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Abstract 

An experimental and numerical analysis of the effects of methanol and ethanol addition on polycyclic aromatic 

hydrocarbon (PAH), and soot formation in non-premixed ethylene flames, is reported here. Laser-induced 

incandescence (LII) and laser-induced fluorescence (LIF) techniques were used to measure soot volume fractions and 

relative PAH concentrations in counterflow diffusion flames, respectively. A comprehensive chemical kinetic 

analysis was performed by modeling soot with detailed gas-phase chemistry and a sectional method. The results 

showed that although both methanol and ethanol are typically regarded as clean fuels, their presence in ethylene 

diffusion flames had the opposite effects on PAH and soot formation. The LIF and LII signals decreased significantly 

as the methanol fraction increased, suggesting a chemically soot-inhibiting role for methanol. Apart from the fact that 

methanol addition reduced the carbon supply for soot thus having a fuel-dilution effect (methanol converted primarily 

to CO), the increased H2 concentration from methanol decomposition also chemically suppressed incipient benzene 

ring formation and subsequent PAH and soot growth processes. In contrast, a small amount of ethanol addition 

enhanced soot formation, which was well captured in the modeling. Reaction pathway analysis showed that ethanol 

decomposition produced a relatively large amount of methyl radicals, enhancing the chemical interaction between 

CH3 and C2 species and, thereby promoting the formation of propargyl and C4 species. As a result, benzene formation 

was promoted through reactions between C2H2 to C4 species and via C3H3 recombination reaction, leading 

sequentially to the enhancement in PAH growth and soot formation processes.  
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1. Introduction 

Biofuels such as alcohols have been studied extensively in recent years owing to their potential use as 

renewable and clean energy carriers [1]. While a complete transformation towards these renewable fuels is 

at best a gradual process, technological development of their efficient utilization in a fossil fuel-dominated 

society is important especially in the transportation sector, where internal combustion (IC) engines are the 

workhorses. A popular approach is to blend renewable alcohols with conventional gasoline, or diesel fuels. 

Apart from the direct benefit of using blended fuels in existing engines [2-4], alcohol addition has also been 

reported to enhance engine efficiency and inhibit the formation of harmful gaseous species [4-6].     

Soot particle emissions, shown to adversely affect air quality, climate change, and human health [7], have 

become an especially important concern for IC engines. In particular, soot particles along with the volatile 

organic compounds condensed on soot surfaces are known to be carcinogenic and mutagenic [8]. Small 

particles, especially those with diameters of about 1 nm and below, can penetrate deep into human lungs 

and enter the blood circulation system [9, 10], thereby causing respiratory and cardiovascular health 

problems. It has also been reported that the addition of oxygen-containing biofuels, while being beneficial 

to reduce overall soot mass emission, may enhance the production of nano-sized particles [11]. Furthermore, 

the formation of soot particles indicates incomplete combustion, and thus would lead to thermal efficiency 

reduction for energy-conversion devices. Condensed phase carbon particles may also affect normal 

operation of practical combustion devices by, for example, blocking fuel injector and inducing pre-ignition 

in internal combustion engines [12]. These adverse issues make it critical to investigate the effects of alcohol 

blending on soot emissions. However, various processes in engines (air intake, in-cylinder air motion, 

ignition/injection timing, fuel impingement on cylinder wall, and mixture formation) can also affect soot 

formation, masking any fuel effects [13]. Thus, it is necessary to investigate basic laminar flames (for which 

detailed kinetic modeling can be performed with modest computational costs), in order to understand the 

fundamental fuel chemistry and physics that influence soot formation. Westbrook et al. [14, 15] proved that 
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detailed chemical modeling in simple reactors can indeed provide information pertaining to engine relevant 

phenomena.   

Various studies have investigated how alcohol addition (in particular ethanol) affects polycyclic aromatic 

hydrocarbon (PAH) and soot formation in premixed flames [11, 16-27]. Inal and Senkan [19] performed 

flame sampling and GC analysis to examine the effects of methanol, ethanol and MTBE on PAH formation 

in laminar rich n-heptane/Ar/O2 premixed flames; they observed reduction in concentrations of both light 

(such as C2H2, C3H4 and C4H4) and aromatic species. Using laser-induced fluorescence (LIF) and laser-

induced incandescence (LII) techniques, Wu et al. [16] measured PAH and soot in rich premixed ethylene 

flames with the addition of ethanol. One-dimensional numerical modeling, with chemistry based on the 

literature, was performed, with results showing that ethanol addition decreased soot formation. Dias et al. 

[22] studied the chemical structures of two low-pressure premixed benzene flames with and without ethanol 

addition, and discovered that the partial replacement of fuel benzene by ethanol reduced concentrations of 

molecular soot precursors; however, the harmful oxygenated emissions, like formaldehyde and 

acetaldehyde, increased. They also concluded that the kinetics of ethanol combustion does not directly 

interact with the formation of heavy hydrocarbons. Kohse-Höinghaus et al. [23] conducted experiments in 

a rich propene flame with small amount of ethanol addition, and found a reduction of soot precursors and 

increased toxic oxygenated species. Particle size distributions (PSDs) in rich ethylene premixed flames 

were measured by Salamanca et al. [11]; in cases with equivalent amounts of soot, little effect was seen on 

the PSD from ethanol addition. Chen et al. [27] investigated methanol doping effects on a premixed rich n-

heptane flame and found that the addition of methanol reduced benzene formation.  

While non-premixed flames have been investigated to a lesser extent, Lemaire et al. [28]  found significant 

reduction in soot and its precursors when ethanol was added to gasoline spray flames.  Ni et al. [29] added 

various alcohols in an ethylene coflow diffusion flame and discovered that both methanol and ethanol 

helped to suppress soot formation, although they noted that methanol was much more effective than ethanol. 

Liu et al. [30] reported that the addition of methanol and ethanol inhibited the formation/growth of PAHs 
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in gasoline coflow diffusion flame, with methanol addition leading to a stronger reduction. On the other 

hand, benzene and soot concentrations measured by McEnally and Pfefferel [31], in a coflow ethylene flame 

was seen to be enhanced by ethanol addition despite neat ethanol flame had less sooting tendency compared 

to ethylene. They also insightfully pointed out the special role of ethylene in causing the observed effects. 

Specifically, ethylene flame is rich with C2 species since it is relatively hard for ethylene to decompose to 

methyl radical. The opposite is true for ethanol; methyl radicals from ethanol pyrolysis enhance reactions 

between C2 and C1 species, sequentially leading to an increase in C3H3 and benzene formation (through 

C3H3 recombination). Similar benzene and soot enhancement by ethanol addition were observed by Bennett 

et al. [32], McNesby et al. [33], Salamanca et al. [34] and Litzinger et al. [35] in ethylene diffusion flames. 

It is worthwhile to mention here that, interestingly, Salamanca et al. [34] also noticed ethanol addition did 

not induce an increase in sooting tendency in premixed ethylene flame. Griffin et al. [36] observed that for 

methane coflow flames in a pressure range of 1−6 bar, ethanol addition leads to higher soot concentrations 

than neat methane flames. Maricq [13] measured PSD and particle morphology of coflow diffusion ethanol-

gasoline blend flames and found little effect up to a 50% addition of ethanol. While Santamaría and 

coworkers [37, 38] investigated the effects of ethanol addition on chemical structure of soot precursors 

generated in various inverse coflow flames. Most recently, McEnally et al. [39] investigated the sooting 

tendencies of various ethanol-containing gasolines and their surrogates, by adding a small amount of the 

test fuel into methane coflow diffusion flames. Gao and coworkers [40] observed a notable reduction of 

soot formation when the biofuel of dibutyl ether was added into methyl decanoate coflow diffusion flames.  

   Realizing the importance of oxygenated fuels as practical fuel dopants, our group has performed a series 

of experimental and kinetic modelling studies on the influence of oxygenates on soot formation in flames 

of hydrocarbon fuels. Our long-term goal is to establish a simulation-based oxygenated fuel blending 

strategy, enabled by detailed reaction model development and experimental validation, to help reduce PAH 

and soot emissions in current fossil fuel-dominated combustion devices. This work presents the first study 

in this series, namely, the effect of methanol and ethanol addition on PAH and soot formation in ethylene 
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counterflow diffusion flames (CDFs). In this study, the focus is on relatively simple hydrocarbon fuels 

(ethylene) and alcohols (methanol and ethanol), since their reaction mechanisms are the building blocks of 

larger practical fuels, like gasoline and diesel surrogates, which will be the subject of subsequent studies by 

our group. As well as being a pilot study, the present work is further motivated by the following facts: 

(1) Many existing studies focus on experimental observations, while soot modelling studies coupling 

detailed PAH chemistry and surface reactions−which could shed light on the chemical cross-linking 

effect between methanol/ethanol and ethylene and its effects on soot formation−have been scarce. 

Such detailed kinetic analysis is necessary for clarification of the underlying mechanism leading to 

experimentally observed phenomena. 

(2) Studies of alcohol addition effects in CDFs are much fewer compared to examination of premixed 

flames and coflow diffusion flames. As a quasi-1D canonical non-premixed flame configuration, 

CDF is perhaps more relevant to practical devices than premixed flames, and it is easier to model and 

analyze than a 2D coflow flame. The latter may be evident considering the nozzle heating/conjugate 

heat transfer effects [41] and the vortical flow structures present in coflow flames  [42], which may 

sometimes make the analysis of the sooting structures and the isolation of fuel effects unnecessarily 

more challenging [42].  

(3) A direct comparison of the effects of methanol and ethanol addition on PAH and soot formation in 

CDFs is lacking. Such a comparison could provide valuable information on the detailed chemical 

pathways influencing PAHs, and on soot formation, when these alcohols are added. 

The objectives of the present study are: (1) to experimentally investigate the effects of methanol and 

ethanol doping on PAH and soot concentration in ethylene CDFs; (2) to test a recently developed 

mechanism and a PAH-based soot growth model in terms of predicting sooting trends of ethylene and 

methanol/ethanol mixtures; and (3) to understand the effects of methanol/ethanol addition on the reaction 

pathways leading to PAH and soot formation.  
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2. Methodology 

2.1 Experiment 

The experimental setup consisted of a counterflow burner, a laser-induced incandescence (LII) system 

and a laser-induced fluorescence (LIF) system for soot and PAH measurements, respectively, as 

schematically shown in Fig. 1. The counterflow burner had the same design features as in previous studies 

[43, 44]. The diameter of the nozzle was 10 mm and the separation distance between two opposing nozzles 

was 8 mm. N2 shield gas was provided to avoid ambient air disturbance and to prevent the formation of 

secondary diffusion flames. Commercially-pure grade C2H4 and N2/O2 were supplied to the lower and upper 

nozzles, respectively. The gas flow rates were managed by thermal-based mass flow controllers (MFCs).  

 

Shield 

N2 

Fuel inlet

Oxidizer inlet

ICCD

 

Fig. 1. Schematic of experimental setup for burner assembly, gas/fuel supply system and LII system; DM: dichroic 

mirror; PH: stainless steel pinhole; HW: zeroth-order half-wave plate on rotational mount; BS: high power polarizing 

beam splitter; SL: spherical lens; CL: cylindrical lens; EM: laser energy meter; BD: beam dump. Heating tape and 

insulations for fuel line and bottom burner are not shown. 

 

The addition of liquid fuels (CH3OH and C2H5OH) to the C2H4 fuel stream was achieved through a 

controlled evaporation system, including an MFC for carrier gas of C2H4 control, a syringe pump for alcohol 
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injection rate control, and a heated vaporizer set at 30K above the boiling point of the respective alcohol 

for liquid fuel vaporization and blending. To avoid liquid fuel condensation, heated transfer lines connected 

the outlet of the vaporizer and the bottom inlet (i.e., fuel stream) of the burner. In addition, the lower burner 

was heated by several strip heaters so that the fuel outlet temperature was 413K, confirmed by thermocouple 

measurements. For consistent comparison, heating was also performed for the baseline neat C2H4 flame.  

Previous studies have shown that a CDF can be classified as either a soot formation (SF) flame or a soot 

formation/oxidation (SFO) flame, depending on the relative location of the flame to the stagnation plane 

[45]. The soot zone is always located on the fuel rich side from a flame, where molecular soot precursors 

from fuel pyrolysis are abundant. Once formed, soot particles following a streamline will be transported 

toward the stagnation plane. In a SF flame, the flame is located on the oxidizer side from the stagnation 

plane so that soot formed on the fuel side from the flame will be convected away from the flame, toward 

the stagnation plane. As a result, soot oxidation in the high temperature flame zone is limited. On the 

contrary, in a SFO flame, the flame is on the fuel side from the stagnation plane. In such a case, soot is 

transported toward the flame (and the stagnation plane) for oxidation. The present study focuses on the SF 

flame, as the goal is the fuel effect on soot formation, rather than its oxidation. The fuel stream was either 

pure C2H4 or C2H4 doped with CH3OH/C2H5OH, with doping ratios ranging from 0 to 25% (molar basis).  

The soot volume fraction (SVF) of the CDFs was measured using the planar LII technique. In the LII 

system, the fundamental emission (1064 nm) of a 10 Hz pulsed Nd-YAG laser passed a half-wave plate 

(HWP), a polarization beam splitter (PBS) and a stainless-steel pinhole before being manipulated by a series 

of cylindrical and spherical lens to form a laser sheet passing the vertical axis of the burner. The combination 

of the HWP and the PBS allowed continuous variation of the laser beam energy, which was finally set at 

the saturation regime (with a laser fluence of 0.125 J/cm2) for the LII signal to be independent of incident 

laser fluence [46]. The stainless-steel pinhole with a diameter of 3 mm allowed only the center portion of 

the laser beam to form the laser sheet and thus helped to reduce beam energy inhomogeneity along the 

vertical axis. The LII signal detection was achieved by an intensified CCD (ICCD) camera, filtered by a 



8 
 

band pass filter with 400 nm center wavelength and 40 nm FWHM [47].  The gate of the ICCD camera was 

opened for 80 ns immediately after the laser pulse without delay. The synchronization between the camera 

and the laser was realized through a digital delay generator and the exact timing was determined by 

capturing the elastically scattered light of the second harmonic of the laser output with the minimum ICCD 

gate width of 2 ns (the second harmonic generator was removed when performing actual LII measurements). 

After subtracting background signals, the LII intensity results were averaged over 600 laser shots to reduce 

signal noises. The measurement uncertainty, as estimated from the standard deviation, was less than 5%.  

Additional light extinction (LE) measurements were performed to calibrate the LII results. In particular, 

the LE measurement was performed for the neat ethylene flame with a near-infrared laser beam (λ = 980 

nm) such that the interference of light absorption by PAHs can be minimized due to the fact that lights in 

the visible spectrum are likely to be absorbed by gaseous PAH species in addition to soot particles [48, 49]. 

Following the data reduction procedure of Santoro et al. [50], the soot volume fraction (Fv) is related to the 

light extinction coefficient (kext) as:  

𝐹𝑉 =  
𝜆

6𝜋

𝐾ext 

𝐸(𝑚)
 

Here, tomographic inversion was performed to convert the line-of-sight extinction data to local kext value 

[51]. And, a soot refractive index of m =1.57−0.56i (E(m) becomes 0.259) was used to derive Fv, being 

consistent with the previous diffusion flame studies [50, 52-54] such that comparisons can be made among 

different works. Considering different values such as 1.90−0.55i [55] and 1.75−1.03i [56] have been 

suggested by other researchers, the measured uncertainty of absolute FV due to the choice of m is estimated 

to be less than 20%.  

In the planar LIF system for relative PAH measurements, the excitation wavelength was tuned to around 

283 nm (adequately offset from OH excitation wavelength) by using an Nd-YAG pumped dye laser. The 

configuration of the light sheet forming optics was similar to the LII system, with necessary modification 

considering the variation in refraction index of the lenses due to different incident wavelengths. The laser 
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fluence was reduced by several 30/70 UV beam splitters to be small enough not to induce LII signal. The 

LIF signals from PAH molecules were known to have a broad spectra and to represent larger PAHs as the 

detection wavelength increases [57]. Note, a discussion on the attribution of LIF signals was provided in 

Section 3.1. In this study, LIF signals were detected at around 400 nm by placing band pass filter centered 

at 400 nm in front of the ICCD camera. The gate of the ICCD camera was opened for 30 ns immediately 

after the laser shot and the signals were averaged over 600 laser shots, with measurement uncertainty within 

5%.  

2.2 Numerical simulation 

Numerical simulations were performed using the opposed-flow (OPPDIF) module in the Chemkin-PRO 

package [58]. Gas-phase chemistry was described by the KAUST-Aramco PAH Mech 1.0, which was 

developed and detailed in a previous work [59]. Briefly, the AramcoMech 1.3 [60] was utilized as the base 

chemistry and additional reactions for benzene formation [61] and PAH growth pathways (up to coronene) 

from KAUST PAH Mechanisms [62, 63] was incorporated to describe the PAH growth kinetics.  

The soot model accounts for particle inception, surface growth through both chemical reactions and 

physical PAH condensation, particle-particle coalescence, and soot oxidation. Particle inception was 

modeled as the collision of eight large PAHs, ranging from pyrene to coronene [52]. These nucleation 

reactions (36 in total) had different nucleation reaction rates which were described by the PAH size-

dependent collision efficiency. The introduction of these collision efficiencies, as specified in the literature 

[52, 64], represents the fact that only a portion of PAH collisions can successfully form a new soot nucleus.  

Note although soot inception via physical dimerization (such as pyrene dimer) may be not a complete 

description on the nucleation step [65-67], it indeed provides an effective modeling technique to link the 

gas-phase chemistry and soot particle dynamics. Inception models are advancing toward larger molecules 

and covalent bonding between moderately sized PAHs [68], during this process the importance of 
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resonantly stabilized radicals (RSRs) and the associated radical-chain reactions have been recently 

highlighted [69]. 

Once particles are incepted, they can grow in mass and size through both surface growth reactions and 

particle coalescence (i.e., the colliding particles merge completely to form a larger spherical one). Soot 

surface mass growth was described by the surface hydrogen-abstraction-C2H2-addition (surface HACA) 

mechanism, originally proposed by Appel et al. [70] and modified to additional H-abstractions by Hwang 

et al. [71]. The same model parameters in [70] were used in this work, except for the rate constants of C2H2-

adding reaction: Csoot•+ C2H2 ⇒ Csoot-H + H. As will be discussed in Section 3.2, this parameter was tuned 

to match the baseline experimental data (i.e., for neat C2H4 flame). The physical PAH condensation process 

is included, and the PAH condensation model accounts for the condensation of eight PAH molecules 

colliding with the soot particles on soot surface. The detailed condensation reactions and condensation rate 

were discussed and provided in the literature [52]. Particle coalescence assumed to occur in a free-molecular 

regime with the collision efficiency of 2.2, considering the van der Waals enhancement factor [72]. Soot 

oxidation by OH radical and O2 was considered. A constant collision efficiency of 0.13 [70] was used to 

model soot oxidation by OH radicals; soot oxidation with O2 was based on the oxidation of pyrene proposed 

recently by Celnik et al. [73]. Particle aggregation (i.e., the colliding particles stick together through point 

contact but not merge) and fragmentation were not considered. 

Soot particle dynamics are described using the sectional method [74], in which soot particle mass/volume 

ranges were discretized into 25 sections. Within each section, all the soot particles were assumed to be 

spherical, with a density of 1.8 g/cm3 [75]. The first section was modeled with a representative size of 0.878 

nm, corresponding to the smallest particle in the model (a dimer of pyrene (C16H10)). With a spacing factor 

of two (i.e., the mass/volume ratio of two consecutive sections is two), the sectional representative sizes 

with a range of 0.878−224.8 nm were covered. It was confirmed that the computed soot properties remained 

unchanged with further increase in section numbers.  
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In all computational cases, species diffusivity was determined using a mixture-averaged formulation. 

Mass diffusion caused by temperature gradient (the Soret effect) was included. Radiation heat loss through 

CO2, CH4, CO, and H2O, as well as soot, was included in the energy conservation equation. Particle 

thermophoresis effects were included, considering its significant influence on the particle diffusion velocity, 

particularly in counterflow diffusion flames [76].  

  

3. Results and discussion 

3.1 Experimental results 

Experimental observations are presented first. Ten flames were tested, and the detailed experimental 

conditions are as follows: For the baseline C2H4 flame, the fuel side was pure C2H4 (fuel mole fraction XF 

= 1), and the oxidizer was 24% O2 and 76% N2 on a molar basis (oxygen mole fraction XO = 0.24). For the 

methanol/ethanol doped flames, part of the ethylene was replaced by the dopants, with various doping ratios 

β (0−0.25), which is defined as the molar ratio of the dopant in the fuel mixture. The nozzle exit velocities 

of both the fuel and oxidizer streams were maintained at 13.5 cm/s for all cases, corresponding to a global 

strain rate of 67.5 s−1. The spatial resolution of soot LII and LIF measurements is 0.05 mm.  
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Fig. 2. Axial profiles of LII signals (a) and LIF signals measured at 400 nm (b) along the centerline of counterflow 

for methanol/ethylene mixture flames at several doping ratios. Signal intensities were normalized to those of the 

baseline C2H4 flame.    

Figure 2 shows axial profiles of LII and LIF signals along the centerline of the flames (in terms of the 

distance from the fuel nozzle Z) for several methanol doping ratio β. Both soot LII and LIF signals decreased 

monotonically with β. Because soot and PAH reductions are significant, it cannot be attributed simply to 

the dilution effect of methanol (reduction of the carbon supply in the fuel stream by replacing C2 

hydrocarbon of ethylene to C1 hydrocarbon of methanol). Compared to the baseline C2H4 flame, the 

maximum LII signals quantitatively reduced as much as 68% in the case with β=0.2, while the 

corresponding reduction of carbon supply was 10%. This suggests that methanol may have a chemical soot-

inhibiting role, which will be elaborated later. Note that the mere presence of oxygen (within the hydroxyl 

moiety) in the fuel stream cannot explain the soot inhibition by methanol addition, as it was previously 

demonstrated that the addition of oxygen in the fuel stream of ethylene CDF actually enhanced soot 

formation [77]. The soot profile (LII signal) shows a typical SF flame feature, having a highly skewed 
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profile, near Z = 2.5 mm, wherein soot particles are leaking through the stagnation plane; however, the LIF 

signal shows a reasonably symmetrical profile. These features are further discussed later. 

 

Fig. 3. Axial profiles of LII signals (a) and LIF signals measured at 400 nm (b) along the centerline of counterflow 

for ethanol/ethylene mixture flames at several doping ratios. Signal intensities normalized to the baseline C2H4 flame. 

The curved arrows indicate non-monotonic variations of maximum LIF and LII intensities.  

In the case with ethanol addition (Fig. 3), LII and LIF signals varied non-monotonically with ethanol 

doping ratio β. The LII signal initially increased with β, reaching a maximum near β = 0.05 and then 

decreased with a further increase in β.  These interesting phenomena (the addition of a small amount of low 

sooting tendency fuel may actually enhance soot or PAH formation in a flame of higher sooting tendency 

fuel), were termed synergistic effects, and were also observed previously in propane/ethylene [47, 62, 78] , 

DME/ethylene [31, 79, 80] and iso-octane/toluene mixtures [44].  

The result in Fig. 3 demonstrates the synergistic effects on soot/PAH formation for ethanol-doped flames 

with the highest LII and LIF signals, at β = 0.05 and 0.15, respectively. The synergistic effect of the ethanol 
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addition on PAH was stronger than that for soot. For instance, at β = 0.05 the peak LIF signal was 1.5 times 

greater than that of the baseline C2H4 flame, while the peak LII signal was only 1.1 times greater. This 

suggests that the enhancing PAH formation does not always translate to an increase in soot formation. As 

will be elaborated later, the change of PAH concentration primarily affects the soot inception process, while 

ultimate soot loading depends on both soot inception and soot surface growth processes.  

It is apparent that the present synergetic effect on soot and PAH formation cannot be explained by flame 

temperature variation or fuel carbon content, both of which change monotonically with increased β; instead, 

chemical cross-linking between the additive ethanol and the base fuel C2H4 is believed to be the cause. 

Another interesting feature is that, although as neat fuels both methanol and ethanol have lower sooting 

tendencies than C2H4 [81], their addition to C2H4 CDFs may result in the opposite effect on soot formation, 

indicating the importance of the molecular structure of each individual alcohol fuel. This will be detailed 

in the subsequent section, reporting detailed kinetic analysis based on soot modeling results.  

3.2 Numerical analysis 

Numerical simulations accounting for detailed gas-phase chemistry, PAH-based particle nucleation−as 

well as subsequent particle surface reactions−were performed for C2H4 CDFs with methanol and ethanol 

additions. After being experimentally validated, the numerical results are comprehensively discussed here 

to offer insight into the kinetics of the experimental observations previously discussed. 

3.2.1 Soot zone structure  

The overall flame and sooting structure of the baseline C2H4 CDF flame is presented first. Axial profiles 

of temperature and mole fractions of important intermediate species as a function of the distance from the 

fuel nozzle (Z), are presented in Fig. 4 for XO= 0.24, XC2H4=1.0. Fuel pyrolysis products, such as C2H2 and 

C3H3 (a) are located on the fuel side of the flame sheet (designated by the position of maximum flame 

temperature ZT,max), where PAH species (b) (as molecular soot precursors), are also present. Here, A stands 
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for aromatic ring and A1, A2 and A4 are benzene, naphthalene, and pyrene, respectively. Thus, soot 

nucleation takes place on the fuel site, and nascent soot particles are convected by the bulk flow towards 

the particle stagnation plane Zst,p (gas-phase stagnation plane is marked Zst,g). During this process, soot 

particles grow in mass and size while their destructive oxidation is considerably limited, owing to the low 

OH/O2 concentrations on the fuel side of the flame (Fig. 4a).  

As a result of this soot evolution process, the experimental SVF profile presented a skewed shape, which 

was well reproduced with the numerical model (Fig. 4b). Physically, following the direction of convection, 

SVF continued to increase and reached a peak value near the stagnation plane, where they eventually leaked 

out, resulting in a sudden drop of SVF across the stagnation plane. Note, that raw LII data were offset 0.3 

mm towards the oxidizer side to match with the computed SVF profile. The reason for the discrepancy in 

the profile locations between the experiment and prediction can be attributed to several factors. One is a 

possible uncertainty in determining the absolute distance above the fuel nozzle, which was achieved by 

processing the LII/LIF images and counting the number of pixels above the fuel nozzle exit. Since the size 

of one pixel corresponds to a physical distance of 80 μm in the present setup, a systematic uncertainty of 

the order of 0.1 mm may be anticipated. In addition, the assumption of plug flow boundary (specified at the 

nozzle exit) may not fully represent the flow filed [82, 83], which in turn contribute to the shift of the SVF 

location. Further investigations with measured boundary velocity profile [84, 85] are needed to quantify 

their effects. In addition, the uncertainty in computing particle thermophoretic velocity [86] (such as the 

introduction of complete thermal accommodation assumption [76, 87]) may also contribute to the difference, 

considering the importance of particle thermophoresis in determining the location of particle stagnation 

plane [88]. Finally, the potential buoyancy effect which was not accounted for in the present model may 

also play a role. The exact quantitative contribution from the above factors are not quite clear at the moment. 

Further investigations are certainly needed and worthwhile; however, we tend to think the observed 0.3 mm 

difference is relatively small and not likely to affect the analysis and main conclusion of this work in terms 

of the effects of methanol and ethanol addition on soot formation. In particular, although the numerical 
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model may not perfectly predict the location of peak SVF, it reproduced the shape of the measured soot 

volume fraction profile (Fig. 4), providing us with the confidence that the model could capture the soot 

evolution process reasonably well. 

As mentioned previously, the C2H2-addition reaction rate of Csoot•+ C2H2 ⇒ Csoot-H + H in the surface-

HACA mechanism was adjusted to match the experimental SVF of the baseline C2H4 flame. This can be 

understood from the fact that the parameter α (representing the fraction of soot surface sites), was introduced 

to the original surface-HACA growth model [70]. Physically, α should depend on soot surface temperature 

and particle size, indicating the variations of the reactivity of soot particles under different flame conditions. 

Since a general expression of temperature-dependent α is not available, it is frequently considered to be a 

model parameter for tuning, to provide good agreement with the experimental data (e.g., see [89, 90]). In 

this soot model, the value of α was implicitly incorporated into the surface-HACA growth rates, instead of 

tuning α directly. Note, after matching with the ethylene baseline flame, the surface-HACA growth rate 

constant was kept unchanged for all other simulation cases.  
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Fig. 4. Simulated flame structures of baseline C2H4 counterflow diffusion flame; (a) relevant species and temperature 

profiles and (b) A1, A2 and A4 profiles along with measured LII data (circular symbols) and predicted soot volume 

fraction profile (solid line). The conversion of LII signal to absolute soot volume fraction was achieved by calibration 

against data from light extinction measurements.  

 

Besides the comparison in terms of SVF profile, it is also useful to discuss the attribution of experimental 

LIF signal detected at 400 nm, although quantitative deconvolution of LIF signals to concentrations of 

individual species is not yet achievable due to the complexities of fluorescence spectra [57].  

Previous studies showed that LIF at 400 nm signal may originate from both nanoparticles (e.g., with size 

below 5 nm) [91-93] (as evidenced by time-resolved fluorescence anisotropy measurements [94, 95]) and 

gaseous PAHs. Therefore, the profile of LIF signal was compared with predicted concentration profile of 

nanoparticles/representative PAH of pyrene. The results are shown in Fig. 5 and it is interesting to note that, 

the predicted profile of particle volume fraction (with particle size in the range of 0.87−0.44 nm) has double 

peaks, with the first peak located on the fuel side of the stagnation plane where considerable LIF signal was 

detected. This result may indicate the contribution of nanoparticle to LIF signal in this region. Note the high 

LIF signal intensity (in UV-Visible spectrum) in the fuel-rich region was also observed by D’Anna and 

coworkers [92, 96] and it was explained that in this pyrolytic region, PAHs were abundant such that nascent 

particles were formed from PAH dimerization and physical condensation, while HACA surface growth 

hardly occurs due to low temperature in this region. The second peak appeared at Z = 4.0 mm which may 

indicate a strong soot inception intensity. These nascent particles would grow in size due to both HACA 

surface reaction and particle-particle coagulation as they are transported towards the stagnation plane, 

explaining the decrease in small particle concentrations along the flow path (decreasing Z).  
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Fig. 5 The comparison of LIF at 400 nm signal with predicted concentration of nanoparticles (with diameters in the 

range of 0.87−4.4 nm) and PAH of pyrene for neat C2H4 flame. Note the raw LIF data was shifted by 0.3 mm towards 

the oxidizer side.  

 

However, the bimodality of the nanoparticle concentration profile was qualitatively different from the 

measured LIF signal profile which exhibits a single peak. The profile of gaseous PAH (such as pyrene) 

agreed better with the LIF signal, although a difference of 0.4 mm in their peak location was found. This 

indicates that, at least for the present flames, large PAHs may be a more important contributor to LIF at 400 

nm. We notice that in the studies by Sirignano et al. [34, 80], a bimodal distribution of the visible 

fluorescence profile was experimentally observed. Such differences are likely due to the different flame 

operating conditions such that the PAH concentration level (and fluorescence spectra) can differ 

significantly. It should also be pointed out here that the detected fluorescence intensity may depend not only 

on the concentration of the fluorescencing species (nanoparticles) but on the physicochemical environments 

in which these species (nanoparticles) reside in. Therefore, the variation of temperature and chemical 

environments with Z may also contribute to the observed difference between the detected LIF signal and 

predicted PAH/nanoparticle concentration profile. Furthermore, in the pyrolytic region of the flame, even 

though nanoparticles may contribute to the LIF signal, these nanoparticles are expected to be formed from 

physical processes involving PAHs (such as PAH dimerization and condensation). Therefore, in a way, it 

may still be related (although indirectly) with PAH concentrations. 
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Considering the above, although not perfect, we tend to use the detected LIF signal at 400 nm to represent 

pyrene in the present work. This choice was supported by previous reports indicating that LIF signals 

detected at 330 nm correspond to two- or three-ring aromatic species [97], and LIF signals with longer 

detection wavelength represent larger size PAHs [47]. Thus, the LIF signal at 400 nm could reasonably 

represent such mid-sized aromatic species. Note the attribution of visible LIF signal to gaseous PAHs was 

also employed by a number of other researchers [98-103] and in most of those studies, such attribution was 

helpful in explaining the experimental data. It is thus the authors’ opinion that this is also the case for the 

present study and the present model could provide kinetic insights for the observed PAH/ soot formation 

behavior, which is the primary research focus of this work. However, we are fully aware of the fact that 

sources for LIF signals may be complex such that more investigations are certainly needed in the future for 

specific attribution of LIF signals, probably with the help of jet-cooled LIF [104, 105] and/or time-resolved 

fluorescence anisotropy [94, 95]. 

 

3.2.2 Effects of methanol addition  

To test this numerical model for its predicative capabilities, the computed maximum concentration of 

soot volume fraction and representative PAHs (A1 and A4) were compared (Fig. 6) against the experimental 

data for methanol-doped flames. Note that all the data were normalized by their corresponding values for 

the baseline C2H4 flame, as the interest is primarily in relative effects caused by the alcohol dopants.  

The results showed that the experimentally observed monotonic decrease of soot and PAH signals with 

increasing β were well captured by the simulation, although the model slightly over-predicted the SVF for 

β in the range of 0.1−0.2. Furthermore, the strong soot reduction with the addition of methanol was 

manifested by comparing the C2H4 flame with N2 dilution in the fuel stream from the simulation. In 

particular, the predicted SVF decreased by 68% with 20% methanol doping−much larger than the 20% 

reduction in the case of 20% N2 dilution (data not shown). Note that N2 dilution decreased the maximum 
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(flame) temperature (2230, 2208, and 2206 K for the baseline, 20% methanol doping, and 20% N2 dilution 

cases, respectively), which influences soot formation. This result suggests that, in addition to the fuel carbon 

dilution effects, methanol may also play an additional chemically suppressing role on soot formation.  This 

result is consistent with observations of Ni et al. [29] in which methanol addition also led to a strong soot 

reduction in the ethylene coflow flames.   

 

Fig. 6. Comparison of normalized maximum soot volume fraction and PAHs from simulation with experimental 

data for methanol doped flames with various doping ratio (A1: benzene, A4: pyrene).  

 

To detail the soot suppressing role of methanol, the influence of methanol addition on benzene (A1) 

formation (a critical step towards the growth of larger PAHs and soot inception for small aliphatic fuels), 

was examined first. By performing the rate of production (ROP) analysis, the most important benzene 

formation pathways were identified for the baseline C2H4 flame and the 20% methanol-doped flame, and 

with 20% N2 dilution in the fuel stream.  

The results showed that the primary channels for benzene production for all three cases were as follows:  

2C3H3 ⇔ A1                                                                                                                                            (R1) 

C4H5-2 + C2H2 ⇔ A1 + H                                                                                                                       (R2)  

A1- + H (+M) ⇔A1 (+M)                                                                                                                       (R3) 

C6H5C2H3 ⇔ A1 + C2H2                                                                                                                          (R4) 

C4H6 + C2H3 ⇒ A1 + H2 + H                                                                                                                   (R5)   
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Note that neither the addition of methanol nor N2 was seen to alter the primary A1 formation channel, but 

rather, it decreased the respective reaction rates. To quantify the relative importance of these reactions, their 

percentage contributions to the total A1 production rate were determined for all the flames; results are 

presented in Fig. 7. To obtain the data shown, the net reaction rate profiles of each reaction were integrated 

over the entire flame region [106], after which the relative contribution of each reaction was determined by 

taking the ratio of individual integrated value to the total A1 production (i.e., the sum of these integrated 

values). The results clearly showed that A1 formation is driven primarily by the propargyl (C3H3) 

recombination reaction R1, followed by the addition of C2H2 to species C4H5-2 (CH3-C≡C-CH2·) via R2. It 

was also observed that the addition of methanol reduced A1 formation, mainly through its effect in 

inhibiting the forward reaction of 2C3H3 ⇔ A1 (R1), attributable both to fuel dilution and the chemical 

effects of methanol addition. This result is elaborated in the following.    

 

Fig. 7. Percentage contribution to A1 production from each reaction for baseline C2H4, methanol- and N2-doped 

flames.   

 

The dilution effects of methanol addition can be understood from its decomposition chemistry. Figure 8 

shows dominant decomposition pathways for alcohols in the methanol- and ethanol-doped flames at β = 

0.15, along with A1 formation pathways for the baseline C2H4 flame from ROP analyses. The most 
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important reactions are identified and represented by the arrows indicating the percentage of its 

contributions, which were obtained by integrating these dominant reaction profiles individually over the 

entire flame region.  

It is seen from Fig. 8 that 80% (12%) of methanol was consumed by its reactions with H radicals, leading 

to the formation of CH2OH (CH3O) and eventually the production of CO. Only about 2% of methanol goes 

through a decomposition reaction via C-O bond scission, producing small amount of CH3 and OH radicals. 

Thus, most of the carbon in the methanol molecules was sequentially converted to CO, without contributing 

to the formation of the soot precursors. In this regard, and with respect to soot formation, the addition of 

methanol can be viewed as a method of fuel dilution, having a role similar to N2 in reducing fuel 

concentrations.   
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Fig. 8. Dominant decomposition pathways of methanol and comparison with ethanol at β = 0.15, with A1 formation 

from ethylene. Numbers beside arrows indicate percentage of its contribution; e.g. 2% of methanol is consumed by 

CH3OH ⇔ CH3 + OH. Dashed lines show effect of intermediate species (like CH3) on A1 formation (C3H4-A: allene, 

C3H4-P: propyne, C3H5-A: allyl, C4H5-I: CH2=C·-CH=CH2, C4H5-2: CH3-C≡C-CH2·).  
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However, this pure dilution effect cannot explain A1 production in the methanol-doped flame, which is 

even lower than the N2-diluted flame, as seen in Fig. 7. It was discovered that this difference was primarily 

caused by the stronger inhibition on A1 formation reaction R1, with the addition of methanol. This point is 

clarified in Fig. 9, where the profiles of important intermediate species relevant to A1 formation are shown, 

including (a) CH3, (b) C2H2, (c) C3H3, (d) C4H6 (1,3-butadiene) and (e) H2/H radical, along with (f) A1 

species. Compared to the N2-diluted flame, methanol addition lead to a minor increase of 4% in CH3 radical 

(a) from the methanol decomposition reaction. The differences in C4H6 (1, 3-butadiene) concentration (d) 

between these two flames was also small (less than 5%), indicating the negligible chemical role of methanol 

addition on C4H6 formation. Interestingly, the methanol-diluted flame had even lower C2H2 (b) and C3H3 

concentrations (c) than the N2-diluted flame, which contributed to its lower A1 concentration (f). For greater 

insight, a ROP analysis on C3H3 species was performed and the results showed that the dominant C3H3 

formation pathways were:   

C2H4 + H ⇔ C2H3 + H2                                                                                                                       (R6) 

C2H3 (+M) ⇔ C2H2 + H (+M)                                                                                                             (R7) 

C2H2 + CH2 ⇔ C3H3 + H                                                                                                                     (R8) 

Note that methylene (CH2) is the product of C2H2 oxidation through the reaction (C2H2 + O ⇔ CH2 +CO). 

The smaller C2H2 concentration in the methanol-doped flame (b) can be attributed to its higher 

concentration of molecular hydrogen H2, which is produced via H-abstraction reactions. As shown in Fig. 

9e, the H2 concentration in the methanol-doped flame was higher, which tends to favor the reverse reaction 

of R6 and contributes negatively to C2H3 and C2H2 formation. Consequently, the concentration of C3H3, 

primarily produced via R8 in the region of 3 < Z < 4.5 mm, was also reduced. The contribution of H radical 

changed a little, eventually leading to the significant inhibition of A1 formation via R1. 
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Fig. 9. Important intermediate species responsible for A1 formation for baseline C2H4, methanol- and N2-doped 

flames. 

 

In the framework of PAH growth through the gas-phase HACA mechanism [107, 108], the inhibition on 

incipient benzene ring formation was expected to propagate to the growth of large-size aromatic species. In 

fact, with the increase in β, pyrene (A4) concentration (Fig. 6) exhibited a higher rate of decrease than A1. 

This can be partly attributed to the reduction in C2H2 concentration, the building block for PAH growth 

[108] through the gas-phase HACA mechanism. In addition, according to the HACA mechanism (which 

suggests the PAH growth rates scale with the ratio of [H]/[H2] [108]), the enhanced concentration of H2 

(Fig. 9e) from methanol reactions is also believed to inhibit the formation of larger PAHs. As mentioned, 

the differences in H radical concentrations among the three flames in the PAH growth region of Z =1−4 

mm (Fig. 9e) were very small.   

In the present PAH-based soot model, the rate of soot nucleation was largely dependent on the 

concentration of nucleating PAHs. Since methanol addition reduces PAH formation, it is natural that soot 

inception should also be inhibited by the addition of methanol, as confirmed in Fig. 10a, where data was 

obtained by adding soot mass growth rates from all 36 reactions of homogeneous and heterogeneous 

nucleations of eight different PAH molecules [52]. The methanol-doped flame had a 57% (36%) lower soot 
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inception rate than the baseline C2H4 (N2-doped) flame. Such strong reduction in nucleation rates translated 

to fewer incipient soot particles, and thus less particle surface area available for subsequent mass growth. 

Although not shown, the methanol-doped flame had the smallest surface area density As (cm2/cm3).  

 

Fig. 10. Soot inception and surface-HACA growth rate per unit surface area for baseline C2H4, methanol- and N2-

doped flames. 

    

Ultimate soot production also depends on the surface growth rate per unit surface area ωs,HACA [g/cm2-s]; 

this represents soot surface mass-adding reaction rates and can be expressed as ωs,HACA∝kHACA [C2H2], 

where kHACA is the temperature-dependent rate coefficient for acetylene addition reaction of Csoot•+ C2H2 ⇒ 

Csoot-H + H with [C2H2] the molar concentration of acetylene. As shown in Fig. 10b, the methanol-doped 

flame had a 10% (5%) lower ωs,HACA than the baseline C2H4 (N2-diluted) flame, mainly due to its smaller 

C2H2 concentration. Consequently, the addition of methanol showed lower soot mass growth rate per unit 

volume ωg,V (g/cm3-s), as well as SVFs, caused mainly by the combined effects of smaller surface  areas 

and lower surface mass-adding rate (note that ωg,V can be computed from ωg,V =ωs,HACA As). Therefore, it 
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can be concluded that methanol addition reduces soot formation mainly through its inhibiting effects on 

soot inception process.  

3.2.3 Ethanol addition  

In contrast to the monotonic soot inhibiting effect of methanol, the addition of ethanol leads to a non-

monotonic variation in the LIF (400 nm) and soot LII signals, as shown in Fig. 11. In particular, the peak 

PAH (soot) signals were enhanced with ethanol doping ratio of β=0−0.15 (β = 0−0.05). As β increased 

further, the PAH/soot signals decreased again, consistent with the belief that the sooting tendency of 

oxygen-containing C2H5OH is lower than C2H4. This non-monotonic behaviors of ethanol addition are also 

captured by the present soot model. However, the quantitatively predicted level of PAH enhancement was 

lower than that observed experimentally for β=0−0.25; in contrast, the predicted soot increase was higher 

and persisted across a much wider β range (β=0−0.15) than observed in the experimental case (β=0−0.05).  

 

Fig. 11. Normalized experimental and predicted maximum soot volume fraction and PAH concentrations as a 

function of ethanol doping ratio.  

 

The non-monotonic variations of soot/PAH concentrations cannot be explained by the change in flame 

temperature, carbon flow, or fuel oxygen content, since all these vary monotonically with the ethanol doping 

ratio; instead chemical interactions between the two fuel molecules during pyrolysis and oxidation 
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processes and their influences on the PAH/soot formation pathways may be responsible. For this reason, 

the effects of ethanol addition on benzene (A1) formation chemistry were investigated first, via comparative 

ROP analysis for A1 for β = 0, 0.15 (where both A4 and SVF have maxima in the simulation) and 0.25.  

As shown in Fig. 12, (R1)−(R5) are the most qualitatively important pathways leading to A1 formation. 

Total A1 production increased by 24.9% for β = 0.15, compared to the baseline case for β = 0. Such an 

increase primarily results from C4H5-2 + C2H2 ⇔ A1 + H (R2), followed by 2C3H3 ⇔ A1 (R1). It is 

interesting to note that, although R1 always contributes more to A1 formation, the promoting effect of 

ethanol addition on A1 formation is realized primarily by R2, due to the relative increase in this reaction 

compared to the base case. Considering the dominant roles that R1 and R2 play in A1 formation and 

subsequent PAH growth, the following discussions are focused on how ethanol addition promotes R1 and 

R2 towards A1 production.  

 

Fig. 12. Percentage contribution to A1 production from each reaction for ethylene baseline and ethanol-doped flames.  

 

The results in Fig. 8 for  = 0.15 show that 52% of the doped ethanol is consumed via H-atom abstraction 

reactions, producing products of CH3CHOH (40%) and CH2CH2OH (12%) radicals, which were then 

converted stepwise to CO and CH3. In addition, ethanol experienced unimolecular thermal decomposition, 
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forming C2H4 and CH2OH which then decomposes to CO. Compared to the methanol example, in which 

most of the carbon in methanol formed CO, the formation of C2H4 and CH3 radicals in the ethanol doped 

flame are important in ethanol combustion. Since the C2H4 intermediate in ethanol decomposition was the 

same as the base fuel, it could not have an additive effect on A1 formation; therefore, it was expected that 

the increase in CH3 concentration lead to the synergistic effect on A1 formation at β = 0.15. The production 

of C2H4 effectively increased C2H4 concentration in the fuel stream for the ethanol-ethylene flame 

(effectively lowering β). The production of CH3 radical could play an important role in generating C3 

(especially propargyl) and C4 species, leading to the enhancement in A1 production. To elaborate such 

interactions, the A1 concentration profiles and important intermediate species relevant to A1 formation for 

β = 0, 0.15 and 0.25 are shown in Fig. 13.     

 

Fig. 13. Important intermediate species at several ethanol doping ratios.  

 

With increased CH3 concentration (a), ethanol addition leads to enhanced C4H6 formation (d) via the 

reaction sequences of C2H4 (+ CH3) → C2H3 → C4H6. Consequently, A1 production was notably increased 

through C4H6 →C4H5-I → C4H5-2 → A1, with reaction R2 being the primary direct contributor to the 

increase in A1 species (f). This result differed from the methanol-doped case in which fewer CH3 radicals 
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were produced, so C4H6 concentration was reduced with the addition of methanol. Additionally, the 

increased CH3 concentration also caused an increase in C3H3 formation (c) in the region of Z = 3.5−3.9 mm, 

promoting A1 production via 2C3H3 ⇔ A1. Although the variation of C3H3 concentration is small in Fig. 

13c, the slight increase in C3H3 formation could enhance A1 production, since A1 species are primarily 

produced from the propargyl recombination reaction. It is important to note that although the dominant 

C3H3 formation channel C2H2 + CH2 ⇔ C3H3 + H (R8) was inhibited by ethanol addition due to its effects 

in reducing C2H2 concentration (b), the forward rates of R9 and R10 were enhanced, compensating for the 

reduction from R8.  

C3H4-P + H ⇔ C3H3 + H2                                                                                                                      (R9) 

C3H4-A + H ⇔ C3H3 + H2                                                                                                                     (R10) 

Further ROP analysis showed that this occurred because the increase of CH3 concentration enhanced the 

formation of C3H4-A/C3H4-P through the route C2H4 (+CH3) → C3H6 → C3H5-A → C3H4-A →C3H4-P, 

leading to strong increases in C3H6 and C3H4-P concentrations with β = 0.15, as demonstrated in (e). The 

concentration of C3H5-A and C3H4-A species showed similar trends of variations with ethanol addition, 

therefore they are not shown.  

In summary, CH3 production with ethanol doping promotes chemical interactions between CH3 and C2H4 

species, promoting the formation of C3H3 and C4H5-2. This, in turn, enhances A1 formation via C2H2 

addition to C4H5-2 (R2) and the C3H3 recombination (R1). Although CH3 concentration continued to 

increase in the case of β=0.25 (Fig. 13a), the reduction of C2 species (i.e., C2H4) became the bottleneck, 

preventing concentrations of C3H3 and C4H5-2 from increasing further. Therefore, A1 production eventually 

decreased as more ethanol was doped.   

Increased A1 concentrations with ethanol doping propagated to the PAH growth processes via the HACA 

mechanism, resulting in increased concentrations of large-sized PAHs in the case of β = 0.15 (e.g., A4 in 

Fig. 11). In addition to the HACA route, A4 production through the reaction 2C9H7 ⇔ A4 + C2H2 + H2 was 
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also enhanced−another major contributor to the increase of A4 concentration. Detailed ROP analysis 

showed that the formation of C9H7 was promoted through the reaction sequences of (R11)−(R15), as 

initiated by the enhancement of C4 species production:  

C4H5-2 + C2H4 ⇔ c-C5H6 + CH3;                                                                                                         (R11) 

c-C5H6 + H ⇔ c-C5H5 + H2;                                                                                                                  (R12) 

c-C5H5 + C2H2 ⇔ C6H5CH2;                                                                                                                  (R13) 

C6H5CH2 + C2H2 ⇔ C9H8 + H;                                                                                                              (R14) 

C9H8 + H ⇔ C9H7 + H2;                                                                                                                        (R15) 

This fact may explain the slightly stronger increase of A4 than that of A1 in the range of β of 0−0.15. While 

as β increased to 0.25, A4 concentration exhibited a larger decreasing rate than that of A1 (see Fig. 11), due 

to the reduction in C2H2 concentration which inhibited the growth of PAH species through the HACA 

mechanism. 

 

Fig. 14. Soot inception and HACA growth rate per unit surface area of C2H4 counterflow diffusion flames with 

various ethanol doping ratio.  
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Consequently, the soot inception rate also increased according to the present PAH-based soot inception 

model, as demonstrated in Fig. 14a. Enhanced soot inception can be translated directly to an increase in the 

number density of nascent soot particles and the surface sites available for HACA particle growth reactions 

to occur, which favor an increase in soot volume fractions. It was noted however, that the surface growth 

rate per unit surface area (ωs,HACA) decreased monotonically with β (Fig. 14b) due to the decrease in C2H2 

concentration and flame temperature. The competing effects of enhanced soot inception rate and reduced 

HACA growth rate could be the reason for the relatively weaker synergetic effects of ethanol addition on 

SVFs, compared to PAHs within the β range of 0−0.15. For the case of β =0.25, the decrease in larger PAH 

concentrations eventually resulted in the reduction of soot inception intensity. Thus, combined with the 

decreased ωs,HACA, the soot volume fractions started to decrease.   

3.3. Comparisons with previous works 

We noticed several similarities and disagreements between the present work and the previous published 

literatures, particularly in terms of the sooting behavior of ethanol-doped ethylene flames. In general, the 

observed synergistic effects of ethylene-ethanol flames in this work were consistent with those of previous 

ethylene-ethanol counterflow [33-35] and coflow diffusion flames [31]; however, our observations were 

opposite to the observations of Ni et al. [29] who reported that ethanol addition in ethylene coflow flame 

reduces soot formation. The difference may be due to the fact that a large amount of ethanol (20% in mole) 

was added by Ni et al. [29], higher than the ethanol doping range of 0−10% in which soot enhancement 

(synergistic effects) was observed [31, 33-35]. As discussed previously, since ethanol has a much lower 

sooting tendency than that of ethylene, a large amounts of ethanol addition up to 20% would reduce soot 

formation mainly through fuel dilution effects. These results suggest the important role of ethanol doping 

ratio in determining the sooting behavior of ethylene-ethanol diffusion flames. 

   From the viewpoint of kinetic analysis, both the present study and the previous works [31, 33, 35]  

attributed the synergistic effects to the increase of CH3. Since ethylene hardly decompose to CH3 radical, 
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the introduction of CH3 from ethanol decomposition becomes important. In particular, our modeling results 

along with the observations of McNesby and Litzinger [33, 35] indicate that the increase of CH3 mainly 

leads to an increase of C4 species and therefore promotes A1 formation via the route of C4 + C2. In addition, 

C3H3 production was also promoted by the increase of CH3 radical, resulting in enhanced A1 production 

through the reaction of C3 + C3. As a consequence, the subsequent PAH growth and soot formation process 

was also enhanced with ethanol addition.  

Perhaps the most interesting fact was that no synergistic effects of soot formation was reported in 

ethylene-ethanol premixed flames [16-18, 21, 34] (with equivalence ratios of  =1.7−2.7), regardless of the 

ethanol doping ratio. In these works, the reduction of soot precursors/soot [16, 18, 21] was attributed to the 

dilution effects of ethanol: the replacement of ethylene by ethanol reduced the amount of carbon that was 

available to form soot precursors (e.g., C3H3 and PAHs), because a notable portion of ethanol-containing 

carbon was converted into CO. As compared to diffusion flame cases, the CH3 produced from ethanol seems 

to exert no additional effects on soot precursor chemistry in premixed flames. A possible explanation is that 

in premixed configuration, the presence of abundant oxygen may also participate in the formation of soot 

precursors, which may overwhelm the role of CH3. This is supported by the observations of Hwang et al. 

[77] wherein the synergistic effects of soot formation in ethylene-propane counterflow diffusion flames 

disappeared when oxygen was added into the fuel stream, suggesting the important role of oxygen. Further 

investigations are planned to study the soot formation in ethylene-ethanol diffusion flames with the addition 

of oxygen in the fuel stream.  

4. Concluding remarks  

An experimental and computational study was performed to investigate the effects of methanol and 

ethanol addition on PAHs and soot formation in C2H4 counterflow diffusion flames. With the addition of 

methanol, both experimental and numerical results showed that PAHs and soot concentrations decreased 

monotonically, with soot concentration displaying a more prominent reduction. Moreover, the reduction 
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was found to be more pronounced than N2-diluted flames, indicating the chemically soot-inhibiting role of 

methanol. Numerical results showed that methanol decomposed into CO, which partially contributed to the 

reduction in soot formation. Moreover, the chemical role of increased H2 concentration, associated with 

methanol decomposition on inhibiting PAHs and soot formation, was emphasized. According to HACA 

mechanism, increased H2 concentration tends to suppress the growth of larger PAHs and the soot mass 

growth process.  

For ethanol-doped flames, the synergistic effect of ethanol addition on soot concentration was observed 

with a small amount of ethanol addition, which was well captured by the soot modeling results. Reaction 

pathway analysis showed that, although the doped ethanol also produced CO, which tends to reduce soot 

formation, abundant CH3 radicals were formed during ethanol decomposition. The higher CH3 

concentration could be the reason for the enhancement of PAH and soot formation when C2H4 was mixed 

with ethanol; the increased CH3 species enhanced the C4 species formation and thus increased A1 

production through reaction C4H5-2 + C2H2 ⇔ A1 + H. Also, C3H3 production was promoted by the increase 

of CH3 radical, resulting in the enhanced propargyl self-recombination reaction 2C3H3 ⇔ A1. The 

enhancement of A1 production in turn promoted the growth of large-size PAHs, and thus, soot formation. 

In particular, the synergistic effect of ethanol addition had a greater effect on PAH formation than on soot 

volume fraction.   
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