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Abstract 

An experimental work is carried out to investigate the influence of pressure on morphological 

parameters of soot in counterflow flames of N2-diluted methane and air. Flames are stabilized at 

3, 5, 7 and 10 atm in a pressure vessel and a global strain rate of 30 s-1 is maintained at all pressures 

by adjusting the inlet mass flux. The mole fraction of methane is maintained at 0.7. The entire soot 

zone of the counterflow flames are sampled using a thermophoretic sampling device attached to 

the pressure vessel. Our sampling method minimizes the flow disturbances to a level that they are 

visually negligible during the sampling process. Collected samples are analyzed under a 

transmission electron microscope and information about mean primary particle diameter, fractal 

dimension (Df), fractal prefactor (kf) and aggregate size distribution is inferred at different 

pressures. To investigate the effects of carbon flux on primary particle size, fuel mole fraction is 

decreased to 0.5 and primary particle size is investigated at 5, 7 and 10 atm. Mean primary particle 

size increases by 70% when pressure is changed from 5 to 10 atm and remains independent of fuel 

mole fractions. Geometric mean and geometric width of aggregate size distributions also increase 

by increasing the pressure. Fractal properties of soot aggregates are found to be insensitive to the 

pressure. Fractal dimension varies between 1.56 to 1.65 while fractal prefactor values range 

between 1.96 to 2.1.  
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1. Introduction 

Stringent emission regulations imposed by environmental protection agencies necessitates 

increased control on in cylinder soot emissions. The key to controlling these emissions is through 

understanding soot formation and oxidation pathways. This requires knowledge of the  

morphological characteristics of soot and its chemical composition [1]. Soot particles form due 

to incomplete combustion of fossil fuels and adversely impacts human health and the 

environment [2, 3]. Some health effects related to long-term exposure to soot particles are lung 

cancer and chronic bronchitis [4]. Soot is considered to be the second largest contributor to global 

warming after carbon dioxide [5]. These particles are strong absorbers of sunlight and can alter 

the radiative forcing of earth [6]. Their light scattering and absorption properties depend on their 

morphology [7]. The health and environmental effects of soot are related to its morphological 

parameters such as primary particle size, aggregate size and aggregate structure [4, 8].  

Most practical combustion devices such as gas turbines and reciprocating engines are operated 

at increased pressure in order to increase their thermodynamic efficiency. However, the 

formation of soot is also influenced by the combustion pressure. Knowledge of the influence of 

pressure on soot morphology is limited. Natural gas is composed of light fuels and methane is an 

important part of natural gas. Moreover, during combustion small molecular hydrocarbons such 

as methane and ethylene are found in abundance due to the pyrolysis of large hydrocarbons [9, 

10]. These smaller hydrocarbon molecules have different sooting propensities and there is need 

to understand the effects of pressure on these fuels in order to develop detailed soot models 

applicable to them. Therefore, studying the soot formation at pressures using small molecular 

hydrocarbon fuels is of practical relevance and it provides important guidance in understanding 

soot formation mechanisms during the combustion of real fuels. In this view, it is particularly 
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important to obtain new experimental data about soot morphology using small molecular 

hydrocarbons. Studies on primary particle size and aggregate morphology in pressurized flames 

have been investigated using intrusive and non-intrusive diagnostics [11-16]. Thermophoretic 

sampling followed by transmission electron microscopy (TS-TEM) was first used by Dobbins et 

al. [17] and Koylu et al. [18]. Later their methods were widely used to study primary particle size 

and morphology of soot aggregates in flames at atmospheric pressure [19-24]. Gigone et al. [11] 

used TS-TEM to investigate the primary particle size and fractal properties of soot in pressurized 

coflow flames of ethylene. Pressure was increased from 3 to 6 atm and both primary particle size 

and fractal dimension increased with pressure. Joo et al. [12] also collected soot samples using 

TS and investigated the primary particle size up to 20 atm. They found an overall increase in 

primary particle size with pressure. Vargas et al. [15] studied the primary particle size in coflow 

flames of methane and air to a pressure of 10 atm and soot particles were sampled at a fixed 

height above the burner. They found that the primary particle size decreases by 35% by increasing 

the pressure from 2 to 10 atm. The above discussed studies at elevated pressures were carried out 

in coflow flames where the primary particle size have shown opposite trends for ethylene and 

methane flames.  

Counterflow flames have also been used to study soot at pressures [13, 14, 25-27]. In a recent 

study by Amin et al [13], fractal properties of soot aggregates and the primary particle size were 

investigated in highly N2-diluted flames of ethylene up to 10 atm. Mole fraction of methane (Xf) 

is kept at 0.7. Soot samples were collected using thermophoretic sampling and analyzed under a 

transmission electron microscope. Primary particle size increased with pressure while fractal 

properties were insensitive to pressure. In current work, N2-diluted flames of methane and air 

have been stabilized up to 10 atm. Soot particles are collected on TEM grids using a 
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thermophoretic sampling device for pressurized flames. Soot samples are analyzed under TEM 

and information about mean primary particle size, fractal dimension, fractal prefactor and 

aggregate size distribution is inferred at elevated pressures. Furthermore, Xf is reduced to 0.5 at 

5, 7 and 10 atm and the influence of change in fuel carbon is investigated on mean primary 

particle size. 

2. Experimental setup 

The experimental apparatus used for this study has been detailed in [13]. Only a brief 

description is given here for the convenience of readers. Figure 1 shows the schematic of the 

experimental setup which consists of a pressure vessel having four ports. In this setup, one of the 

ports was used for igniting the flame, another port was fitted with the thermophoretic sampling 

device while the third port of the vessel was used for imaging the sampling process using a high-

speed camera (FASTCAM-ultima APX 120 K). A counterflow burner was housed inside the 

pressure chamber which consisted of two opposing straight ducts of 8.5 mm inner diameters. The 

fuel nozzles have a separation distance of 8 mm. Air was supplied from the top side while N2-

diluted methane was supplied from the bottom side. To avoid overlap of soot particles on TEM 

grids at high pressures, a methane fuel mole fraction (Xf) of 0.7 was kept for flames at all 

pressures. Flames were stabilized at 3, 5, 7 and 10 atm and all the studied flames were soot 

formation flame. To investigate the effect of carbon flux on soot particle size, Xf was reduced to 

0.5 and particle size distributions were investigated at 5, 7 and 10 atm. In this study, a global 

strain rate (a) is defined as the mean exit flow velocity divided by half of the separation distance 

between the nozzles [28] and was maintained at 30 s-1 by adjusting the inlet mass flux at all 

pressures. A velocity matching shroud flow of nitrogen flowed through the outer tubes of the 

burner to prevent entrainment. A thermophoretic sampling device, based on the design of 
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Leschowski et al. [29], was used for sampling the soot from the pressurized flames. The sampling 

device consists of a double acting pneumatic cylinder and a tweezer holder. Reverse acting 

tweezers held TEM grids (carbon-coated 300 mesh copper grids (CF300-Cu)) parallel to the fuel 

flow. To collect the soot samples from the pressurized flames, air at a pressure of 12 atm was 

supplied to the pneumatic cylinder which pushes the piston and hence the TEM grid through the 

flame. Once the TEM grid passed through the flame, the fuel and air supply were turned off 

extinguishing the flame. To remove the TEM grid, air was supplied to the opposite side of the 

pneumatic cylinder and the piston was moved in the reverse direction. Pressure in the vessel was 

released and the TEM grid was removed.  

 

Fig. 1: Schematic of the experimental setup showing the pneumatic sampling system and 

pressurized counterflow burner. Reprinted from [13]. Copyright 2019, with permission from 

Elsevier. 

The entire sampling process was recorded using a high-speed camera. Figure 2 shows a 

sequence of images captured with the high-speed camera during the sampling process at 5 atm. In 

this figure, the TEM grid enters the visible boundary of the soot zone at t = 0 ms. It is shown 
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leaving the visible soot zone at t = 27 ms. It is important to highlight that the grid passes through 

the flame one time and our sampling method causes minimal visible disturbance to the flame. 

Thermophoretic sampling is an intrusive technique causing an inherent disturbance to the flow 

field. While these disturbances are believed to be mostly hydrodynamic [30],  quantifying their 

effects is not possible, and thus it is desirable to mitigate flow disturbances. Furthermore, the grid 

was held on small, low mass tweezers that do not interact with the flame prior to soot deposition 

on the TEM grid. 

 

Fig. 2: TEM grid of 3 mm diameter passing through the pressurized counterflow flame 

3. Image analysis 

Soot samples were collected at 3, 5, 7 and 10 atm. The grids were analyzed under a transmission 

electron microscope (TEM). TEM grids have a diameter of 3 mm while the soot zone in 

counterflow flames is on the order of one millimeter. Hence, the entire soot zone is captured on 

the TEM grid. Spatially resolving the soot field during TEM imaging and analysis was attempted. 
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Prior to collecting soot in the flame, grids were marked on the air side. These markings were 

located during TEM imaging and imaging was done along the flame axis and at several radial 

locations. Due to lack of knowledge of exact location of the soot sampled on the TEM grid and 

due to soot advection in the upward direction near the flame edges, it was not possible to resolve 

the soot field along the axis of the flame. So, in this work the properties over the entire soot zone 

are reported.  

Soot aggregate images were analyzed using the ImageJ software for primary particle size 

distribution and aggregate parameters. For primary particle size distribution aggregate images are 

taken at high resolution (a magnification of 30000x to 42000x) and the size of each particle is 

measured manually. For inferring the aggregate properties, images were captured at relatively low 

resolution (a magnification of 6500x to 11000x) and 3D fractal properties of soot aggregates are 

calculated from their 2D projections using the approach followed in [19, 31]. The number of 

primary particles in an aggregate (N) is calculated using Eq. (1) 

𝑁𝑖 = 𝑘𝑎 [(
𝐴𝑖

𝐴𝑝
)]

𝛼

       (1) 

Ai is the projected area of a single aggregate, 𝐴𝑝 = 𝜋𝑑𝑝
2̅̅ ̅ 4⁄  is the projected area of a primary 

particle with a mean diameter 𝑑𝑝
̅̅ ̅ and ka and α are projected area constants and projected area 

exponent, respectively. Several values of ka and α are reported in literature [18, 19, 32, 33]. The 

value of ka and α are taken from [18] where the substantial (numerical and experimental) 

morphological analysis of soot yield their value of 1.15 and 1.09, respectively. The reported 

uncertainties in the values of ka and α are taken into consideration when the fractal properties for 

this work are evaluated. According to the mass fractal relationship, the number of primary particles 

in an aggregate is related to its radius of gyration (Rg) through the following equation 
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𝑁 =  𝑘𝑓(2𝑅𝑔 𝑑𝑝
̅̅ ̅⁄ )

𝐷𝑓
     (2) 

Df and kf are the fractal dimension and fractal prefactor of an aggregate, respectively. Equation 

(2) can be written in the form of the maximum length (L) of a soot aggregate and the expression 

becomes 

𝑁 =  𝑘𝐿(𝐿 𝑑𝑝
̅̅ ̅⁄ )

𝐷𝑓
    (3) 

This relation yields the fractal dimension which is found through finding the slope of a line fitted 

to a log-log plot of N vs 𝐿/𝑑𝑝
̅̅ ̅. The intercept gives the value of the projected aggregate prefactor 

(kL). The fractal prefactor of an aggregate is calculated using the following relation. 

𝑘𝑓

𝑘𝐿
=  (

𝐷𝑓+2

𝐷𝑓
)

𝐷𝑓 2⁄

    (4) 

4. Results and discussion 

Figure 3 shows representative images of soot aggregates at different pressures. Images (3a to 3d) 

shown on the left side show soot aggregates sampled from methane flames having Xf = 0.7 at 3, 5, 

7 and 10 atm whereas images (3e to 3h) show representative soot aggregates sampled from 

ethylene flames used for primary particle analysis in our previous work [13]. The scale bar 

represents a length of 100 nm. Primary particles sampled from ethylene (Fig. 3e to 3h) flames are 

more opaque with clearer boundaries than particles sampled from methane flames (Fig. 3a to 3d). 

Methane has a relatively low sooting propensity and the methane/air flame at atmospheric pressure 

was blue. As the pressure was increased to 3 atm, flames did not produce enough soot and only a 

few aggregates and single particles were sampled on the TEM grid. Moreover, distinguishing the 

boundaries of soot particles sampled at 3 atm was challenging and calculating the particle size 

distribution at 3 atm would have large uncertainties due to these challenges. Thus, image analysis 
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results for soot sampled at 3 atm are not reported in this paper. As the pressure is raised, the 

particles became more opaque to the electron beam and the boundaries of particles were clearer. 

At each pressure more than 320 primary particles were analyzed, and their size distributions are 

shown in Fig. 4 at 5, 7, and 10 atm.  



 12 

 

Fig. 3: 2D projections of soot aggregates (a to d for methane, e to h for ethylene) taken under 

TEM at a magnification of 30000 to 42000. The scale bar length is 100 nm. 
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The left side of Fig. 4 shows the particle size distributions obtained from methane flames having 

a fuel mole fraction of 0.7. Mean primary particle size (𝑑𝑝
̅̅ ̅) increased from 19 to 33 nm between 

5 and 10 atm respectively. The geometric width (σp,g) of the particle size distribution is unaffected 

by pressure and remains close to 1.2, showing that the primary particles are nearly monodisperse. 

In this work, flames are studied at a constant strain rate and the inlet mass flux of the oxidizer and 

fuel streams are increased with pressure. This allows to have the identical temperature time 

histories of particles which is crucial in soot formation [34, 35]. Furthermore, it has been 

previously reported that an increase in fuel mass flux did not affect the primary particle size in an 

ethylene air counterflow flame when the carbon flux was varied by changing the ethylene fuel 

mole fraction at 5 atm [13]. To investigate the influence of carbon flux on 𝑑𝑝
̅̅ ̅ in methane flames, 

the fuel mole fraction was reduced to 0.5 and particle size distributions were obtained from 5 to 

10 atm. As shown in Fig. 4, 𝑑𝑝
̅̅ ̅ remained unaffected due to this change in fuel mole fraction at 

each pressure. However, 𝑑𝑝
̅̅ ̅ increased as the pressure is raised. The increase in primary particle 

size with pressure is consistent with trends that used ethylene as a fuel [11, 13]. However, primary 

particle size is reported to decrease with pressure in methane air coflow flames in [15]. This 

contradiction can be due to different temperature time histories and different pressure dependence 

of the two flame configurations.  
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Fig. 4: Primary particle size distributions at different pressures and fuel mole fractions of 0.7 

(left) and 0.5 (right) 
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Fig. 5: Mean primary particle sizes of soot sampled from methane (red and black) and ethylene 

(blue) flames at different pressures  

The mean primary particle size of soot formed in ethylene and methane counterflow flames 

at elevated pressures are shown in Fig. 5. Mean primary particle diameter of soot for ethylene 

flames reported in [13] are larger than soot particles sampled from the methane flames at each 

pressure. The difference in 𝑑𝑝
̅̅ ̅ is largest at 10 atm where 𝑑𝑝

̅̅ ̅ is 47 nm for ethylene while it is 33 

nm and 34.5 nm for methane flames having Xf = 0.7 and 0.5, respectively. Moreover, 𝑑𝑝
̅̅ ̅ for 

methane flames scales as P0.75±0.1 while for ethylene flames it was reported to scale with pressure 

as P0.82 [13]. In coflow flames at atmospheric pressure, a similar trends in terms of 𝑑𝑝
̅̅ ̅ were 

reported where the values of 𝑑𝑝
̅̅ ̅ for ethylene flame were larger than those reported for methane 

flames [9]. Uncertainties in these measurements can be due to flow disturbances during the 

sampling process and they can also arise during analysis. It is not possible to quantify the 

uncertainties related to the sampling process. Various factors during analysis can add uncertainties. 

These factors depend on the operator carrying out the TEM analysis. Level of expertise of the 

operator, selection of area on the grid analyzed under TEM, the particles/aggregates chosen for the 

analysis, and the analysis method each contribute to sources of uncertainty in particle sizing [36, 
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37]. In this work, all of samples were analyzed by trained people.  Furthermore, our sampling 

procedure has minimized the flow disturbances and we estimate the uncertainties due to image 

analysis are less than 10% (95% confidence interval). 

While comparing the 𝑑𝑝
̅̅ ̅ of current work and the ones reported in [13], it is important to 

look at their flame temperatures. Figure 6 shows the temperature profiles along the axis of 

counterflow flames computed using USC-Mech II [38] in Chemkin Pro [39]. Directions of fuel 

and air flow have also been marked. These profiles have been shifted to have their peak 

temperature at the same axial location. For methane flames with Xf = 0.7, their peak temperature 

increases from 2079 K to 2165 K as the pressure is increased from 3 to 10 atm whereas decreasing 

the Xf to 0.5 for methane, peak temperature varies from 2040 K at 5 atm to 2080 K at 10 atm. 

Hence the flame temperatures have been maintained constant in this study. Up to 5 atm, peak 

temperature of methane (Xf = 0.7) and ethylene (Xf = 0.3) flames are nearly the same. It is also 

important to note that for ethylene flames, changing the Xf from 0.3 to 0.2 at 5 atm, reduced the 

peak temperature by 140 K which does not affect soot parameters. At 7 and 10 atm, peak 

temperature of methane flames with Xf = 0.5 and Xf = 0.7, differ by 100 K and 185K from ethylene 

flames, respectively. The change in difference of peak temperature between methane and ethylene 

flames from 100 K to 185 K has not resulted in a change in soot particle size (Fig. 4.) 
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Fig. 6: Computational temperature profiles along the axis of counterflow flames at elevated 

pressures 

Images of soot aggregates for the evaluation of fractal properties at different pressures are 

shown in Fig. 7. The scale bar represents a length of 500 nm. Aggregates with a few numbers of 

primary particles to several primary particles are present at each pressure. In the analysis of fractal 

properties of soot, aggregates with particles less than three are not considered as they do not follow 

the mass fractal law [36].  
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Fig. 7: 2D projections of soot aggregates taken under TEM at magnification of 6500 to 11000. 

Scale bar length is 500 nm; 

Equation (1) is used to calculate the number of primary particles in an aggregate and aggregate 

size distributions are reported in Fig. 8. Mean number of primary particles in an aggregate increase 

from 10 to 16 as the pressure is raised from 5 to 10 atm. Furthermore, the geometric width (σN,g) 
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of aggregate size distribution also increases from 2.1 to 2.9 as the pressure is increased. Aggregate 

size distribution measurements previously done in an ethylene counterflow flame did not show 

any particular trends with pressure [13]. σN,g is much larger than 1 showing that aggregates are 

polydisperse.  

 

Fig. 8: Aggregate size distribution parameters calculated for soot sampled from pressurized 

flames. 
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Log-log plots of number of primary particles in an aggregate versus the ratio of maximum 

aggregate length to mean primary particle size are shown in Fig. 9. Linear fits to these plots are 

made by using a MATLAB routine available at [40] which is based on the method of York et al. 

[41]. Values of fractal dimension and fractal prefactor are inferred from the slope and intercept of 

these plots at each pressure. Df and kf do not change with pressure and Df values ranges between 

1.56 to 1.65 with an uncertainty of 0.05 (95% confidence interval). A Df value of 1.69 has been 

reported for propane/air diffusion flame at atmospheric pressure [42] while Wang et al. [43] 

reported fractal dimension of 1.77 for ethylene air diffusion flame. kf values for this work range 

between 1.96 to 2.1 with an uncertainty of 0.14 (95% confidence interval). The quantitative values 

and trends of the fractal properties reported in this work agree with the fractal properties reported 

in ethylene air counterflow flames [13]. Fractal properties have been reported to be independent 

of fuel type and they also remain unchanged irrespective of the fuel rich or fuel lean regions. In 

this work, they again show their universality and continue to be independent of pressure. 
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Fig. 9: Log-log plot of N vs L/𝑑𝑝
̅̅ ̅ and fractal properties of soot aggregates in counterflow flames 

at elevated pressures 

5. Conclusions 

In this work, counterflow flames of N2-diluted methane and air are studied to understand the 

influence of pressure on soot morphology. Thermophoretic sampling is performed in flames at 3, 

5, 7 and 10 atm. To avoid overlap of soot particles on TEM grids at high pressures, the methane 
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fuel mole fractions are kept constant at 0.7 and 0.5. Sampling is performed by keeping the TEM 

grid parallel to the axis of the flame while it passes through the flame which resulted in minimum 

flow disturbances. The entire soot zone is sampled on TEM grids and soot characteristics averaged 

over the entire flame are reported. At 3 atm, the flame was not sooty enough to allow collecting 

an adequate number of soot aggregates. Furthermore, primary particles at 3 atm did not have clear 

and distinct boundaries. TEM images for flames at 5, 7, and 10 atm are analyzed and the following 

conclusions can be made.  

• Primary particle size increases with pressure. In flames having methane mole fraction of 

0.7, increasing the pressure from 5 to 10 atm,  𝑑𝑝
̅̅ ̅ of 19.4 nm at 5 atm increases by 70% to 

33 nm at 10 atm. Geometric width (σp,g) of particle size distribution does not change with 

pressure and particles at each pressure are nearly monodisperse. Furthermore, keeping the 

pressure constant and changing the mole fraction of methane does not result in a change of 

𝑑𝑝
̅̅ ̅ which means that primary particle size increases due to pressure only. In coflow flames 

of methane, 𝑑𝑝
̅̅ ̅ has been reported to decrease with pressure [15].  

• Number of primary particles in an aggregate increase with pressure. Aggregates at each 

pressure are polydisperse and their polydispersity also increases with pressure. Values of 

𝑁𝑔
̅̅̅̅  increase from 10.3 to 16.16 as the pressure is raised from 5 to 10 atm. 

• Fractal dimension and fractal prefactor are not influenced by pressure and their values 

remain the same within the experimental uncertainties. Df changes from 1.56 to 1.65 while 

kf values range between 1.96 to 2.1 for the flames investigated here. 

Morphology of soot at elevated pressures is an important input to accurately quantify the radiative 

properties of soot in combustion systems. Moreover, quantitative information about fractal 
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properties is required when using optical diagnostics such as light scattering and laser induced 

incandescence for particle sizing.  
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