mixing ratio β for the 

atmospheric-pressure flames. The three curves of the sooting limit at β=0, 0.02, and 0.05 

nearly overlapped. As β increased further (0.1 to 0.5), it was apparent that the sooting 
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region shrank with increasing β, indicating that the addition of DME to ethylene can reduce 

the sooting tendency.  

 

 

Figure 4.3: Sooting limit map at several β (a) and critical oxygen mole fraction (XO,cr) with 

DME mixing ratio at several XF (b) in the atmospheric-pressure burner. 

 

Since the strain rate was kept constant for all the flames, dilution, thermal and chemical 

effects were expected to contribute to observed differences in the sooting limit curves. 

From the flame temperature contours in Figure 4.2, in the SF region, the flame temperature 
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changed little along the sooting limit curve, so that the thermal effect in this region was 

expected to be small, hence the variation of XO,cr on sooting limit was also expected to be 

small. In the SFO region, the flame temperature increased significantly along the sooting 

limit curve as XO increased. The competition between soot oxidation and soot formation 

was attributed to the temperature rise, so both thermal and chemical effects were expected 

to contribute to the sooting limit (XF), resulting in the larger variation of XF in the SFO 

flames.  

With the addition of DME, the variation in the sooting limit (XO,cr) was much smaller in SF 

flames at a specified XF, than that of XF,cr in SFO flames for large XO. Another interesting 

feature was that as β increased, the bending behavior of the sooting limit curve toward 

larger XF became more pronounced. One potential reason for the bending tendency in the 

high XO region was that soot oxidation was enhanced at higher flame temperatures in the 

SFO flames. As a result, more fuel was required to balance the soot formation and oxidation 

processes. When β increased, the flame temperature increased as well, so the bending was 

more pronounced due to a higher oxidation rate.  

The dilution effect of nitrogen on the sooting propensity was also examined here. The 

critical oxygen mole fraction XO,cr was plotted with the DME mixing ratio in Figure 4.3b 

at several XF values. As XF decreased, having more dilution with nitrogen, the required 

XO,cr increased. This is explained based on the decreasing effect of N2 dilution in the fuel 

stream on flame temperature, which was compensated by the increasing effect of a higher 

O2 requirement in the oxidizer stream. It is notable that for a specified XF, XO,cr first 

decreased (although the variation was small) and then increased with β. Here, the points 
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were experimental data, and the lines were the corresponding quadratic fitting; the inset 

shows the coefficients of the quadratic term.  

Generally, higher XO,cr with β for a specified XF indicates that more oxygen is needed to 

produce soot: The sooting propensity decreases. As DME was added to the ethylene flames, 

XO,cr decreased with β (the sooting propensity increased), reaching a minimum around β 

=0.05, and then increasing for β > 0.05. This sooting limit behavior was consistent with the 

previous soot volume fraction measurement for specified XF and XO inside the sooting 

region [98], where the soot volume fraction initially increased and then decreased with β, 

resulting in the synergistic effect. This means that a certain mixture of ethylene and DME 

generated more soot than the respective fuels. This point will be elaborated here later. 

The data shows that with the increment of XF = 0.15. The result clearly showed that the 

influence on XO,cr became more pronounced as XF decreased with the fixed XF, implying 

that when the fuel (or carbon flow) was diluted by nitrogen, the dependence of dilution on 

the sooting tendencies increased. For the inset in Figure 4.3b, there is a negative 

relationship between the quadratic term coefficient with the fuel mole fraction in the 

quadratic curve fittings: meaning that as XF decreased, the increase of XO,cr , with respect 

to the DME mixing ratio, became more sensitive. The dependence of DME addition on the 

sooting tendency increased as the fuel was diluted. 

 

4.3.2 Effect of pressure 

Pressure plays an important role in the sooting tendency, so the effects of pressure and 

DME addition, and their interactions on the sooting limits, were also examined here. The 
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variation in sooting limits with pressure and β is shown in Figure 4.4; results showed that 

the sooting regions were notably extended as the pressure increased, indicating an increase 

in the sooting propensity. Moreover, the variation of XO,cr with pressure was much less 

when XF =1 than in XF,cr when XO =1. At XF =1, the increases in XO,cr when the pressure 

increased from 1 to 3.5 atm were 0.045, 0.045, 0.035, and 0.040 for β = 0, 0.1, 0.3, and 0.5, 

respectively. At XO =1, the increases in XF,cr with the same pressure change were 0.075, 

0.08, 0.085, and 0.1 for β = 0, 0.1, 0.3, and 0.5, respectively. This implies that the 

dependence of pressure was rather modest in the SF flames--irrespective of the DME 

mixing ratio, while in the SFO flames, the addition of DME was sensitive to pressure on 

the sooting limits. 

 

 

Figure 4.4: Sooting limit maps with respect to DME mixing ratios (β) at P=1, 2 and 3.5 

atm. Experiments conducted in the pressurized-counterflow burner. 
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As shown in Figure 4.3b, there was a critical DME mixing ratio (βcr) at which XO,cr had its 

minimum for XF = 1. When β > (<) βcr, the addition of DME decreased (increased) the 

sooting propensity. To further substantiate the critical DME mixing behavior and examine 

the effect of pressure on βcr for the pressurized counterflow flames, the normalized 

maximum scattering intensity, with β at various pressures, was investigated and shown in 

Figure 4.5. Using Figure 4.1a as an example to demonstrate the method to obtain Figure 

4.5: The scattering intensity for XO =0.16, which contained only the scattering signal of 

gases, was subtracted from the curve for XO =0.17 to determine the net scattering intensity 

at β=0. For each β, several net scattering intensities were acquired from repeated 

measurements at the flame conditions close to the corresponding sooting limits. The 

recorded peak net scattering intensities at the same pressure were then normalized by the 

maximum value among all the intensities of different at βs. Quadratic fittings of the 

experimental data were also marked. At P=1, 2, and 3.5 atm, the maximum scattering 

intensity in the pressurized counterflow burner appeared at βcr=0.057, 0.106, and 0.144, 

with the correlation coefficients of R2 = 0.787, 0.806, and 0.739, respectively, indicating 

that βcr increased with pressure. This means that the range of β in increasing soot propensity 

with the DME addition expanded with pressure, implying that the effort to reduce soot by 

adding DME to ethylene may not be effective at very high pressures, i.e., a larger amount 

of DME addition is required to achieve soot reduction for the ethylene flames. Considering 

that the pressures in practical devices such as I.C. engines and gas turbines are much higher 

than those in the present experiments, a further experiment should be conducted under 

higher pressures.  
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Figure 4.5: Sooting propensity with DME mixing ratio at several pressures. Dashed lines 

indicate quadratic fittings with the 95% confidence bands.  

 

4.3.3 Kinetic analysis 

To better understand the effect of DME addition on sooting limits, a detailed analysis of 

the underlying physics is offered here. It was expected that the dilution, thermal and 

chemical effects were accountable for the sooting propensity observed with the addition of 

DME [112]. The effect of dilution reflected mainly on the chemical and thermal aspects in 

this study, since the collider effect (i.e., CH3OCH3 (+M) = CH3 + CH3O (+M) (R330 in the 

KAUST-Aramco PAH Mech), the reaction rate was faster with the existence of a third 

body as the collider) of DME was very weak in polycyclic aromatic carbon (PAH) and in 

the soot formation region, due to the low concentration. Therefore, the focus here was on 

the chemical and thermal effects of DME addition to soot formation.  

To quantify the effect of DME addition on the sooting limits, thermal and chemical effects 

were isolated in the simulations. A fictitious DME (FDME) was introduced in the 
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simulation, which had the same thermodynamic and transport properties with DME, but 

which did not participate in chemical reactions. Benzene (C6H6, regarded as one of the 

most important precursors of soot), was selected to represent soot formation characteristics 

[113]. In this strategy, the chemical effect of DME addition on the soot formation was 

identified by comparing benzene mole fractions from the simulations with FDME and 

DME. The thermal contribution was evaluated by subtracting the chemical effect from the 

total effects. In the simulation, XF and XO were set to 0.7 and 0.19, respectively. The thermal 

and chemical contributions to benzene production at several flame conditions are presented 

in Figure 4.6 for P = 1 and 3 atm. Note that the thermal contribution of DME addition 

(treating DME as diluent) monotonically decreased with , as expected, while the chemical 

contribution increased first, then decreased after reaching a peak value. The trend of the 

chemical factor was the same as the trend of the overall effect of DME addition, implying 

that the synergistic effect of DME addition on soot formation was dominantly controlled 

by its chemical effect, instead of by the thermal effect. This was also evidenced by the 

relatively large difference between the benzene mole fractions coming from the chemical 

and thermal effects. For example, the mole fraction of benzene generated from the isolated 

chemical effect was higher than the mole fraction from the thermal effect by a factor of 3.5 

when β = 0.5 at P = 1 atm, and this ratio increased to 5.6 at P = 3 atm. It was observed that 

the benzene formation was greatly enhanced at higher pressure, and the chemical 

contributions to benzene formation became more pronounced at higher pressure. This 

analysis supported the observed pressure dependence of soot formation with DME 

addition, discussed previously. 
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Figure 4.6: Maximum mole fraction of benzene against mixing ratio, indicating thermal 

and chemical contributions to benzene production at P = 1 and 3 atm, (XF and XO are set 

to 0.7 and 0.19, respectively, in simulation). 

 

For further insight on how the chemical effect of DME addition contributes to soot 

formation, the sensitivity analysis of DME addition reactions towards benzene formation 

was conducted by separately decreasing their reaction rate coefficients by a factor of ten. 

The result is shown in Figure 4.7a. Of the nine DME entrance reactions in the KAUST-

Aramco PAH mech, the reactions CH3OCH3 (+M) = CH3 + CH3O (+M) (R330), CH3OCH3 

+ H = CH3OCH2 + H2 (R332), and CH3OCH3 + CH3 = CH3OCH2 + CH4 (R335) were the 

dominant reactions influencing benzene formation with the addition of DME. Benzene 

formation specifically, was appreciably enhanced by the CH3 production reaction (R330) 

and H radical consumption reaction (R332) when β = 0.2 and 0.5, and it was suppressed 

by the CH3 consumption reaction (R335). The sensitivity results indicated that the benzene 

formation was sensitive to the production of CH3 and H radicals.  
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Figure 4.7: Sensitivity analysis of DME entrance reactions towards benzene formation (a) 

reaction pathway analysis of benzene formation (b) (XF and XO set to 0.7 and 0.19, 

respectively, in simulation) 

 

To explore the role of CH3 and H, a reaction pathway analysis was conducted for benzene 

formation. The result showed that the formation of benzene was dominantly controlled by 

reactions from the addition of C4Hx+C2H2, and partially controlled by the propargyl 

recombination reaction C3H3+C3H3 in the benzene formation region. As shown in Figure 

4.7b, when β = 0, 76.8% benzene was produced from the reaction of C4H5+C2H2 and 

C4H6+C2H3, but only 7.3% from the reaction of C3H3+C3H3 at the location of the maximum 

benzene mole fraction; when β = 0.5, the contribution of C3H3+C3H3 reaction in benzene 

formation increased to 19.3%. The enhanced contribution of C3H3+C3H3 reaction in 

benzene formation resulted from the higher production of the CH3 radical with the addition 

of DME, as the sensitivity analysis showed that C3H3 was formed mainly from the pathway 

of CH3+C2H2→C3H4→C3H3 in this flame case. Also, note that C2H2 and C2H3 were the 

main precursors for the formation of C4H5 and C4H6 in these flames. Here, the C2H2 radical 
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was produced mainly from the base C2H4 fuel by the reactions of C2H4 + CH3 = C2H3 + 

CH4, and subsequently C2H3 (M) = C2H2 + H. Higher CH3 concentration was more 

favorable for the reaction of C2H4 + CH3 = C2H3 + CH4 to the production of C2H3, and a 

lower H concentration was likely to increase a yield of C2H2 from the reaction of C2H3 (M) 

= C2H2 + H, in view of the reaction balance. Therefore, the chemical effect of DME 

addition on soot formation was realized by the pathway of 

DME→CH3(H)→C2H2(C3H3)→C6H6→soot with the assistance of the entrance reactions 

of CH3OCH3 (+M) = CH3 + CH3O (+M) (R330), CH3OCH3 + H = CH3OCH2 + H2 (R332), 

and CH3OCH3 + CH3 = CH3OCH2 + CH4 (R335).  

The present analysis reports mainly soot formation flames, in which the DME 

decomposition and benzene formation occurred on the fuel side of the flame; the DME 

oxidation effect was minimal since OH, O and O2 concentrations were very low. The 

oxygen in DME went through CH3O→CH2O→CHO→CO (note that complete pyrolysis 

products of DME at equilibrium were CH4, CO and H2). Thus, the oxygen in DME was not 

involved in the benzene formation (mainly through C2→C4→benzene and CH3→CH2 (+C2 

species) →C3H3 and its recombination to benzene) leading to soot formation. 

Note that this synergistic effect, occurring from DME addition to ethylene, can be 

attributed to the formation of CH3 radicals from DME. DME mixing with other gaseous 

hydrocarbon fuels (such as CH4, C2H6, C3H8), and long chain hydrocarbons such as n-

heptane was discussed previously [24] Since CH3 are readily produced, such a synergistic 

effect with DME addition by the interplay of C2H2 and C3H3 (via CH3 paths: CH3→CH2 

(+C2 species)→C3H3) was not observed. 
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This kinetic analysis indicated that soot formation behavior may be captured by the 

formation of C6H6 and C2H2. For further insight on how the quantitative effect of DME on 

the sooting tendency varies with pressure, the maximum concentrations of C6H6 and C2H2 

at various pressures and DME mixing ratios were plotted in Figure 4.8. With the increase 

in β at a specified pressure, the maximum concentration of benzene increased first, reaching 

a peak value, and then it decreased (a). The benzene formation was very sensitive to 

pressure; the rate of increase in the maximum concentrations of C6H6 along β was faster at 

higher pressure when β was lower than 0.2. Also, the peak of the benzene concentration 

profile was seen to shift to the higher β as pressure increased, implying that more DME 

was needed to suppress benzene formation at higher pressures. In C2H2 (b), higher pressure 

tended to accelerate acetylene production, and enhance C6H6 formation.  

 

 

Figure 4.8: Maximum concentration profiles of C6H6 (a) and C2H2 (b) with DME mixing 

ratios at several pressures (XF and XO are set to 0.7 and 0.19, respectively, in simulation). 
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The critical DME mixing ratios (βcr) for maximum concentrations of C6H6 and C2H2 were 

determined and are shown in Figure 4.9. The βcr,benz (βcr,acet) is defined as the critical DME 

mixing ratio (β), corresponding to the peak of C6H6 (C2H2) concentration profile in Figure 

4.8. These critical values of βcr,benz and βcr,acet, and the measured βcr corresponding to the 

highest sooting tendency in Figure 4.9, were plotted as a function of pressure. From 1 atm 

to 2 atm, the variations of βcr of the calculated benzene, calculated C2H2, and experiments, 

were 0.057, 0.026, and 0.052, respectively. The variation of βcr,benz with pressure was 

qualitatively similar to that of βcr from the experiments. However, as the pressure increased, 

βcr,acet increased first, then decreased for P > 2.5 atm, revealing a non-monotonic behavior, 

which was qualitatively different from the experimental βcr behavior. These trends of βcr, 

βcr,benz and βcr,acet suggested that soot formation may be better described by the 

concentration of benzene, rather than C2H2 [46-48].  

 

 

Figure 4.9: Critical DME mixing ratios at maximum simulated concentrations of C6H6 

(βcr,benz) and C2H2 (βcr,acet), and measured βcr with respect to pressure. To fit all curves 

with one axis, the βcr,acet and βcr are added 0.15.  
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4.4 Conclusions 

To investigate the synergistic effect of DME addition on sooting tendency at elevated 

pressures, critical XF−XO based sooting limit maps of ethylene/DME flames for 1~3.5 atm 

were determined using a laser scattering technique in counterflow diffusion flames. 

Numerical modeling studies were performed to clarify the experimental observations. The 

major conclusions of the present study were as follows: 

1. Sooting tendency is more sensitive in SFO flames than in SF flames, due to the 

competition between soot formation and oxidation. The dependence of pressure was 

relatively mild in SF flames, irrespective of DME addition, while in SFO flames, the 

pressure-dependence of sooting limits with DME addition was stronger. 

2. When the fuel (or carbon flow) was diluted, the dependence of dilution on the 

sooting tendencies increased. That is, as XF decreased, the increase of XO,cr (with respect to 

the DME mixing ratio) became more sensitive, so that the effect of DME addition on the 

sooting tendency was more apparent as the fuel was diluted. 

3. The sooting limits (XF and XO) were sensitive to pressure, and sooting tendency 

increased at higher pressures. The range of β in increasing soot propensity with DME 

addition expanded with pressure; thus the effort to reduce soot by doping DME to ethylene 

may not be effective at high pressures. 

4. Kinetic analysis indicated that, with the addition of DME, the sooting limit was 

predominantly determined by the synergistic chemical effect, which was likely realized by 

the pathway of DME→CH3(H)→C2H2(C3H3)→C6H6→soot with the assistance of the 
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entrance reactions of CH3OCH3 (+M) = CH3 + CH3O (+M) (R330), CH3OCH3 + H = 

CH3OCH2 + H2 (R332), and CH3OCH3 + CH3 = CH3OCH2 + CH4 (R335). 
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Chapter 5  

Incipient sooting tendency of oxygenated fuels in counterflow diffusion 

flame 

5.1 Introduction 

Soot is an interesting carbon-based material, attracting widespread attention from many disciplines. 

The scientific progress of soot studies is an evolutionary process [9, 114] encompassing physical 

and chemical properties [10, 115, 116] impacting health and the environment [1, 2, 117, 118]. 

Because the overwhelming majority of soot particles originate from incomplete combustion, 

researchers generally focus on combustion-generated soot in this field [119]. As soot precursors in 

the combustion process, with adverse impacts on human health and the environment [120], 

polycyclic aromatic hydrocarbons (PAHs) are important subjects for research. Efficient control and 

management of soot and PAH emissions require in-depth understanding of their formation and 

evolution processes.  

Knowledge of soot and the PAH evolution mechanism (such as soot inception or the nucleation 

process discussed in [80, 121, 122]), is still insufficient. Hope A. Michelsen et al. [119] summarized 

the major steps from gaseous hydrocarbon molecular to mature soot particles: gas-phase soot 

precursors, condensed-phase particles (probably liquid-like [123]), partially matured (or graphitic) 

soot particles, agglomerates, and aggregated mature soot. The condensed-phase particle is also 

referred to as incipient soot, nuclei, nascent soot, etc. in various studies. The diameter of incipient 

soot can range from 1-6 nm [124, 125]; these particles cannot be detected with the common laser 

induced incandescence technique, but they can be found using laser induced fluorescence [119, 
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126-128]. The transition stage from the gas-phase precursor to condensed-phase incipient soot is 

referred to as soot inception. After the process of soot inception, the physical and optical properties 

of incipient soot change dramatically, compared to those of its precursors. Because of the serious 

health impact from particles of this size, and inadequate understanding of the process, increasing 

attention is being given to investigation of incipient soot particles. 

Most of the current quantitative metrics of sooting tendencies refer to mature soot, leaving a gap in 

the incipient soot field. For instance, the widely used threshold soot index (TSI) [84], and the yield 

soot index (YSI) [91] always access the sooting tendency in heavily sooting flames, where mature 

soot particles dominate. Due to the overwhelming influence of large amounts of mature soot 

particles, assessments regarding sooting tendencies in high soot-load flames may neglect the role 

of incipient soot, and subsequently, other factors about soot inception and its impact. Also, incipient 

soot connects soot precursors and the mature soot; comparison of the formation trends in these 

three stages can clarify the evolutionary prospect of soot formation. Therefore, it is essential to 

evaluate the incipient sooting tendency of various fuels and fuel additives for a comprehensive 

understanding of soot and the PAH evolution process. To evaluate sooting tendency in a flame 

dominated by incipient soot, the selected flame should be not be sooty or close to onset sooting 

condition. Accordingly, the sooting limit map, describing sooting tendency in counterflow 

diffusion flames, becomes a factor. Compared to premixed, or coflow flames, counterflow flames 

separate soot formation from the oxidation process [110, 129], facilitating study of the chemical 

role of fuel structures in PAH and soot formation [130]. Previous studies of sooting limits defined 

the sooting tendencies of pure fuel and binary fuel mixtures in counterflow diffusion flames at 

different strain rates and elevated pressures [92, 93, 130, 131]. However, the sooting tendencies of 

numerous other important fuels and fuel additives have not evaluated.  

Unlike regular hydrocarbon fuels, oxygenated fuels are partially oxidized, which may reduce the 

emission of carbonaceous products [85]. However, in some cases oxygenated fuels can enhance 
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soot production [98, 104, 130], especially in the formation of incipient soot particles [124]. Bio-

ethanol is now one of the most high-profile oxygenated additives to substitute for fossil fuels [132-

135]. When mixing 5% of ethanol into counterflow diffusion ethylene flames, the formation of 

both PAH and soot particles was enhanced, due to chemical cross-linking based on experimental 

and computational studies [136]. Similarly, dimethyl ether displayed a non-monotonic variation of 

sooting tendency (i.e., synergistic effect) with an increase in the DME doping ratio in counterflow 

diffusion flame [130]. These findings raise questions about the behavior of incipient sooting 

tendencies in other groups of oxygenated fuels. 

This work systematically investigates the incipient sooting tendency of oxygenated fuels in 

counterflow flames. Because ethylene has been widely recognized as the model in soot studies, 

both experimentally and numerically, it was chosen as the base fuel to carry the oxygenated 

additives. The incipient sooting tendencies of various fuel additives were evaluated with sooting 

limits, determined by the laser scattering technique. To elaborate and clarify the process of 

evolution from soot precursors to soot particles, the distribution of PAHs in target flames was 

measured using the planar laser induced fluorescence technique. 

 

5.2 Experimental setup and flame conditions 

In this study, laser scattering and planar laser induced fluorescence were implemented to detect 

soot particles and PAHs in counterflow flames. The experimental apparatus is diagrammed in 

Figure 5.1.  
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Figure 5.1: Schematics of laser scattering experimental apparatus (a), laser induced 

fluorescence (b), and counterflow burner (c). ND is neutral density, RCC is rectangular 

concave cylindrical lens, RCX is rectangular convex cylindrical lens. 

 

To check the repeatability of the laser scattering setup (Figure 5.1a), the scattering profiles 

of flame were analyzed in this work and from previous data. A pure ethylene flame was 

chosen as the reference flame, and its scattering profiles were recorded each time before 

measurement of the target fuel mixtures. Based on the analysis of the profiles above, the 

deviation of the scattering signal peaks in reference flame was 6%, considered as the 

uncertainty percentage of the scattering signals. 

Because the target fuels were liquids, the lower nozzle of the counterflow burner (Figure 

5.1c) was heated to 200 ℃ to maintain the gaseous phase of the fuel mixture, while the 
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upper nozzle was cooled with a chiller (20 ℃). The oxidizer, composed of oxygen and 

nitrogen, came from the upper nozzle; the mole fraction of oxygen was marked as XO. The 

fuel mixtures came from the lower nozzle, and the mole fraction of fuel mixture was 

marked XF. The separation distance between the two nozzles was fixed at 7.55 mm. The 

exit gas velocity of both nozzles was 20 cm/s. In this study, the fuel mixture included the 

base fuel (ethylene) and oxygenated additives. The additive mixing ratio (β) in the fuel 

mixture is defined as the ratio of weight flow rates between the additive and the ethylene. 

Information about the oxygenated additives is listed in Table 5.1. Abbreviations will be 

used for the oxygenated fuels in Table 5.1. 

 

Table 5.1: Information of the oxygenated additives in this study. 

Fuel Name Chemical Formula Abbreviation 

Methanol CH3OH MeOH 

Ethanol C2H5OH EtOH 

Formic acid HCOOH FA 

Acetic acid CH3COOH AA 

Acetone CO(CH3)2 ACE 

Dimethyl carbonate OC(OCH₃)₂ DMC 

Diethyl carbonate OC(OCH₂CH₃)₂ DEC 

Diethyl ether O(C2H5)2 DEE 

Dimethoxymethane CH2(OCH3)2 DMM 
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5.3 Results and discussion 

Previous work on sooting limits elaborated sooting tendency using a sooting limit map, in 

which critical fuel and oxygen mole fractions were recorded at the soot inception stage in 

an entire range of the XF-XO plane. The scale of XF and XO investigated was from 0 to 1. 

For a complete sooting limit curve, it is recommended to record at least 20 pairs of XF,cri 

and XO,cri. According to previous work, however, the overall sooting tendency was 

consistent with the trend at each XF,cri-XO,cri point for most cases. Although the sooting 

limit curves intersected in some cases, the intersections most often appeared in the low XF 

region, where flames were generally classified as SFO flames [92, 93, 130, 137]. Also, in 

SF flame, the chemical effect was the dominant factor in soot formation under conditions 

of soot inception, while the thermal effect contributed little due to the negligible variation 

in flame temperature [130]. Therefore, it is feasible to assess the additional effect of various 

fuels on the sooting tendency in SF flames, e.g. XF = 1. Furthermore, since coflow and 

premixed laminar flames generally behave like SFO flames, the advantage of counterflow 

flames is that the soot formation process is separate from the soot oxidation process [129], 

so investigating SF flame can supply the deficiency in information from soot modeling and 

promote the development of the model. Therefore, it is more valuable to focus on the SF 

flame rather than SFO flame. 

Taking all of the above into consideration, this study focused on XF=1, rather than a 

complete sooting limit curve. The critical oxygen mole fraction (XO,cri) was the indicator 

of sooting limit at XF=1; a higher XO,cri means a lower sooting tendency. Since the 

introduction of oxygen from mixing oxygenated fuels led to a change in the oxygen-to-

carbon ratio (O/C) in the fuel stream, both the additive mixing ratio (β) and O/C were 
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regarded as the dependent variables of incipient sooting limits. Figure 2 shows the sooting 

limits as functions of β and O/C of the investigated oxygenated fuels. In comparing Figures 

5.2a and 2b, every oxygenate shows similar sooting propensity, irrespective of the 

dependent variables, but the relative relationships of different oxygenates were different. 

Compared to using β as the dependent variable (Figure 5. 2a), using O/C as the dependent 

variable (Figure 5. 2b) could--to some extent--expand or shrink impact behavior after the 

addition of various oxygenated fuels. For instance, the suppression impact of MeOH on 

sooting was anabatic compared to that of AA, as the intersection between their curves in 

Figure 5.2a disappears in Figure 5.2b. While the suppression impact of DMC on sooting 

was impaired compared to that of DMM (the curve of DMC tops the DMM in Figure 5.2a 

in the entire range), their curves partially overlap in Figure 5.2b. This phenomenon can be 

explained by comprehensive consideration of the additive O/C and β definition. 

 

 

Figure 5.2: Sooting limits as functions of β (a) and O/C (b) of the investigated oxygenated 

fuels at XF=1. Gray area covers the range of XO,cri of pure ethylene flame (0.16±0.005). 
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The addition of oxygenated fuels significantly affects sooting limits. Comparing the overall 

sooting tendency with ethylene, the addition of ACE increased sooting tendency; the 

addition of DEE and DMM had little impact on sooting tendency within the range 

investigated, and the addition of other oxygenates decreased the sooting tendency, with a 

level of decline from low to high at β=0.2: DMC, EtOH, DEC, AA, FA, and MeOH (Figure 

5.2a). Interestingly, non-monotonic behavior of the sooting tendency was displayed in the 

flames doping with EtOH, DMC, DEE, and DMM. That is, the addition of EtOH, DMC, 

DEE, and DMM promoted sooting when small amounts were added to ethylene, but it 

suppressed sooting when large amounts were added. This non-monotonic behavior was 

also referred to as the synergistic effect, which has been found in the sooting limits of 

counterflow diffusion flames of ethylene mixed with dimethyl ether [130]. This synergistic 

effect may be explained using kinetic simulations, which is not discussed in this work. 

Incipient soot particles evolve from PAHs. To understand the incipient sooting tendency, 

the evolution process of PAHs must be clarified. Considering the detection limits of a 

fluorescence signal using our apparatus, the XF and XO were set at 1 and 0.3 to produce 

flames with a high soot load. Figure 3 shows the peaks of PLIF profiles in PAHs of different 

sizes. For the smallest size PAHs studied, with 2-3 rings, corresponding to a 320 nm filter 

(Figure 5.3a), DEE added flames had the highest production, continuing to increase within 

the studied range, with a competitive production rate from DMM added to flames when β 

≤ 0.05. Next to DEE, the addition of DMM and ACE showed higher production than other 

additives, but the PAH production was inclined to decrease in DMM added to flames with 

β > 0.05. Subsequently, the addition of DEC, DMC, and EtOH increased PAH production 

with β. On the contrary, the addition of AA and MeOH decreased PAH production with β, 
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while the addition of FA initially decreased PAH production when β < 0.15, then increased 

when β > 0.15. 

 

 

Figure 5.3: Peak PAHs PLIF signal of different oxygenated fuels corresponding to (a) 

320 nm bandpass filter, (b) 400 nm bandpass filter, (c) 450 nm bandpass filter, (d) 500 

nm bandpass filter. 

 

The relative production of PAHs with at least four rings, corresponding to 400 nm, 450 

nm, and 500 nm filters of different oxygenated fuels were similar, as shown in Figure 5.3b-

d. The production increment of PAHs after the addition of ACE was highest among all the 
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additives. DEE was second to ACE in promoting PAH yield. Following DEE, DMM, 

DMC, EtOH, DEC, and AA promoted effects in high to low order. FA and MeOH still 

showed suppressing behavior in PAH production. However, there was a lift of PAH 

profiles at β = 0.2 for FA and MeOH in Figures 5.3b and 3d. 

To better visualize the comparison of various oxygenated fuels in PAHs production and 

incipient sooting tendency, the rank of PAH and incipient sooting tendency was quantified, 

respectively. The rank of the PAH tendency is the ratio of the maximum fluorescence signal 

between the specific oxygenated fuel added flame and the pure ethylene flame. The rank 

of incipient sooting tendency is the inverse of the ratio of the critical oxygen mole fraction 

between the specific oxygenated fuel added flame and pure ethylene flame. For pure 

ethylene flames, the rank of PAH and incipient sooting tendency was fixed at one. 

Consequently, PAH production and incipient sooting tendency can be ordered for 

visualization. In Figure 5.4, the left axis represents the rank of PAH tendency; the left five 

columns (x-axis label: PAH320, PAH350, PAH400, PAH450, PAH500) are scaled with the left 

axis; the right axis represents the rank of incipient sooting tendency, and the right column 

(x-axis label: SOOT, in the gray area) is scaled with the right axis. The scale of the left and 

right axes was adjusted to connect the ethylene rank to a horizontal line. 
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Figure 5.4: Rank of PAH and incipient sooting tendency of oxygenated fuels compared to 

ethylene. Gray area points scaled using right axis, others in left axis. High tendency 

oxygenated fuels in red; low tendency oxygenated fuels in green. 

 



72 
 

In comparing PAH rank and incipient sooting tendency (Figure 5.4), all oxygenated fuels 

can be divided into three groups: The high tendency group includes ACE, DMM, and DEE; 

the middle tendency group includes DMC, DEC, and EtOH; the low tendency group 

includes MeOH, FA, and AA. In Figure 5.4, the red area covers the oxygenated fuels in 

the high tendency group, and the green area covers the oxygenated fuels in the low 

tendency group. 

In the high tendency group, when β = 0.02, 0.05, the tendency of DMM and ACE was to 

be higher than DEE. When β = 0.1, 0.15, 0.2, the tendency of ACE and DEE was higher 

than DMM. As β increased, DEE and ACE produced more PAHs and soot. Additionally, 

it was apparent that DEE had an advantage over ACE in the production of smaller sizes of 

PAHs, while ACE showed the highest production in larger PAHs and incipient soot 

formation.  

In the middle tendency group, the DMC produced smaller PAHs with less sooting than 

DEC at most βs. But for larger PAHs and incipient soot, the tendency of DMC was higher 

than DEC. This may be due to the addition of methyl group facilities, the growth of PAHs, 

and thus, incipient soot. However, the alcohol behaved differently: EtOH produced more 

PAHs and soot than MeOH at all βs.  

As β increased in the low tendency group, the PAHs and soot tendency of MeOH continued 

to decrease compared to FA and AA. When β = 0.02, 0.05, the tendency of AA was higher 

than FA for all sizes of PAH and incipient soot. But, when β = 0.1, 0.15, the tendency of 

AA was higher than FA for all sized PAHs, but opposite for incipient soot. When β = 0.2, 

the tendency of AA was lower than FA for the largest size PAH and incipient soot. Like 
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the promoting effect of the methyl group of DMC, the existence of the methyl group 

facilitated PAH growth and soot nucleation in FA added flames, compared to AA. 

It is interesting to compare the mixing ratios in production trends of PAHs and incipient 

soot particles of flames with different oxygenated additives. However, since more oxygen 

was introduced to the flames from the oxygenated additives, the flame chemistry was 

greatly affected. In addition to β, it is imperative to consider the O/C.  

In investigating incipient sooting limits by this group, the critical oxygen mole fractions 

(XO,cri) at elevated βs were measured for all oxygenated additives. Therefore, there were 

two sources of oxygen in flame: one from the fuel additives, the other from the oxidizer. 

This paper defines a total O/C for the fuel mixture of C2H4 (base fuel) and CXHYOZ (fuel 

additive): Total O/C = 
β×Z+2×XO,cri

(1−β)×2+β×X
. Here, the total O/C includes information about the 

chemical structure of fuels (number of oxygen atom in fuel mixture) and sooting limits 

(number of oxygen atom in the oxidizer). According to these flame conditions, X = 1~5, Z 

= 1~3, β = 0~0.2, XO,cri = 0.14~0.22. Figure 5 shows total O/C as functions of β of the 

oxygenated fuels at sooting limit conditions, linear fitting analysis was adopted for every 

oxygenated additive in Origin 2019. The parameters of the linear fitting are listed in Table 

5.2. Within the range investigated here, it was noted that the total O/C was linear with β at 

sooting limit conditions, with the modified coefficient of determination (adj. R-square) 

varying from 0.9732 to 0.9997.  

 



74 
 

 

Figure 5.5: Total O/C as functions of fuel mixing ratio of oxygenated fuels at sooting limit 

conditions. 

 

Table 5.2: Linear fitting parameters of the total O/C as functions of β (Figure 5.5) and 

fuel O/H information of all oxygenated additives. 

Fuel Slope Intercept 
Adj. R-

square 
Fuel O/H 

DEE 0.282 0.158 0.9829 0.1 

ACE 0.308 0.156 0.9732 0.17 

EtOH 0.588 0.154 0.9800 0.17 

DMM 0.852 0.157 0.9991 0.25 

MeOH 0.924 0.153 0.9787 0.25 

DEC 1.050 0.166 0.9945 0.3 

AA 1.142 0.158 0.9987 0.5 

FA 1.311 0.157 0.9990 1 

DMC 1.347 0.158 0.9997 0.5 
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Theoretically, the intercept represents the total O/C of the base flame at sooting limits, 

where the base flame was pure ethylene flame in this work. In Table 5.2, the intercepts of 

all oxygenates range from 0.153 to 0.166, consistent with the critical oxygen mole fraction 

(XO,cri = 0.16±0.05) of pure ethylene flame. The slope refers to the required increment per 

β of the total O/C to convert non-sooting flame to sooting flame. The fuels in Table 5.2 

were sorted by the slope from smallest to largest; it is possible that the slope could increase 

with the O/H of the oxygenates for most fuels. That is, as fuel O/H increased, more oxygen 

atom per carbon atom was needed to form incipient soot, regardless of whether the oxygen 

was from molecular fuel or the oxidizer. Nevertheless, it should be noted that there was an 

exceptional case (FA or DMC) among the nine oxygenated fuels in this research. 

Therefore, further studies are needed to validate this statement. 

The limited scale of the sooting limit experiments above is apparent: where XF = 1, β = 

0~0.2, total O/C = 0.16~0.43, which may restrain the application of the linear relationship 

between total O/C and β. We explored a broader range of XF = 0.3~1, β = 0~0.7, total O/C 

= 0.17~1.27 using the experimental data from [130]. As shown in Figure 5.6, the square 

points represent sooting limit cases in SFO flame, and circle points represent sooting limit 

cases in SF flame. As shown in the green curve of XF=0.3, there was no linear relationship 

between total O/C and the DME mixing ratio. However, the data from the SF flame can be 

fitted linearly with the corresponding parameters listed in Table 5.3, with the adj. R-square 

= 0.9982, 0.9982, and 0.9911 for XF=1, 0.7, and 0.5, respectively. This indicates that the 

total O/C was linear with the DME mixing ratio at sooting limit conditions in SF flame, 

but it was not appliable in the SFO flame. 
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Figure 5.6: Total O/C as functions of fuel mixing ratio of DME at sooting limit 

conditions. 

 

Table 5.3: Linear fitting parameters of the total O/C as functions of β (Figure 5.6). 

XF Slope Intercept Adj. R-square XO,cri 

1 0.554 0.163 0.9982 0.165 ±0.005[130] 

0.7 0.596 0.245 0.9982 0.18 ±0.005[130] 

0.5 0.628 0.372 0.9911 0.19 ±0.005[130] 

 

Similarly, the intercept at XF = 1 was 0.163, which was close to the sooting limit of pure 

ethylene flame. When XF decreased to 0.7 and 0.5, the intercept equaled the corresponding 

XO,cri divided by XF, proving that the intercept of DME was in accordance with the rules 

of the nine oxygenated fuels. Also, the slope was related to fuel O/H. The O/H of DME 

equaled that of the EtOH and ACE. In Table 5.2, the slopes of EtOH and ACE are 0.588 

and 0.308 at XF = 1, respectively. As listed in Table 5.3, the slope of DME at XF = 1 is 
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0.554, between EtOH and ACE: More proof of the linear relationship between total O/C 

and the oxygenate mixing ratio in the sooting limits of SF flames. 

 

5.4 Conclusions 

In this work, the incipient sooting tendency of oxygenated fuels was systematically 

evaluated in counterflow diffusion flames. The laser scattering technique was implemented 

to measure sooting limits, and the laser induced fluorescence technique was used to acquire 

the relative production of PAHs of different sizes. Unlike previous work by this group on 

sooting limits, this study only accessed the additional effect of various fuels on incipient 

sooting tendencies in SF flames with the specific XF at 1. In PAHs measurement, flames 

with a higher soot load were selected to guarantee sufficient intensity of the fluorescence 

signal.  

The addition of oxygenated fuels significantly affects sooting limits. As more oxygenates 

are added to flames, different oxygenated fuels show different behavior in the incipient 

sooting tendency. The addition of ACE monotonically promoted sooting; the addition of 

MeOH, AA, FA, and DEC monotonically suppressed sooting, and the addition of EtOH, 

DMC, DEE, and DMM showed non-monotonic behavior of sooting.  

The rank of PAH and the incipient sooting tendency was calculated and compared. 

Generally, among all the fuels investigated, the PAHs and incipient soot tendencies of 

ACE, DMM, and DEE were higher than that of DMC, DEC, and EtOH. MeOH, FA, and 

AA displayed the lowest sooting tendency. 
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It is interesting to compare PAHs and the sooting tendency of oxygenated additives with 

the same functional group. In the two alcohols in this study, EtOH produced more PAHs 

and incipient soot than MeOH. Nevertheless, with the acids, the PAHs and incipient soot 

tendency of AA was higher than FA in conditions of low β and production of smaller sized 

PAHs. But as β increased, the addition of FA produced more incipient soot and larger PAHs 

than that of AA. The existence of the methyl group is the likely reason for the promoting 

role of FA in PAH growth and incipient soot nucleation. Similarly, for the carbonate esters, 

the tendency of DMC was lower than DEC in smaller sizes PAHs at most βs. but the 

tendency of DMC was higher than DEC for larger PAHs and incipient soot, due to the 

addition of the methyl group. 

In addition to the comparable relationship of PAHs and the sooting tendency among 

oxygenated additives, an interesting linear correlation was found between the total O/C and 

the additive mixing ratio. In sooting limit conditions, the total O/C was linear with the 

mixing ratio of oxygenated fuels in SF flames. The intercepts of the linear fitting refer to 

the critical oxygen mole fraction of the base fuel, and the slope was related to the O/H of 

the additives. Moreover, the sooting limits of DME from the literature displayed the same 

behavior of the total O/C and DME mixing ratio, indicating that this linear correlation may 

have broader applications in the research of incipient sooting tendency. 
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Chapter 6  

Growth network of PAH with 5-membered ring: Case study with 

acenaphthylene molecule 

6.1 Introduction 

Because of its negative effect on combustion efficiency, human health, and the 

environment [138-141], soot formed from incomplete hydrocarbon combustion is 

receiving growing attention. Because they are regarded as the building blocks of soot [80, 

142-144], the chemistry of polycyclic aromatic hydrocarbons (PAH) plays a vital role in 

the formation mechanism of soot. Various light gas species, including C2H2 [145-147], 

C3H3 [148], and C4H4 [71, 149] contribute to PAH growth via hydrogen abstraction and 

carbon addition reactions. Comparison of numerous results between predicted PAH and 

detected PAH concentration profiles indicate that the aromatic species, up to naphthalene 

(A2), can be accurately described by current PAH mechanisms under broad combustion 

conditions [147, 150]. However, for some mechanisms, the prediction of large PAHs is 

only accurate at specific flame conditions [151, 152]. The semi-empirical feature results 

from poor understanding of the formation pathway of larger PAHs [147, 153, 154]. Lack 

of quantitative experimental data about large PAH restricts the development of the PAH 

mechanism. Generally, the boiling point of PAH increases with its size [155]. For example, 

the boiling point of A2 is 491 K at 1 atm and that of pyrene (A4) is 677 K. This means that 

large PAH is more difficult to detect than small PAH, due to the phase change during the 
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sampling process. However, the number of isomers increase with PAH size, and the 

reaction networks become more complex for large PAHs [156].  

Considerable effort has been made to provide accurate information about large PAH 

formation [146, 156-160]. Kislov et al. investigated the formation of three fused aromatic 

rings starting from A2; their results showed that the dominant product was acenaphthalene 

(A2R5), rather than anthracene and phenanthrene (A3) [146]. This was confirmed 

experimentally by Parker et al. [161] who investigated the reaction from adding C2H2 + 1-

naphthyl radical and C2H2 + 2-naphthyl radical in a high temperature chemical reactor. Liu 

et al. checked the formation of A4 beginning with benzene through the hydrogen-

abstraction-acetylene-addition (HACA) pathway. They noted that the site effect should 

account for the lower prediction of A3 and A4 production [156]. Specifically, H abstraction 

and C2H2 addition reactions on the ortho-position, relative to the existing C2H substitution, 

were kinetically unfavorable due to the higher energy barrier and the effect of the 

orientation hindrance. For these reasons, a new benzene ring was unlikely to form from the 

second C2H2 addition reaction. Observations of fullerenes-like structures [162], and 

various PAHs with 5-membered rings, have sparked interest in PAH reaction networks 

involving PAHs with 5-membered rings [14, 25, 152, 163-165]. To complete the reaction 

pathway for the increment of an extra benzene ring, Denis et al. examined the conversion 

probability of A2R5 to phenalene constituting three benzene rings via methylation [166]. 

Their potential energy surface (PES) and kinetical analysis indicated that conversion was 

possible at high temperatures, but its ultimate contribution must be checked via flame 

modelling [166]. Bauschlicher investigated the growth of phenanthrene from naphthalene 

by adding C2H2, using a density functional theory (DFT) [167]. They pointed out a possible 
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phenanthrene formation pathway: naphthalene (+C2H2) → acenaphthalene (+C2H2+H) → 

phenanthrene. Savchenkova et al. studied the reaction of 3-acenaphthyl radical with 

acetylene, and highlighted the importance of 3-acenaphthyl + C2H2 → 3-

ethynylacenaphthylene + H → 1-phenanthrenyl radical (+H) → phenanthrene reactions in 

the conversion from a 5-membered ring to 6-membered ring [168]. Based on density 

functional theory (DFT) calculations, Angiras et al. [157] found that the PAH with a 7-

membered ring could be formed from a PAH with a 5-membered ring via the HACA 

pathway, which is highly sensitive to the surface site of the PAH structure [156]. For 

example, the addition of C2H2 to a zig-zagged surface site dominantly yields a 5-membered 

ring structure (e.g. naphthalene (+C2H2) → acenaphthalene); the 6-membered ring 

structure dominates if the surface site attacked is of the armchair type (e.g. 1-phenanthrenyl 

radical (+C2H2) → pyrene). Previous studies involving 5-membered rings focused mainly 

on the conversion of 5-membered rings into 6-membered rings, therefore, how the 

existence of a 5-membered ring structure affects the HACA pathway is unclear.   

The goal of this study is to comprehensively investigate the possible growth pathways of 

A2R5 with the site effect. A2R5 is the simplest PAH with a 5-membered ring, making  high-

level quantum chemistry calculations feasible. The reaction network investigated here is 

within the HACA framework, and it is the subsequent work of a previous study by this 

group [156]. The PESs of H abstraction reactions by H, OH, and CH3 radicals, and C2H2 

addition reactions, were explored using the CCSD/DFT method, followed by reaction rate 

coefficients evaluated using transition state theory (TST). The investigated reactions were 

then merged into a detailed PAH mechanism to check the contributions to large PAH 

formation in a premixed C2H4/O2/N2 flame.  
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6.2 Calculation details 

In this work, all structures of the reactants, transition states and products were first 

optimized using the DFT/B3LYP/6-311+G(d,p) method; they were then refined using a 

high-level ROCCSD(T)/cc-pVDZ method. The high-pressure limit rate coefficients were 

evaluated for all elementary reactions, using the TST method with Eckart tunneling 

correction. Details are described in Chapter 3. All reaction rate coefficients are presented 

in Table 6.1 in Arrhenius format.  

A promising way to evaluate the importance of the investigated reaction pathways is to 

estimate their contributions to products yielded from chemical reactor or flame simulation. 

Note that the selected mechanism should contain no semi-empirical reactions, because the 

semi-empirical parameters of these reactions can dramatically affect decisions about the 

importance of the interested reaction pathway. For example, the combination reaction of 

two indenyl radicals leads to the formation of A4 (C9H7 + C9H7 => A4 + C2H2 + H2), 

considered by many to be PAH mechanisms [14, 152, 169]. At flame conditions, this 

reaction pathway is the dominant pathway for A4 formation, exemplified in the studies of 

Pang et al. [170] and Ahmed et al. [171]. However, the theoretical and experimental 

evidence shows that the combination reaction of two indenyl radicals creates other fused 

ring species, instead of A4 [172, 173]. If the pathway is related to A4 formation, the 

existence of C9H7 + C9H7 => A4 + C2H2 + H2 reaction may incorrectly estimate its 

importance. In this study, the PAH mechanism contains two main parts: the small gas-

phase molecule module with reactant up to benzene (described by the USC II mechanism 

[174]), and the PAH module where the aromatic species grow from benzene to A4 through 

the addition reactions of CH2 [175], CH3 [176], C2H2[156], C3H3 [177], C4H4 [71, 178], 
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C5H5 [179], indene [180-182], and the reactions of PAH with 5-membered ring in this 

paper. Some oxygenated PAH reactions are also included, based on previous work by this 

group [183]. All reactions were either experimentally or theoretically supported; the source 

of the corresponding reactions is marked aside. Most reaction rate coefficients in PAH 

modules originate from experimental measurement or recent quantum chemistry 

calculations; few PAH radical + H reactions are assumed to be equal to that of phenyl + H. 

It was determined by this group that this PAH mechanism is not a mature mechanism, 

although most aromatic species are reasonably predicted in a premixed C2H4/O2/N2 flame 

(except A4 [183]). This serves as a good platform to test the importance of new PAH 

formation pathways. To facilitate its use, a species glossary is provided in the 

supplementary material.  

Another issue that should be highlighted is the thermochemistry of the new aromatic 

species, which is the mandatory input for flame simulations. In most PAH reaction 

networks studied, there are generally dozens of intermediates and products [71, 156]. 

Accurate prediction of the thermochemistry data of PAH is a very time-consuming job, 

especially when it is discovered that the pathway under investigation may be ignored. The 

strategy here was to assume that the thermochemistry data of new aromatic species was 

equal to that of the PAH isomer with an accurate value. In Chemikin, one function of the 

thermochemistry data is to derive the reverse reaction rate coefficients. However, both 

forward and reverse reaction rate coefficients are provided in this study. The other function 

of the thermochemistry in flame simulation is to calculate the reaction heat. The PAH 

chemistry is not actually expected to change the flame temperature profiles due to their low 

mole fractions. Therefore, the treatment of PAH thermochemistry is reasonable. The 
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Lennard-Jones transport parameters of new aromatic species were evaluated using the 

method suggested by Wang et al. [184].  

Premixed C2H4/O2/N2 sooting flame was simulated using the premix burner module in 

Chemkin-Pro software. The equivalence ratio, flame height, pressure and inlet gas velocity 

remained the same as in the experimental values [164]. The input temperature profile was 

lifted by 100 K, as explained in [183]. In simulation, a mixture-averaged formulation was 

used to determine the ordinary diffusion coefficients and fluxes of the species. The 

maximum grid was given as 250. The maximum gradient and curvature allowed between 

grid points were set as 0.1 and 0.2, respectively. 

 

6.3 Results and discussion 

6.3.1 H abstraction reactions by H, OH, and CH3 radicals 

It was learned from previous studies [156, 185], that H abstraction reactions are sensitive 

to the site type. Here the H abstraction reactions by H, OH, and CH3 radicals on each 

reaction site were investigated. As shown in Figure 6.1, the elimination of the H atom 

located on a 5-membered ring must overcome a higher energy barrier than for other 

options. Specifically, the energy barrier of A2R5 + CH3 → M1-1 + CH4 reaction is 18.3 

kcal/mol, which is higher than those of A2R5 + CH3 → M2-1 + CH4 (16.5 kcal/mol), A2R5 

+ CH3 → M3-1 + CH4 (16.5 kcal/mol), and A2R5 + CH3 → M4-1 + CH4 (16.7 kcal/mol) 

reactions by around 1.8 kcal/mol. When the attacker was an H atom (A2R5 + H → 

products), the energy barrier difference resembled that in the CH3 case. However, the H 

elimination from the 5-membered ring seemed impossible if the attacker is OH radical. The 
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energy barrier of A2R5 + OH → M1-1 + H2O was as high as 41.6 kcal/mol--nearly seven 

times higher than that of other reactions, as illustrated in Figure 6.1. 

 

 

Figure 6.1: Potential energy surface of H abstraction reactions from acenaphthylene. 

Energies evaluated via ROCCSD(T)/cc-pVDZ method with unit of kcal/mol. 

 

Reaction rate coefficients were calculated using the TST method, consistent with the above 

PES analyses, as shown in Figure 6.2a-c. The reaction rate coefficients of A2R5 + CH3 → 

M1-1 + CH4, A2R5 + H → M1-1 + H2 and A2R5 + OH → M1-1 + H2O reactions were the 

lowest among the corresponding competing reactions. It is noteworthy that the rate 

coefficient gap narrowed at higher temperatures. The maximum difference was 23 times at 

500 K and decreased to 1.8 times at 2500 K for A2R5 + CH3 and A2R5 + H reactions. For 

A2R5 + OH series reactions, the rate coefficients of A2R5 + OH → M1-1 + H2O were at 

least 50 times lower than other reactions, even at 2500 K. However, it was noted that the 

reaction activity of M1-1 radical with the unsaturated carbon atom on a 5-membered ring 
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was the highest, as evidenced by the highest reaction rates of M1-1 + C2H2 → M1-2, shown 

in Figure 6.2d.  

Subsequent growth reactions on each reaction site (M1-1, M2-1, M3-1, and M4-1) were 

investigated in this study, however, the number of added C2H2 molecules was different in 

their growth reaction networks. The second C2H2 addition reaction was considered for M1-

1, M2-1, and M3-1 radicals, with the goal of exploring the probabilities of fluoranthene 

formation from M1-1 radical and the probability of forming a new benzene ring near the 

5-membered ring from M2-1 and M3-1 radicals. For M4-1 radical, the PES stopped after 

the first C2H2 addition, as previous results suggested that the C2H2 addition reaction on the 

zig-zagged surface site of PAH was the dominant producer of a new 5-membered ring 

structure, and, since the formation of a new benzene ring was unlikely, a second C2H2 

addition was considered [156].    

 

  
(a) (b) 
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(c) (d) 

Figure 6.2: Reaction rates of (a) acenaphthylene + CH3 reactions, (b) acenaphthylene + H 

reactions, (c) acenaphthylene + OH reactions, (d) C2H2 addition reactions. 

 

6.3.2 Growth reaction networks of acenaphthylene 

6.3.2.1 Growth reactions starting from M1-1 

Growth reactions, starting from M1-1, are presented in Figure 6.3, focusing on 

fluoranthene (P1-10) formation. Here, two pathways led to P1-10 formation. The first 

pathway was M1-1 + C2H2 → M1-2 → P1-3 + H → M1-4 + H2 (C2H2) → M1-5 → P1-6 

(+H) → P1-10, featured with C2H2 addition, H abstraction, and cyclization reactions. The 

second pathway was similar to the modified Frenklach pathway [72]. The H atom on the 

5-membered ring first transferred to the chain side (M1-2 → M1-7, 35.9 kcal/mol), 

followed by the C2H2 addition reaction (M1-7 + C2H2 → M1-8, 2.2 kcal/mol), cyclization 

reaction (M1-8 → M1-9, 4.7 kcal/mol), and H elimination reaction (M1-9 → P1-10 + H, 

30.3 kcal/mol). Also, H elimination from M1-5 and M1-8 was possible, yielding products 

P1-11 and P1-12 with side substitutions, respectively. Considering that the energy barrier 

of the competing cyclization reaction was 5.5 kcal/mol (M1-5 → M1-6), P1-11 and P-12 



88 
 

were expected to be the minor products in this network, due to the relatively higher energy 

barrier of the H elimination reaction (40.3 kcal/mol for M1-5 → P1-11 + H). This was 

confirmed in the kinetic section, and is in accord with previous results [156], where the 

formation of pyrene was much more favorable than the formation of 4-

ethynylphenanthrene in the reaction of the C2H2 + 1-phenanthrene radical.  

 

 

Figure 6.3: Potential energy surface of PAH growth reactions starting from M1-1. Energies 

evaluated via ROCCSD(T)/cc-pVDZ method with unit of kcal/mol. 

 

6.3.2.2 Growth reactions starting from M2-1 

The addition of the C2H2 molecule to the unsaturated C atom adjacent to a 5-membered 

ring (M2-1 + C2H2 → M2-2) produced intermediate M2-2, which can lead to three different 

types of PAH products, as shown in Figure 6.4a. PAH with a –C-CH2-C function group, 

curved PAH with two adjacent 5-membered rings, and planar PAH with side substitution 
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may form in this reaction network. Specifically, P2-37 with a –C-CH2-C function group 

may form via the pathway of M2-2 → M2-34 → M2-35 → P2-37. Once the extra H atom 

on M2-35 released, the curved P2-36 with two adjacent 5-membered rings formed (M2-35 

→ P2-36 + H). The planar P2-3 with side substitution was produced from H elimination 

reaction (M2-2 → P2-3 + H, 40.9 kcal/mol). The following kinetic calculation results 

suggest that P2-3 was the dominant product, rather than P2-36 or P2-37 in this reaction 

network, due to the favorable entropy change in the H elimination process. In the above 

analysis of Figure 6.3, it was discovered that the H elimination reaction was unfavorable if 

its competing reaction was a formation reaction of a 6-membered ring. This is 

understandable, as the reaction rate coefficient of the adjacent 5-membered ring formation 

reaction (M2-34 → M2-35) was 1.03 x 109 cm3mol-1s-1 at 1500 K, much lower than that of 

a 6-membered ring formation reaction (1.58 × 1011 cm3mol-1s-1, M1-5 → M1-6) at the same 

temperature. Further isomerization reactions from P2-37 were not considered in this study, 

as the yield of P2-37 may be ignored throughout the entire reaction system (as discussed 

in the kinetic section).  

Further growth reactions, starting from the dominant product P2-3, were investigated to 

check the possibility of forming a new 6-membered ring. The H abstraction from the 

adjacent C atom, with respect to the existing C2H chain of P2-3, had to overcome a 

relatively high energy barrier (P2-3 + H → M2-4 + H2, 16.7 kcal/mol), compared to other 

reaction sites (except for the C atom on the 5-membered ring of P2-3, as shown in Figure 

6.4a). This is in accord with our previous results for similar reactions [156]. Subsequent 

growth reactions on each C site followed the HACA frame, as shown in Figure 6.4b-g. 

Most pathways led to the formation of PAH, with side substitutions. For example, PAH 
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with one C2H substitution could be formed via pathways M2-5 + C2H2 → M2-14 → M2-

16 → P2-17 + H, M2-6 + C2H2 → M2-18 → M2-20 → P2-17 + H, M2-8 + C2H2 → M2-

23 → M2-29 → P2-30 + H, and M2-9 + C2H2 → M2-25 → M2-32 → P2-33 + H. PAHs 

with two C2H substitutions can be formed via pathways M2-4 + C2H2 → M2-11 → P2-13 

+ H, M2-5 + C2H2 → M2-14 → P2-15 + H, M2-6 + C2H2 → M2-18 → P2-19 + H, M2-7 

+ C2H2 → M2-21 → P2-22 + H, M2-8 + C2H2 → M2-23 → P2-24 + H, M2-9 + C2H2 → 

M2-25 → P2-26 + H, and M2-10 + C2H2 → M2-27 → P2-28 + H. A new 6-membered ring 

(P2-12) could form on the reactant M2-4  by way of the reaction pathway M2-4 + C2H2 → 

M2-11 → P2-12. 

 

 

(a) 

  

(b) (c) 
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 (d)    (e) 

  

 (f)    (g) 

Figure 6.4: Potential energy surface of PAH growth reactions starting from M2-1 Energies 

evaluated via ROCCSD(T)/cc-pVDZ method with unit of kcal/mol. 

 

6.3.2.3 Growth reactions starting from M3-1 

Similar to the reaction network starting from M2-1, the entire reaction network--starting 

from M3-1--gave planar PAH with no substitution (P3-13 and P3-34), planar PAH with 

one or two C2H substitutions (P2-17, P3-3, P3-12, P3-15, P3-17, P3-19, P3-24, P3-26, and 

P3-30), curved PAH with two adjacent 5-membered rings (P3-21, P3-37, P3-38, and P3-

40), and PAH with –C-CH2-C function group (P3-22 and P3-41), as shown in Figure 6.5a-

h. The probability of forming a new 6-membered ring from P3-3 molecule was expected 

to be higher than that from the P2-3 molecule. Two pathways, including P3-3 + H → M3-

4 + H2 (+ C2H2) → M3-11 → M3-13 and P3-3 + H → M3-10 + H2 (+ C2H2) → M3-29 → 



92 
 

M3-33 → M3-34 led to the formation of PAH with a new 6-membered ring (P3-13 and P3-

34), while only the pathway of P2-3 + H → M2-4 + H2 (+ C2H2) → M2-11 → P2-12 

contributed to the formation of a new 6-membered ring in the P2-3 reaction network. Other 

pathways in M3-1 reaction network were very similar to that in the M2-1 reaction network, 

including the energy barrier and vibration mode of the transition state. For brevity, the 

detailed description of the pathways is not provided here.  

 

 

(a) 

 

(b) 
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(c) (d) 

 

 

(f) 

 

(e) 

 

(g) (h) 

Figure 6.5: Potential energy surface of PAH growth reactions starting from M4-1. 

Energies evaluated via ROCCSD(T)/cc-pVDZ method with unit of kcal/mol.  

 

6.3.2.4 Growth reactions starting from M4-1 

The growth reaction network, beginning with M4-1, is presented in Figure 6.6. Pyracyclene 

(P4-5), the precursor of fullerene formation in flames [162, 186], can be formed via the 
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HACA pathway of M4-1 + C2H2 → M4-2 → M4-4 → P4-5 + H, as suggested by Shukla 

et al. [187]. In the following kinetic section, pyracyclene is proven to be the dominant 

product among all investigated isomers. In this study, the further growth of pyracyclene is 

not discussed since the growth process should be very similar to that of A2R5. 

 

 

Figure 6.6: Potential energy surface of PAH growth reactions starting from M4-2 Energies 

evaluated via ROCCSD(T)/cc-pVDZ method with unit of kcal/mol. 

 

6.3.3 Kinetic analysis 

6.3.3.1 Reaction rate coefficients 

Numerous PAH isomers form in the complex A2R5-H-C2H2 reaction system, consisting of 

210 elementary reactions. Previous studies have indicated that the overall reaction rate 

coefficients of PAH radical + CxHy → PAH-CxHy-1 + H reactions are pressure-independent 

[71, 72, 145, 156]. In this study, most products were biomolecular (PAH + H), therefore, 

it was reasonable to evaluate their concentration distribution in sooting C2H4 flame using 

the reaction rate coefficients calculated by the TST theory. The accuracy of the reaction 
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rate coefficients was tested again for the biomolecule benzene + H [156], phenyl + C2H2 

[82] reactions and thermal decomposition reaction of phenoxy [83]. The deviation between 

the calculated reaction rate coefficients and the experimental value was within a factor of 

three. For the sake of brevity, additional validation is not provided in this study. To check 

the probability of forming a 6-membered ring from a 5-membered ring, the formation of 

phenalene via methylation of A2R5 (M1-1 + CH3) [166], and the formation of 2-

phenanthrenyl radical via H addition to the 5-membered ring, followed by the ring flip (P2-

3 + H → A3-2), were considered in this study and listed in Table 6.1. All reaction rate 

parameters are presented in Table 6.1 in the form of Arrhenius.  

 

Table 6.1. Reaction rate parameters in the form of ATnexp(-E/RT). Units are s-1, cm3mol-

1s-1 and kcal. 

Number Reaction A n  E 

H abstraction reactions by H atom 

1 A2R5 + H → M1-1 + H2 1.47 × 108 1.844 18.02 

-1 M1-1 + H2 → A2R5 + H  2.20 × 104 2.647 4.52 

2 A2R5 + H → M2-1 + H2 2.63 × 107 2.003 15.42 

-2 M2-1 + H2 → A2R5 + H 1.18 × 104 2.671 5.03 

3 A2R5 + H → M3-1 + H2 4.39 × 107 1.941 14.27 

-3 M3-1 + H2 → A2R5 + H 1.11 × 104 2.667 5.09 

4 A2R5 + H → M4-1 + H2 4.13 × 107 1.946 14.81 

-4 M4-1 + H2 → A2R5 + H 1.31 × 104 2.649 4.00 

H abstraction reactions by OH radical 

5 A2R5 + OH → M1-1 + H2O 1.84 × 105 2.585 39.2 

-5 M1-1 + H2O → A2R5 + OH 8.65 × 10-3 4.353 30.28 

6 A2R5 + OH → M2-1 + H2O 1.64 × 103 3.045 2.46 

-6 M2-1 + H2O → A2R5 + OH 9.83 × 10-1 3.766 0.52 

7 A2R5 + OH → M3-1 + H2O 1.31 × 103 3.07 2.60 

-7 M3-1 + H2O → A2R5 + OH 5.07 × 10-1 3.829 0.94 

8 A2R5 + OH → M4-1 + H2O 6.40 × 102 3.127 1.84 

-8 M4-1 + H2O → A2R5 + OH 1.01 × 100 3.735 1.15 

H abstraction reactions by CH3 radical 

9 A2R5 + CH3 → M1-1 + CH4 9.30 × 100 3.737 14.18 

-9 M1-1 + CH4 → A2R5 + CH3 1.30 × 101 3.886 1.56 
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10 A2R5 + CH3 → M2-1 + CH4 2.11 × 101 3.635 12.37 

-10 M2-1 + CH4 → A2R5 + CH3 4.73 × 100 3.989 3.18 

11 A2R5 + CH3 → M3-1 + CH4 1.88 × 101 3.652 12.38 

-11 M3-1 + CH4 → A2R5 + CH3 1.65 × 100 4.057 3.32 

12 A2R5 + CH3 → M4-1 + CH4 5.89 × 100 3.725 12.43 

-12 M4-1 + CH4 → A2R5 + CH3 1.60 × 100 4.028 1.94 

M1 pathway 

13 aM1-1 + C2H2 → M1-2 8.98 × 106 1.987 3.1 

-13 aM1-2 → M1-1 + C2H2 2.80 × 1016 -0.2417 49.56 

14 M1-2 → P1-3 + H 1.27 × 108 1.6793 29.73 

-14 P1-3 + H → M1-2 9.11 × 108 1.4563 6.18 

15 M1-2 → M1-7 2.40 × 108 1.1914 28.86 

-15 M1-7 → M1-2 6.93 × 105 1.9041 20.56 

16 P1-3 + H → M1-4 + H2 2.00 × 108 1.8265 18.7 

-16 M1-4 + H2 → P1-3 + H 2.92 × 106 2.0968 6.8 

17 aM1-4 + C2H2 → M1-5 2.68 × 105 2.33 1.29 

-17 aM1-5 → M1-4 + C2H2 1.73 × 1016 -0.1755 49.4 

18 M1-5 → P1-6 9.25 × 1011 0 5.24 

-18 P1-6 → M1-5 5.59 × 105 2.4063 55.05 

19 aM1-7 + C2H2 → M1-8 1.28 × 102 3.115 1.42 

-19 aM1-8 → M1-7 + C2H2 5.63 × 1012 0.8044 49.38 

20 M1-8 → M1-9 1.44 × 1012 0 4.38 

-20 M1-9 → M1-8 1.76 × 106 2.1245 48.38 

21 M1-9 → P1-10 + H 2.16 × 108 1.5085 22.39 

-21 P1-10 + H → M1-9 2.21 × 108 1.5603 6.0 

22 M1-5 → P1-11 + H 6.70 × 1011 0.806 36.16 

-22 P1-11 + H → M1-5 4.09 × 108 1.555 6.79 

23 M1-8 → P1-12 + H 7.94 × 1011 0.7972 36.56 

-23 P1-12 + H → M1-8 1.17 × 108 1.658 6.52 

M2 pathway 

24 aM2-1 + C2H2 → M2-2 9.27 × 102 3.1080 2.21 

-24 aM2-2 → M2-1 + C2H2 6.23 × 1012 0.8752 44.96 

25 M2-2 → M2-34 7.31 × 1012 -0.0698 3.9 

-25 M2-34 → M2-2 1.88 × 1012 0.0455 3.2 

26 M2-34 → M2-35 1.21 × 1011 0.2198 18.99 

-26 M2-35 → M2-34 1.99 × 1013 0.1506 31.22 

27 M2-35 → P2-36 + H 1.48 × 1012 0.8499 42.88 

-27 P2-36 + H → M2-35 3.45 × 108 1.648 1.47 

28 M2-35 → P2-37 5.95 × 1010 0.7596 27.66 

-28 P2-37 → M2-35 2.11 × 109 0.8958 35 

29 M2-2 → P2-3 + H 5.01 × 1011 0.8499 36.78 

-29 P2-3 + H → M2-2 3.97 × 108 1.576 6.59 

30 P2-3 + H → M2-4 + H2 1.76 × 108 1.774 15.72 

-30 M2-4 + H2 → P2-3 + H 8.05 × 103 2.701 5.04 

31 P2-3 + H → M2-5 + H2 2.41 × 108 1.734 15.31 

-31 M2-5 + H2 → P2-3 + H 1.09 × 104 2.676 4.81 

32 P2-3 + H → M2-6 + H2 1.28 × 108 1.813 15.2 

-32 M2-6 + H2 → P2-3 + H 2.39 × 104 2.574 5.15 

33 P2-3 + H → M2-7 + H2 4.52 × 107 1.941 14.41 

-33 M2-7 + H2 → P2-3 + H 1.35 × 104 2.641 5.12 
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34 P2-3 + H → M2-8 + H2 7.84 × 107 1.868 14.87 

-34 M2-8 + H2 → P2-3 + H 1.00 × 104 2.681 5.07 

35 P2-3 + H → M2-9 + H2 3.48 × 108 1.742 18.39 

-35 M2-9 + H2 → P2-3 + H 5.81 × 104 2.53 4.76 

36 P2-3 + H → M2-10 + H2 1.49 × 108 1.844 18.95 

-36 M2-10 + H2 → P2-3 + H 3.93 × 104 2.573 4.53 

37 aM2-4 + C2H2 → M2-11  2.56 × 104 2.529 2.16 

-37 aM2-11 → M2-4 + C2H2 3.27 × 1014 0.1993 43.46 

38 M2-11 → P2-12 7.47 × 1011 -0.0057 4.36 

-38 P2-12 → M2-11 1.44 × 1013 0.4746 56.3 

39 M2-11 → P2-13 + H 1.30 × 1011 0.9589 35.9 

-39 P2-13 + H → M2-11 2.09 × 108 1.628 6.66 

40 aM2-5 + C2H2 → M2-14 3.66 × 105 2.294 2.98 

-40 aM2-14 → M2-5 + C2H2 2.10 × 1015 0.0826 45.5 

41 M2-14 → P2-15 + H 3.36 × 1011 0.8922 41.44 

-41 P2-15 + H → M2-14 4.52 × 108 1.556 6.91 

42 M2-14 → M2-16 2.18 × 1011 0.2116 17.33 

-42 M2-16 → M2-14 6.10 × 1012 0.2821 33.42 

43 M2-16 → P2-17 + H 7.18 × 1011 0.7688 33.64 

-43 P2-17 + H → M2-16 7.86 × 107 1.68 4.62 

44 aM2-6 + C2H2 → M2-18 2.43 × 105 2.346 3.00 

-44 aM2-18 → M2-6 + C2H2 1.22 × 1015 0.1548 45.58 

45 M2-18 → P2-19 + H 1.59 × 1011 0.9882 36.02 

-45 P2-19 + H → M2-18 2.07 × 108 1.657 6.86 

46 M2-18 → M2-20 6.24 × 1011 0.0812 17.84 

-46 M2-20 → M2-18 6.61 × 1012 0.2698 32.76 

47 M2-20 → P2-17 + H 7.94 × 1011 0.7497 32.78 

-47 P2-17 + H → M2-20 1.60 × 108 1.588 5.06 

48 aM2-7 + C2H2 → M2-21 1.05 × 107 1.926 4.16 

-48 aM2-21 → M2-7 + C2H2 3.97 × 1016 -0.3062 45.58 

49 M2-21 → P2-22 + H 1.51 × 1011 0.9143 36.34 

-49 P2-22 + H → M2-21 2.64 × 108 1.612 2.95 

50 aM2-8 + C2H2 → M2-23 2.50 × 106 2.089 1.85 

-50 aM2-23 → M2-8 + C2H2 1.09 × 1016 -0.1312 44.2 

51 M2-23 → P2-24 + H 2.34 × 1011 0.9054 36.28 

-51 P2-24 + H → M2-23 3.97 × 108 1.576 6.60 

52 M2-23 → M2-29 1.31 × 1011 0.2184 18.94 

-52 M2-29 → M2-23 5.10 × 1012 0.3307 31.84 

53 M2-29 → P2-31 3.80 × 1010 0.8187 27.84 

-53 P2-31 → M2-29 1.71 × 109 0.8614 34.38 

54 M2-29 → P2-30 + H 2.69 × 1012 0.788 44.3 

-54 P2-30 + H → M2-29 4.09 × 108 1.637 1.46 

55 aM2-9 + C2H2 → M2-25 4.06 × 107 1.798 6.82 

-55 aM2-25 → M2-9 + C2H2 3.06 × 1016 -0.1361 51.4 

56 M2-25 → P2-26 + H 6.56 × 1011 0.8347 36.7 

-56 P2-26 + H → M2-25 4.01 × 108 1.557 5.864 

57 M2-25 → M2-32 1.98 × 1011 0.2552 28.16 

-57 M2-32 → M2-25 1.39 × 1013 0.1699 25.92 

58 M2-32 → P2-33 + H 7.94 × 1011 0.7896 32.6 

-58 P2-33 + H → M2-32 6.75 × 108 1.46 3.73 

59 aM2-10 + C2H2 → M2-27 6.48 × 100 3.485 0.12 
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-59 aM2-27 → M2-10 + C2H2 3.08 × 1010 1.234 46.98 

60 M2-27 → P2-28 + H 2.08 × 1011 0.8458 36.72 

-60 P2-28 + H → M2-27 2.22 × 108 1.597 6.74 

M3 pathway 

61 aM3-1 + C2H2 →  M3-2 2.94 × 103 2.991 3.52 

-61 aM3-2 → M3-1 + C2H2 7.44 × 105 2.692 35.4 

62 M3-2 → P3-3 + H 1.27 × 108 1.81 31.36 

-62 P3-3 + H → M3-2 9.06 × 108 1.5 6.50 

63 P3-3 + H → M3-4 + H2 2.22 × 108 1.75 16.00 

-63 M3-4 + H2→ P3-3 + H 8.89 × 105 2.17 6.94 

64 aM3-4 + C2H2 → M3-11 1.07 × 106 2.14 3.37 

-64 aM3-11 → M3-4 + C2H2 9.05 × 107 2.01 35.66 

65 M3-11 → P3-12 + H 1.12 × 108 1.79 31.56 

-65 P3-12 + H → M3-11 3.20 × 108 1.57 6.66 

66 M3-11 → P3-13 2.66 × 1011 0.18 4.16 

-66 P3-13 → M3-11 8.59 × 1010 1.1 85.01 

67 M3-11 → M3-35 3.64 × 1012 0.03 2.86 

-67 M3-35 → M3-11 3.75 × 1011 0.22 2.08 

68 M3-35 → M3-36 3.71 × 1010 0.34 16.43 

-68 M3-36 → M3-35 2.01 × 109 1.19 25.96 

69 M3-36 → P3-37 + H 9.67 × 107 1.92 37.04 

-69 P3-37 + H → M3-36 2.57 × 108 1.67 1.55 

70 P3-3 + H → M3-5 + H2 1.97 × 108 1.81 18.17 

-70 M3-5 + H2→ P3-3 + H 2.93 × 108 1.55 8.69 

71 aM3-5 + C2H2 → M3-14 3.71 × 1011 0.9496 6.36 

-71 aM3-14 → M3-5 + C2H2 4.04 × 109 1.662 43.24 

72 M3-14 → P3-15 + H 1.15 × 108 1.79 31.09 

-72 P3-15 + H → M3-14 1.10 × 109 1.43 6.28 

73 M3-14 → M3-32 2.16 × 1011 0.2379 27.5 

-73 M3-32 → M3-14 1.17 × 1013 0.1937 22.1 

74 M3-32 → P3-38 + H 1.08 × 1012 0.7387 33.5 

-74 P3-38 + H → M3-32 3.28 × 108 1.54 3.42 

75 P3-3 + H → M3-6 + H2 1.97 × 108 1.81 18.17 

-75 M3-6 + H2→ P3-3 + H 4.04 × 106 2.04 6.79 

76 aM3-6 + C2H2 → M3-16 2.96 × 1010 1.023 6.15 

-76 aM3-16 → M3-6 + C2H2 1.02 × 1010 1.528 42.72 

77 M3-16 → P3-17 + H 1.15 × 108 1.79 31.18 

-77 P3-17 + H → M3-16 6.06 × 108 1.5 6.00 

78 M3-16 → M3-39 2.49 × 1011 0.2168 28.08 

-78 M3-39 → M3-16 3.97 × 1012 0.3271 25.72 

79 M3-39 → P3-40 + H 4.14 × 1011 0.8662 32.64    

-79 P3-40 + H → M3-39 2.86 × 108 1.565 3.574 

80 P3-3 + H → M3-7 + H2 2.30 × 108 1.74 14.96 

-80 M3-7 + H2→ P3-3 + H 7.13 × 105 2.19 6.91 

81 aM3-7 + C2H2 → M3-18 4.19 × 107 1.783 4.95 

-81 aM3-18 → M3-7 + C2H2 8.84 × 107 2.04 35.87 

82 M3-18 → P3-19 + H 1.08 × 108 1.77 31.79 

-82 P3-19 + H → M3-18 3.24 × 108 1.6 6.45 

83 M3-18 → M3-20 7.06 × 1011 0 19.29 

-83 M3-20 → M3-18 1.46 × 108 1.5 24.80 
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84 M3-20 → P3-21 + H 9.97 × 107 1.91 36.78 

-84 P3-21 + H → M3-20 3.77 × 108 1.63 1.72 

85 M3-20 → P3-22 1.57 × 108 1.42 23.81 

-85 P3-22 → M3-20 1.19 × 109 0.91 33.91 

86 P3-3 + H → M3-8 + H2 2.27 × 108 1.74 14.73 

-86 M3-8 + H2→ P3-3 + H 1.39 × 106 2.11 7.37 

87 aM3-8 + C2H2 → M3-23 2.14 × 108 1.571 5.66 

-87 aM3-23 → M3-8 + C2H2 1.48 × 1010 1.356 36.32 

88 M3-23 → P3-24 + H 1.12 × 108 1.73 31.95 

-88 P3-24 + H → M3-23 3.21 × 108 1.58 6.67 

89 P3-3 + H → M3-9 + H2 2.25 × 108 1.74 15.37 

-89 M3-9 + H2→ P3-3 + H 1.96 × 106 2.08 7.34 

90 aM3-9 + C2H2 → M3-25 1.86 × 107 1.846 4.624 

-90 aM3-25 → M3-9 + C2H2 1.69 × 109 1.672 35.18 

91 M3-25 → P3-26 + H 1.19 × 108 1.83 29.18 

-91 P3-26 + H → M3-25 3.24 × 108 1.63 6.32 

92 M3-25 → M3-27 1.33 × 1012 0 14.62 

-92 M3-27 → M3-25 1.35 × 108 1.52 29.23 

93 M3-27 → P2-17 + H 1.18 × 108 1.76 29.56 

-93 P2-17 + H → M3-27 3.42 × 108 1.52 4.60 

94 P3-3 + H → M3-10 + H2 2.22 × 108 1.75 16.08 

-94 M3-10 + H2→ P3-3 + H 1.45 × 106 2.12 7.06 

95 aM3-10 + C2H2 → M3-29 1.46 × 104 2.621 1.72 

-95 aM3-29 → M3-10 + C2H2 1.88 × 107 2.136 36.16 

96 M3-29 → P3-30 + H 1.20 × 108 1.78 31.59 

-96 P3-30 + H → M3-29 3.22 × 108 1.61 6.67 

97 M3-29 → M3-31 1.06 × 1012 0 16.51 

-97 M3-31 → M3-29 1.60 × 108 1.48 27.63 

98 M3-29 → M3-33 3.26 × 1012 0 3.15 

-98 M3-33 → M3-29 3.38 × 1012 0 1.78 

99 M3-33 → P3-34 4.64 × 1011 0.09 3.75 

-99 P3-34 → M3-33 1.48 × 109 1.52 56.56 

100 M3-31 → P2-17 + H 1.22 × 108 1.77 28.90 

-100 P2-17  + H → M3-31 3.29 × 108 1.52 5.02 

101 M3-36 → P3-41 7.35 × 1010 0.7334 27.86 

-101 P3-41 → M3-36 4.79 × 109 0.8031 35.3 

M4 pathway 

102 aM4-1 + C2H2 → M4-2 3.40 × 106 2.05 3.46 

-102 aM4-2 → M4-1 + C2H2 4.18 × 108 1.708 36.14 

103 M4-2 → P4-3 + H 1.15 × 108 1.6972 30.81 

-103 P4-3 + H → M4-2 1.09 × 109 1.4775 7.01 

104 M4-2 → M4-4 2.79 × 109 0.5968 14.77 

-104 M4-4 → M4-2 8.11 × 107 1.5649 23.38 

105 M4-4 → P4-5 + H 1.15 × 108 1.7665 24.80 

-105 P4-5 + H → M4-4 6.12 × 108 1.4394 5.39 

Phenalene formation [166] 

106 M1-1 + CH3 → A1_C13H9 + H 4.90 × 10-24 11.532 7.3 

-106 A1_C13H9 + H → M1-1 + CH3 3.89 × 10146 -37.405 126.2 

107 A1_C13H9 → Phenalenyl 4.77 × 1030 -4.736 78.8 

-107 Phenalenyl → A1_C13H9 1.43 × 1040 -4.973 103.7 
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108 Phenalenyl + H → Phenalene 1.73 × 1042 -7.9296 21.6 

-108 Phenalene → Phenalenyl + H 4.22 × 1062 -13.6 95.9 

Phenanthrenyl radical formation [168] 

109 P2-3 + H → A3-2 8.21 × 10114 -28.07 99.1 

-109 A3-2 → P2-3 + H 2.24 × 10114 -27.44 156.0 
a1-D hindered rotation correction is considered.  

 

6.3.3.2 Product distribution in premixed C2H4 sooting flame 

The predicted mole fractions of benzene and various PAHs are presented in Figure 6.7a. 

Deviations between predicted and detected values were within a factor of 2.8 for A1, 

A1C2H, A2, A2R5, and A3 species. The maximum deviation results from A4, with detected 

mole fraction of 3.5 × 10-5 [164], and predicted mole fraction of 1.6 × 10-6, are shown in 

Figure 6.7d. It was observed that the sum of the predicted mole fraction of various C16H10 

isomers was 3.2 × 10-5, close to the detected value (3.5 × 10-5) for A4 using gas 

chromatography–mass spectrometry technology [164]. The formation of various C16H10 

isomers, including acephenanthrylene (A3R5), A4, fluoranthene, aceanthrylene (A3R5-B), 

and 1/2/3/4/5-ethynylphenanthrene were considered in this study. Calculated mole 

fractions of six C16H10 isomers (top six in concentration) are presented in Figure 6.7d. The 

results revealed that A3R5 was the main product, which matched well with previous work 

by this group in which A3R5 was the dominant product in the A3-H-C2H2 reaction network 

due to the site effect [156]. Agreement to within a factor of four was reached for 

fluorenthene, whose detected maximum mole fraction of fluorenthene was 1.2 × 10-5 [164] 

and calculated value was 3.2 × 10-6. This suggests that the proposed pathways from A2R5 

to fluoranthene (shown in Figure 3), accurately described the formation of fluorenthene in 

sooting flame, as the experimental uncertainty was evaluated to be a factor of two [164], 
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and the predicted mole fraction of reactant A2R5 was lower than the detected value by 40 

%. 

PAHs with a chemical formula of C14H8 were the main products in the A2R5-H-C2H2 

reaction system investigated here. The mole fraction of C14H8 was not discussed by 

Castaldi et al. [164]. However, the signals of C14H8 with m/z = 176 were detected in the 

pyrolysis of C2H4 by Shukla et al. [187], using an in situ direct sampling vacuum ultraviolet 

single photon ionization time-of-flight mass spectrometry technique. The mole fractions of 

various C14H8 isomers are presented in Figure 6.7b. P2-36 is smallest curved PAH with 

two adjacent 5-membered rings. The predicted mole fraction of P2-36 is 2.7 × 10-7, was 

lower than that of isomer P4-5 (pyracyclene) with two nonadjacent 5-membered rings by 

more than two orders of magnitude, as shown in Figure 6.7b. To the best of our knowledge, 

this is the first report on concentrations of curved PAH (P2-36) and pyracyclene in sooting 

flame. The relatively higher concentration of pyracyclene and lower concentration of P2-

36 support the formation of fullerene-like nanoparticle in flames [162, 188]. In further 

pyracyclene growth, the probability of forming a new 6-membered ring is expected to be 

much higher than that of a 5-membered ring, since the formation of two adjacent 5-

membered ring structures is not favored, as exemplified by P2-36. In this way, the pathway 

of acenaphthylene → pyracyclene → PAH with 5-membered ring and 6-membered rings 

alternatively distributed → fullerene contributed to the formation of fullerene-like 

nanoparticle detected in sooting flame [162, 188]. The role of curved PAH in PAH growth 

and soot formation requires further investigation, because a higher reaction reactivity of 

curved PAH was observed, compared to planar PAH [160]. Furthermore, using high-

resolution transmission electron microscopy, numerous curved fringes were observed in 
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soot sampled from the flames [189, 190]. The concentrations of PAH with C2H 

substitution, including P1-3, P2-3, P3-3, and P4-3, were comparable, ranging from 3.9 × 

10-6 to 1.4 × 10-5. The second C2H2 addition reactions were considered for P2-3 and P3-3, 

which was the main reason for the relatively lower mole fractions of P2-3 and P3-3 among 

all the isomers. In a hypothesized simulation, where growth reactions starting from P3-3 

were removed from the mechanism, the simulated mole fraction of P3-3 increased to 8.2 × 

10-6 from 4.6 × 10-6.  

Most predicted C16H8 species contain two C2H substitutions, as shown in Figure 6.7c. The 

reaction reactivity of PAH is greatly enhanced by C2H substitution. For example, the 

detected rate coefficients of A1C2H + A1-1 reaction, where the unsaturated C atom on A1-

1 was attacked by the terminal C atom of C2H chain on A1C2H, were higher than that of 

C2H2 + A1-1 reaction by a factor of more than 100 in the temperature range of 297-409 K 

[191]. In this study, the predicted mole fraction of C16H8 is 1.5 × 10-5 was close to that of 

A3 (1.0 × 10-5), as shown in Figure 6.7a. Recently, Mercier et al. [192] successfully 

identified the large PAHs with a C2H substitution from their benzenoid isomers in low 

pressure premixed sooting flame, using photoelectron photoion coincidence spectroscopy; 

it indicated that the concentration of large PAHs with C2H substitution was above the 

detection limit. However, the concentration of PAHs with C2H substitution excluded 

A1C2H is rarely reported. In future, more experimental efforts should be made to detect 

large PAHs with C2H substitution, although the reaction activity of large PAH with C2H is 

high. The reaction activity of PAHs is likely to increase with its size [193]. It should be 

noted that only the formation of C16H8 was considered in this study. The corresponding 

consumption reactions must be investigated in future study, as the carbon flux (via the 
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pathway of PAH → PAH with 5-membered ring → PAH with C2H substitution → large 

PAH or soot formation) is expected to be important.  

 

  

(a) (b) 

  

(c) (d) 

Figure 6.7: Mole fractions of benzene and various PAHs in C2H4 premixed flame (1 atm, 

C2H4/O2/N2 = 21.3/20.9/57.8) [164]. A1 is benzene, A1C2H is phenylacetylene, A2 is 

naphthalene, A2R5 is acenaphthylene, A3 is phenanthrene, and A4 is pyrene. Top six 

isomers ranking in mole fraction presented for C14H8, C14H10, and C16H10.   
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The products that include P2-31, P2-37, P3-22, and P3-41 were the PAHs with the C-CH2-

C function group. Kinetic results indicated that their formation could be ignored, since their 

predicted mole fraction was at the level of 10-10. The formation of phenalene via 

methylation of A2R5 was investigated by Porfiriev et al. [166]. The predicted peak mole 

fractions of phenalene and intermediate C13H9 (referred to as A1 species in [166]) were 5.4 

× 10-14 and 3.4 × 10-8 , respectively, in the C2H4 sooting flame investigated, indicating the 

unlikelihood of forming a 6-membered ring by methylation of a 5-membered ring. In this 

flame, the predicted peak mole fractions of CH3 radical and C2H2 were at the level of 10-4 

and 10-2. Thus, the unsaturated C atom on the 5-membered ring was likely to be attacked 

by C2H2 instead of CH3 radical, due to the large concentration difference. In addition, the 

high energy barrier existing in the pathway of intermediate C13H9 → phenalene hindered 

the formation of phenalene, as shown in the PES in [166]. However, the predicted 

concentrations of A3 and A4 were improved by 5% and 3% respectively when the P2-3 + 

H → A3-2 (2-phenanthrenyl radical) reaction [168] was considered, which validated the 

importance of pathway A2R5 (+C2H2) → P2-3 (+H) → A3-2 → 1-phenanthrenyl radical → 

A3.  

 

6.3.4 The evolution of PAH surface site 

In a previous study by this group [156], the PAH growth from benzene to pyrene, following 

HACA route, was comprehensively investigated by considering the site effect. Briefly, the 

kinetic results revealed that A1C2H, A2, A2R5, and A3R5 were the main products in the A1-

H-C2H2, A1C2H-H-C2H2, A2-H-C2H2, and A3-H-C2H2 reaction systems, respectively. The 
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combination with the A2R5-H-C2H2 reaction system studied here, gave the opportunity to 

discuss the possible evolution of PAH surface sites in sooting flames (free-edge, zigzag, 5-

membered ring, armchair), as shown in Figure 6.8. It was observed that PAH with C2H 

substitution was not the preferred product for PAHs without a 5-membered ring structure 

(excepting benzene). A2 contained free-edge and zigzag surface sites; A3 contained free-

edge, zigzag, and armchair surface sites. The concentrations of various PAHs with C2H 

substitution were lower than concentrations of main products by at least one order of 

magnitude in A2-H-C2H2 and A3-H-C2H2 reaction systems (see Figure 6.7 in [156]). 

However, the PAH with C2H substitution was the main product in the A2R5-H-C2H2 

reaction system. The predicted sum of mole fractions of all PAHs with C2H substitutions 

was higher than that of other isomers, as shown in Figure 6.7. The reason is that the 

cyclization reaction around a 5-membered ring was not favorable, although it caused the 

planar PAH to become curved PAH. A zigzag surface site formed when two benzene rings 

were next to each other, and it existed often on large PAH molecules. The disappearance 

of a zigzag surface site on PAH frequently generated a new 5-membered ring surface site, 

which is evidenced by the dominance of A2R5 and A3R5 formation in A2-H-C2H2, and A3-

H-C2H2 reaction systems. In this way, numerous C2H substitutions were likely to form on 

large PAHs containing more than three benzene rings via the pathway of a zigzag surface 

site → 5-membered ring → C2H substitution, as illustrated in Figure 8. 
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Figure 6.8: Evolution illustration of PAH surface site along HACA route. Bold arrow is 

main reaction channel, light arrow is minor reaction channel.  

 

6.4 Conclusions 

PAH growth, beginning with acenaphthylene (A2R5) to 16-carbon PAH, was 

systematically investigated under the HACA classification. Potential energy surfaces were 

obtained using DFT/B3LYP/6-311 G(d.p) and ROCCSD(T)/cc-pVDZ methods. The 

reaction rate coefficients were evaluated using the TST method in the temperature range 

of 500-2500 K. Product distribution in a premixed C2H4 sooting flame was discussed. The 

following conclusions were reached.  

H abstraction reactions by H, OH, and CH3 radicals, and subsequent C2H2 addition 

reactions, were highly sensitive to the 5-membered ring structure. Comparison of reaction 

rate coefficients indicated that H abstraction from the C atom on a 5-membered ring was 

not favorable due to the higher energy barrier, especially when the reactant was OH radical. 
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However, reaction rate coefficients from adding a C2H2 molecule to the unsaturated C atom 

on a 5-membered ring were the highest among all competing reactions.  

PAHs with different structures can be formed in the A2R5-C2H2-H reaction system. 

Specifically, planar PAHs without substitution, planar PAHs with one or two C2H 

substitutions, curved PAHs with two adjacent 5-membered rings, and PAHs with –C-CH2-

C function group as the main products. The predicted mole fractions of various PAHs in a 

premixed C2H4 sooting flame indicated that planar PAHs with C2H substitution and 

pyracyclene were the dominant product in the A2R5-C2H2-H reaction system.  

Owing to the existence of a 5-membered ring, the production of planar PAH with C2H 

substitution was relatively high in the reaction system of large PAH with more than three 

carbon rings. Because of its high concentration and reactivity, more attention should be 

given to carbon flux involving PAH with C2H substitution. 
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Chapter 7  

Uncertainty propagation analysis from PAH thermochemistry properties 

to PAH concentration prediction 

7.1 Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are formed mainly from the incomplete high 

temperature combustion of hydrocarbon fuels, and they are regarded as soot precursors 

[194]. Because of their carcinogenic, teratogenic, and mutagenic properties [31-35], PAHs 

negatively impact both the environment and human health. Understanding PAH formation 

at high temperatures not only aids in the design of clean combustors, but also facilitates the 

development of carbon-based materials via the fuel pyrolysis route [24, 26, 30], since they 

share a similar growth pattern [16, 19, 20, 22, 23, 195]. PAH growth is described by the 

hydrogen-abstraction-carbon-addition pathways in PAH simulation. For example, in the 

ABF mechanism proposed by Appel et al. [196], the hydrogen-abstraction-acetylene 

(C2H2)-addition (HACA) was the dominant pathway for PAH growth from benzene to 

pyrene. However, PAH concentrations are underpredicted by the ABF mechanism by more 

than one order of magnitude, as evidenced in numerous studies [152, 156, 197, 198]. The 

discrepancy may result from outdated reaction rate coefficients and incomplete reaction 

pathways in the PAH module. To improve the PAH reaction network, potential addition 

reactions between PAH and gas-phase carbon species, including CH3, C2H2, C3H3, C4H4, 

C5H5, C6H5C2H, were explored or updated [71, 148, 156, 159, 195, 199]. The importance 



109 
 

of these updated PAH growth reactions is evaluated by comparison between experiments 

and calculated PAH concentration profiles in flame [152, 183].  

In simulations of combustion-generated PAHs, thermodynamic data about PAHs is 

essential, and of significant importance in solving gas phase energy equations, which may 

further influence system temperature and product yield [200-204]. Specifically, the 

reaction rate efficiency of reverse reactions can be calculated based on thermodynamic data 

(equilibrium constant) and corresponding forward reaction coefficients. Flame 

temperatures are determined by reaction heat release, which is also calculated from 

thermodynamics data. Both experimental and non-experimental methods are utilized to 

obtain thermochemistry properties.  

Experimentation makes several demands on the facilities and is typically limited to low 

temperature measurements. The thermodynamic data of most species in a mechanism is 

evaluated by non-experimental methods, including ab initio quantum chemistry calculation 

and group additivity-based methods. Because of its convenience and interpretability, the 

group additivity method pioneered by Benson et al. [73] is widely used to calculate the 

thermodynamic data of species. There are many software programs, or codes, used to 

calculate species’ thermochemistry properties, which employ the group additivity method, 

such as THERM codes [74], the NIST database program [75], reaction mechanism 

generators (RMG) [205], and other open source databases. However, the group additivity-

based method only predicts accurately when the structures involved have been considered 

in the database. For example, using the group additivity method, the uncertainty of 

predicted enthalpy Hf(298K) is over 251.0 kJ/mol for some cyclic structures [74, 205]. 

Kehang et al. [205] extended the group additivity method by also considering the similarity 
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match and bicyclic decomposition for the cyclic structure, improving the accuracy of the 

predicting cyclic structure to 20.9 kJ/mol, and decreasing the uncertainty by an order of 

magnitude. However, the performance of the group additivity method in predicting the 

thermodynamic properties of complicated PAH structures is still unclear. Unlike the group 

additivity method, the ab initio quantum chemistry calculation is independent of existing 

knowledge between molecular structure and thermodynamic property. But the accuracy of 

the ab initio quantum chemistry calculation is highly dependent on the calculation level. 

The root mean square deviation of the predicted enthalpies of formation at 298 K for PAHs 

is 151.4 kJ/mol at cc-pVDZ level, 47.2 kJ/mol at cc-pVTZ level, and 32.3 kJ/mol, with a 

large basis set extrapolated from cc-pVDZ and cc-pVTZ basis sets [206]. The standard 

deviation of the predicted enthalpies of formation at 298K for PAH was significantly 

reduced to 7.2 kJ/mol when the individual G3 method, plus an atomization reaction, 

approach was used [155].  

Current treatment of thermodynamic data in reaction mechanisms first adapts the data 

determined experimentally, then considers the calculated data--if the experimental data is 

not available. This means that the experimentally determined thermodynamic data and the 

calculated thermodynamic data co-exist in the reaction mechanism. Because one species 

may participate in many reactions (where the thermodynamic data of some species is 

obtained from experiments and some from calculations), the accuracy of calculated 

thermodynamic data is expected to be close to measurement accuracy, otherwise, the 

derived reverse reaction rate coefficients may be unreliable. For example, the forward 

reaction rate coefficients of C4H63,1-2OH = C4H612 + OH in the Aramco II mechanism 

[207] are reasonable, with a value of 2.2 × 10-2 s−1 at 500 K and 8.4 × 105 s−1 at 1000 K. 
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However, its derived reverse reaction rate coefficients (using thermodynamic data and 

forward reaction rate coefficients), are beyond 1 × 1020 cm3mol−1s−1 at 500 K and 1 × 1015 

cm3mol−1s−1 at 1000 K, violating the collision limit.  

When exploring new reaction pathways--especially in a PAH growth network--large 

amounts of product and intermediates are generated [146, 148, 156]. For example, 92 

species were involved in a PAH growth network initiated by propargyl addition [148], and 

76 species for the PAH growth network by vinylacetylene [71]. Calculating their 

thermochemistry properties using a high-level quantum chemistry method is costly in terms 

of computation resources--especially when the explored pathways may prove to be ignored 

via flame simulation. On the other hand, it is convenient for the reaction pathway 

researcher to provide the forward and reverse reaction rate coefficients simultaneously, as 

seen by Liu et al. [71, 156, 208], Mebel et al. [166, 185], Hai et al. [209], and Raj et al. 

[160, 180]. This provides an opportunity to minimize the effect of PAH thermodynamic 

properties in PAH simulation, since the reverse reaction rate coefficients become 

independent of PAH thermodynamic properties. Because the mole fractions of PAHs are 

lower than 10−4 in most flames, the heat release by PAH chemistry may not significantly 

impact flame temperature and product yield calculations. For this reason, some researchers 

believe that the thermodynamic properties of PAHs are unimportant in PAH simulation, if 

both forward and reverse reaction coefficients are provided; they hypothesize that the 

thermodynamic properties of a specific PAH structure are the same as those in a similar 

structure [156, 209]. This hypothesis facilitates the evaluation of the new PAH reaction 

pathway via flame simulation. Now, the question arises of how accurate this hypothesis is 
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in a high or low PAH concentration environment, and how reliable it is with, or without, 

the reverse reaction rates.  

The goal of this work is to test the feasibility of this hypothesis, and possible uncertainties 

from PAH thermochemistry properties on PAH prediction results. The accuracy of the 

predicted thermochemistry parameters, using high level quantum chemistry, a group 

additivity method via THERM codes [74], and an extended group additivity method with 

a reaction mechanism generator (RMG) [205], was checked first for PAHs with 

experimental thermochemistry data. The thermochemistry data was then updated, using the 

group additivity method for all new species in the PAH module of this proposed PAH 

mechanism, in which the thermochemistry property of the new aromatic species was 

assumed to be the same as that of the PAH isomer. With the updated thermochemistry file, 

the effect of the thermochemistry properties of PAHs was evaluated by comparing the PAH 

prediction results, using the original and the updated mechanisms. Sensitivity analysis and 

error propagation analysis of thermochemistry properties in the PAH modeling were also 

conducted. Different PAH loading environments were considered by adding aromatic 

species into the fuel stream. Various computation strategies were also compared--with or 

without the supplement of the reverse reaction rates. 

 

7.2 Methodology 

7.2.1 Thermodynamic property calculation of PAHs 

To evaluate the uncertainty of calculated thermochemistry properties of PAHs, the 

thermochemistry parameters (including formation enthalpy, entropy, and heat capacity of 
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some PAH molecules) were calculated using the G3 method, plus the atomization reaction 

approach from a previous study by this group [155], group additivity methods by THERM 

codes, developed by Ritter and Bozzelli [74], and a reaction mechanism generator (RMG), 

developed by Green et al. [205]. A comparison between these calculated and experimental 

data was then conducted. It should be noted that the individual G3 method, plus the 

atomization reaction approach, showed the best prediction accuracy of PAHs among the 

CBS-APNO/G3/G4, with the atomization reaction approach, or the isodesmic reaction 

approach [155].   

 

7.2.2 PAH prediction in flame  

Two PAH mechanisms were used in this study: One was the ABF mechanism proposed by 

Appel et al. [196]. The other mechanism was from a previous study by this group [210], 

(referred to here as the original mechanism), where the reactions of a small gas-phase, up 

to benzene, were from a USC II mechanism [211], and PAH growth was described by the 

addition reactions involving the CH3, C2H2, C3H3, C4H4, C5H5, C6H5C2H, and C9H8 [71, 

156, 183, 212-219]. This mechanism contained no semi-empirical reactions. Most of the 

reaction rate parameters were measured by experiment or calculated by high-level quantum 

chemistry. The reaction rate coefficients of the PAH radical + H reaction were assumed to 

be equal to that of phenyl + H. There were 197 species in the PAH reaction network, the 

thermochemistry properties of most aromatic species were assumed to be equal to that of 

the PAH isomer with accurate thermochemistry properties. The forward and reverse 

reaction rate coefficients were provided in the PAH module. In this study, the 
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thermochemistry properties of 197 species in the PAH reaction network were updated 

using group additivity methods by the THERM code. 

To check the uncertainty propagation from PAH thermochemistry properties to PAH 

concentration prediction, simulations of premixed burner stabilized stagnation flame were 

conducted to check the heat release and product yields in the Chemkin-Pro software. Flame 

conditions were determined by the experimental data of a premixed ethylene flame [220]. 

The initial mole fraction of the base fuel of ethylene was 0.213, oxygen mole fraction was 

0.209, and argon mole fraction was 0.578. The mixing ratio of the additives was 20% (wt) 

of the total fuel. In this work, the additives were benzene (A1), naphthalene (A2), and 

pyrene (A4). 

 

7.3 Results and discussion 

7.3.1 Prediction uncertainty of PAH thermochemistry properties  

To check the prediction uncertainty of PAH thermochemistry properties, the calculated 

enthalpy, entropy, and heat capacity were compared to the experimental results. 

Calculation methods employed were: (1) a quantum chemistry method using the G3 

method, (2) a group additivity method using a THERM code, (3) an extended group 

additivity method using an RMG method.  In Figure 7.1, the uncertainty of enthalpy of 

each species was calculated relative to its experimental data (a), the uncertainty of entropy 

of each species was calculated relative to its quantum chemistry data (b), and the 

uncertainty of heat capacity of each species was calculated relative to its quantum 

chemistry data (c). Results presented in Figure 7.1 (a) indicated that the prediction accuracy 
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of the G3-based quantum chemistry method was the highest, followed by the group 

additivity method, using the THERM code. Deviations between the experimental results 

and quantum chemistry results were within 5%. The maximum deviation was 16.0% for 

naphthacene, using the group additivity method by the THERM code, and 68% for indene 

using the extended group additivity method by RMG. The large deviation from the group 

additivity method and the extended group additivity method may have resulted from a poor 

description of the contribution from the C-CH2-C functional group, embedded with an 

aromatic ring. The aromatic species containing C-CH2-C was not involved in the original 

PAH mechanism, except for indene and its derivative. Therefore, the updated 

thermochemistry properties of 197 aromatic species, using the group additivity method by 

THERM codes, were reliable.   
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Figure 7.1: Uncertainties of enthalpy relative to experimental data in percentage 

(H(298K)experiment - H(298K)calculation) / H(298K)experiment (a) uncertainties of entropy 

relative to quantum chemistry data in percentage (S(298K)Quantum - S(298K)group) / 

S(298K)Quantum; (b) uncertainties of heat capacity relative to quantum chemistry data in 

percentage (Cp(298K)Quantum - Cp(298K)group) / Cp(298K)Quantum. (c) Data from 

experiments and quantum chemistry method are from [79]. 

 

7.3.2 Comparison of flame simulations with experimental data 

Simulations of premixed laminar flame were conducted using the original (not-updated) 

thermochemistry data file, and the updated thermochemistry data file mechanisms in 

Chemkin-Pro software. Figure 2 shows the comparison of temperature profiles between 

experiments and simulations. The experimental temperature profile was not consistent with 

the simulations. Numerous comparisons indicated that the base mechanism UCS II was 

able to precisely reproduce the temperature profile in premixed C2H4 sooting flame, with 

the equivalence ratio ranging from 1.8 to 2.5 [221-224]. The underestimation of radiation 

loss discussed in [220] may be responsible for the temperature deviation here. The 

maximum difference between the predicted temperature, using the original mechanism, 

and the updated mechanism, was 4K, indicating that the corrections of the thermochemistry 

properties of the target aromatic species had negligible influence on flame temperature 

calculations. In other words, due to its low concentration, the flame temperature was not 

sensitive to heat release from PAH reactions.  
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Figure 7.2: Comparison of temperature profile from experiment [220] and simulations. 

 

The calculated concentration profiles of aromatic species using original and updated 

mechanisms were compared to the measured data, as shown in Figure 7. 3. The aromatic 

species selected were benzene (A1), toluene (A1CH3), phenylacetylene (A1C2H), indene 

(A1R5), naphthalene (A2), acenaphthene (A2R5), phenanthrene (A3), and pyrene (A4). The 

predicted profiles, using both mechanisms, matched well with the experimental results. 

The maximum deviation was within two times for all investigated aromatic species, except 

for pyrene. Underprediction of the pyrene concentration may have resulted from poor 

understanding of the formation pathway. Other pathways beyond HACA should be 

explored to account for pyrene formation, since the formation of a new benzene ring was 

not preferred within HACA frame, due to the effect of the site [156]. In terms of the 

predicted concentration profile of aromatic species, the updated mechanism showed no 

significant difference compared with the original mechanism. In the plateau region, the 

mole fractions of all species using the updated mechanism were 0.9 ~ 1.1 times that using 
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the original mechanism. Thus, it can be concluded that the thermochemistry properties of 

aromatic species had a negligible effect on PAH concentration prediction, if both forward 

and reverse reaction rate coefficients were provided.  

 
Figure 7.3: Comparison of mole fractions of aromatic species from experiment and 

simulations. 
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7.3.3 Effect of aromatic loads  

In these comparisons, concentrations of the aromatic species were smaller than 10−3, since 

the fuel contained no aromatic species. Consider that aromatic species generally compose 

15~40% of typical North American diesel fuel [225]; 20% (wt) aromatic species were 

added to the ethylene stream to determine whether the hypothesis was still valid in the 

heavily aromatic environment. The additives investigated were benzene (A1), naphthalene 

(A2), and pyrene (A4). Other initial flame conditions remained the same as those above. In 

Figure 7.4, dashed lines represent temperature profiles, calculated using the original 

mechanism; solid lines are temperature profiles calculated using the updated mechanism. 

In pure ethylene flame, the deviation of peak flame temperature is 4.2 K. In ethylene flame, 

doped with 20% aromatic species (A1, A2, and A4), the deviations of peak flame 

temperature ranged from 6.5 K to 30.1 K. These temperature deviations were less than 2% 

of the corresponding peak flame temperature. 

 

Figure 7.4: Simulated flame temperature profiles with original and updated mechanisms. 
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Figure 7.5 shows simulated mole fractions of the selected aromatic species in ethylene 

doped flames, with the original and updated mechanisms. Dashed lines represent 

concentration profiles simulated using the original mechanism; solid lines are 

concentration profiles simulated with the updated mechanism. Compared to the referenced 

pure ethylene flame (Figure 7.5a), the addition of aromatic species appreciably enhanced 

the formation of PAHs (Figure 7.5a-d). For example, the simulated mole fraction of A4, 

using the updated mechanism in A1/A2/A4 added flame, was 7.8 / 89.3 / 4836.6 times higher 

than in the pure ethylene flame in the PAH plateau region. The updated mechanism 

behaved like the original mechanism in the high PAH environment. Variations in the 

selected species, simulated with the updated and original mechanisms, were within nearly 

10%, evidenced in Figure 7.5a-d. This variation likely originated from a slight temperature 

deviation (discussed in Figure 7.4). In the low PAH loading flames (Figure 7.3), the mole 

fraction profiles (simulated from original and updated mechanisms), nearly overlapped. In 

the high PAH loading flames, the impact of the updated thermochemistry properties 

became significant in both heat release and product yields. In summary: Employing the 

hypothesis that thermochemistry properties for aromatic species were equal to those of the 

corresponding isomer in high aromatic loading flame, the simulation accuracy was limited.  
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Figure 7.5: Comparisons of simulated mole fractions of aromatic species with original 

and updated mechanisms. 
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7.3.4 Uncertainty propagation analysis 

The foregoing discussion supports the conclusion that PAH prediction is nearly insensitive 

to PAH thermochemistry properties, if the forward and reverse reaction rate coefficients 

are provided. However, only forward reaction rate coefficients are provided in most PAH 

mechanisms [152, 196, 226]; reverse reaction coefficients are derived based on 

thermochemistry properties. As discussed in section 3.1, the uncertainty of calculated 

thermochemistry properties of PAHs may range from 0 to 16%. Therefore, it is beneficial 

to discuss the uncertainty advanced from the thermochemistry properties of PAHs to PAH 

predictions for the mechanism when reverse reaction coefficients are not directly provided. 

Benzene is the simplest aromatic species and the cornerstone of large PAHs. Most reactions 

involving benzene are inherited from the base USC II mechanism, and only the forward 

reaction rate coefficients are given. Here, thermochemistry properties (enthalpy, entropy, 

and heat capacity) of benzene (A1) were fluctuated with a value of 10% to check the change 

in flame temperature and product yield. Since species’ concentration played a role in this 

investigation, pure ethylene flame and aromatic added ethylene flames were studied. 

Figure 6 shows the simulated flame temperature profiles with a 10% variation of benzene 

thermochemistry properties. Solid lines (marked HA1) represent simulations using the 

updated mechanism, of which the thermochemistry properties of A1 were calculated using 

a THERM code. Dashed lines (marked (1+10%)HA1) represent the thermochemistry 

properties of A1, being changed to 110% of the calculated value, while the dotted lines 

(marked (1-10%)HA1) represent the thermochemistry properties of A1 being changed to 

90% of the calculated value. Temperature differences derived from the variation of 

benzene’s thermochemistry properties were unimportant for all flames. The maximum 
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temperature difference of the ±10% variation cases, relative to the HA1 case, was less than 

1K in pure ethylene flame, and less than 13K in the A1 doped flame. For other flames, this 

difference was smaller than 20K. Hence, the flame temperature was not sensitive to 

fluctuation in thermochemistry properties of A1 in the cases studied here. 

 

 

Figure 7.6: Simulated flame temperature profiles with ±10% variation of benzene’s 

thermochemistry properties. 

 

The simulated concentration profiles of aromatic species, using the mechanism with ±10% 

variation of benzene’s thermochemistry properties, are shown in Figure 7.7. Only pure 

ethylene flame and A1 added flame are displayed in Figure. 7a and 7b, respectively. In 

contrast to temperature profiles, significant changes were observed in the predicted 

concentration profiles, especially in the (1+10%)HA1 case. Interestingly, although the mole 

fraction of benzene in pure ethylene flame was ten times lower than in the A1 doped flame, 
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the PAH concentration fluctuations resulting from the variation of benzene 

thermochemistry properties in pure ethylene flame were much larger than in the A1 doped 

flames. It can be inferred that the addition of aromatic species to fuels decreased the 

sensitivity of thermochemistry properties in PAH simulation.  

 

 

Figure 7.7: Simulated mole fractions of aromatic species with 10% variation of benzene’s 

thermochemistry properties. 
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To explore the uncertainty propagation, the thermochemistry properties (enthalpy, entropy, 

and heat capacity) of benzene were varied ±n, where n was set as 2%, 5%, 10%, and 15%. 

Figure 8a illustrates the effect of the uncertainties of benzene’s thermochemistry properties 

on flame temperatures. 

It should be noted that the absolute value of n represents the variable extent of benzene’s 

thermochemistry properties. Peak flame temperatures of all flames changed only negligibly 

when the uncertainties of A1’s properties were between 5% and 2%. If n increased to 10%, 

the maximum temperature deviation was within 20K. When the uncertainty value n 

increased to 15%, the peak temperatures of flames doped with A1 and A2 were greatly 

affected, with fluctuation values of 61.8% and 54.8%, respectively. 

 

 

Figure 7.8: Uncertainties of peak flame temperature (a) and PAH mole fractions (bc) as 

functions of the uncertain thermochemistry properties of benzene. 

 

The uncertainties of PAH peak mole fractions, as functions of the uncertain 

thermochemistry properties of benzene, are shown in Figure 7.8b and 8c. Here, the x-axis 
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refers to the uncertainties of benzene’s thermochemistry properties, that is n, as mentioned 

above; the y-axis refers to the uncertainties of PAH mole fractions resulting from n. The 

units of both axes are percentages. Results revealed that uncertainty from the 

thermochemistry properties to concentrations was magnified. For example, the uncertainty 

of benzene concentration was as high as 120 % when the uncertainty of its thermochemistry 

properties fluctuated 10%.  Compared to the A1 doped flame (Figure 7.8c), the predicted 

PAH concentrations in pure ethylene flame (Figure 7.8b) were more sensitive to the 

uncertainties of benzene’s thermochemistry properties.  

To explain this phenomenon, the determinant factors of production rate--including 

temperature, kinetic parameters, and reactants concentrations--were analyzed. As shown 

in flame temperature profiles, the temperature changes were similar for both pure ethylene 

flame and benzene doped flame. The change of thermochemistry properties affected kinetic 

parameters, but this change was similar for pure ethylene flame and benzene doped flame. 

However, adding benzene to ethylene flame resulted in a significant increase in PAH 

concentrations, as shown in Figure 7.5b. This increase diluted the concentration difference 

to a large extent, both before and after PAH reactions. Thus, the PAH concentration 

fluctuation was relatively negligible for the benzene doped flame. In the production of A2, 

A3, and A4, their behavior was similar in both flames. Therefore, it can be concluded that 

the PAH yields were very sensitive to the thermochemistry properties of benzene or PAHs. 

These discussions are based on the mechanism utilized in this work. To determine that the 

conclusion was independent of a selection of the PAH mechanism, a similar analysis was 

conducted using the ABF mechanism [113], in which only forward reaction rate 

coefficients were provided for reversible reactions (Figure 7.9). The ABF mechanism 
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displayed behavior similar to this mechanism when the uncertainty of benzene’s 

thermochemistry properties varied. Some detailed features were different due to the 

mechanism itself, which is beyond the scope of this study. 

 

 

Figure 7.9: Uncertainties of peak flame temperature (a) and product mole fractions (bc) 

as functions of uncertain benzene thermochemistry properties. Illustrated mechanism is 

ABF. 

 

7.3.5 Discussions for different computation strategies 

Two choices are involved in the development of a new mechanism: (1) to provide the 

reaction coefficients for both forward and reverse reactions, (2) to provide the reaction 

coefficients for the forward reaction only, and the coefficients of reverse reaction must be 

calculated based on the thermochemistry data. This section examines the impact of the 

thermochemistry properties on flame simulations in the above two choices. Here, the full 

mechanism refers to the updated mechanism in this work, providing the reaction 

coefficients of the forward and reverse reactions (choice 1; A+B→C, C→A+B) in the PAH 
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growth module. The partially blocked mechanism refers to the updated mechanism with 

reverse reactions blocked in the PAH growth module (choice 2; A+B→C). The 

uncertainties of peak flame temperatures and A1 mole fractions (along with the 

uncertainties of A1 thermochemistry properties in pure ethylene flame), are shown in 

Figure 10a and 10b, respectively. The vertical axis refers to the uncertainties of A1 

thermochemistry properties with the unit of percentage, marked as n in these discussions. 

The horizontal axis refers to the variation of peak flame temperature (Figure 7.10a) and 

mole fractions of A1 (Figure 7.10b). In the full mechanism, the temperature variation was 

smaller than 4K when n ranged from −15% to 10%. In the partially blocked mechanism, 

this variation was smaller than 3K. These values of temperature variations were negligible 

in the simulations, which further confirmed that the flame temperature was not sensitive to 

the PAH chemistry in the flame fueled by non-aromatic fuel. 

  

Figure 7.10: Uncertainties of peak flame temperature (a) and benzene mole fractions (b) 

as functions of the uncertainties of benzene thermochemistry properties in pure ethylene 

flame. Full, updated mechanism is updated mechanism from this group; partially blocked 

mechanism is updated with reverse reactions blocked. 
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Like the trend of the flame temperature, the uncertainty of benzene mole fractions 

simulated in the full mechanism was larger than in the partially blocked mechanism when 

n ranged from 15% to 5%; when n ranged from 10% to 15%, the trend reversed. As the 

absolute value of n increased, the uncertainty of the benzene mole fraction increased faster 

in the partially blocked mechanism than in the full mechanism, indicating that the 

uncertainty of product yields was likely to be significantly higher if the reverse reaction 

rates were not provided directly in the mechanism. This was clarified by confirming the 

uncertainties of the reaction rate coefficients. The uncertainties of the forward and reverse 

reaction coefficients were expected to be similar to the quantum chemistry, and rate 

calculation method were consistently applied in any study of reaction pathway kinetics. 

However, the uncertainties of the derived reverse reaction coefficients were expected to be 

higher than the forward reaction coefficients since the uncertainty of the thermochemistry 

properties must be considered. Therefore, simultaneously providing the reaction rate 

coefficients for forward and reverse reactions is recommended in subsequent PAH 

mechanism development. 

 

7.4 Conclusions 

In this study, uncertainty propagating from the thermochemistry properties of PAH to PAH 

concentration prediction was comprehensively investigated; using various approaches, the 

uncertainty of the calculated thermochemistry properties of PAHs was checked. The 

mechanism that propagated uncertainty--with or without providing the reaction rate 
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coefficients of the reverse reaction--was discussed in flames with different PAH loading. 

From the results, the following conclusions can be drawn: 

(1) The accuracy of G3 based quantum chemistry was greatest in the prediction 

of the thermochemistry properties of PAHs with an uncertainty of less than 5%. 

The uncertainty of the thermochemistry properties of PAH was as much as 16% in 

the group additivity-based method.  

(2) In a low PAH concentration environment (flame fueled by non-aromatic 

fuel), it is reasonable to assume that the thermochemistry properties of aromatic 

species were equal to those of the corresponding isomer. The predicted PAH 

concentration and temperature profiles were not sensitive to PAH chemistry. 

However, in a high PAH concentration environment, deviations of 30% in PAH 

concentrations, and 60K in temperatures were observed if the hypothesis of 

thermochemistry properties of PAHs was accepted. 

(3) The ABF mechanism displayed error propagation behavior similar to the 

mechanism in this study. 

(4) Either accurate thermochemistry properties, or reverse reaction rates should 

be provided for a reliable mechanism, although predictions of accurate 

thermochemistry properties of large aromatic species using high-level quantum 

chemistry are costly. Providing the reverse reaction rates is recommended for future 

PAH mechanism development.  
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Chapter 8 

Conclusions and future work 

8.1 Conclusions 

In the combustion process, PAHs evolve from small hydrocarbon fragments, then develop 

into soot particles. The investigation of the PAH mechanism facilitated the understanding 

of soot formation. This study involved a series of progressive research into PAHs and soot 

formation. The sooting tendencies of different fuel additives were evaluated, starting from 

the experimental measurement of sooting limits by this group in Chapters 4 and 5. To 

explain the underlying mechanism of the sooting tendencies, theoretical research on PAHs 

formation was reported in Chapter 6 using the quantum chemistry method. In the PAH 

modeling study, the importance of the thermochemistry properties of simulated species 

was determined, and in Chapter 7, the sensitivity of thermochemistry properties on PAH 

modeling was investigated. 

In Chapter 4, the synergistic effect of DME addition on sooting tendency at elevated 

pressures was examined. In counterflow diffusion flames, the critical XF−XO based sooting 

limit maps of ethylene/DME flames at 1~3.5 atm were determined using a laser scattering 

technique. As the DME mixing ratio increased, sooting tendency first increased, then 

decreased after reaching the maximum. Sooting tendency was more sensitive to the 

addition of DME in SFO flames than that in SF flames, resulting from the competition 

between soot formation and oxidation in SFO flame. The sooting tendency was sensitive 
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to pressure, and it increased with pressure. Also, the synergistic effect of DME addition 

expanded with pressure. Like the sensitivity behavior of DME addition, the dependence of 

pressure on the sooting tendency was relatively milder in SF flames than in SFO flames, 

regardless of DME addition, indicating that the effort to reduce soot by doping DME to 

ethylene may not be feasible, especially at high pressures. Numerical modeling studies 

were performed to clarify the experimental observations. Kinetic analysis indicated that 

the chemical effect was the dominant factor on the synergistic effect of DME addition on 

the sooting limit. 

In Chapter 5, the incipient sooting tendency of oxygenated fuels was systematically 

evaluated in counterflow diffusion flames. Laser scattering and laser induced fluorescence 

techniques were combined to measure sooting limits and PAH production. The addition of 

oxygenated fuels significantly influenced the sooting tendency. Adding ACE 

monotonically promoted sooting; adding MeOH, AA, FA, and DEC monotonically 

suppressed sooting, and adding EtOH, DMC, DEE, and DMM displayed non-monotonic 

behavior in sooting. Oxygenated additives with the same functional group showed 

interesting behavior on PAH growth and incipient soot formation. For alcohols, EtOH 

produced more PAHs and incipient soot than MeOH. For acids, AA produced more PAHs 

and incipient soot than FA at lower β, but FA produced more incipient soot and larger 

PAHs than AA at higher β. For carbonate esters, the tendency of DMC was lower than 

DEC in smaller sized PAHs at most βs, but the tendency of DMC was higher than DEC for 

larger PAHs and incipient soot. The inconsistent propensities at different βs were attributed 

to the existence of a methyl group from FA and DMC, which may have promoted PAH 

growth and incipient soot nucleation. An interesting linear correlation was found between 
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the total O/C and additive mixing ratio, indicating that in sooting limit conditions, or in the 

soot onset stage, the total O/C was linear with the mixing ratio of oxygenated fuels in SF 

flames. This linear correlation may facilitate research into the incipient sooting tendency. 

In Chapter 6, the growth network of PAHs with a 5-membered ring was studied with 

acenaphthylene under the HACA framework. The method of DFT in the level of B3LYP/6-

311 G(d.p) and ROCCSD(T)/cc-pVDZ was employed in calculating the potential energy 

surfaces of this reaction system. The method of TST was employed to calculate reaction 

rate coefficients in the temperature range of 500-2500 K. A 5-membered ring structure 

played an important role in H abstraction reactions by H, OH, and CH3 radicals and 

subsequent C2H2 addition reactions. By comparing the reaction rate coefficients, it was 

found that the H abstraction from the C atom on a 5-membered ring was not favorable due 

to the high energy barrier--especially when reacting with OH radical. However, C2H2 

addition to the unsaturated C atom on a 5-membered ring had the highest reaction rate 

among all competing reactions. In the A2R5-C2H2-H reaction system, planar PAHs with no 

substitution, or one or two C2H substitutions, curved PAHs with two adjacent 5-membered 

rings, and PAHs with –C-CH2-C functional group were the main products. In simulations 

of a premixed C2H4 sooting flame, the planar PAH with C2H substitution and pyracyclene 

were the dominant product in this reaction system. Additionally, the 5-membered ring 

structure promoted PAH production, so that planar PAHs with C2H substitution composed 

a high proportion of the reaction system of large PAHs with more than three carbon rings, 

emphasizing the importance of the carbon flux involving PAH with C2H substitution due 

to its high concentration and reactivity. 
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In Chapter 7, the sensitivity and error propagation of the thermochemistry parameters in 

PAHs modeling were investigated systematically. The simulation accuracy of the 

hypothesis in flame simulations was discussed; the hypothesis was that the 

thermochemistry properties of a certain PAH structure could be equal to that of a similar 

structure. The thermochemistry properties of PAHs molecules were calculated using the 

group additivity method via THERM codes. The uncertainty of the thermochemistry 

properties calculation was estimated by comparing different calculation methods. PAH 

loading was of very significant in the role of thermochemistry properties on PAH 

simulations. When PAH concentration was low in the flame, the calculated flame 

temperature and product yields were not sensitive to the thermochemistry properties. But 

when PAH concentration was high, the simulation accuracy was limited to the accuracy of 

the thermochemistry properties of high concentration species. Compared to heat release 

calculations, product yields were more sensitive to the thermochemistry properties. 

Interestingly, the addition of aromatic species into the fuel stream could decrease the 

sensitivity of thermochemistry properties on product yields. In addition, chemical 

mechanisms--with or without the kinetic input of the reverse reactions--were employed to 

evaluate their importance in relation to thermochemistry properties in flame simulations. 

It was determined that either accurate thermochemistry properties or reverse reaction rates 

must be provided for a reliable flame simulation. 
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8.2 Future work 

In the study of sooting tendency, only oxygenated fuels were investigated in the 

experiments. More types of fuels or fuel additives are very worthy of study; nitrogen and 

sulfur are actually as important as oxygen in the combustion process. Furthermore, current 

PAHs and soot models cannot accurately predict the formation of PAHs and soot particles, 

therefore, it is necessary to improve the formation and growth mechanism of PAHs and 

soot. To evaluate the sooting tendency of large amounts of fuels, and to better simulate and 

predict the PAH and soot formation in different combustion modes, the following topics 

are worthy of future research. 

(1) Ammonia is currently regarded as a future fuel because of its low carbon 

emissions when added to gasoline and diesel. However, there is limited information 

about the impact of the addition of ammonia. Experiments on the effect of ammonia 

addition on sooting limits in counterflow diffusion flames are necessary and 

achievable. 

(2) Hydrogen cyanide (HCN) is abundant in the combustion of ammonia added 

fuels. Research into the effect of HCN addition in flames is necessary to understand 

the underlying mechanism of ammonia combustion. 

(3) Nitrogen and sulfur can be introduced into the reaction system through the 

combustion process; however, current PAH mechanisms offer limited information 

about PAHs containing corresponding elements such as N-PAHs, S-PAHs, etc. Hence, 

corresponding theoretical studies are required to improve PAHs and soot modeling. 
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(4) The combined techniques of laser diagnosis and sampling systems like GC-

MS and other experimental apparatus, can facilitate qualitative and quantitative 

detection of O-PAHs, N-PAHs, S-PAHs in flames. According to the experimental 

results, PAHs and soot mechanism can also be corrected and improved. 

(5) From small hydrocarbon fragments to PAHs and soot particles, phase 

change is an important process. It is beneficial to study the phase transformation 

process of PAHs and examine the evolution process from PAHs to incipient soot 

nucleation in different phases. 

(6) For better application of PAHs and soot mechanism in engines and other 

combustors, it is necessary to explore the growth mechanism of PAHs using gasoline 

and diesel in practical combustors. 
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