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Abstract 

The soot formation and evolution characteristics in premixed methane/ethylene-oxygen-

argon flames are studied experimentally and numerically. The soot particles sampled with an 

in-situ probe sampling method are measured for different light hydrocarbon fuels (i.e., methane 

and ethylene), heights above the exit surface of the burner (HAB), equivalence ratios,  and 

Reynolds numbers of flame jet, Rej. A novel stochastically weighted operator splitting Monte 

Carlo (SWOSMC) method coupled with detailed soot model is developed to simulate the 

evolution of soot particle size distribution (PSD) in premixed methane/ethylene-oxygen-argon 

flames. The flame temperature decreases while geometric mean diameter of soot particles 

increases with increasing . With increasing , condensation and nucleation processes are 

enhanced in methane flame while coagulation and nucleation processes are enhanced in 

ethylene flame. Hence, these processes lead to an increase of total soot number concentration 

for methane flame but a decrease for ethylene flame. A distinctly different variation trend of 

the normalized total number density of soot particles for methane flame along with HAB can 
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be found for low and high studied Rej ranges. Similarly, a distinctly different variation trend of 

geometric mean diameter of soot particles for ethylene flames along with HAB can also be 

found for low and high studied Rej ranges. The numerical simulation results obtained via the 

fully validated SWOSMC method show excellent agreement with experimental results in the 

present study. Consistent with the experimental results, the numerical simulation results show 

that both condensation and nucleation rates increase and become dominant processes in the 

methane flame while coagulation rate increases in ethylene flame with increasing . Meanwhile, 

the simulated nucleation and coagulation rates along the centerline of both methane and 

ethylene burner flames are reversed with increasing Rej. The present study not only verifies the 

competition phenomenon among different soot dynamic processes but also shows that this 

competition can be reversed for different Rej ranges. These results show that the soot formation 

and evolution characteristics in the studied premixed methane/ethylene-oxygen-argon flames 

are determined by competition among different soot dynamic processes. 

Keywords: Soot formation and evolution characteristics; Premixed combustion; Burner 

stabilized-stagnation flame; Light hydrocarbon fuels; Competition in soot dynamic processes  

1. Introduction  

Considerable research studies have been conducted to reveal the flow and thermal 

characteristics of impinging flames e.g. flame structure, flame temperature and heat transfer 

performance [1-9]. Due to the high convective heat transfer rate and heating temperature, 

impinging flame/air jets have been widely used in various practical applications including 

domestic heating, metallurgy and glass shaping etc. [1-6]. Chander and Ray [4] presented an 
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excellent review of flame impingement heat transfer. They highlighted the studies on different 

modes of heat transfer, flame shapes and stabilization as well as the measurement and 

contribution of non-luminous radiation to the overall heat transfer. Wei et al. [8, 9] investigated 

experimentally the heat transfer characteristics of a biogas-hydrogen flame and obtained the 

optimized heating distance of laminar premixed flame impinging on a flat surface. Besides 

abundant research studies on impingement heat transfer, there are also increasing studies on 

emission characteristics of impinging flames [10-14]. Combustion emissions including gaseous 

emissions (e.g., CO, NOx, and HC) and particulate emission are mainly generated from fossil 

fuels. Recently, Wei et al. [13] investigated experimentally and numerically the emission 

characteristics of laminar premixed biogas-hydrogen impinging flame. Luo et al. [14] studied 

experimentally the effect of flame-wall interactions on the nanostructure and reactivity soot in 

a jet impinging ethylene diffusion flame with the special emphasis on characteristics of soot 

formation on the impinging plate. With growing public concern on environment, human health 

and global climate change, combustion pollutant emission control, particularly soot emission 

in impinging flames has attracted increasing attention [14-20]. Among these combustion 

emissions, the soot emission has been found to be responsible for several health problems 

including asthma, premature mortality and lung cancer etc. [14-16] as well as the climate 

change and global warming [14, 16].  

In order to get better understanding of soot formation and evolution mechanisms derived 

from fuel pyrolysis or combustion under fuel rich conditions, research efforts are committed to 

both experimental studies and numerical simulations. Based on the concept of impinging flame, 

recent advances in burner-stabilized stagnation flame measurement method, probe sampling 
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and particle concentration and distribution measurement technology have been widely used to 

obtain the information of soot formation and growth in combustion flames [21-25]. The burner-

stabilized stagnation flame measurement approach coupled with mobility sizing have yielded 

much information about the competition between different soot dynamic processes [22,24]. In 

order to improve the quantitative understanding of fundamental soot dynamics and overcome 

the probe effects in soot sampling, results of the detailed particle size distribution function 

(PSDF) is coupled with soot model predictions [26-30]. Saggese et al. [26] presented a detailed 

numerical study on the probe-induced effects on soot sampling in a burner-stabilized stagnation 

(BSS) ethylene and propane flames, respectively. Their research findings show that the spatial 

shift is weakly dependent on fuel chemistry, but is strongly dependent on burner to stagnation 

separation, pressure drop across the orifice, unburned gas velocity and the orifice diameter [26].  

Numerical modeling and simulation methods have become a powerful computational tool 

in providing high resolution of time and space for soot particle size distributions. Nowadays, 

most of the phenomenological models of soot are based on methods for solving the population 

balance equation (PBE) with respect to particle number density function. Three typical 

numerical methods are widely used for solving PBE in terms of soot particle size distributions. 

These numerical methods are the sectional method [31,32], based on a direct discretization of 

the population balance equation [33], the Monte Carlo method [34-38] which simulates the 

evolution of a population of particles with stochastic methods and the moment methods [39-

42] which solves the transformed moment transport equations. Among these numerical 

methods, Monte Carlo method is capable of obtaining highly accurate results with respect to 

evolution history information of soot particle size distribution [37]. Based on the direct 
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simulation Monte Carlo (DSMC) method [34], the authors’ research group have recently 

developed stochastically weighted operator splitting Monte Carlo (SWOSMC) method [36-37] 

and differentially weighted operator splitting Monte Carlo (DWOSMC) method [38]. These 

modified Monte Carlo methods [36-38] exhibit high computational efficiency and accuracy in 

simulating complex aerosol dynamics.  

Although numerous studies on soot emission characteristics have been carried out both 

experimentally and numerically, there are only few studies that combine experimental and 

numerical studies and provide a deep insight into the connection between macroscopic 

properties of soot particles (e.g., particle size distribution function (PSDF)) and mesoscopic 

soot dynamics. In fact, the interaction and competition among different soot dynamic processes 

(e.g., coagulation, nucleation, condensation etc.) directly affect the soot properties, which are 

also subject to different combustion conditions. Hence, the purpose of the present study is to 

provide a better insight into the interaction and competition among different soot dynamic 

processes and the effects on soot emission characteristics by the combined experimental and 

numerical approaches. In the present study, the evolution of soot PSDFs is measured using the 

burner-stabilized stagnation (BSS) flame and scanning mobility particle spectrometer (SMPS) 

technique [43]. A stochastically weighted operator splitting Monte Carlo (SWOSMC) method 

proposed in our previous study [36-37] is proven to have high computational efficiency and 

accuracy. Therefore, this newly developed SWOSMC method is further coupled with detailed 

and modified soot model to simulate the evolution of soot particle size distribution in premixed 

flames. Both premixed burner-stabilized stagnation methane/ethylene-oxygen-argon flames 

are measured and simulated to study the effects of fuel types, equivalence ratios and Reynolds 
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number of flame jet. 

 

2. Experimental methodology 

The schematic configurations of the experimental facility is shown in Fig.1. Laminar 

premixed flat methane (CH4)/ethylene (C2H4) flame is generated by a commercial Holthuis flat 

flame burner (previously referred to as McKenna burner [43]) with a stainless outer layer and 

a 60 mm diameter stainless steel porous sintered plug cooled by cooling water. To maintain 

flame stabilization, the flame is isolated from surrounding ambient air by introducing a shroud 

of high-purity argon [43]. A 20 mm thick rectangular metal sheet is mounted above the burner 

as an impingement plate. The flow rates of unburned gas mixture are controlled by gas mass 

flow meters. The flame temperature is measured by a B-type thermocouple coated with 

Yttrium/ Beryllium/Oxygen (Y/Be/O) mixture to prevent surface catalytic reaction. Radiation 

correction for the flame temperature is made following the procedure suggested by Shaddix 

[44] which are well established in our Combustion and Heat Transfer Laboratory [1,2,8,9,11]. 

The experimental apparatus consisted of gas feeding system, the burner-stabilized 

stagnation flame system, gaseous and particle sampling system and the water-cooling system. 

A stainless steel tube with a small sampling orifice is placed across the flame to collect soot 

particles [43]. The position of the sampling orifice is automatically controlled by a two-

dimensional traversing system. The separation distance between exit surface of the burner and 

the impingement plate is kept unchanged (i.e., 80 mm) in order to minimize the effect of 

changing sampling positions. The results show that the temperature distributions of the flame 

jet are only varied very slightly with different sampling heights are changed if the separation 
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distance is unchanged. 

Fig.1.  Schematic configuration of experimental apparatus. 

The sampling tube is connected with two Dekati thermodiluters. Compressed air is fed 

into the diluters to dilute the concentration of exhaust emissions. Nitrogen is introduced and 

controlled to the sampling tube in order to dilute and cool down the collected soot particles 

containing exhaust gases instantly. The uncertainty in the flowrate is about 0.5%, mostly due 

to ambient temperature fluctuation. It is calculated that the dilution ratio (DR) is around 512 in 

the present study with relative error within 2%. Zhao et al. demonstrated [45] that the optimal 

dilution ratio range is 430~1000 provided that the collected soot particles could be diluted and 

cooled down immediately. Such similar experimental requirements and approaches of Zhao et 

al [45] are used in the present study. Measurement of soot particle size distribution function is 

carried out using TSI Scanning Mobility Particle Spectrometer (SMPS). The sampling tube is 

automatically moved out of the flame by a two-dimensional traversing system when a sampling 

collected is completed. Four sampling heights above exit surface of the burner are selected in 

the present study. Argon is added into the premixed fuel gases to dilute the flame and reduce 

the flame temperature. The details of the experimental facilities and operation parameters are 

summarized in Table 1.  

Table 1  Details of the experimental facility and operation parameters. 

The effects of fuel type, equivalence ratio,  (ranging from 1.7 to 2.1), and flame jet 

Reynolds number, Rej (ranging from 200 to 500) on soot particle size distribution are studied. 
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The equivalence ratio,  used is defined as follow,  

  = 
Q̇fuel/Q̇ox

(Q̇fuel/Q̇ox)
stoich

 (1) 

where Q̇fuel and Q̇ox are the volume flow rates of fuel gas (i.e., ethylene (C2H4) or methane 

(CH4)) and oxidant, ox (i.e., oxygen (O2)), respectively. The subscript “stoich” means the fuel 

and the oxidant volumetric ratio for stoichiometric combustion. 

3. Numerical methodology 

3.1. Gas phase model 

The flame solver package OpenSMOKE [46] is used to simulate the gas phase reactions 

of the burner-stabilized premixed flames. This solver is an open source framework for 

numerical simulations of with detailed kinetic mechanisms. The species diffusion is modeled 

using the mixture-averaged diffusion model while thermal diffusion is considered in the species 

transport equations. This adopted flame solver can be easily coupled with our newly developed 

stochastically weighted operator splitting Monte Carlo (SWOSMC) method [36, 37]. In order 

to ensure the smoothness of the calculated results, the solution gradient and curvature are 

controlled. The detailed combustion mechanisms of methane and ethylene are based on a 

detailed description of the C1-C4 chemistry, which have been fully validated against the 

available experimental data [47]. The mechanisms also account for the formation and 

disappearance of soot precursors including benzene, toluene and polycyclic aromatic 

hydrocarbons (PAH).  

As for the treatment of chemistry and flow field of gases, the detailed combustion 

mechanisms of methane and ethylene fuels are based on a detailed description of the C1−C4 
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chemistry in [32], which have been fully validated against the available experimental data [47]. 

The governing equations of mass, momentum and enthalpy of gas phase for the compressible 

laminar flow reactive flow and the conservation equation of the constituent species can be 

described as follows: 

∂ρ
∂t

+
∂(ρuj)

∂xj
= Sm (2) 

∂(ρui)
∂t

+
∂

∂xj
(ρujui − τij)= −

∂p
∂xj

+ Si (3) 

∂(ρh)
∂t

+
∂

∂xj
(ρhuj − Fh,j) =

∂p
∂t

+ uj
∂p
∂xj

+ τij
∂ui

∂xj
+ Sh (4) 

∂(ρYk)
∂t

+
∂

∂xj
(ρujYk + Fk,j) = Sk (5) 

where ρ  is the mass density and t is the time where xj  denotes the Cartesian coordinate 

system (i= 1, 2, 3); uj is the absolute velocity component in the xj direction; p and τij are the 

pressure and the pressure tensor component, respectively; h is the static enthalpy; Fh,j and Fk,j 

are the diffusional energy flow and diffusional flux components in the xj  direction, 

respectively; Sm, Si, Sh and Sk are the source terms of mass, energy, momentum and mass 

production rate of kth species, respectively; Yk is the mass fraction of the kth species. 

Based on the finite volume method, the convection and diffusion terms are discretized by 

the second-order upwind scheme and the central difference scheme, respectively, and the 

coupling between velocity and pressure is completed by the pressure-implicit with splitting of 

operators (PISO) algorithm [13]. For the numerical calculation of the compressible reactive 

flow, a CHEMKIN compatible complex chemistry is incorporated in the OpenSMOKE 

software [46], which can solve methane and ethylene combustion reactions accordingly. 

3.2.Soot model 



 

10 
 

A soot particle can be treated as a fractal-like aggregate where S, V, np, Dp are the surface 

area, volume, number of primary particles and diameter of soot aggregate, respectively, the 

following equations describe their relationship [48]: 

Dp = 
6V
S

 (6) 

np = 
S3

36πV2 (7) 

In the present study, soot dynamic processes including nucleation, surface growth, 

condensation, and coagulation between soot particles are included in the soot model. 

Nucleation of a soot particle takes place when two dimers collide to form of a spherical nucleus. 

The nucleation model in [35] is used in the present study, in which two naphthalene molecules 

form a dimer and two dimers then collide and form a spherical nucleus of diameter 0.94 nm 

[35]. Condensation occurs when dimers condense on soot particles. In order to keep steady 

state of dimers concentration, it is assumed that the formation rate of dimers is equal to the sum 

of nucleation and condensation rates [49]. Soot surface growth is assumed to happen through 

the hydrogen abstraction and C2H2 addition (HACA) mechanism [35,49]. Soot oxidation is not 

considered since oxidation is shown to have very minor effect on soot evolution in fuel-rich 

premixed flames [50-52]. 

A well-known simplified soot inception model in [35] is used to calculate the soot 

nucleation rate. In this model, the soot inception is correlated with acetylene concentration and 

takes the form as, 

J0(t)=CnNA(ρ
Yactylene

Wactylene
)exp(−

21,000
T

) (8) 

where ∆G* is the free energy that is required to form a stable nucleus and Cn is a constant, 

54s-1, NA is Avagadro number, ρ is the mixture denstiy, T is the temperature, Yactylene and 
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Wactylene are the mass fraction and molecular weight of acetylene, respectively. 

The surface growth term is modified based on the model in [35], 

Gs,i =ksCgαχs mi∆sSiNi (9) 

where Gs,i is the surface growth rate of the i-th particle due to the surface chemical reactions 

of soot aggregates, ks  is the per-site rate coefficient, Cg   is the concentration of gaseous 

species, α is the fraction of reaction sites available, χs is the number density of active surface 

sites, ∆s is the mass change due to the surface growth, and mi, Si, Ni are the mass, surface 

area and number density of the i-th particle, respectively. 

Compared with the above deterministic processes, coagulation is a stochastic process 

referring to the formation of a larger particle or aggregate due to collision of two smaller 

particles. The collision diameter of soot aggregate, Dc can be calculated from soot volume, 

surface area and soot fractal dimension as, 

Dc = 6(36π)-1/DfV1-2/Df S3/Df-1 (10) 

where Df  = 1.8 is the fractal dimension of soot aggregate, and V and S are soot particle volume 

and surface area, respectively. For the transition flow regime in the present study, the harmonic 

mean of the continuum and free molecular coagulation kernels [53] is used as,  

1
βt (ni,nj)

= 
1

βc (ni,nj)
+

1
βf (ni,nj)

 (11) 

where βt (ni,nj) is the coagulation kernel in the transition regime.  

For free molecular regime, the coagulation kernel K(u,v) can be written as follows [36], 

βf (u,v)=Bf (u
1
3+v

1
3)2(

1
u

+
1
v

)1/2 (12) 
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where Bf is a collision parameter dependent on temperature, u and v are the volume of the 

spherical colliders, respectively. 

In a continuum regime, the coagulation kernel for spherical particles of size u and v can be 

written as follows [36]: 

βc (u,v)=Bc[2+(
u
v

)
1
3+(

v
u

)
1
3] (13) 

where Bc is a collision parameter dependent on temperature; u and v are the volume of the 

spherical colliders, respectively. 

The evolution of soot particle number density, n(t,x;φ) is described by PBE as follows, 

∂n(t,x⃗;φ)
∂t

+
∂un(t,x⃗;φ)

∂xj
= ṅ(t,x⃗;φ) (14) 

where ṅ(t,x⃗;φ) is a source term accounting for the physical and chemical processes that may 

affect soot particle number density, φ  is a vector of internal coordinates of soot particles, 

which include particle volume and surface area in the present study, x⃗  is a vector for the 

position of soot particle. Diffusive term is not considered in Equation (6) because of the high 

Schmidt number of soot particles [54]. In addition, thermophoresis effect is also neglected since 

it is shown to have very minor effect on transport of soot particles in premixed flames [55-57]. 

  The source term ṅ(t,x⃗;φ) is defined as, 

ṅ(t,x⃗;φ)=[ṅ(t,x⃗)]nuc+[ṅ(t,x⃗;φ)]coag+[ṅ(t,x⃗;φ)]cond+[ṅ(t,x⃗;φ)]surf (15) 

where the terms on the right hand side of Equation (15) represent the nucleation, coagulation, 

condensation and surface growth processes of soot particles, respectively. 

3.3. Monte Carlo method 

In the present study, a newly developed stochastically weighted operator splitting Monte 
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Carlo (SWOSMC) method in our previous research works [36, 37] is further modified and 

implemented to simulate the evolution and formation of soot particles. Specifically, all the soot 

dynamic processes are divided into two categories: stochastic process (i.e., coagulation) and 

deterministic processes (i.e., nucleation, surface growth, and condensation). In order to handle 

the significantly different characteristic time scales between stochastic collision process and 

other processes (i.e., nucleation, surface growth, and condensation), a second order Strang 

splitting scheme [35, 36] is implemented. With this operator splitting approach, the matrix of 

collision kernel, βij is updated only once every time step, ∆t so that the computational cost is 

greatly reduced [35-37]. The deterministic processes are simulated via integration using a self-

adaptive fifth-order Runge-Kutta method [36] over the calculated time step. The stochastic 

process (i.e., coagulation) is simulated using the SWOSMC method [36].  

The SWOSMC method in the present study considers a set of Ni notional particles in a 

reactor cell of volume, Ωi, where i is the index of the discrete time, ti. A notional particle is 

associated with a varying mass weight, wi(t) of real soot particle of volume, Vi (t) and surface 

area, Si(t). The main idea of the present method is to introduce stochastic weights to various 

notional particles according to the mass change caused by different soot dynamic processes so 

as to improve the numerical stability of the Monte Carlo method. The advantage of the 

SWOSMC method lies in that when mass weights are adhered to numerical particles. In other 

words, numerical particles are connected with a certain mass of real soot particles. Therefore, 

the total number of notional particles remains constant and no re-sampling is needed for 

coagulation process [36-37, 58].  

For computation of coagulation, the collision criterion in [36] should be reached. The 
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volume of the i-th notional particle after an integration time step becomes the total volume of 

the i-th notional particle and its collision partner, while the weight of i-th numerical particle 

remains unchanged as the volume is conserved. In order to reduce stochastic error of Monte 

Carlo simulation results, each simulation run is repeated 128 times and the final simulation 

results are the average of all the repeated simulation results [35-36].  

The surface area of the newly formed larger aggregate is a function of both aggregate mass 

and number of primary particles, and is computed with the method according to [59]. For 

integration of nucleation, only a certain mass of new particles with the minimum nucleus of 

diameter 0.94 nm [35] is created and added to the notional particle system. Condensation and 

surface growth are also integrated with a self-adaptive fifth-order Runge-Kutta method in [36].  

By introducing of the variable mass weights to numerical particles, the weights wi(t) 

evolve with time for the mass-varying process such as condensation and evaporation. In here, 

nucleation is conducted by creating a certain mass of new particles according to the nucleation 

rate which is independent of pre-existing particles. The main algorithm of the newly developed 

SWOSMC method over a time period [0, T] is presented [36] as follows: 

(1)  Initialization: Set the initial size and weight for soot particles, [(yi0, wi0), i =1, 2, ...., N0]; 

(2)  Operator splitting over time loop [0, T]: Integration of the population balance equation 

(i.e., Eqs. (6) and (7)) from tk to tk+1, where tk+1= tk+τk, and τk is the integration time step; 

(a) Integration of coagulation based on the above weighted Monte Carlo methods; 

(b) Integration ordinary differential equation (ODE) that governs condensation using 
fourth order Runge-Kutta method; and 

(c) Integration of nucleation: creation of new particles, J.  

(3)  Updating the particle system and return particle variables to the flow field computation; 
and 
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(4)  When t =Tstop, the numerical simulation is stopped and an average of the results is taken. 

 

 

4. Results and discussion 

4.1 Validation of the modified SWOSMC method 

In the present study, our developed and modified SWOSMC method is first validated by 

comparing with available experimental results [60] and numerical simulation results by direct 

simulation Monte Carlo (DSMC) method [35]. The similar experimental setup in [60] is also 

used in the present study. The ethylene–oxygen flame is generated by a water-cooled porous 

burner, b plug with diameter, db  and temperature, Tb  [35,60]. A circular aluminum plate 

positioned above a specified separation distance from the burner is used as a stagnation plate 

with surface temperature, Ts. The equivalence ratio of unburned gas used is 2.07 [60]. The 

dependence of soot formation and evolution characteristics on db , Tb  and Ts  is weak 

according to the findings in [35,60]. The total number concentration, volume fraction and 

mobility diameter of soot particles are measured. Boundary conditions are set at the exit surface 

of the burner (Tb = 473 K) and at the impingement plate (Ts = 500 K). The impingement plate 

is treated as a non-slip wall. Composition and mass flow rate of the cold gas mixture (i.e. fuel 

gas, oxygen and argon) are specified at the exit surface of burner. The ethylene combustion 

mechanism including 158 species and 1804 reactions in [61] is used in this numerical 

simulation. 

Fig. 2 shows the number density and volume fraction of soot particles obtained from 

numerical simulation and experimental results of premixed ethylene flames in [60]. Apart from 
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the results of small height above the burner (HAB) i.e. near the exit surface of the burner, the 

numerical simulation results obtained from this modified SWOSMC method shows excellent 

agreement with both the experimental results in [60] and the numerical simulation results by 

DSMC in [35]. The discrepancy near the exit surface of the burner may be due to the cooling 

effect of unburned cold gas mixture. This discrepancy was also identified in [35]. With the 

increase of HAB, both number density and volume fraction of soot particles obtained from this 

modified SWOSMC agree well with the experimental results. In addition, the numerical 

simulation results obtained with the modified SWOSMC shows better agreement with 

experimental results in [30] than those results obtained via DSMC in [35]. These results also 

further validate the reliability and capability of this modified SWOSMC method in simulating 

soot formation and evolution in premixed impinging flames in the present study. 

Fig. 2.  A modified SWOSMC model validation with experimental results [60] and DSMC 
results [35]: (a) soot number density and (b) soot volume fraction for different HAB. 

4.2 Effect of equivalent ratio on soot formation and evolution characteristics 

The flame temperatures of methane and ethylene for different equivalence ratios,  at 

Reynolds number of jet flame, Rej = 600 are shown in Figs. 3 and 4, respectively. The flame 

temperatures are measured at different HAB along the centerline ranging from 2 cm to 6 cm 

for both methane and ethylene flames, respectively. It can be seen that the flame temperature 

of both methane and ethylene flames increase with the increase of HAB for a given equivalence 

ratio, . This is because the higher heat of combustion is generated as more fuel is consumed 

with the development of jet flame. With the equivalence ratio increasing from 1.7 to 2.1 in the 

present study, the flame temperature of both methane and ethylene flames decrease because of 
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the extra fuel supply in these fuel-rich combustion. A comparison between flame temperature 

of methane and ethylene shows that ethylene has a relatively higher flame temperature if the 

equivalence ratio and Reynolds number of jet flame are the same. However, the variation of 

flame temperature of ethylene is smaller than that methane when equivalence ratio,  is larger 

than 1.7 which may be due to the different fuel types.  

Fig. 3. Flame temperatures of methane at Rej=600 for different  and HAB. 

Fig. 4. Flame temperatures of ethylene at Rej=600 for different  and HAB. 

Soot particle size distribution (PSD) of premixed methane and ethylene flames for 

different equivalence ratios,  as shown in Figs. 5 and 6. For a small sampling heights (i.e., 

HAB = 3cm), significantly varying PSDs of soot particles can be observed for both methane 

and ethylene flames with  increasing from 1.7 to 2.1 as shown in Figs. 5(a) and 6(a). Fig. 5(a) 

shows that the PSD becomes wider with the increase of equivalence ratio, which is the 

consistent with the increasing total soot particle number concentration as shown in Fig. 7(a). 

In Fig. 7, the total soot number concentration (#/cm3) of methane flame is normalized with 

1.0108(#/cm3) because the order of magnitude of total soot number concentration in Fig. 7 is 

108. Similarly, the total soot number concentration (#/cm3) of ethylene flame is normalized 

with 1.0107(#/cm3) because the order of magnitude of total soot number concentration in Fig. 

8 is 108. Fig. 7(b) shows the geometric mean diameter of soot particles in the methane flame 

increases from 30.0 nm to 47.8 nm with increasing  from 1.7 to 1.8 and then gradually 

increases to 66.1 nm at  = 2.1. Fig. 7(b) also shows a stable stage of geometric mean diameter 

with increasing  from 1.8 to 2.0 although the total soot particle number concentration increases 
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in this range of . The results in Fig. 5(a) and Fig. 7 imply that competition exists between 

nucleation and other processes (e.g., coagulation and surface growth processes). This similar 

competition phenomenon between nucleation and coagulation processes has also been found 

in many research studies including turbulent particulate flows [37], soot dynamics in both 

premixed flames [22,24] and non-premixed flames [35]. Although nucleation process is 

enhanced with increasing  to generate an increasing number of soot nucleus with the smallest 

size, the soot particles are also enlarged by coagulation and surface growth processes to yield 

a generally increasing geometric mean diameter of soot particles as shown in Fig. 7(b). Fig. 

6(a) shows the PSD of soot particles in ethylene flame becomes wider and moves towards the 

upper end of the particle size range. Meanwhile, Fig. 8(a) shows that the normalized total 

number concentration of soot particles in ethylene flame decreases significantly. Fig. 8(b) 

shows the geometric mean diameter increases from 50 nm to 103 nm. These results could be 

attributed to the domination of agglomeration and coagulation in the flame. The combustion 

temperatures of ethylene in the present experiments basically higher than 1400 K. The pyrolysis 

and more frequent collisions are expected to take place in ethylene flame which enhances the 

coagulation and agglomeration processes, and increases geometric mean diameter of soot 

particles. On the other hand, the higher carbon content of ethylene molecule than methane 

molecule leads to a higher content of hydrocarbons (HC) in ethylene flame, thus producing a 

larger portion of PAH molecules [35,60]. This means higher the chance for soot particles or 

precursors to collide with others. Therefore, the total soot particle number concentration 

decreases while the geometric mean diameter increases with the increasing equivalence ratio. 

As shown in Fig. 6, there is relatively more significant deviation between experiment and 
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simulation results at =1.7, in which the simulation results are lower than that of experiments, 

particularly in Fig. 6(b), i.e. HAB=4cm. However, when referred to Fig. 8(a), it can be observed 

that the normalized total particle number concentration at HAB=4cm is the largest when 

compared with those at the other heights (HAB= 3, 5 and 6 cm). When referred to Fig. 8(b), it 

can observed that the geometric mean diameter of soot particles at HAB = 4 cm is the smallest 

when compared with those at the other heights (HAB = 3, 5 and 6cm). Hence, these obtained 

results imply that the soot nucleation process is the dominant process at  = 1.7, when HAB = 

4 cm. Therefore, the deviation between experimental and numerical simulation result at  = 1.7 

is mostly likely to be caused by the underestimated nucleation rate. The nucleation model 

adopted from Lucchesi et al. [35] is used in the present study, which is based on the assumption 

that nucleation rate is mainly determined by two classes of collision, i.e., collision between 

naphthalene molecules to form dimers and then collision between dimers to form spherical 

nucleus. This assumption renders very accurate nucleation model when the equivalence ratio 

is intermediate or high (i.e., the concentrations of naphthalene and dimers are high) but less 

accurate when the equivalence ratio is small [35]. 

Fig. 5. Soot size distribution of methane flame at Rej = 600 for different  and HAB. 

Fig. 6. Soot size distribution of ethylene flame at Rej = 600 for different  and HAB. 

Fig. 7. Normalized total number concentration, Nt and geometric mean diameter of soot 
particles of methane flame at Rej = 600 for different  and HAB. 

Fig. 8. Normalized total number concentration, Nt and geometric mean diameter of soot 
particles of ethylene flame at Rej = 600 for different  and HAB. 
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The evolution of soot particles in both methane and ethylene flames can be obtained by 

observing the PSDs sampled at different HAB along the centerline of the flame. For soot 

particles generated in methane flame, Figs. 5 and 7 show that with increasing HAB = 3 to 4 

cm, both the normalized total particle number concentration and the geometric mean diameter 

of soot particles increase for almost all the studied equivalence ratios. A crossing is observed 

for geometric mean diameters at HAB = 3 and 4 cm when  = 2.1. However, when HAB reaches 

5 cm or above, the normalized total number concentration and geometric mean diameter of 

soot particles in methane flames no longer increase monotonously with the equivalence ratio 

as shown in Figs. 5 and 7. Fig. 7 shows that the normalized total soot number concentration 

and the geometric mean diameter of soot particles both decrease after  = 2.0 at HAB = 5 cm 

or above. These findings show that coagulation becomes the dominant soot dynamic process 

for highly fuel-rich methane flame (i.e.,  = 2.0 or above) sampled at higher position (HAB = 

5cm or above).  

Similar results can be observed for ethylene flame as shown in Figs. 6 and 8. Fig. 6 shows 

that the PSD of soot particles in ethylene flame becomes wider and moves towards the upper 

end of the particle size range. Fig. 8(a) shows that for all studied equivalence ratios, the 

normalized total number concentration of soot particles increases when HAB increases from 3 

to 4 cm, but decreases when HAB further increases from 4 to 6 cm. This is because the 

temperature of ethylene flame in Fig. 4 increases with HAB. The increasing temperature 

promotes the combustion and pyrolysis reactions of ethylene, which in turn increases the 

nucleation rate of soot precursors. Therefore, the normalized total soot particle number 

concentration in Fig 8(a) increases significantly with HAB increasing from 3 to 4 cm. However, 
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with further increasing in HAB from 4 to 6 cm, the increasing soot particle number 

concentration enhances the coagulation and agglomeration processes, which decreases the 

normalized total soot number concentration and increases the geometric mean diameter of soot 

particles as shown in Fig. 8(b). In addition, the weakening of the shielding protection of argon 

gas with increasing HAB causes the surrounding air entrainment in the near-impingement plate 

flame region. So the soot particle number concentration further decreases due to extra dilution 

effect by air entrainment. The comparison of soot formation and evolution characteristics in 

methane and ethylene flames in the present study shows that nucleation is dominant in methane 

flame while coagulation is dominant in the ethylene flame due to their different nucleation rates 

of precursors. According to Glassman and Yetter [62], the root of the soot formation process is 

the polymerization of –C=C−, which can be very easily initiated in ethylene flame. The 

increase of temperature has detrimental effect in the formation of large soot particles. On the 

other hand in methane flame, the polymerization process of –C=C– bonds is not initially 

available and the increase in temperature facilitates the pyrolysis of the fuel that is necessary 

in order for their formation to get initiated.  As a result, the increase of temperature would 

facilitates the soot formation. The variation of –C=C– bonds in methane and ethylene flames 

is closely related to the soot dynamic processes which determines the characteristics of soot 

formation and evolution characteristics. In fact, the experimental and numerical simulation 

results in the present study are consistent with the analysis of Glassman and Yetter based on 

the variation of –C=C– bonds [62]. The present study provides another perspective on the 

characteristics of soot formation and evolution in premixed flames. 

4.3 Effect on Reynolds number of flame jet on soot formation and evolution characteristics  
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The effect of Rej on the flame temperature of methane and ethylene fuels are shown in 

Figs. 9 and 10, respectively. Since fuel gases (i.e. methane and ethylene) increase 

proportionally with oxygen, the heat of combustion increases accordingly with increasing Rej. 

Therefore, flame temperatures increase significantly with Rej for both methane and ethylene 

fuels. With the increasing of HAB along the centerline of the flame jet, flame temperature also 

increases slightly when Rej is kept constant due to flame diffusion.  

Fig. 9. Flame temperature of methane at  = 2.0 for different Rej and HAB. 

Fig. 10. Flame temperature of ethylene at  = 2.0 for different Rej and HAB. 

With increasing Rej from 300 to 700, the PSD of soot particles in methane flames becomes 

narrower and higher for all studied HABs as shown in Fig. 11. Meanwhile, the effect of 

sampling height, HAB on PSD of soot particles in methane flame is very slight. Fig. 13 shows 

that both the normalized total number concentration and geometric mean diameter of soot 

particles decreases with increasing Rej from 300 to 700. This may be attributed to the 

shortening residence time of soot precursors in the flame with increasing Rej (i.e., increasing 

jet velocity), which decreases the number of soot precursors as well as the coagulation events 

between soot particles. It is worth to note that at lower Rej (i.e., below 500), the normalized 

total number concentration of soot particles in Fig. 13(a) first increases and then decreases with 

increasing HAB from 2 to 6cm. Meanwhile, a distinctly different variation trend of the 

normalized total number concentration of soot particles along with increasing HAB can be 

observed at relatively higher Rej (i.e., above 500). This might be because soot dynamics is 

firstly dominated by nucleation and then by coagulation at low Rej. However, the competition 
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between nucleation and coagulation is reversed at relatively high Rej where soot dynamics is 

firstly dominated by coagulation and then by nucleation when Rej is relatively high. This can 

be explained by the enhanced mixing and collisions among soot particles with the increase of 

Rej. This finding is also consistent with our previous study [37] that increasing Rej will enhance 

mixing and collision frequency among particles if the residence time of particles is at proper 

range. Fig. 13(b) shows the net effect of competition between nucleation and coagulation is to 

generate larger soot particles with increasing HAB. 

Fig. 12 shows that the effect of Rej on PSD of soot particles in ethylene flame is quite 

minor at lower sampling positions (i.e., HAB = 2 and 4cm). However, significant variations of 

PSD are observed with increasing Rej from 300 to 700 at HAB = 6cm. Fig. 14(a) shows that 

the normalized total number concentration of soot particles varies significantly with Rej at HAB 

= 2 and 6 cm while varies very slightly at HAB = 4cm. The variation trend in Fig. 14(a) implies 

that the competition among nucleation, condensation, surface growth and coagulation is quite 

different at different HABs. Fig. 14(b) shows similar variation trend to that in Fig. 13(a). With 

increasing HAB from 2 to 6 cm, the geometric mean diameter increases when Rej is lower than 

500 but decreases when Rej is higher than 500 as shown in Fig. 14(b). These results imply that 

coagulation is dominant for lower Rej (i.e., below 500) while nucleation is dominant for higher 

Rej (i.e., above 500) for ethylene flame. This might be due to the relatively higher soot volume 

concentration in ethylene flame, which leads to high coagulation rates even for low Rej. With 

Rej exceeding 500, the decreasing residence time and delayed mixing of soot precursors 

weakens coagulation process. Therefore, nucleation process becomes dominant as the total 

volume flow rate of fuel gas increases with increasing Rej. These findings are also consistent 
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with many similar research studies on competition among different particle dynamic processes 

[22,24,35,37]. Particularly, the effect of Rej on particle mixing and competition among 

simultaneous aerosol dynamic processes has been studied and verified in our previous study 

[37]. The different variation trends of soot particles with Rej and HAB also reflect the different 

sooting tendency of methane and ethylene flames as shown in Figs. 13 and 14, respectively. 

Fig. 11. Soot size distribution of methane flame at  = 2.0 for different Rej and HAB. 

Fig. 12. Soot size distribution of ethylene flame at  = 2.0 for different Rej and HAB. 

Fig. 13. Normalized total number concentration, Nt and geometric mean diameter of soot 
particles of methane flame at at  = 2.0 for different Rej and HAB. 

 
Fig. 14. Normalized total number concentration, Nt and geometric mean diameter of soot 

particles of ethylene flame at at  = 2.0 for, Rej and HAB. 
 

5. Conclusions and outlook on future research work 

Soot formation and evolution characteristics in premixed methane/ethylene-oxygen-argon  

flames for different equivalence ratios,  and Reynolds numbers of the flame jet, Rej are studied 

experimentally and numerically. A modified SWOSMC method coupled with detailed 

combustion and soot model is developed. The main conclusions are as follows: 

1. Excellent agreement between the numerical simulation results obtained between the 

developed SWOSMC method and available experimental results as well as DSMC 

method is obtained and validated. Furthermore, the modified SWOSMC method achieves 

better agreement than DSMC method when compared with the available experimental 

results. The developed SWOSMC method is proven to be capable of predicting soot 

particle size distribution with excellent computational accuracy and efficiency. 
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2. The flame temperature is higher at lower  while geometric mean diameter of soot 

particles increases with increasing . With the increase of , condensation and nucleation 

processes are enhanced in methane flame while coagulation and nucleation processes are 

enhanced in ethylene flame. Hence, these processes lead to an increase of total soot 

particle number concentration for methane flame but a decrease for ethylene flame. 

3. The present study not only verifies the competition phenomenon among different soot 

dynamic processes but also shows that this competition can be reversed for different Rej 

ranges. A distinctly different variation trend of the normalized total number concentration 

of soot particles for methane flame along with HAB can be found for low and high studied 

Rej ranges. Similarly, a distinctly different variation trend of geometric mean diameter of 

soot particles for ethylene flame along with HAB can be found for low and high studied 

Rej ranges. These findings show that the competition among different soot dynamic 

processes determines the soot size distribution and evolution. 

4. The present combined experimental and numerical studies provide a better insight into 

the connection between macroscopic properties of soot particles (e.g. PSDF) and micro- 

or meso-scopic soot dynamic processes. It is found that the competition among soot 

dynamics can be reversed by varying operation parameters, which is of significance in 

soot emission control. 

5. Recommendations for future research work in the present study are focused mainly on 

two aspects. Firstly, the development of integrated soot formation and evolution model is 

recommended to provide better prediction of soot emission characteristics in wide 

operation conditions. Secondly, the combined experimental and numerical studies on 
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interaction between gaseous and particulate emissions are also recommended. 
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Fig.1.  Schematic configuration of experimental apparatus. 
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Fig. 2.  A modified SWOSMC model validation with experimental results [60] and DSMC 
results [35]: (a) soot number density and (b) soot volume fraction for different HAB. 
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Fig. 3. Flame temperatures of methane at Rej = 600 for different  and HAB. 

 

 

 

Fig. 4. Flame temperatures of ethylene at Rej = 600 for different  and HAB. 
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(a) HAB = 3 cm (b) HAB= 4 cm 

  

(c) HAB = 5 cm (d) HAB = 6 cm 

  
 
Fig. 5.  Soot particle size distribution of methane flame at Rej = 600 for different  and HAB. 
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(a) HAB = 3cm (b) HAB = 4cm 

  

(c) HAB = 5cm (d) HAB = 6cm 

  
 
Fig. 6.  Soot particle size distribution of ethylene flame at Rej = 600 for different  and HAB. 
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(a) Normalized total particle number concentration 
 

 
(b) Geometric mean diameter 

 

 
 

Fig. 7.  Normalized total particle number concentration, Nt and geometric mean diameter of 
soot particles in methane flame at Rej = 600 for different  and HAB. 
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(a) Normalized total particle number concentration 
 

 

(b) Geometric mean diameter 

 

 

Fig. 8.  Normalized total particle number concentration, Nt and geometric mean diameter of 
soot particles in ethylene flame at Rej = 600 for different  and HAB. 
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Fig. 9.  Flame temperature of methane at =2.0 for different Rej and HAB. 

 
 

 

Fig. 10.  Flame temperature of ethylene at  = 2.0 for different Rej and HAB. 
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(a) HAB = 2cm 

 

(b) HAB = 4cm 

 

(c) HAB = 6cm 

 
 
Fig. 11.  Soot particle size distribution of methane flame at  =2.0 for different Rej and HAB.  
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(a) HAB = 2cm 

 

(b) HAB = 4cm 

 

(c) HAB = 6cm 

 
 
Fig. 12.  Soot particle size distribution of ethylene flame at  =2.0 for different Rej and HAB.  
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(a) Normalized total number concentration 

 

(b) Geometric mean diameter 

 

Fig. 13.  Normalized total number concentration, Nt and geometric mean diameter of soot 
particles in methane flame at at  = 2.0 for different Rej and HAB. 
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(a) Normalized total number concentration 

 

(b) Geometric mean diameter 

 

Fig. 14.  Normalized total number concentration, Nt and geometric mean diameter of soot 
particles in ethylene flame at  = 2.0 for different Rej and HAB. 
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List of Table 
 

 
Table 1  Details of the experimental facility and operation parameters. 

Name Detail 

Burner/porous plug Holthuis flat flame burner 
(previously referred to as 
McKenna burner) 

Body material Stainless steel 
Plug material Stainless steel 
Plug thickness 1.3 cm 
Porosity of the sintered plug 46.5% 
Diameter of the burner 6.0 cm 
Thermocouple  B type 

Fuel gases Methane (CH4) and ethylene 
(C2H4) 

Oxidant Oxygen (O2) 
Shielding gas Argon (Ar) 

Equivalence ratio,  1.7−2.1 
Reynolds number of flame jet, Rej 300−700 

 
 




