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Abstract

The sooting characteristics of binary mixtures of n-heptane and toluene and a
commercial gasoline were studied. The experiment involves the non-premixed com-
bustion of the fuel in wick-fed burner. The particle size distributions (PSDs) of soot
were measured at the tip of flames of different heights, using a differential mobility
spectrometer (DMS). Transmission electron microscopy (TEM) was used to inves-
tigate the morphology of the particles formed. Pure n-heptane and toluene were
studied along with blends of 10%, 30%, and 50% by volume of toluene in n-heptane.
The addition of toluene to heptane shifts the PSD to larger diameters. As toluene is
added to n-heptane the dependence of soot particle size on flame height changes from
resembling a paraffinic to resembling an aromatic fuel in a non-linear fashion. A tol-
erance to toluene addition at the lowest flow rates was found, where particles were
not detected. A commercial gasoline with approximately 44% by mass of aromatics
was also analysed. The smoke point (SP) and PSDs are similar to the mixture 50%
toluene 50% n-heptane, but the mean aggregate mobility size, number of particles
and primary particle size formed by the gasoline are smaller.
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Images of studied flames at different sooting stages. Toluene concentration increases from
left to right. Top row flames are below the smoke point and have a height of 5 mm. Middle
row flames are at the smoke point, and bottom row flames are above the smoke point.
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1 Introduction

Commercial transportation fuels such as gasoline are mixtures of hundreds of hydrocar-
bons. The primary chemical classes of hydrocarbons in fuels are paraffins, olefins and
aromatics. Although the composition of these fuels are variable, there are some common
trends [10, 19, 47]. The high complexity of fuels encouraged the search for mixtures
of limited components to ease the development of new combustion technologies through
computational tools, and to generate insight and understanding of underlying fundamental
processes.

A surrogate fuel is defined as a mixture of a small number of hydrocarbons which aims
to emulate chemical and physical properties of a real fuel. The study of surrogate fuels
and its formulation has been used basically for the development of kinetic mechanisms
that describe the real kinetic behaviour of non-sooting phenomena [16, 42, 55]. Most of
these studies on surrogate fuels are focused on the ignition delay time, autoignition and
extinction characteristics. However, the knowledge regarding the soot formation process
from single as well as mixtures of hydrocarbons remains in a poor stage [34].

In the last century strong efforts were made to understand the mechanisms of soot for-
mation [23, 57]. There is now an agreement that the pathway begins with the formation
of molecular precursors such as polyacetylenes and polycyclic aromatic hydrocarbons
(PAHs) [21]. The rate limiting reaction is the formation of the first aromatic ring, for
which various mechanisms have been proposed [2, 62, 63]. Collision and sticking of
PAHs conducts to particle inception [20, 39, 49]. Once primary particles are formed,
these nascent soot particles undergo surface growth [48] (and in some systems competing
oxidation reactions), and the small particles will agglomerate into larger fractal structures
[20, 41, 43, 46]. However, there are still many unresolved questions in this process, some
of them are the transition between gas and solid phase (particle inception), the growth
of such particles and the influence of the fuel composition in the entire process [36]. In
the last decade efforts have been focused on experimentally understand such processes
[1, 38, 40, 54] as well as to model and predict them [8, 20, 43, 50, 59, 61].

Significant contribution analysing the smoking process of some hydrocarbons and their
mixtures have been made recently [17, 34], showing that the soot formation have a strong
correlation with hydrocarbons’ structure. Some studies on the sooting tendency of sur-
rogate fuels and surrogate mixtures have appeared [9, 17, 18, 56, 60, 66]. One of the
targets used to assess a fuel surrogate mixture in terms of its sooting propensity is the
threshold sooting index (TSI) [7, 45] that is based on the smoke point (SP) [3]. This
property enables the analysis of hydrocarbon mixtures because of its linear relationship to
fuel composition [22, 37], facilitating its estimation over a large amount of possible sur-
rogate mixtures [15]. However, no information on the characteristics of the soot particles
is available through this targeted property, and experimental data on this matter remains
scarce.

The aromatic content has been considered to be responsible for the formation of soot
particles [4, 29, 30]. In an optically accessible combustion chamber study, it was found
that the aromatic content dominates over effects of partial premixing and results in higher
total soot mass [29, 30]. An opposite trend was found by Wang et al [64] on experiments
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and simulation of a diesel engine. A higher toluene content in n-heptane/toluene mixtures
actually produced the lowest soot emissions, due to the slightly longer ignition delay,
indicating that the mixing process also plays an important role. Binary mixtures of n-
heptane/iso-octane, n-heptane/toluene and iso-octane/toluene have been investigated in
counterflow diffusion flames [9]. Results showed a tolerance in the mixing of toluene
below which its effect on soot formation was minimal. The tolerance to toluene addition
has been observed also in shock tube experiments [26].

The simplest and most studied surrogate in diesel engines is the mixture of n-heptane and
toluene [13, 27, 33, 64, 66]. Higher concentrations of toluene in the mixture results in
a longer ignition delay [13, 27]. In an optical combustion chamber, experiments showed
that the higher the toluene content the more premixed combustion occurs. As a small
quantity of toluene (5%) was added to n-heptane, the soot mass concentration increased
while generally keeping the same diameter [13]. However, when the toluene content was
increased to 10% both mass concentration and particle size increased, resembling that
produce from diesel fuel. A similar observation was also made in a co-flow diffusion
flame [66], where the aromatic addition seemed to contribute to the soot volume fraction
by increasing soot aggregate concentrations but having insignificant effect on the soot
morphology.

Even though important steps have been taken towards the understanding of soot formation
in commercial fuels through the experimentation with surrogate fuels, scarcity of detail
information remains, particularly on the soot particle size distributions. The purpose of
this paper is study soot particles formed from fuel mixtures to learn more about the nature
of soot as well as providing additional information that can aid modelling, such as the
interpretation of the mobility diameter and the fractal structure of soot and its degree of
sintering.

The soot PSDs and morphology in the non-premixed combustion of n-heptane and toluene
mixtures was investigated. In order to capture the influence of aromatic addition, we
characterise the soot particles formed in a wick-fed laminar diffusion flame of pure n-
heptane, toluene and its mixtures at different flame heights, using differential mobility
spectroscopy (DMS). In-flame soot samples were analysed by transmission electron mi-
croscopy (TEM). A commercial petrol-station gasoline was studied as well in order to
compare its sooting behaviour with the surrogate mixtures.

2 Experimental methodology

2.1 Soot particle size measurements

The fuels tested are: n-heptane, toluene, and their mixtures with volumetric additions
toluene of 10% (H90T10), 30% (H70T30) and 50% (H50T50). A commercial unleaded
gasoline (RON 95) was also tested, GC-MS was used to obtain the fuel composition.

The experimental set-up and procedure used in this study is the same as described previ-
ously in [5, 6]. A standard smoke point lamp where the fuel is supplied via a wick was
used to generate a laminar diffusion flame [3]. The flame height was adjusted by increas-
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ing the wick exposure (i.e. increasing the fuel flow rate). At each flame height the fuel
flow rate was calculated from the weight loss of the burner as described by [65].

Figure 1 depicts the flame sampling system, detailed information can fe found in [6].
The soot particles were sampled using a stainless steel probe with 8 mm inner diameter,
enclosed by two water cooling jackets either side of a 0.3 mm sampling hole. The sample
is drawn into a constant nitrogen dilution flow of approximately 8 litres/min at 0.25 bara.
A secondary diluter within the particle analyser reduces the load to the particle classifier.
The dilution in this experiments is calculated to be in the range 10000-15000. The resi-
dence time of the gas sample passing through the orifice is less than 8 µs before it was
diluted with cold nitrogen. At these experimental conditions independence of the PSD
with dilution ratio was achieved [5, 6].

Sampled gas
8.4 - 8.5 l/min

N2 

DMS500

N2

 

8 l/min

Rotating
Disc
Diluter

Diluted Sample

Figure 1: Sampling system for particle size analysis.

The particle analyser used in the present work is a Differential Mobility Spectrometer 500
(DMS) developed and manufactured by Cambustion Ltd. The particles are sized based
on their mobility diameter, which is the diameter of a sphere with the same migration
velocity as the particle of interest in a constant electric field.

The soot particles are always sampled at the tip of the flame, and therefore at the center-
line, for a series of different flame heights. The flame height was adjusted and sampled
again at the tip, this is repeated until the tip of the flame is no longer defined for sampling.
Each flame height is sampled for 30 seconds, which corresponds to at least 6 averaged
PSDs measured by the DMS. This procedure is repeated at least three times for each fuel.

2.2 Temperature measurements

Centerline temperature measurements were performed with an uncoated 75 µm type R
thermocouple (Pt/Pt-13%R), using a rapid insertion procedure to minimise soot deposition
[35]. The constant-tension thermocouple design [12] was used as a reference for the
set-up. Detailed information on the measurements and correction due to thermocouple
radiation losses can be found elsewhere [6]. Radiation correction was in the range of
15-50 K.
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2.3 Thermophoretic sampling and HRTEM

The technique used is a common in-flame sampling method for microscopy imaging is
based on the phenomenon of thermophoresis occurring in the vicinity of a cold probe
introduced inside the flame. Soot particles are driven thermophoretically to the cold wall
of the probe and are ultimately captured on its surface [14]. A fast insertion technique is
used to protect the grid from thermal damage. A pneumatic solenoid was use to drive the
sample in and out the flame in a very short period. The system was calibrated with a fast
speed camera. Ten seconds were allowed between insertions to let the grid cool down.

Holey carbon films on 300 mesh cooper grids were used to collect soot particles. TEM
images were taken using a JEOL 3011 microscope with an operating voltage of the mi-
croscope is 300 keV using a Lab6 filament. Gatan image software v3.4 was used for
microscope operation. At least 10 images acquired in different regions of the grid (5-
10 squares surrounding the grid centre) were selected for image analysis. The average
primary particle size was determined using TEM images obtained under 15,000x and
40,000x magnifications, by measuring the diameter of more than 200 particles for each
sample, using the image processing and analysis software ImageJr. The data was fitted
to lognormal distribution, and average primary particle size was extracted from raw data.

3 Results

The SP is defined as the ‘maximum height (mm) of a smokeless flame of fuel burned in
a wick-fed lamp’ [3]. It was measured for all fuels, heptane’s SP could not be measured
on this apparatus because it exceeded the maximum range of the smoke point lamp. TSI
values based on the SP were calculated [22, 52, 65], methylcyclohexane was used as
lower-bound with a TSI value of 5 and 1-methylnaphthalene as higher-bound with a value
of 100.

Some of the sampled flames are presented in Figure 2. Starting from very short flames
(∼3 mm), and passing through the smoke point, the flow rate is increased until the tip
of the flame is no longer defined, but a trail of soot emerges from the top of the flame.
Given that the sampling point is always the tip of the flame, the largest flame tip that
could be sampled for each fuel was considerably different. Table 1 presents the smoke
point and TSI of the studied fuels. Heptane has the largest smoke point, the highest flame
sampled for heptane is 73 mm. Instead, toluene has the lowest smoke point (∼7.8 mm),
hence flame heights a few millimiters larger will have an undefined tip and a soot trail.
For this reason the highest flame height sampled for toluene is ∼12 mm. As toluene is
added to heptane the smoke point of the fuel mixture decreases indicating a larger sooting
tendency, and according to our experimental procedure smaller flame heights were able to
be sampled. This tendency is in agreement with previous studies [22, 65].

Table 2 presents the composition of gasoline fuel from GC-MS results. The aromatic
content is approximately 44% by mass, with a significant amount of toluene (∼ 14%),
xylenes (∼ 15.3%), trimethylbenzenes (∼ 8.4%) and ethylbenzene (∼ 3.7%) and smaller
quantities of larger alkyl-benzenes. Saturated hydrocarbons have also a high content in the
gasoline, ∼ 45%. Within this class of hydrocarbons, branched paraffins are predominant,
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Figure 2: Images of studied flames at different sooting stages. Toluene concentration
increases from left to right. Top row flames are below the smoke point and have
a height of 5 mm. Middle row flames are at the smoke point, and bottom row
flames are above the smoke point.

Table 1: Smoke points of studied fuels.

Smoke point (mm) TSI
Heptane 73.0 ± 18 * -2.6
H90T10 39.0 ± 2.8 2.1 ± 3.30
H70T30 20.5 ± 1.7 11.0 ± 4.81
H50T50 12.0 ± 1.1 19.9 ± 6.53
H30T70 9.8 ± 0.8 30.5 ± 8.55
Toluene 7.8 ± 0.5 39.4 ± 10.1
Gasoline 11.8 ± 0.4
*This value was reported by [65]. Values higher than 100 mm have been reported [7, 28, 45].

with small amounts of straight and cyclic paraffins. The tested gasoline presents a smoke
point very similar to that of H50T50. This seems to be consistent with its aromatic content.
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Table 2: Chemical composition of studied gasoline.

Fuel type % mass
Aromatics 43.8
toluene 14
alkyl-benzenes 29.7
naphthalenes 0.14
Paraffins 44.7
straight 6.6
branched 35.6
cyclic 2.5
Olefins 11
Other 0.47

3.1 Temperature at the flame tip

The weight loss of the burner containing the liquid fuel was recorded to obtain a contin-
uous measure of the fuel consumption at each flame height. The gradient of the least-
squares regression line was used to determine the average fuel uptake rate. Excellent
linearity was obtained, giving evidence of a constant flow rate at a given flame height.
This result is consistent with a previous investigation [65].

Figure 3a shows the temperature at the sampling point (tip of the luminous flame) as a
function of the fuel flow rate. It can be seen that as toluene is added to n-heptane the
flow rates sampled were lower, as explained before. As the flow rate (i.e. flame height)
increases, the temperature at the tip decreases. As the flow rate is increased the yellow
luminosity in the flame also increases but the true stoichiometric flame lies below the
observable luminous flame [25, 53]. The ratio of the luminous flame height to the true
diffusion flame height increases as the flow rate is increased [25]. Therefore, the soot par-
ticles that are not completely oxidised at the stoichiometric flame would survive beyond.
In this region between the diffusion flame and the luminous flame there is a high temper-
ature oxidising environment where the soot particles would continue emitting greybody
radiation until they are completely oxidised. In addition soot formation is larger as the
flowrate is increased, resulting in higher losses through radiation. These may explain why
the temperature at the tip of the luminous flame decreases as flow rate is increased.

The rate at which the tip temperature decreases is larger for toluene. For the same flow
rate n-heptane exhibits the largest flame tip temperature, and as toluene is added the tem-
perature decreases with pure toluene presenting the smallest temperatures. The calculated
adiabatic flame temperature of toluene (2317 K) is larger than heptane’s (2265 K) [24].
For this reason we speculate that lower temperatures observed as toluene concentration
increases are due to stronger losses through soot radiation due to its larger sooting ten-
dency, as shown in Table 1 and discussed throughout the document. Gasoline exhibits
flame tip temperatures similar to H50T50.

It is important to note that when comparing fuels at the same flow rate (hence similar
flame heights) we are approximately comparing particles with the same residence time.
However, at the same flow rate some fuels can be below the smoke point, while others can
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(a) Tip of flame temperature vs. fuel flow rate (b) Tip of flame temperature vs. flame height normalised
by the smoke point

Figure 3: Temperature at the tip of different flames for all studied fuels. As flow rate and
toluene concentration increases the temperature at the flame tip decreases. At
the same sooting stage (normalised flame height) the fuels have similar flame
tip temperature.

be already emitting soot particles. For example at 10 mm flame height toluene is emitting
particles, whilst H50T50 mixture is in a transition stage, but H70T30 and H90T10 are
still below its smoke point. In order to investigate in greater detail the trends below and
above the smoke point the normalised flame height is introduced. For each fuel the flame
height is normalised by its smoke point. Values of normalised flame height below unity
correspond to flames below the smoke point. Values greater than unity correspond to a
smoking flame.

Figure 3b presents temperature as a function of normalised flame height. It can be seen
now how most of the fuels have similar temperature at the same "sooting stage", with
heptane showing the largest temperatures specially at very short flames. Below the smoke
point (value of unity), toluene and all mixtures have nearly the same tip temperature con-
sidering the error bars, but H90T10 seems to have consistently higher values (approxi-
mately 100 K) and lying in-between n-heptane and the other mixtures. Above the smoke
point, it appears that the sootier the fuel the smaller the tip temperature, this seems con-
sistent with possible larger losses due to soot radiation.

3.2 Number density and mean mobility diameter of soot particles

From the PSD important parameters are calculated: the aggregate number density N (area
under the curve) and the mean aggregate mobility diameter 〈dp〉. Most of the particles
measured in these flames correspond to non-spherical aggregates and the measured mo-
bility diameter assumes particle sphericity and neglects the effect of a rough surface and
non-homogeneous charge. This should be accounted for in the interpretation of the mo-
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bility diameter, given that the aggregate structure can lead to an increase in the particle
surface area, therefore it is a measurement of the fractal aggregate mobility [58].

Figure 4 presents the calculated N and 〈dp〉 as a function of flame height for each fuel.
At low flow rates N is large (Figure 4a) and 〈dp〉 is small (Figure 4b) suggesting the
nucleation of primary particles. High number densities of young soot particles causes
intense coagulation and result in a sharp decrease of N and larger particle sizes [51]. As
the flow rate increases N stops decreasing and achieves a minimum and then remains
relatively constant for heptane, but as toluene is added N tends to increase again.

(a) Total number density (b) Mean particle diameter

(c) Total number density (d) Mean particle diameter

Figure 4: Mean soot particle diameter and number of particles as a function of fuel flow
rate and flame height normalised by the smoke point.

Two different trends in 〈dp〉 growth are observed. Heptane follows the paraffin trend,
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where as flow rate is increased 〈dp〉 achieves a maximum value and then remains constant
[5]. H90T10 follow this trend but the particle sizes are larger. On the other hand toluene
exhibits a continuous 〈dp〉 growth as flow rate is increased. H70T30 shows a transition
between the two trends, as flow rate increases 〈dp〉 grows, but at some point it achieves a
constant value, and with further flow rate increments 〈dp〉 resumes its growth. H50T50 ex-
hibits a small 〈dp〉 growth pause period, with almost continuous particle growth through-
out all the tested flow rates.

In general, heptane produces the smallest particles, and as toluene is added the soot par-
ticle size increases. The largest particle sizes are produced by pure toluene. Gasoline
results lie between H70T30 and H50T50.

To compare again the evolution of N and 〈dp〉 at similar sooting stages between the fuels,
plots against normalised flame height (as defined previously in section 3.1) are presented
in Figure 4. The smoke point (value of unity in the plots) is denoted by a vertical dashed
line. To the left of the smoke point line the sampled flames have a closed and defined tip
and are not emitting soot, to the right of the line the flames are emitting soot and the tip is
blurry but still defined without a soot trail.

In Figure 4c it can be seen that below the smoke point heptane, H90T10 and H70T30
have similar N values, while H50T50, toluene and gasoline exhibit higher values. As N
decreases due to fast coagulation it achieves similar values for all the fuels.

The evolution of 〈dp〉 is depicted in Figure 4d. Below the smoke point heptane, H90T10
and H70T30 have similar 〈dp〉 and larger than H50T50, toluene and gasoline; here it is
worth mentioning that their flame heights are larger and therefore the particles’ residence
time. As the flames approach the smoke point height 〈dp〉 intends to achieve a constant
value, but only heptane and H90T10 effectively do. Heptane presents the smallest 〈dp〉
followed by H90T10 which is very close to all other fuels considering the experimental
error. Close to and above the smoke point height the 〈dp〉 at the tip of H70T30, H50T50
and toluene’s flames continue growing again with values relatively close.

Gasoline shows a continuous 〈dp〉 growth resembling an aromatic fuel. Particularly at
initial sooting stages the particles sizes are similar to H50T50. As the gasoline flame
approaches the smoke point, the 〈dp〉 at the flame tip reach smaller values than H50T50
and even H70T30.

3.3 Particle size distributions

The particle size distributions as a function of flame height for the pure fuels and their mix-
tures is presented in Figure 5. In grey are displayed the PSDs of the tip of flames below
the smoke point, in solid black the PSD close to the smoke point, and black dashed above
the smoke point. Toluene and heptane represent the higher and lower sooting boundaries
respectively.

At a very small FH of 3 mm toluene shows a bi-modal PSD with a larger accumulation
mode. At this flame height or one millimetre higher (4 mm) the PSD of the three mixtures
consist of single mode of small particles, presumably primary particles in the nucleation
stage (nucleation mode). As the volume of toluene in the mixture decreases so does the
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width of the nucleation mode. The transition from a single mode PSD to a bimodal PSD
occurs very quickly, in a matter of a few millimetres. It can be seen in the H50T50 and
H70T30 mixtures that between 4 to 6 mm flame heights the PSD changes and a second
mode of larger particles appears. This is due to an intense coagulation process caused by
the large number and reactivity of young soot particles.

At flame heights of approximately 10 mm all the fuels exhibit a bimodal PSD with a larger
accumulation mode, except for heptane that still forms a large nucleation mode. Close to
the smoke point a similarity can be observed between the shape of the PSDs of toluene,
H50T50 and H70T30 with a predominant mode of large particles. H90T10 and pure
heptane present a PSD with multi-modal behaviour composed of a larger accumulation
mode but significant modes of smaller particles. After the smoke point the PSDs at the tip
of the flame consist on the enlargement of the accumulation mode.

Figure 5: Evolution of PSD at the tip of flames with different height for all tested fuels.
Curves in grey correspond to heights below the smoke point, bold lines corre-
spond to the smoke point height

As mentioned before, at the same flame height the fuels can be in different sooting stages,
and also have different fuel flow rates due to some differences in their vapour densities and
flame structure. Figure 6 shows a comparison of the PSD between the fuels at approx-
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imately the same flow rate, toluene is not displayed because at this flow rate the flame
has an opened undefined tip which could not be sampled due to rapid clogging of the
probe. At this flow rate, heptane has a 5 mm bluish flame and the PSD consists of a large
nucleation mode of particles below 10 nm. With the addition of toluene, H90T10 mix-
ture corresponds to a 10 mm flame and the yellow luminosity of the flame is now visible,
the PSD is bimodal with larger accumulation mode. For similar flame height H70H30
exhibits a bimodal PSD with a large dominant accumulation mode, and H50T50 which
has 12 mm flame (above its smoke point) presents a strong accumulation mode of larger
particles.

Figure 6: PSDs at the flame tip of all the fuels at approximate 0.46 mg/s flow rate. Flame
heights are given in parentheses.

Figure 7 shows a comparison between PSDs of gasoline and H50T50 at the same flame
heights. For the smallest flames of 3 and 4 mm height the PSDs are almost identical.
As flame height increases the shape remains similar but gasoline forms less particles.
Close to the smoke point, at 11 mm flame height, the PSDs are composed mainly of an
accumulation mode or large agglomerates. At about the smoke point (approx. 12 mm)
and above, the PSD of H50T50 are slightly shifted to larger sizes.

3.4 Soot morphology and primary particle size

Acknowledging the fact the that the particles formed in these flames are aggregates with
non-spherical shape, we have taken TEM images to observe possible differences in their
morphology. Particle morphology can give information on soot formation and oxidation
inside the flame [11, 31, 32, 67].

The fuels selected for his analysis were: heptane, H50T50, gasoline and toluene. To com-
pare flames at similar sooting stages we chose flames close to the smoke point (normalised
flame height between 0.92 and 0.95). This corresponds to a 7, 11 and 11 mm flame for
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Figure 7: PSDs of gasoline (orange) and 50/50 toluene-heptane mixture at the tip of dif-
ferent flame heights.

toluene, H50T50 and gasoline respectively, for heptane a 40 mm flame was chosen. Hep-
tane having such a large smoke point could not be sampled at the same sooting stage as
the other fuels (equipment limitation plus the instability of very large flames did not allow
it). Given the asymptotic behaviour of 〈dp〉 and N with normalised flame height observed
for heptane, a flame height was chosen such that almost constant 〈dp〉 and N values were
attained and flame stability allowed it.

The flames mentioned were sampled at the tip and inside the flame (at the centerline close
to the tip). The measurements inside the flame were performed at 7, 7 and 30 mm height
above de burner for H50T50, gasoline and heptane. Toluene was only sampled at the tip
because such a small flame was extinguished when the sample probe was inserted inside
of it.

Figure 8 presents representative TEM images of soot sampled at the tip (top row) and
below the tip (bottom row) of flames of toluene, heptane, H50T50 and gasoline. It can be
observed how the aggregate and primary particle size increases from heptane to H50T50
and gasoline, and the largest particles are formed by toluene. At the tip, soot produced
from toluene appear to have much larger primary particle size and to be more dense and
compact, with sphere-like primaries as well as bigger clumps without a clear shape. Soot
produced from heptane appears as an agglomerate composed by clumps of very compact
carbon as well as some recognisable smaller primary spheres. Instead, the aggregates
produced from H50T50 and gasoline seem to be composed of nearly spherical primaries
of similar sizes attached to each other in a less packed configuration.

Looking at the particles sampled below the flame tip, heptane shows mainly sphere-like
particles of bigger size attached to each other, suggesting some kind of densification and
shrinkage while moving to the tip. H50T50 and gasoline also show slightly larger pri-
maries but a more dense configuration, which denotes possible oxidation of the outer
edges as well as the attack of interior parts of the aggregate leaving ’holes’ inside of it as
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it travels to the flame tip.

a d

e f g

b c

Figure 8: TEM images of soot particles from different fuels at low resolution 40,000x.
Top row: flame sampled at the tip; bottom row: flame sampled below the tip.
a,e) Heptane; b,f) H50T50; c,g) Gasoline and d) Toluene.

From the TEM images, the primary particle size (dPP) of the aggregates was measured
and fitted to a log-normal distribution and the results are presented in Figure 9. Solid
lines represents the particles sampled at the tip of the flame and dashed lines represent the
particles sampled below the tip of the flame. In both cases heptane exhibits the smallest
dPP followed by gasoline. H50T50 exhibits dPP sizes larger than gasoline’s and toluene
presents the largest sizes. The size of primaries decreases from below the tip to the tip of
the flame. The effect is more drastic for heptane than for the other fuels. This primary
particle shrinking could be due to oxidation, which is closely related to flame temperature.
Heptane exhibit temperatures in the range of 1650-1700 K at the sampling points, whereas
H50T50 and gasoline present temperatures between 1300-1400 K, hence oxidation would
be expected to be stronger for heptane.

4 Discussion

The addition of toluene (highly sooting fuel) to heptane (low sooting fuel) is known to
have an increasing sooting effect. It has been shown before that the TSI of such blends
increases linearly with toluene addition [22, 37, 65].

It is observed in the results of this investigation how the PSDs are shifted to larger aggre-
gate diameters as toluene is added to heptane. For similar flow rates the effect of toluene
addition is dramatic on the 〈dp〉 but not much on the number of particles as shown in Fig-
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Figure 9: Log-normal fits of primary particle size distribution of soot in the tip of an
heptane flame of 40 mm, H50T50 flame of 11 mm, gasoline flame of 11mm and
toluene flame of 7mm. Solid lines: flame sampled at the tip; dashed line: flame
sampled below the tip.

ures 4a, 4b. This may suggest that it is not the inception process but the particle growth
that is affected by the increase in toluene concentration. It is noted that when comparing
results at the same flow rates, specially at low values, the 〈dp〉 of some mixtures and pure
toluene can be above ∼20 nm. These particles might not be newly incepted particles but
single particles that have undergone surface growth or small agglomerates, indicating that
such flames are in a relatively advanced sooting stage.

In Figures 4c, 4d flames at the same sooting stage (below and above the smoke point)
can be compared. H70T30 and H90T10 exhibit values similar to heptane for both 〈dp〉
and N. It is clear that pure toluene and H50T50 mixture have larger particle numbers
at the smaller normalised flame (even though they have lower flow rates hence residence
time). This seems intuitive given that a greater abundance of toluene would result in intact
aromatic radicals and species that enhances soot inception. And this enhanced particle
production leads to more frequent collisions among particles, therefore more particles
would appear to have diameters corresponding to aggregates.

Another interesting result is the different trends on the evolution of 〈dp〉 with flow rate. It
was previously found in paraffin flames [5] that as flame height (equivalent to flow rate)
was increased 〈dp〉 achieved a maximum value that remained almost constant with further
flame height increases. The absence of growth of 〈dp〉was attributed to a possible balance
between particle growth and particle oxidation, particularly at larger flames where the
peak temperature would be somewhere below the tip of the flame. Instead, toluene shows
a continuous particle growth at the tip of the flame when the fuel flow rate is augmented.
Results show that H90T10 mixture follows the same trend as paraffin fuels, although the
〈dp〉 are larger than those of heptane. H70T30 also behaves similar to paraffins with
similar 〈dp〉 values until the smoke point, after which 〈dp〉 grows again in the same way
aromatics do. H50T50 has a 〈dp〉 evolution similar to toluene with a slight 〈dp〉 growth
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deceleration close to the smoke point, as other aromatic fuels with larger smoke point than
toluene [6].

Figure 10a shows the influence of toluene on the 〈dp〉 at the tip of the luminous flame, for
different flow rates. It is clear that〈dp〉 increases with increasing toluene fraction. Also
as flow rate increases so does the amount of carbon going into the flame this could imply
more particles and possibly large ones. At the lowest flow rates particles were not detected
indicating some tolerance to toluene addition, which is reduced with increasing flow rates.
Similar results were found by Choi et al [9] in a counterflow diffusion flame using laser
induced incandescence to measure soot volume fraction. The tolerance of toluene addition
in the soot formation regime was about 30% v/v, while in the soot formation-oxidation
regime it was around 20% v/v. At very low flow rates the tip of the flame is expected
to be the same or very close to the stoichiometric diffusion flame, hence we expect it to
behave as in a soot formation region. As the flow rate is increased the luminous flame is
somehow larger than the diffusion flame [53], as indicated by temperature measurements
(Figure 3a), hence we would expect it to behave as a soot formation-oxidation region.
TEM results confirm the hypothesis of oxidation at the tip of these flames. The aggregate
and primary particle shrink between a point close to and below the tip and the tip itself.
This is also observed to be more dramatic in the case of heptane and is explained by the
larger flame temperatures in its flames.

(a) Mean particle diameter vs. percentage mol of toluene (b) Total soot mass vs. percentage mol of toluene

Figure 10: Mean particle size and mass of soot at the tip of the flame vs. toluene addition.
Each line correspond to a different flow rate (flame height). Dashed lines are
projections made according to the results in Figure 4b. Caption on lines
correspond to fuel flow rate.

To analyse the results obtained for the gasoline flame and be able to compare to the surro-
gate flames it is important to look at its composition and the temperature. For all flames
heights the difference between the maximum temperature (most of the cases below the
tip) of gasoline and H50T50 was between 50-80 K, having H50T50 higher maximum
temperatures and also temperature profiles, this will favour fuel pyrolysis thus soot incep-
tion and growth. As shown by TEM images for one flame height, the primary particle size
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of H50T50 was larger suggesting a larger particle surface growth. The images also show
that oxidation does not play a dominant role for this fuels, the reason may be the overall
low temperatures in these flames.

In terms of composition, although the toluene content of gasoline is high (∼ 14% in mass)
the majority of the aromatics present in this fuel are alkyl-substituted with larger and more
substituents such as ethylbenzene, xylenes or trimethylbenzene. It is known that as the
length of the side chain increases the sooting tendency of the aromatic fuel decreases
(smoke point increases) [17, 28, 44]. Recently in a study of substituted aromatics [6] we
found that the final 〈dp〉 at the flame tip was smaller for aromatic fuels substituted with
larger chains.

In Figure 11 we compare results of 〈dp〉 and N against normalised flame height for gaso-
line and H50T50 with previously reported results of n-butylbenzene (BB)[6]. It can be
seen that for flames close to the smoke point and above the evolution of 〈dp〉 is very
similar to that of BB. Eventhough H50T50 and the gasoline tested in this study had very
similar temperature profiles and smoke point, the 〈dp〉 differ and this difference can be
traced back to the highly complex composition of gasoline. The inclusion of larger alkyl-
benzenes in the formulation of surrogate fuels for a more realistic representation have
been suggested by many researchers [10, 16, 19, 34], and is supported by the present
results.

Figure 11: Comparison of mean soot particle diameter and number of particles at the tip
of the flames of Gasoline, H50T50 and Butylbenzene (BB) as a function flame
height normalised by the smoke point.
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5 Conclusions

The temperature profiles, PSDs and morphology of soot particles formed in a wick-fed dif-
fusion flame were measured using a fast insertion thermocouple/thermophoretic-sampling
and probe sampling/differential mobility spectroscopy. The effect of aromatic composi-
tion in the sooting characteristics of fuels was studied in n-heptane/toluene mixtures, as
well as in a commercial gasoline. Mean particle mobility size 〈dp〉 and aggregate number
density N were evaluated at the tip of flames at different sooting stages. The following
was observed:

• Two trends in the evolution of 〈dp〉 and N with flame height consistent with pre-
vious studies [5, 6]: 1) The paraffin-like trend where 〈dp〉 grows fast at the tip of
small flame heights and achieve a maximum value that is sustained for larger flame
heights and 2) the aromatic trend where 〈dp〉 grows continuously as flame height
is increased, with as deceleration around the smoke point. As toluene is added to
heptane the evolution of the PSD changes gradually from paraffin-like to aromatic.
H90T10 mixture follows the same trend as paraffin fuels [5] with 〈dp〉 larger than
those of heptane. H70T30 exhibits a transition between the two mentioned trends,
below the smoke point 〈dp〉 values similar to paraffins, above the smoke point 〈dp〉
grows again in the same way aromatics do [6]. H50T50 has a 〈dp〉 evolution similar
to toluene with a slight 〈dp〉 growth deceleration close to the smoke point, as other
aromatic fuels with larger smoke point than toluene [6].

• The addition of toluene to heptane shifts the PSD and primary particle to larger
diameters. The large particle mobility sizes (∼20 nm) found at low flow rates for
toluene and H50T50 indicate their relatively advanced sooting stage. A tolerance
to toluene addition at the lowest flow rates was found, where particles were not
detected. Increasing the flow rate increases 〈dp〉 due to the larger amount of carbon
going into the flame.

• The studied gasoline has a smoke point and temperature profile close to those of
heptane/toluene mixture with similar aromatic content (H50T50). The 〈dp〉 of gaso-
line follows an aromatic-like trend, but the values of 〈dp〉 and primary particle size
are smaller than those of H50T50. This can be traced back to gasoline composition
in which about 30% of the fuel are aromatics with more and larger substitutions
than toluene. This type of aromatics have been shown to produce soot particles
with smaller diameters [6]. It is important to consider other alkylated aromatics in
the formulation of surrogate fuels to match the sooting characteristics of the real
fuel.
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