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A B S T R A C T

A study on the fractal geometry, morphology and mass properties of particulate matter carried away by the 
emissions of a combustion aerosol generation bench was performed. Individual soot agglomerates, collected from 
exhaust gases using a thermophoretic sampling device, were observed ex-situ using transmission electron mi-
croscopy. Those micrographs were firstly used to obtain projected areas, diameters of gyration, and primary 
particle diameters. Based on this information, the most common overlapping approaches used to estimate the 
number of primary particles were applied and compared. Morphological descriptors obtained from micrographs 
were also used to provide approximate estimates of fractal dimensions, mass and density values, as well as 
mobility and aerodynamic diameters for the agglomerates collected.   

1. Introduction

It is well known that soot particles carried by combustion exhaust
emissions contribute significantly to air pollution, causing a negative 
impact on both human health and the environment [1]. An increased 
mortality has been recently associated with soot particulate exposure, 
demonstrating clear relations between ultrafine particulate and elevated 
risk of serious diseases such as lung cancer or asthma [2–4]. 

The European community is familiar with this scientific framework. 
In fact, due to an increasingly restrictive legislation in terms of emissions 
allowed, a significant emission reduction has been achieved in the last 
decades for the main polluting sectors (i.e. transport, households, in-
dustry and agriculture) [5]. However, air quality targets put forward by 
European environmental directives remain a challenge [6,7]. For this 
reason, it is indispensable to increase the knowledge of combustion 
aerosols, in order to reduce particulate pollutants and to develop cleaner 
technologies. 

In this sense, the study of the soot formation process has become an 
important research line over the last decades [8]. Those investigations 
have concluded that soot formation begins when fuel molecules are 
pyrolized into molecular precursors, which chemically grow until they 
form polycyclic aromatic hydrocarbons (PAHs) [9]. The evolution of 
those PAHs chains is not well understood nowadays but eventually, 
these molecules grow large enough to become soot nuclei during a 
nucleation step. Then, high temperatures typically involving flames 

promote soot nuclei to grow, giving rise to the formation of primary 
particles [10]. The experimental study of the primary particles has 
shown a solid and spherical shape for these structures [11]. Finally, their 
physical adherence involves the formation of the soot agglomerates 
[12,13], which are complex, irregular and curved structures connected 
through overlapping and/or carbon surface growth [14]. Soot agglom-
erates can be characterized as mass fractals, and their irregularity and 
morphological behavior can be quantified based on their fractal 
dimension [15]. Furthermore, it is also important to note that a fraction 
of the organic molecules formed as intermediate compounds due to this 
process may leave the flame in gas form. Those hydrocarbons, which 
were not transformed into ordered soot structures, can condense on the 
elemental particles forming an organic coating over the agglomerate 
[16]. 

It should also be pointed out that all those combustion-generated 
particulate emissions have been traditionally collected through filters 
[17]. However, the nanometric nature of the soot agglomerates has 
involved the development of specific methodologies to observe and 
analyze the particulate matter. In this sense, the thermophoretic sam-
pling has become the most common intrusive technique used to collect 
soot agglomerates [18]. This technique is minimally invasive and re-
quires no manipulation of the samples taken. In contrast, other intrusive 
procedures such as dilution or cooling present a significant risk of 
altering the original state of the nano-particulate, which could lead to 
significant measurement errors. 

The thermophoretic sampling process, which was initially described 
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by Dobbins and Megaridis [19], is based on a brief and controlled 
exposition of a cold surface into a hot flow. Due to this temperature 
gradient, there is a particle transport from the higher to the lower 
temperatures, which allows the deposition of soot agglomerates on the 
cold surface of a sample grid. Complementing thermophoretic sampling, 
transmission electron microscopy (TEM) has become a common method 
used to measure the geometrical properties of soot [20]. Several 
experimental studies can exemplify the successfully combined use of 
thermophoretic devices and TEM measurements [21,22]. In fact, TEM 
inspections are commonly used to directly analyze aggregate distribu-
tions, with the advantage of not requiring prior knowledge of the par-
ticle properties such as the size, density, or morphology. As main 
disadvantages, a careful inspection of the samples taken and subsequent 
analysis through an image processing software are usually required. 

The use of direct reading instruments that measure mass, aero-
dynamic or mobility diameters are also widespread in soot particle 
characterization. The combined use of some of those devices allows 
complete descriptions of particulate matter. As examples of those kinds 
of facilities, McMurry et al. [23] described a tandem system composed of 
a differential mobility analyzer (DMA) and a particle mass analyzer, 
whereas Stein et al. [24] proposed an experimental setup based on a 
DMA and an aerodyne aerosol mass spectrometer. Those kinds of in-
struments are easily serviceable in laboratory test aerosols, but may not 
be readily available when monitoring exposures in workplaces [25]. In 
fact, some of those systems are still relatively new research tools 
currently only available to a limited number of laboratories [26]. 
Therefore, TEM analysis still involves a powerful and useful off-line 
method for the characterization of soot particulate. Notwithstanding 
microscopy samples of workplace aerosols are often reachable and can 
be used to characterize particle morphology, there is a lack of studies 
that attempt to perform complete characterizations — size and fractal 
descriptors, equivalent diameters, mass and effective densities — from 
information available from TEM. Information obtained by those mi-
crographs is rarely used beyond the calculation of primary particle di-
ameters and projected areas. 

In recent years, in order to study the formation and evolution of soot 
particulate under strictly controlled conditions, the use of calibrated 
sources such as soot generators has also increased [17,27]. By the use of 
these kinds of devices, which allow the generation of particulate 
ensuring repeatable conditions, recent studies have analyzed the 
chemical and morphological characteristics of soot emissions [28,29]. 
However, detailed characterizations of particulate matter emitted by 
those kinds of facilities remain at an early stage [17]. 

The objective of this study was to provide a complete 

characterization (fractal and size descriptors, equivalent diameters, 
mass and effective densities) of soot agglomerates emitted by a com-
bustion aerosol generator bench. Those properties were obtained from 
the physical information available from the TEM inspection of soot ag-
glomerates collected through a thermophoretic device. Furthermore, in 
order to characterize the number of primary particles per agglomerate, 
five different approaches were applied and statistically compared. The 
details of the calculation approach are presented and discussed. 

2. Materials and methods 

2.1. Experimental setup 

The particulate matter examined in this study was generated 
employing an experimental test bench, which was designed to generate 
soot particulate under controlled conditions, and that was presented in 
detail in previous studies. 

[30,31]. Fig. 1 depicts the scheme of the test facilities. 
A combustion aerosol standard (Mini-Cast 5203 Type C) burner was 

used to produce the soot particulate. 
[32]. Propane (purity > 99.9%) was used as the gaseous fuel and air 

mixed with N2 as the oxidizing agent. Fig. 2a shows a schematic of the 
particle generation process of the Mini-Cast burner. Oxidizing agent is 
supplied coaxially to the fuel stream, allowing the generation of flames 
of different heights [33]. Once a flame has been established, soot par-
ticles are generated through hydrocarbon pyrolysis owing to the heat 
provided by the oxidation reaction at the flame front [34]. Nevertheless, 
a sudden interruption of the combustion process due to a dry nitrogen 
quench flow stabilizes the soot particles generated. The dilution air flow 
allows the particulate concentration to be reduced to a lower level [35]. 

Once these particles leave the burner, the temperature of the gas 
stream ranges from 80 ◦C to 140 ◦C. This gaseous stream then accesses 
the heating zone composed of a ceramic furnace and a 4.5 kW heating 
cable. The use of these devices allows the stream temperature to increase 
through conduction and radiation until values like those expected for 
diesel engines [36]. Experimental facilities equipped with burners and 
characterized by studies of other authors usually have similar devices. E. 
g., thermodenuders and catalytic strippers are commonly used to 
remove volatile compounds. 

[16,17,37]. However, unlike those previous studies, the current 
work also involves a thermophoretic sampling step. Therefore, a 
favorable temperature gradient is also required to perform a successful 
sampling process. A thermophoretic sampling system, as shown in 
Fig. 2b, was employed to collect the particulate matter. This device 

Nomenclature 

Ap Projected area of an agglomerate, nm 
a Projected area of a primary particle, nm 
C Cunningham slip correction factor, - 
D Diameter, nm 
Dilair Dilution air, % 
Df Fractal dimension, - 
dpp Diameter of a primary particle, nm 
FSN Filter Smoke Number, - 
Kf , Kα Fractal prefactors, - 
Kn Knudsen number, - 
m Mass of soot agglomerates, fg 
N Number, - 
N2 Nitrogen of the oxidizing agent, % 
R2 Coefficient of determination, - 
rc, rk Position vectors, pixels 
z’ Overlapping exponent, - 

Greek 
α Overlapping factor, - 
ρ Density, g/cm3 

Ð¤ Equivalence ratio, - 
χ Shape factor, - 

Subscripts 
0 Standard condition. 
a Aerodynamic. 
eff Effective. 
g Gyration. 
m Mobility. 
mix Mixing flow. 
pp Primary particles. 
px Pixels. 
ve Volume equivalent.  
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consists of a pneumatic actuator that allows a fast insertion of the TEM 
holder inside the gas stream via a hole drilled in a vertical direction 
through the exhaust pipe [38]. Since the orientation of this system is 
crucial for a successful sampling, a poka-yoke guarantees a correct 
positioning of the device and, once the TEM holder is inside the hot flow 
field, the particulate matter is driven thermophoretically to the cold wall 
of the TEM sampling grid. In this study, 3 mm diameter 200 mesh 
PELCO® copper grids were specifically used to capture the 
agglomerates. 

The measurement of the temperature is performed using various 
thermocouples (k-type, class-2 tolerance, ± 2.2 ◦C accuracy and 1.5 mm 
diameter). Measurements of the differential pressure upstream and 
downstream of the sampling zone are also carried out (Siemens Sitrans 
P500, 0.03% accuracy). All this information is recorded using an 
acquisition card NI USB-6363, which acquires the signal at a frequency 
of 1 kHz and filters it with a 2 Hz low-pass filter. 

A DITEST GAS 1000 MDS 205 analyzer combined with a flame 

ionization detector (Horiba MEXA-1170HFID was used to determine the 
gas composition. Furthermore, an OPABOX opacimeter was used for 
measurements at the test bench exhaust outlet. 

2.2. Experimental procedure 

A total of seven test bench operating conditions were evaluated for 
this study. These settings —obtained varying gas flow rates and tem-
peratures at the sampling zone — are shown in Table 1, where the 
equivalence ratio (Ф) is the relation between the fuel-to-oxidizer ratio to 
the stoichiometric one. The selection was based on the desire to produce 
aerosols of different concentrations and gas stream compositions. Those 
operating conditions were also chosen based on a previous work in order 
to produce emissions with high elemental carbon and thus obtain an 
onion-like graphitic refractory structure for primary particles [39]. 
Sampling temperatures were in the range of those values reported by 
Lapuerta et al. [38]. 

Fig. 1. Schematic of the test bench.  

Fig. 2. (a) Soot generation process; (b) Thermophoretic sampling system.  
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Each test started with a warm-up stage of the heating zone. Once the 
temperature values measured by the thermocouples located along the 
test bench were stabilized, opacity and gas composition values were 
recorded. A thermophoretic sampling was also taken at this stage. The 
TEM holder remained in the gas stream for 600 ms, as recommended in a 
previous study for similar temperature gradients [40]. Such short sam-
pling time is necessary to avoid the presence of overlapping agglomer-
ates on the TEM grids. Furthermore, to ensure that the test bench 
emissions were effectively stable, duplicates of all measurements — 
including thermophoretic samplings — were made at 15 min of the 
initial ones. Those second measures are, therefore, ascertainments of the 
previous ones. 

After this sampling step, A JEOL JEM 1010 transmission electron 
microscope was used to identify the soot agglomerates previously 
collected using the thermophoretic system. Micrographs obtained were 
taken at an acceleration voltage of 100 kV with a 0.35 nm resolution. 
Magnifications within the range of 25,000 – 40000x were used to ach-
ieve successful measurements. Only soot agglomerates with more than 
three primary particles were considered as fractals at the microscopy 
stage, and monomers and dimers were excluded [41]. 

2.3. Processing of TEM micrographs 

ImageJ software was used in this step as the digital image processing 
program. 

[26,42]. Once a micrograph has been loaded, a conversion scale from 
pixels to nanometers is applied according to the magnification used to 
take the image. A researcher must identify all spherical projections in 
the agglomerate as primary particles. For this specific study, a 
researcher trained in TEM microscopy and an operator with no previous 
experience in carbonaceous structures separately identified the particles 
inside the agglomerates collected. Therefore, two first estimates of the 
number of particles were obtained. The diameter of each primary par-
ticle ,dpp, was then calculated by averaging the diameters obtained using 
both the square and circle methods. According to Lee et al. [43], these 
techniques are based on the circumscription of the identified particles 
inside simple geometries such as rectangles or circumferences. 

After completing all these measurements, statistical tests were car-
ried out to check for normality of size distributions. The tests were 
selected according to the sample size. Shapiro–Wilk formulation was 
used for datasets up to 49 values, whereas Kolmogorov–Smirnov with a 
Lilliefors correction was used for larger datasets. 

In addition to information about primary particles, micrographs also 
provide information about agglomerates. On the one hand, projected 
surface areas,Ap, are obtainable as a sum of pixels from binary images. 
On the other hand, a digital analysis allows to sum the distances from the 
center of gravity to every single pixel occupied by agglomerates and 
according to Eq. (1), obtain the diameter of gyration, Dg. This size 
descriptor is defined as the diameter of a circle with the same moment of 
inertia with respect to their center of gravity as the agglomerate itself 
[44]. 

Dg = 2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

Npx

∑Npx

k=1
|rk
→ − rc

→|
2

√

(1)  

where rk
→ and rc

→ are position vectors representing the centroid of the 
agglomerate and the position of the kth pixel respectively, and Npx de-
notes the number of the pixels of the agglomerate. 

2.4. Estimation of soot descriptors 

Once the image processing described in section 2.3 has been 
completed, the number of primary particles of each agglomerate can 
also be estimated as a projected-area derived measurement. This 
approach to the number of particles from area measurements began with 
the work carried out by Medalia and Heckman [45], who proposed a 
power law relationship according to Eq. (2). 

Npp =

(
Ap

app

)α

(2)  

where app is a cross-sectional area assumed representative of the primary 
particles composing the agglomerate, and α is a constant to account for 
overlapping effects. 

It should be noticed that, as a result of subsequent studies based on 
simulated aggregates, Köylü et al. [15] proposed an improvement for Eq. 
(2) by means of Eq. (3). 

Npp = Kα

(
Ap

app

)α

(3) 

Empirical methods determined that Kα and α should be equal to 1.16 
and 1.10. More recently, those initial values were refined to 1.15 and 
1.09 respectively [46]. 

Other authors sustain a dependency between the overlapping effect 
and the irregularity of the agglomerate expressed in terms of fractal 
dimension, Df [47]. Therefore, the overlapping factor cannot be a con-
stant exponent and a variable factor z’, which replaces α in Eq. (2) was 
proposed. This exponent is reported to range from as low as 
z’(Df =1,Npp=∞) = 1 to as high a z’(Df =3) = 1.5 [47]. 

However, a recent study based on both computer-generated fractals 
and experimental measurements has found that this dependency is not 
excessively significant for particles of Df < 2, determining a value of 
z’ = 1.059 ± 0.035 for Mini-CAST emissions, involving an overestimate 
of 2% in reported values of Df [48]. 

Fractal descriptors can be calculated according to the method pro-
posed by Lapuerta et al. for diesel soot emissions [49,50]. This method, 
which was already used for experimental research [51], assumes that the 
number of primary particles can also be computed according to a power 
law function, as shown in Eq. (4). 

Npp = Kf

(
Dg

dpp

)Df

(4)  

where using Eq. (5), an initial guess of a fractal prefactor, Kf , can be used 
to refine Df values until they reach a convergence result which meets the 

Table 1 
Operating conditions of the test bench.  

Operating condition Quench gas 
(Nl/min) 

Dilution (air) 
(Nl/min) 

Oxidant (air) (Nl/min) Mixing N2 

(Nl/min) 
Equivalence ratio, Ф (-) Sampling temperature (◦C) 

#1 10 100  4.2  0.0  1.13  221.17 
#2 10 100  4.1  0.1  1.16  219.07 
#3 10 100  3.9  0.3  1.22  221.71 
#4 10 88.8  4.2  0.0  1.13  271.95 
#5 10 50.1  4.1  0.1  1.16  267.62 
#6 10 50.1  3.9  0.3  1.22  274.01 
#7 10 100  4.0  0.2  1.19  284.78  
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boundary conditions given by Eq. (6) and Eq. (7), which are based on 
hypothetical arrangements of primary particles leading to the extreme 
limits of 1 < Df < 3. 

Kf = Kf
(
Df = 1

)
− 1 +

(
1 + Kf

(
Df = 3

)
− Kf

(
Df = 1

) )((Df −1)/2)1.95

(5)  

Kf
(
Df = 1

)
=

1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
3 − 1

Npp
+ 8

5N2
pp

√ (6)  

Kf
(
Df = 3

)
=

π̅̅
̅̅̅

18
√

(
5
3

)3/2

= 1.593 (7) 

Lapuerta et al. [49] also provide a dependency between z’ and the 
irregularity of the agglomerate expressed in terms of Df , given by Eq. (8). 
Using this equation, z’ can be obtained as a variable in the iterative 
process and, thus, the number of primary particles can be calculated. 

z’ =
lnNpp

ln(0.8488Npp + 0.1512)
−1+

(

2.5 −
lnNpp

ln(0.8488Npp + 0.1512)

)((Df −1)/2)1.95

(8) 

Therefore, fractal dimension, prefactor and number of primary par-
ticles composing the soot agglomerates were characterized according to 
the five alternatives that are summarized in Table 2. 

The use of the diameter of gyration to calculate fractal descriptors 
according to the procedures described in Table 2 should be emphasized. 
This diameter is commonly compared with the mobility diameter,Dm, by 
means of a proportional factor, which typically ranges between 1.29 >
Dm/Dg > 0.71 depending on flow regime and soot size [12]. Mobility 
diameter is usually considered as a more representative diameter of the 
soot agglomerate morphology, as it can be compared with experimental 
results obtained from a DMA. Physically,Dm, is interpreted as the 
diameter of a sphere with the same electrical mobility as the particle in 
question. Several research have been focused on mobility diameter 
calculation for different flow regimes [52]. In this sense, Sorensen [53] 
concludes that in both continuum and free molecular regimes this 
mobility diameter is proportional to dpp, and related by a power law to 
the number of primary particles composing the agglomerate. For the slip 
transition regime, 0.1 < Kn < 10, a relation between Dm, dpp and Npp is 
also given [53]: 

Dm = dpp
(
10−2x+0.92)

Nx
pp, Npp ≥ 100 (9)  

Dm = dppN0.46
pp , Npp < 100 (10)  

where x is suggested to be described as x = 0.51Kn−0.043 [26]. Authors 
such as De Carlo et al. [47] also attach importance to the way in which 
the dynamic shape factor, which is the ratio between the drag force on a 
real particle and the resistance force on its equivalent sphere, varies as a 
function of the aggregate size. For this characterization, this dynamic 
shape factor was estimated from the number of primary particles ac-
cording to the two regimes indicated in Eq. (11), [54]. 

χ =

⎧
⎨

⎩

N0.11
pp , Npp < 60

0.6N0.24
pp , Npp ≥ 60

(11) 

Furthermore, the relationship between electrical mobility diameter 
and the volume equivalent diameter, Dve — diameter of a sphere with 
the same volume as the agglomerate — can be obtained by equating the 
drag force in terms of Dm to that in terms of χ and Dve. This process leads, 
for the transition regime, to the expression presented in Eq. (12) [54]. 

χ =
Dm

Dve

C(Dve)

C(Dm)
(12)  

where C(D) is the Cunningham slip correction factor for the agglomerate 
size, whose presence involves a correction to account the reduction in 
drag that occurs when the relative velocity of the gas at the particle 
surface is not null. 

In addition, the total volume of an agglomerate can be simply 
calculated via multiplication of number of constituent particles by the 
volume of a single primary particle [44]. Therefore, mass of soot ag-
glomerates can be estimated by Eq. (13). 

m = Nppρppπ
d3

pp

6
(13)  

where ρpp is the material density of the primary particles constituting the 
soot core. An approximate value of 2 g/cm3 for onion-like structures 
made from parallel graphene sheets, was suggested by previous research 
[55,56]. Authors such as De Carlo et al. [47] also define an effective 
density, ρeff , as the density that a sphere with diameter Dm would need to 
have the same mass as the actual agglomerate as given by Eq. (14). 

m =
ρeff πD3

m

6
(14) 

Finally, from mass and standard density,ρ0 = 1g/cm3, the aero-
dynamic diameter Da — defined as the diameter of a sphere with a 
standard density that settles at the same terminal velocity as the particle 
of interest — can be calculated according to Eq. (15). This diameter is 
also commonly used for characterization purposes, as it can be 
compared from experimental results obtained from aerodynamic clas-
sifiers such as cascade impactors [57]. 

Da =

(
6m
ρ0π

)1/3

(15)  

3. Results and discussion 

3.1. Gas measurements 

Fig. 3 summarizes the gas composition of the exhaust streams 
generated for the operating conditions indicated in Table 1. Measure-
ments performed using the gas analyzer involve higher percentages of 
O2 and lower levels of CO2 compared to those values expected for engine 
emissions [58]. This fact is due to the influence of the dilution air con-
ditions. Operating conditions (5) and (6), which involve the lowest 
levels of dilution air, also involve the highest percentages of combustion 
products detected, as well as the lowest volume of oxygen. 

As expected, it was also observed that an increase in the richness of 
the gas mixture involves a reduction in the incomplete combustion 
products composing the exhaust stream. The combined effect of the 
Mini-CAST flow rate conditions was statistically evaluated. Fig. 4 shows 
a graphic depiction of the regressions obtained in terms of dilution air 
flow and equivalence ratio (Ф), As it can be seen, an increase in the 
equivalence ratio favors the formation of CO molecules at the expense of 
the CO2 concentration. Same trend was also found for HC 
concentrations. 

Opacimeter measurements, quantified by the filter smoke number 

Table 2 
Methods used to calculate fractal descriptors and number of primary particles.  

Calculation 
alternative 

Npp calculation process Df and Kf calculation 
process 

A Manual counting by an 
inexperienced operator 

Eq.(4)&Eq.(5)

B Manual counting by an 
expert operator 

Eq.(4)&Eq.(5)

C It is calculated iteratively with Df and Kf 

considering z’ in Eq. (2) 
Eq.(4),Eq.(5)&Eq.

(8)

D Eq.(2) |α=1.059 Eq.(4)&Eq.(5)

E Eq.(3) |Kα =1.15&α=1.09 Eq.(4)&Eq.(5)
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(FSN), were also evaluated in terms of the test bench conditions (see 
Fig. 5). Composition of the oxidizing agent has been found as the most 
significant factor regarding opacity results. This influence involves two 
different effects. On the one hand, an increase of the N2 mixing flow 
dilutes the concentration of particles. On the other hand, a reduction of 
the oxidizing O2 flow worsens the quality of the combustion involving 
greater particle concentrations. 

3.2. Examples of soot agglomerates 

In order to illustrate the TEM results obtained from the microscopy 
stage, micrographs selected to represent the average properties of soot 
agglomerates of each operating condition are shown in Fig. 6. A total of 
350 agglomerates were identified during the microscopy stage, whereas 
1742 primary particles were counted. Fig. 6 also specifies the number of 
agglomerates analyzed per operating condition, where large variations 
in the geometry and size of the soot particulate were visually observed 

Fig. 3. Gas composition of the exhaust stream. Error bars denote the standard deviations between consecutive readings of the measuring devices.  

Fig. 4. Composition of the exhaust gas stream as function of the dilution air rate (Dilair) and the equivalence ratio (Ф). The colored curves denote the fitting planes.  
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under the microscope: Whereas micrographs of conditions 1-2-3-6-7 
show smaller agglomerates, greater agglomerates can be seen for the 
micrographs of conditions (4) and (5). 

3.3. Primary particles diameters 

The analysis of the primary particles, which were previously iden-
tified by TEM inspection, was conducted. Fig. 7a summarizes the dis-
tributions of the diameters found for each pair of samples of each 
operating condition. 

It was detected that all those distributions range between similar 
limits. It was also confirmed that those limits are comparable with size 
ranges reported by primary particles generated by other sources such as 
diesel engines, diffusion flames and other burner-based facilities (see 
Fig. 7b). In fact, considering the total amount of the 1742 particles 
identified, a mean diameter and a standard error equal to 23.02 ± 0.16 
nm were found. It was also confirmed that this mean diameter is com-
parable with mean values reported for engine exhaust emissions (25 
nm), ethylene turbulent flames (10–35 nm), co-flow burners (20–40 nm) 
and other experimental setups based on CAST burners (19.7 nm) 
[13,55,64,65]. 

Despite the small differences observed in Fig. 7a, primary particles 
seem to be slightly affected by the combustion modes. As it can be seen 
in Fig. 8, the size of the primary particles should decrease by increasing 
the dilution air and the N2 flow rate. This observation was also reported 
by Yahia et al. [63], who found changes from 22.7 nm to as low as 14.5 

Fig. 5. Relationship between FSN and burner settings. The colored curve de-
notes the fitting plane. 

Fig. 6. Examples and number of soot agglomerates captured for each operating condition.  

Fig. 7. (a) Boxplots of diameters of primary particles for each operating condition; (b) Comparison of dpp values in this study with other sources from literature: 
diesel engines [49,59], diffusion flames [20,60–62], and Mini-Cast burner [63]. 
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nm as the N2 mixing flow increases. This effect may be due to a shorter 
residence time of the particulate generated in the zone where nucleation 
occurs [66]. It is also possible that increasing nitrogen flow actually 
dilutes the particle precursors in the gas phase that were produced in the 
flame, subsequently reducing the size of the primary particles and hin-
dering the growth of existing soot nuclei. 

In support of this contention, a statistical analysis of the diameters of 
the primary particles was conducted. The normality tests depicted that, 
with a high level of confidence (>90%), size distributions can be 
approximated by normal distributions. Furthermore, an ANOVA test 
confirmed that the diameter of the primary particles can be influenced 
by the specific conditions of each experimental test, with a p-value 
greater than 0.05. 

3.4. Size of soot agglomerates 

3.4.1. Diameters of gyration and projected areas 
Fig. 9a summarizes the mean diameters of gyration and projected 

areas found for the different operating conditions. It was observed that 
both descriptors, Ap and Dg, show similar trends. This similarity was also 
reported by Lapuerta et al. [22], as both parameters are direct indicators 
of the size of the soot agglomerates. 

Unlike primary particles, whose diameters slightly depend on the 
operating conditions, a strong influence of the burner settings can be 

observed considering the size of the soot agglomerates. It seems that a 
greater dilution air flow, which decreases particulate concentration, 
leads to agglomerates of lesser size. This effect can be due to a reduction 
in the probability for collisions and agglomeration to occur. In fact, a 
similar observation was also reported due to a shorter residence time, on 
a study of the effects of diesel engine conditions on the size of soot 
emissions [68]. 

3.4.2. Number of primary particles 
The number of primary particles composing each agglomerate was 

evaluated considering the five calculation alternatives described in 
Section 2.4 (see Fig. 10). Before analyzing the influence of the operating 
conditions on the number of those primary particles, it should be noted 
that significant differences have been found between the characteriza-
tion methodologies used. Manual counting methods (alternatives A and 
B) involve smaller agglomerates than those obtained assuming 
projected-area derived measurements (alternatives C, D and E). 
Furthermore, both the expert researcher and the inexperienced one, 
carried out counts that culminated in agglomerates with overlapping 
exponents less than unity, which lacks a sense as those overlapping 
values would imply the absence of physical contact between primary 
particles. 

It was also detected that distributions obtained as derived mea-
surements (alternatives C, D and E) are practically equivalent, where 
differences between alternatives seems to increase as the size of the 
agglomerates increases. This fact may be due to the increasing influence 
of the overlapping exponent as the size of the particulate increases. 
Therefore, distributions composed by larger agglomerates could show 
greater variability between methods. 

A statistical analysis was performed to support this contention by 
means of Mann-Whitney Rank tests. Significant differences between 
median values obtained by both human inspections were found (U-sta-
tistic equal to 15636.50). In contrast, there are no statistically significant 
differences between distributions obtained according to the approaches 
reported by literature, where the maximum similarity was found be-
tween alternatives C and D (overlapping exponent, z’ and relation pro-
posed by Köylü et al. [15] respectively) with a U-statistic equal to 
124107. 

The influence of the test conditions on the number of primary par-
ticles was also statistically analyzed. Fig. 9b summarizes the relations 
found considering an overlapping exponent, z’ (alternative C). It was 
detected that the number of primary particles was significantly affected 
by the operating conditions (p-value ≫ 0.05). As it also was observed in 
Section 3.4.1, it seems that a greater dilution air flow leads on ag-
glomerates composed by a lesser number of primary particles and 
therefore, on agglomerates of lesser size (see Fig. 9b). Similarly, lower 

Fig. 8. Relations between primary particles diameters and test bench setting 
conditions. Mean dpp values are shown accompanied by standard errors ac-
cording to Gilmore [67]. The colored curve denotes the fitting plane. 

Fig. 9. (a) Size of soot agglomerates according to each operating condition. Error bars depict standard errors [67]; (b) Relation between mean number of primary 
particles and burner conditions for a variable z’ (alternative C). The colored curve denotes the fitting plane and mean values are given along with standard errors. 
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mixing flows, which are related with lower residence times in the 
burner, seem to result in an increase in the aggregate size. This obser-
vation agrees with previous experimental studies, where a similar trend 
was found by means of Scanning Mobility Particle Sizer (SMPS) mea-
surements [63]. 

3.4.3. Mobility diameters 
Mobility diameters were calculated considering each of the five 

distributions of primary particles previously obtained. Linear relation-
ships between Dg and Dm are shown in Fig. 11, where differences be-
tween characterization methods are evident. It was detected that 
manual inspection procedures (alternatives A and B) involve greater 
data dispersion than projected-area derived measurements (alternatives 
C, D and E). As it can be seen from Fig. 11, manual processes result in 
Pearson’s coefficients <0.1, whereas values greater than 0.6 were found 
for the other three alternatives. Furthermore, deficiencies of manual 
counting methods are evident. Ratios around Dm/Dg ≈ 3 were found for 
alternatives A and B, whereas values expected according to Sorensen 
[53] should fulfill that Dm/Dg < 1.29. 

By contrast, distributions found considering the overlapping func-
tions reported by literature are coherent with the proportionality 

relations described by Sorensen [53]. It has to keep in mind that 
mobility diameters were calculated using Eq. (9) for agglomerates 
composed of <100 particles and using Eq. (10) for greater agglomerates. 
In this sense, it was detected that those three approaches — C, D and E 
—, are almost equivalent for smaller agglomerates, whereas greater 
differences were found around 100 monomers composing the particles. 

In support of this contention, a statistical analysis of those results was 
conducted. Although differences between the overlapping function ap-
proaches (alternatives C, D and E) increase as the agglomerates grow, 
those differences were not significant enough to fail a sum rank test. 
Therefore, those distributions can be assumed as equivalents. 

3.5. Fractal dimension 

The study of the fractal dimension of the agglomerates collected 
confirms some tendencies, which were detected at the TEM analysis 
stage. Fig. 12 summarizes the fractal dimensions obtained, where sig-
nificant differences have been found between the five characterization 
alternatives considered. It was discovered that manual counting 
methods (alternatives A, B) involve greater data dispersion than the 
other three alternatives considered in this work — C, D and E —. 

Fig. 10. Number of primary particles. Comparison between fractal approaches considered.  

Fig. 11. Relations between Dg and Dm for the five approaches considered.  
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Furthermore, an underestimation of the number of particles counted by 
the human inspections can lead to inconsistencies regarding Df and Kf 
boundary conditions. 

Results obtained using the equation proposed by Köylü et al. [15] 
and assuming an overlapping exponent, z’ (alternatives D and C) are 
almost equivalent, with mean values of Df = 1.87 ± 0.01 and Df =

1.90 ± 0.02, respectively. Greater differences have been found 
assuming a constant exponent factor from Mini-CAST literature (alter-
native D and Df = 1.70 ± 0.01), which tends to reduce the fractal 
values. Those observations have been statistically probed, with a p-value 
equal to 0.23 on rank sum tests. 

A statistical analysis of the influence of the operating conditions on 
the fractal dimensions obtained through alternative C, was performed. A 
p-value greater than 0.05 suggests a significant relation between Df and 
both dilution air and N2 flow conditions (see Fig. 13a). In fact, an in-
crease of the N2 mixing flow seems to imply a lower possibility of 
agglomeration, which involves less compact structures, and therefore a 
lower Df . Furthermore, as it can be seen from Fig. 13b, it was also 
confirmed that the fractal dimensions obtained in this research are 
comparable with results reported by previous studies focused on CAST 

emissions, diesel engines and diffusion flames. 

3.6. Mass and effective density 

Mass and effective densities were calculated for each agglomerate 
examined at the microscopy stage. Thus, the characteristic mass- 
mobility relationship of the soot generation bench was identified. 
Those results are summarized in Fig. 14, where an increase in the soot 
masses occurs owing to an increase in the mobility diameters. As it can 
also be seen, those relationships can be described through a power law 
function, with a Pearson’s correlation coefficient greater than 0.90 for 
all alternatives. 

Those mass-mobility exponents range between 2.24 and 2.48 
depending on the calculation method used. Those values are in the range 
of the exponents reported by other researchers regarding diffusion 
burners (1.9 ± 0.1) and aircraft engines (1.85–2.79) [74,75]. Alterna-
tives C, D and E lead to similar mass values, which are slightly greater 
than those values obtained from manual counting processes (alterna-
tives A and B). 

From Fig. 15, as particles befits agglomerate structures, effective 

Fig. 12. Comparative of fractal descriptors among the five approaches considered. Green and red lines show the theoretical values for a dozen and an infinite number 
of particles. 

Fig. 13. (a) Fractal dimension relationships regarding burner conditions. Standard errors were considered for mean values; (b) Comparative of mean fractal di-
mensions obtained among values reported for Mini-Cast emissions [63], diesel engines [69–71] and diffusion flames [62,72,73]. 
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densities decreased with increasing Dm from around 1.2 g/cm3 at 50 nm 
to as low as approximately 0.2 g/cm3 at 380 nm. Furthermore, Fig. 16 
shows a comparison between mean effective densities found according 
to calculation alternative C (considering the overlapping exponent as a 
variable) and results reported for different emissions sources. Effective 
densities obtained in this study seem to be aligned on the same trend. 
This is probably because primary particles obtained in the present study 
have similar mean diameters among all operating conditions. It was also 
confirmed that the effective densities of the agglomerates examined are 
comparable with those produced by both engine and CAST emissions 

[26,76]. 

3.7. Shape factor, aerodynamic and volume equivalent diameter 

Fig. 17 shows results of the shape factor obtained according to each 
of the five calculation methods considered. Shape factors which are 
closed to unity involves compact and nearly spherical particulates, 
whereas larger values of χ imply particulates that deviate significantly 
from a sphere. It was also confirmed that all those results agree with 
values reported by Park et al. [69], in whose experimental research the 
shape factor increases from 1.11 to 2.21 as the soot size increases from 
50 nm to 220 nm. However, despite the slight differences observed be-
tween the calculation alternatives C, D and E, the manual counting 
processes (alternatives A and B) show again greater discrepancies than 
expected. 

Similar contention can be inferred from Fig. 18a and Fig. 18b, where 
relationships found between Dm, Da and Dve are shown for calculation 
alternative C (considering the overlapping exponent as a variable). 
Agglomerates of mobility diameters around 50 nm satisfies that 
Dm ≈ Dve. Therefore, those agglomerates involve compact structures 
with internal voids [47]. However, as the aggregates increase in size, the 
gap between those two diameters increases, resulting in irregular ag-
glomerates that mostly have no internal voids. 

Furthermore, the aerodynamic diameter tends to increase as the 

Fig. 14. Comparison of mass values between the five approaches considered.  

Fig. 15. Effective densities found considering each alternative.  

Fig. 16. Effective density vs mobility diameter. Results of the current study are 
compared to values obtained for engines and for CAST emissions [26,76]. 
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mobility diameter increases. It must be kept in mind that an irregular 
particle of unitary density should fulfill that Da < Dve < Dm. However, as 
relations of ρ/χ > 1 can be found for this dataset, ratios such as Da/Dve >

1 are also consistent with previous studies [47]. 

4. Conclusions 

In this study, soot agglomerates emitted by a combustion aerosol 
generation bench were characterized according to their size, mass, and 
fractal behavior. To achieve this aim, synergies between thermophoretic 
sampling and TEM microscopy were successfully applied. Seven 
different operating conditions were considered. From the micrograph 
inspection of the agglomerates generated through those operating con-
ditions, non-significant differences in mean diameter values were 
detected for primary particles. In contrast, the diameters of gyration, 
number of primary particles and projected areas mainly depend on the 
composition of the oxidizing agent. Concentrations of N2 and O2 that 
involve the generation of a greater volume of particles leads to ag-
glomerates of greater size. Fractal dimension has also been found highly 
dependent on the composition of the oxidizing mixture, where greater 
fractal dimension values were found for operating conditions of greater 
concentration. 

Significant differences between manual counting processes and the 
use of overlapping functions reported by literature were found in terms 
of the number of primary particles. Those manual counting processes 
tend to underestimate the number of particles involving overlapping 
exponents less than unity. Number of primary particles obtained 

combining the formulations proposed by Köylü and Lapuerta were found 
equivalent. 

Based on the fractal theory, an approach has been used for approx-
imate mobility diameters and, therefore, mass and effective density 
values. In this sense, an increase in the mobility diameter involves a 
decrease in the effective density, whereas mass values show the opposite 
trend. The irregularity of the agglomerates was also observed in terms of 
the dynamic shape factor. This factor has been found to tend to increase 
for particulates of greater mobility diameter and, therefore, smaller 
effective density. 

Overall, results obtained in this study allow a deeper understanding 
of the combustion aerosol properties and, in future studies, this work 
will be complemented with in-situ readings of aerodynamic and 
mobility diameters. 
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