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Clean Combustion Research Center 

King Abdullah University of Science and Technology 

Thuwal 23955-6900, Saudi Arabia 

 

Abstract 

Experimental investigations of soot morphology are performed in counterflow flames of N2-diluted 

ethylene and air, up to 10 atm. A thermophoretic sampling device is attached to a pressure vessel 

containing a counterflow burner where flames with an ethylene mole fraction of 0.3 are stabilized at 3, 

5, and 6 atm. To allow measurements at higher pressures, the fuel mole fraction is lowered to 0.2 to 

reduce the soot loading and flames are studied at 5, 7, and 10 atm. Thermophoretic sampling of the soot 

zone is performed using TEM grids. The sampling process causes minimal flame disturbances. Soot 

collected on TEM grids is analyzed under transmission electron microscope (TEM). Primary particle 

size distributions are inferred at each pressure by manually analyzing the primary particles from TEM 

images. Fractal properties of soot at each pressure are also obtained by analyzing the TEM images at 

comparatively low magnifications. Mean primary particle diameter increases from 17.5 nm to 47.1 nm 

as the pressure is increased from 3 to 10 atm, whereas the fractal dimension and prefactor do not change 

with pressure up to 10 atm. For the flames studied here, fractal dimension lies between 1.61 to 1.67 

whereas fractal prefactor varies between 1.68 to 1.86 without following any apparent trend with 

pressure. 
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1. Introduction 

In the transportation sector, diesel engines and gas turbines are two main sources of power 

production.  These hydrocarbon-based devices are operated at high pressure to increase the power output 

and efficiency. When operated at high pressure, the soot emissions also increase and these emissions are 

known to have negative effects on human health [1]. The ultimate impact of soot particles on human 

health depend on the soot morphology [2]. Soot emissions also contribute to environmental problems 

and the morphology of these carbonaceous particles is crucial for determining their life cycle and their 

influence on the radiative balance of earth [3]. In order to control soot emissions, it is important to 

understand soot formation and oxidation mechanisms, which require detailed information about 

chemical composition and morphological parameters of soot [4].  

Soot morphology has been extensively studied in atmospheric flames, using both intrusive and 

non-intrusive diagnostics [5-7].  However, there are few studies that focus on the effects of pressure on 

soot morphology. A comprehensive detail of high pressure laminar flame studies is provided in [8]. To 

our knowledge, light scattering for the study of fractal properties of soot in pressurized flames has not 

been reported. However, Steinmetz et al. [9] measured the primary particle diameter in an ethylene air 

coflow flame using light scattering combined with an extinction technique and found that the primary 

particle size increased with pressure.  Due to large uncertainties of associated measurements, the authors 

[9] recommended additional experimental work. Thomson et al. [10] applied laser-induced 

incandescence in pressurized methane air coflow flames and investigated the influence of pressure on 

effective particle size from 0.5 to 4.0 MPa. They found that the effective diameter increased 

dramatically with pressure, and this effective particle diameter does not represent the primary particle 

diameter because the shielding effect reduces conduction between the aggregated particles and 

surrounding gas that was not accounted for. 
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Laser-based diagnostics have been successfully used for investigating soot particle size, but the 

associated diagnostic complications in a pressurized environment and the uncertainties associated with 

the optical properties of soot make them difficult to apply quantitatively. Thermophoretic sampling 

followed by transmission electron microscopy (TEM) analysis is an intrusive diagnostic that has been 

commonly used at atmospheric conditions but rarely performed in pressurized flames.  Recently, Vargas 

et al. [11] designed and built a high pressure thermophoretic sampling system to investigate soot 

primary particle size using thermophoretic sampling and TEM analysis in a methane air coflow 

diffusion flame. They reported a decrease of the primary particle size by 35%, as the pressure was 

increased from 2 to 10 atm. One should note that all the investigations in pressurized flames discussed 

above are made in coflow flames, which are two-dimensional and computationally taxing for testing 

complex chemical mechanisms such as those involving soot formation/oxidation [12]. 

Counterflow flames are less susceptible to buoyancy-induced instabilities and can be studied 

numerically with modest computational power. Many researchers have used counterflow configuration 

at high pressure for investigating sooting flames [13-15] and studying flame extinction strain rates [16, 

17]. Amin et al. [15] used light scattering and extinction technique to investigate the primary particle 

diameter and aggregate size of soot in a nitrogen-diluted ethylene air counterflow flame, from 2 to 5 atm 

[15]. They found that both particle and aggregate size increased with pressure, but their measurements 

were limited to 5 atm. Moreover, fractal and optical properties of soot were assumed to infer soot 

parameters. 

In this study, the primary particle size distribution and fractal properties of soot are reported at 

elevated pressures in a counterflow diffusion flame. According to our knowledge, thermophoretic 

sampling and TEM analysis for morphological properties of soot in pressurized counterflow flames has 

not been reported in archival literature. A pneumatic thermophoretic sampling device is set up for in-

flame soot sampling in pressurized flames. N2-diluted ethylene air counterflow flames are stabilized at 

various pressures from 3 to 10 atm and soot samples are collected on TEM grids. These grids are then 



 4 

analyzed under transmission electron microscope to infer the primary particle size distribution, fractal 

dimension (Df) and fractal prefactor (kf) of soot. 

2. Experimental Setup 

The counterflow burner used in [15] is slightly modified for the present study. It consists of two 

opposing straight ducts with internal diameters of 8.5 mm. A separation distance (H) of 8 mm between 

the two nozzles is kept constant throughout the study. Ethylene (diluted with nitrogen) is supplied from 

the bottom side while air is supplied from the top side, and both streams have equal momentums. The 

global strain rate (a), defined as the mean exit velocity of air divided by half of the separation distance 

between fuel and oxidizer nozzles [13], is maintained at 30 s-1 at all pressures by adjusting the inlet mass 

flux. A shroud flow of nitrogen is provided through the outer nozzles to prevent entrainment. Due to the 

desire for a minimal sampling time in this setup, the fuel mole fraction (Xf) is adjusted to control soot 

loading in order to avoid the overlapping of soot aggregates on TEM grids. All flames studied are soot 

formation flames, and their stoichiometric mixture fraction Zst = 0.253, 0.184 corresponding to fuel mole 

fractions of 0.2 and 0.3, respectively. Mainstream flow rates at all pressures are provided in table 1.  

Table 1 

Volumetric flow rates of main streams 

Xf 
Pressure Flow rates [slpm] 

[atm] Air C2H4 N2 

0.3 

3 1.22 0.37 0.87 

5 2.04 0.62 1.45 

6 2.45 0.74 1.74 

0.2 

5 2.04 0.41 1.65 

7 2.86 0.58 2.31 

10 4.08 0.83 3.31 
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The counterflow burner is enclosed in a pressure vessel, details of which are available in [18].  A 

schematic of the sampling device connected to the pressure vessel is shown in Fig. 1.  For our study, we 

designed and built a thermophoretic sampling device based on the pneumatically driven thermophoretic 

sampling device for high pressure flames reported by Leschowski et al. [19]. Details of the 

thermophoretic sampling device are provided below.    

 

Fig. 1. Schematic of the experimental setup 

The sampling device consists of a double-acting pneumatic cylinder with a tweezer holder 

adaptor attached. Reverse-acting tweezers hold the TEM grid (carbon-coated 300 mesh copper grids 

(CF300-Cu)) parallel to the axis of the flame. To move the TEM grid into the pressure vessel, air is 

supplied to the pneumatic cylinder, at a maximum pressure of 12 bar. Once the TEM grid moves 

through the flame (forward direction), the flow of fuel is turned off to extinguish the flame. A high-

speed camera (FASTCAM-ultima APX 120K) is triggered just before opening the air inlet valve of the 

pneumatic cylinder. Images are taken at 6000 fps to capture the sampling process. The TEM grid is then 

retracted from the vessel and stored. One of the shortcomings of using thermophoretic sampling is that 

flame flow fields are disturbed during the sampling. The intrusion of the sampling probe can affect the 

sampling results, but this interference is mostly assumed to be hydrodynamic [20]. Quantifying the 

effects of flow field disturbances on the sampling process is difficult. However, in the flames presented 
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in this study, our sampling method produces visually negligible disturbances in the flame. The sampling 

time varies from 29 ms (at 10 atm) to 44 ms (at 6 atm) depending on the flame length and pressure.  

Figure 2 shows the sequence of images of sampling at 5 atm.  Some oscillations of the soot zone in the 

radial direction are observed, but these were minimized as much as possible. At t = 0, the grid enters the 

visible boundary of the soot zone from the right and exits the flame on the left side. The flame is then 

extinguished and the grid is removed for analysis. Thus, the grid only passes through the flame one time. 

 

Fig. 2. Images of flame during sampling process 

3. TEM image analysis 

3.1 Primary particle size 

Before collecting soot samples, TEM grids are marked on the edge (near the air stream) and the 

high speed images captured during sampling allow us to locate the area of the grid on which soot is 

collected. The soot zone in counterflow flames, where all soot growth occurs, is approximately 1 mm 

thick. Due to the slight curvature of the soot zone and the lack of information on the exact location of 

the soot aggregates sampled on TEM grids, it is not possible to investigate the spatial distribution of soot 

properties. This is why the images are recorded by scanning the TEM grid at different areas under TEM 

(Tecnai Spirit Twin: FEI). This allows us to investigate several parameters of interest of the entire 

counterflow flame at different pressures. For particle size distribution, images are recorded at 

t = 0 ms 

t = 16.7 ms 

t = 25 ms 

t = 44 ms 
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magnifications of 30,000x to 42,000x by scanning different areas on the TEM grid. ImageJ is an open 

source software that was used for image processing. Following the procedure given in [21], we calculate 

the particle size distribution manually by detecting the circular boundaries of clear particles.  

3.2 Analysis of fractal properties of aggregates 

For aggregate fractal properties, images are taken at magnification of 6,500x to 11,000x. The 

procedure for calculating the 3D fractal properties of soot from their 2D projections is detailed in [7, 

22]. The number of primary particles in an aggregate (N) can be estimated using the following empirical 

correlation: 

𝑁 = 𝑘𝑎 [(
𝐴𝑎

𝜋𝑑𝑝
2̅̅ ̅̅ 4⁄

)]
𝛼

   (1) 

where Aa is the projected area of an aggregate and 𝑑𝑝
̅̅ ̅ is mean diameter of primary particle. These 

parameters are estimated by analyzing the TEM images using ImageJ. ka and α are empirical constants 

and their values are 1.15 and 1.09 based on extensive morphological analysis in [23]. According to mass 

fractal relationship, the number of primary particles in an aggregate is related to the fractal properties by 

the following relationship: 

𝑁 =  𝑘𝑓(2𝑅𝑔 𝑑𝑝⁄ )
𝐷𝑓

   (2) 

where, Df and kf are the fractal dimension and fractal prefactor of aggregates. Rg is the radius of gyration 

of an aggregate and cannot be measured directly from TEM images. Equation (2) can be written in the 

form of maximum length (L) of an aggregate: 

𝑁 =  𝑘𝐿(𝐿 𝑑𝑝
̅̅ ̅⁄ )

𝐷𝑓
   (3) 

 where kL is the projected aggregate prefactor parameter. The fractal dimension is calculated by defining 

the slope of the data on the log-log plot of N vs L/𝑑𝑝
̅̅ ̅. The fractal prefactor is calculated using the 

following relation: 
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𝑘𝑓

𝑘𝐿
=  (

𝐿

2𝑅𝑔
)

𝐷𝑓

=  (
𝐷𝑓+2

𝐷𝑓
)

𝐷𝑓 2⁄

  (4) 

4. Results and discussion 

4.1 Particle size distribution 

TEM images of aggregates at different pressures are shown in Fig. 3. As pressure increases, 

particles become more opaque with more distinguishable boundaries. Non-spherical particles also seem 

to form due to coalescence processes.  

  

Fig. 3. TEM images of soot aggregates at magnification of 30000 to 42000. Scale bar length is 100 nm. 

Primary particle size distributions are obtained by measuring at least 430 primary particles, at 

each pressure. Primary particle size distributions with fitted lognormal distribution at different pressures 

are shown in Fig. 4. Pressurized flames show an increase in mean particle diameter (𝑑𝑝
̅̅ ̅) with very little 

variations due to the fuel mole fraction at 5 atm. 𝑑𝑝
̅̅ ̅ scales with pressure to a power of 0.82, when fitted 

to power law. Geometric width (σp,g) of particle size distribution is small and the primary particles are 

nearly monodispersed. Several sources of uncertainties in these measurements exist. These uncertainties 

are due to disturbances of the flow field during the sampling process and also from image analysis 

uncertainties while calculating particle sizes. Although our sampling process minimizes flame 
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Xf = 0.3 
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Xf = 0.2 
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disturbances, quantifying this uncertainty is not possible. We estimate the degree of uncertainty of 

image analysis to be less than 10% (95% confidence interval).  

 

Fig. 4. Primary particle size distribution in pressurized flames 

In a recent study by Joo et al. [24], the pressure dependence of primary particle size in ethylene 

air coflow flames is reported up to 20 atm.  They found that the mean primary particle size increased up 

to 15 atm and at 20 atm the diameter reached a plateau or started to decrease. In their study, 

measurements were averaged over the cross-section of the flame, at each sampling height above the 

burner.  

4.2 Aggregate Fractal properties  

TEM images of aggregates at different pressures are shown in Fig. 5. The images clearly show 

that soot aggregates in each flame are polydisperse, with a wide distribution, whereas primary particles 

at each pressure are nearly monodisperse with small geometric width (σp,g) as reported in Fig. 4.  TEM 

images also show the presence of single particles, which are less opaque. Aggregates with fewer than 

three primary particles are not considered in the analysis as they do not follow the mass fractal 

relationship [25]. At each pressure, 600 to 1400 aggregates are analyzed for calculating their fractal 

properties. These measurements have shown very good reproducibility when analyzing different 

samples under same operating conditions. Result details of two different samples at 5 atm are provided 

in the supplementary material. Although, experimental uncertainties exist due to the consideration of a 
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sample of finite size, thermophoresis dependency on soot parameters and analysis of 2D images for 

inferring the information of 3D structure of soot, this technique has been successfully used for 

investigating the fractal properties of soot [21, 22, 26]. 

 

Fig. 5. TEM Images of soot aggregates at magnification of 6500 to 11000. Scale bar length is 500 nm. 

TEM images for fractal properties of soot aggregates are analyzed using the method described in 

section 3.2. Number of primary particles in an aggregate is calculated using Eq. (1). Aggregate size 

distribution parameters for an entire flame, at each pressure, are calculated using the number of 

monomers per aggregate and are reported in table 2 while their plots are provided in supplementary 

material.  

Table 2 

Aggregate size distribution parameters 

  Xf = 0.3 Xf = 0.2 

P [atm] 3 5 6 5 7 10 

Ng 10.2 12.8 15.9 12.4 13.6 12.09 

σN,g 2.28 2.5 2.56 2.53 2.7 2.52 
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 11 

σN,g is the geometric width and Ng is the geometric mean of aggregate size distribution. Both parameters 

do not seem to follow a particular trend with pressure. 

 

Fig. 6. Log-log plot of N vs L/𝑑𝑝
̅̅ ̅ for aggregates in pressurized counterflow flames 

Figure 6 shows the scatter plot of the number of primary particles in an aggregate vs. non-

dimensional maximum aggregate size. A linear fit to the log-log plot of L/𝑑𝑝
̅̅ ̅ vs N is performed using 

the MATLAB routine available at [27] which follows the method of [28]. The slope and intercept of 

linear regression provide information about Df and kL and Eq. (4) is used to calculate the fractal prefactor 
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of aggregates. From these measurements, the values of Df and kf of soot do not seem to change with 

pressure. 

In this work, measurements were performed at constant global strain rate considering the work of 

Figura et al., [14, 29], where they discuss the choice of experimental conditions. At a constant global 

strain rate, the particles undergo a nearly identical temperature-time history, which is of paramount 

importance in soot. However, increasing the mass flux of fuel with pressure also increases the carbon 

flux, and this effect on morphological parameters is not well understood. In a recent study by Xue et al. 

[30], they report that soot volume fraction scales faster with pressure in counterflow flames at constant 

mass flux compared to constant strain rate. In this work, at 5 atm, the variation of Xf from 0.2 to 0.3 

results in an increase of carbon flux from 0.0105 g/s to 0.0069 g/s. Thus, at 5 atm, a 50% increase of 

carbon flux does not result in an appreciable change in soot particle size (Fig. 4) or fractal properties 

(Fig. 6). At 7 atm the carbon flux is 0.0097 g/s which is slightly less than the one 0.0105 g/s at 5 atm 

with Xf = 0.3. Looking at Fig. 4 and Fig. 6, only particle size has been increased with pressure but no 

change in fractal properties are reported from 5 to 7 atm. Therefore, particle size may be affected by a 

change in carbon flux. However, these effects are not significant within the experimental conditions of 

the present study and have not been captured by TS-TEM analysis. It is therefore suggested that a 

change in particle size is due only to pressure. Moreover, fractal properties of soot are not seen to be 

sensitive to changes in pressure or carbon flux. Fractal properties of soot have been reported to be nearly 

independent of fuel type, flame conditions, sampling locations or operating conditions [7, 23]. Koylu et 

al. [7] reported a fractal dimension of 1.7±0.15 independent of flame conditions and fuel type. A similar 

value of 1.69±0.2 has also been reported in atmospheric laminar coflow flames [31]. Values of fractal 

dimension of soot in current study range from 1.61 to 1.67 at different pressures with uncertainty of 0.05 

(95% confidence) for the mean value. A thorough search of literature revealed the only information 

about fractal properties of soot in pressurized counterflow flames was reported in the doctoral thesis of 

Sarnacki [32], where the measured fractal dimension and fractal prefactor are 1.41 and 2.9, respectively 
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at 8.45 atm.  Lower fractal dimension and high fractal prefactor of soot may be due to an insufficient 

number of aggregates analyzed. Fractal prefactor for atmospheric flames has been reported to be in the 

range of 1.9 to 2.8 [21, 22, 26], independently of the flame location. kf values for this study vary from 

1.68 to 1.86 with experimental uncertainty of 0.16 (95% confidence) and unaffected by a change in 

pressure 

5. Conclusions  

In this study, we perform thermophoretic sampling in an N2-diluted ethylene air counterflow 

diffusion flames up to 10 atm to investigate the effects of pressure on primary particle size distribution 

and fractal properties of soot aggregates. To avoid the overlap of soot aggregates on TEM grids, we 

reduce the soot loading over the range of pressure investigated by varying the fuel mole fractions.  

Due to the small thickness of the soot zone in these moderately strained counterflow diffusion 

flames, it is very difficult to resolve the soot field spatially. The entire soot zone is sampled on the TEM 

grid, and our sampling procedure causes very little disruption to the flame. From these measurements, 

we obtain the following results: 

• Primary particle diameter increases with pressure and a mean particle diameter of 17.5 nm at 3 

atm increases to 47 nm at 10 atm. At each pressure, the primary particles are nearly 

monodisperse. Primary particles with a non-circular 2D projection are also present, which might 

result from coalescence of small soot particles. 

• Observation of TEM images show that, unlike primary particles, soot aggregates are 

polydisperse. We also observe the presence of single particles and aggregates consisting of up to 

hundreds of primary particles.  Geometric mean of aggregate size distribution vary from 10.2 to 

15.9, with no specific dependence on pressure. 
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• Fractal dimension of the soot aggregates appears independent of pressure, with its value 

changing from 1.61 to 1.67. Fractal prefactor also shows no significant variation at different 

pressures, and its value ranges from 1.68 to 1.86 for the flames investigated here. 

Quantitative morphology measurements of soot at elevated pressure are essential for soot modeling 

and soot particle size measurements using laser diagnostics by allowing accurate calculation of the 

scattering to absorption ratio. Such measurements are also useful in understanding the global effects of 

pressure on morphological parameters of soot in counterflow flames. It is recommended that future work 

be done to investigate soot morphology over a wider range of fuel mole fractions and strain rates at 

elevated pressures. 
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Tables 

Table 1: Volumetric flow rates of main streams 

Table 2: Aggregate size distribution parameters 

Figures 

Fig. 1. Schematic of the experimental setup 

Fig. 2. Images of flame during sampling process 

Fig. 3. TEM images of soot aggregates at magnification of 30000 to 42000. Scale bar length is 100 nm. 

Fig. 4. Primary particle size distribution in pressurized flames 

Fig. 5. TEM Images of soot aggregates at magnification of 6500 to 11000. Scale bar length is 500 nm. 

Fig. 6. Log-log plot of N vs L/𝑑𝑝
̅̅ ̅ for aggregates in pressurized counterflow flames  

Supplemental Material 

Fig. S1. Log-log plot of N vs L/𝑑𝑝
̅̅ ̅ for aggregates analyzed from different samples at similar operating 

conditions 

Fig. S2. Aggregate size distribution in pressurized flames 

 


