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Abstract
A newly developed experimental set-up for studying liquid hydrocarbon combustion in the well-established Yale burner was used to investigate the correlation between fuel composition and its sooting propensity. Soot particle
size distributions (PSDs) and flame temperatures along the centreline of an
n-heptane/toluene co-flow diffusion flame are reported. The results are compared to soot temperature and volume fraction profiles obtained using colour
ratio pyrometry. The addition of toluene (0, 5, 10, and 15 mol%) to heptane
moved soot inception to lower heights above the burner (HAB). The earlier
inception extended the soot growth zone in the toluene-laden flames, leading
to larger soot primary and agglomerate particles. Toluene addition had little
influence on the maximum soot number density, indicating that the observed
increase in soot volume fraction can mainly be attributed to the increase in
particle size. The reported PSDs inside a vapour-fed diffusion flame are the
first of their kind and provide a comprehensive dataset for future studies of
combustion chemistry and soot particle models.
Keywords: Soot, laminar diffusion flame, liquid fuel, toluene/heptane,
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1. Introduction
Soot formed by incomplete combustion of hydrocarbons has adverse effects on human health [1] and is a major contributor to anthropogenic climate
change [2–4]. However, useful carbonaceous particles such as carbon black
are also prepared through combustion on an industrial scale and are used
as rubber filler for tire reinforcement [5], additive for electrically conductive
polymers [6], or electrode material in batteries [7, 8]. The aim of soot research
is to gain a fundamental understanding of the chemical reactions, inception
process and PAH clustering, and soot growth leading to soot formation in
practical applications. Such an understanding could then be used to mitigate
soot emission and enhance the efficiency during energy conversion (internal
combustion engines, jet engines, gas turbines, etc.) or to produce tailor-made
carbonaceous nanoparticles for industrial applications. In this context, investigating soot formation in laminar flames using aliphatic and aromatic
fuel mixtures encountered in real combustion systems is an important area
of research [9–11].
Traditionally, soot research in laminar flames has focused on gaseous fuels
because they are easy to handle, with ethylene being amongst the most common choices [12–15]. In order to study more realistic fuels, less sooty methane
flames have been used and doped with small amounts of aromatics and
aliphatics [16, 17]. This approach was used to quantify the sooting propensity of a range of aliphatics [16], aromatics [18], and oxygenated [19, 20] fuels
by measuring the maximum soot volume fraction inside the doped methane
flame. The maximum soot volume fraction can hereby be measured using
laser-induced incandescence [18–20] or flame pyrometry [16, 17, 21] and converted into apparatus-independent yield sooting indices (YSIs) [20]. McEnally and Pfefferle [22] also doped five different one-ring aromatics (benzene,
toluene, ethylbenzene, styrene, phenylacetylene) into a methane diffusion
flame and illustrated the importance of the side chain attached to the phenyl
ring (H, CH3 , CH=CH2 , or C≡ CH). Their experiments indicated that the
naphthalene concentration and soot volume fraction are proportional, making naphthalene formation a crucial step in polycyclic aromatic hydrocarbon
(PAH) growth from aromatic fuels under the studied experimental conditions [22]. Other researchers linked the amount of key species (benzene,
pyrene, acetylene) to the onset and rate of soot inception [23]. Differences in
the type and quantity of such species ultimately reflected in the soot number density and size of the soot particles [23–25]. Adding aromatics such
as n-propylbenzene to n-dodecane/methane diffusion flames was reported to
2

result in earlier soot inception and increased soot number densities [26]. Similarly, the addition of toluene to a methane diffusion flame caused a significant
increase in the soot volume fraction compared to n-heptane addition [25].
Research on pure liquid fuel combustion is less common, partly due to
experimental difficulties. One of the simplest set-ups to study liquid fuels is
the wick-fed diffusion flame. Such flames have mainly been used to measure
smoke points of fuels to assess the fuel’s sooting propensity and to calculate apparatus-independent sooting indices, such as the threshold soot index
(TSI) [27] or oxygen extended sooting index (OESI) [28]. Using wick-fed
flames to measure smoke points is the standard method for characterising
kerosine and aviation turbine fuel as specified in ASTM Standard D132215e1. This methodology was used to study sooting propensity of fuel surrogates such as heptane and toluene [24, 29] or oxygenated diesel additives such
as polyoxymethylene dimethyl ethers [11]. In addition to sooting propensities, this flame was used to measure particle size distributions (PSD) as a
function of fuel flow rate using a differential mobility spectrometer and holein-tube probe for sampling [24, 29]. The probe design did not allow sampling
from within the flame but an increased mean particle size was observed at the
flame tip when toluene was added to the wick-fed heptane flame [24]. More
recently, a premixed flat flame was fed with pre-vaporised heptane/toluene
and PSDs were measured using the burner stabilised stagnation (BSS) approach [23]. Hereby, the hole-in-tube sampling line is incorporated into the
stagnation plate, enabling the sampling of stagnation flames with minimal
flame perturbation [30]. The study showed that in premixed flames containing toluene, soot nucleation starts earlier while larger soot particles and
volume fractions were detected in the heptane fed flame [23]. One drawback
of the BSS is that the soot evolution from the burner surface to the stagnation point can not be studied. Only information about the soot at the
stagnation point is retrieved. However, there remains a lack of experimental
data in well-defined laminar flames using more realistic fuels such as prevaporised heptane as also recognised during the International Sooting Flame
(ISF) workshop 2018 [31]. Having PSDs inside such flames would further extend the recent efforts to simulate PSDs in ethylene-fed BSS flames [32–34]
to more realistic fuel surrogates.
The purpose of this study is to provide a comprehensive dataset of soot
PSDs (as opposed to averaged sizes or volume fractions) inside a well-defined
liquid-fueled co-flow diffusion flame. Four different fuel mixtures containing
n-heptane and toluene were studied to evaluate the influence of aromatics on
the evolution of particle size and number along the centreline of the flame.
The soot was sampled using a newly developed quartz probe that facilitated
the monitoring of the entire soot evolution process, starting with soot nucle3

ation, followed by growth, aggregation and agglomeration, and finally soot
oxidation. Colour ratio pyrometry was applied to compare the PSDs to soot
volume fractions and to assess the flame pertubation caused by the intrusive sampling. The presented experimental results explain why toluene has
a higher sooting propensity and how it reflects in the PSD and soot volume
fraction evolution. The PSD dataset is attached in the supporting information to provide a reference for the soot community and to test the various
soot particle models used in literature [32–37].
2. Materials and methods
2.1. Co-flow diffusion flame
A new experimental flame set-up was developed to study vapour-fed coflow diffusion flames (Fig. 1a). A syringe pump (New Era NE-501) delivered
7 g h−1 of fuel to an evaporator (Bronkhorst CEM). Here, the fuel was mixed
with 0.2 SLPM Ar (Bronkhorst El-Flow) and evaporated. The fuel/carrier
gas mixture was passed through heated lines (150 °C) to the central 1/4”
stainless steel tube (inner diameter 0.218”) of a Yale burner [17, 21]. Room
temperature compressed air at 50 SLPM (Bronkhorst El-Flow) was used
for the co-flow through a 3” stainless steel honeycomb mesh (0.017” wire
diameter, 18x18 mesh). The burner was mounted on a vertical translational
stage (Festo) with a positioning accuracy of 0.1 mm.
In this study, four different fuel mixtures (pure n-heptane, and 5, 10, and
15 mol% toluene in heptane) were used. The required volumetric quantities
of n-heptane (VWR, 99.8 %) and toluene (Sigma-Aldrich, 99.8 %) were calculated based on the desired mol% composition. The densities of the mixtures
required for the syringe pump were determined experimentally by measuring
the mass of a known volume of fuel.
2.2. Flame temperature
The flame temperatures were measured with an S-type thermocouple having a wire diameter of 0.2 mm and microscopically measured bead size of
0.6 mm. Two pull-action computer-controlled solenoids enabled the rapid
insertion and removal of the thermocouple to/from the flame. Temperatures
were measured over 60 s to detect the height above the burner (HAB) at
which soot starts to form. In the presence of soot, the deposition of soot
on the thermocouple causes the measured temperature to decrease over time
due to an increasing emissivity and bead size [38]. After each temperature
measurement, the thermocouple was placed above the flame tip to burn off
any soot deposits. To avoid underestimation of the thermocouple junction
temperature Tj due to soot deposition, a linear extrapolation to t = 0 s was
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used for Tj [38, 39]. The junction temperature was corrected for radiation to
obtain the gas temperature Tg [40]:
(Tj4 − Tw4 )d
Tg = Tj + j · σ
(1)
k · Nu
The temperature dependant junction emissivity j was calculated with
the reported cubic polynomial for S-type thermocouples [40] while N u was
calculated for a cylindrical profile [41]. Tw is the ambient temperature, σ
is the Stefan-Boltzmann constant, and k is the thermal conductivity of the
gas. The mapping of the centreline temperature was repeated 7 times and
calculated gas temperatures were averaged. The uncorrected junction temperatures Tj can be found in the Supporting Information (Fig. S2).
2.3. Soot particle size and number
Soot samples from flames are most commonly taken with a hole-in-tube
probe, i.e., a stainless steel tube having a small orifice to draw in a sample [42–46]. Previous studies have used such probes to sample soot from
the flame tip as well as from within flames, and risk significantly perturbing
the flame with respect to the flow field and temperature profile [45, 46]. In
this study, a newly developed sampling probe based on the report by Hepp
and Siegmann [47] was used to take soot samples from within the flame.
Advantages over the hole-in-tube approach are a reduced flame disturbance
when sampling from within the flame and that the probe geometry induces
enhanced mixing between the sample and diluent [47, 48]. Except the quartz
tube, all parts required for assembling the sampling probe are standard fittings. A technical drawing of the design as well as the part numbers of the
used fittings are provided at the end of the supporting information.
The quartz tube used for soot sampling had an outer diameter of 12 mm,
inner diameter of 8 mm, and a tip with a 0.4 mm pinhole (Fig. 1b). The geometry of the tip was developed to minimise flame disturbance and residence
time of the sample in the tip before mixing with the diluent. Immediately
after the tip, the sample was diluted with approx. 8.5 SLPM N2 and sucked
into a central 6 mm stainless steel tube. By using a similar N2 dilution flow
rates and sample dilution ratios, the volumetric sample flow through the
nozzle was kept in a similar range in each experiment. The exact primary
dilution ratio was maintained in the range 170–250 by slight adjustments
to the N2 flow rate. The dilution ratio was continuously measured by the
DMS500 by setting the diluent flow rate while measuring the amount of gas
arriving at the DMS (i.e., diluent plus sample). This ratio was multiplied
by the secondary dilution ratio of 500 (see below) and used for the dilution
correction. However, the primary dilution ratio was not constant because it
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changed depending on the temperature at the probe tip, progressive clogging of the orifice in highly sooting regions of the flame, and limitations of
the DMS500 mass flow meters (see below). The diluted sample was passed
through a conductive silicon tube (inner diameter 5.4 mm, length 1 m) to a
Differential Mobility Spectrometer (Cambustion DMS500), where a further
dilution by a factor of 500 was achieved with a rotating disc diluter. The
pressure in the sampling line was measured to be close to atmospheric. Given
the above parameters, the velocity of the N2 /sample gas in the silicon tube
was ∼ 6.2 m s−1 . This results in a residence time of the sample from the
probe to the DMS500 of ∼ 0.2 s. It should be noted that sample losses in the
lines can be significant for particles <20 nm and sampling lines >1 m [49].
Due to the detection limit of the DMS500 (∼ 5 nm) and the focus of this
work on trends for particles >20 nm, DMS500 results were not corrected for
diffusional losses. However, the above information and supplemented DMS
data set enable the interested reader to do so.
At each HAB, the particle size distribution was recorded for 15 s at a
rate of 10 Hz and averaged. Each experiment was repeated four times and
error bars are reported as min/max values to indicate the reproducibility of
the experiments. A log-normal function was fitted to the measured curves
to deconvolute bimodal particle size distributions and to obtain the size and
number density of each mode.
2.4. Colour ratio pyrometry
The colour ratio pyrometry experiments were conducted using a Blackfly S camera (BFS-U3-32S4C-C, FLIR Integrated Imaging Solutions, Inc.)
having a 1/1.8” Sony IMX252 CMOS sensor with 2048x1536 pixels (pixel
size 3.45 µm). The camera lens was a MVL25M23 from Thorlabs with an
aperture set to f/1.4 and a focal length of 25 mm. The distance between the
camera and the flame was 25 cm, resulting in a pixel width corresponding
to 1/34 mm in the focal plane through the centre of the flame. A BG-39
filter (Thorlabs) was used to balance the intensity ratios of the three colour
channels and to block infra-red light.
The soot temperature is related to the colour ratio recorded by the camera
through [50]:
R∞
1
ηi (λ) λ5+α
[exp(hc/λkT ) − 1]−1 dλ
Ri
0
R
,
= ∞
1
Rj
ηj (λ) λ5+α
[exp(hc/λkT ) − 1]−1 dλ
0

(2)

where Ri is the light intensity of colour channel i, λ is the wavelength, ηi
is the wavelength-dependent camera response of colour channel i, and α is
6

the soot dispersion exponent. The Boltzmann and Planck constants are k
and h, respectively, and c is the speed of light. Following the procedure
of Ma and Long [51], a hot S-type thermocouple was imaged to calibrate
the optical system and to calculate a temperature look-up table relating the
camera colour ratio response to the soot temperature. Choosing an α for
soot is not trivial as its value changes with soot maturity and thus location
in the flame [50]. Accordingly, a range of values for α were reported. Here, a
constant value commonly used for colour ratio pyrometry of diffusion flames
was used throughout the flame as derived from the wavelength dependant
soot absorption function reported in literature [52, 53].
Once the soot temperature is known, the soot volume fraction fv can be
calculated [51, 53, 54]:
fv = −

Ri
λeff
ln(1 − L (λeff )
).
Kext L
τ SL

(3)

Here, λeff is the effective filter wavelength [51], Kext is the soot dimensionless extinction coefficient (value taken as 8.6 [53]), L is the pixel dimension
(1 mm per 34 pixels), and L (λeff ) is the emissivity at λeff of the calibration
source (S-type thermocouple). The green colour channel had the highest
signal-to-noise ratio and was therefore used for Ri . Images of the hot thermocouple provided the light intensity of the calibration source (SL ). An
interpolation of SL per exposure time as a function of the temperature was
used in Eq. 3 at the respective soot temperature calculated previously.
One challenge in colour ratio pyrometry is calculating the required flame
cross section intensity Ri from its line of sight projection Pi recorded by the
camera. For the reconstruction of Ri , a recently reported Abel inversion
methodology was used, called fitting the line-of-sight projection of a predefined intensity distribution (FLiPPID) [55]. Here, a suitable function for the
radial intensity distribution in the flame is chosen and its forward Abel transform is fitted to the observed data. A function suitable for co-flow diffusion
flames was shown to be [55]:
  

r 2  r 6
a
−
,
R(r) = √ exp c
b
b
b π

(4)

with a, b, c being fitting parameters. Advantages of this Abel inversion method
are that it results in significantly smoother Abel inversion, especially close
to the flame centreline, and that nonphysical negative light intensities are
avoided. Accordingly, this method was used for the Abel inversion when possible. An exception are images taken while sampling from the flame. FLiPPID would not allow for potential local extrema below the sampling probe.
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Therefore, the more commonly applied BASEX Abel inversion [16, 56, 57]
was used here. A Python code for obtaining soot temperature and volume
fractions with colour ratio pyrometry using different Abel inversion techniques is available online [58].

3. Results and discussion
The fuel, carrier gas, and sheath air flow rates were chosen such that all
flames are slightly lifted (1–1.5 mm, Fig. 2) to minimise heat transfer into the
fuel tube and to simplify the boundary conditions in any future numerical
simulations. The luminescent flame height of the n-heptane flame is 37 mm.
This apparent flame height is simply based on the region in which soot incandescence can be observed by the naked eye. The stoichiometric flame
height is known to be substantially smaller for hydrocarbon flames with high
soot concentrations due to an extended soot oxidation zone [59, 60].Adding
toluene to the fuel mixture successively increases the visible flame height
(41 mm for 15 mol% toluene) and elongates the yellow luminescence zone towards lower height above burner (HAB). A shift of the luminous zone towards
lower HAB and elongation of the flame with increasing aromatic content is in
agreement with previous reports where n-propylbenzene was added to an ndodecane/methane diffusion flame [26]. The given explanation was an earlier
soot inception and increased time before complete soot oxidation [26].
The radiation-corrected thermocouple temperatures along the centreline
of the four flames are almost identical at low HAB, increasing from 860 K
at 3 mm HAB to 1260 K at 17 mm HAB (Fig. 3). At 15 mm HAB, the
temperatures start to diverge slightly with the pure heptane flame reaching
slightly higher temperatures. At 23 mm HAB, all flames show a local maximum. Above 27 mm HAB, the divergence in flame temperatures becomes
more pronounced. All flames reach a local temperature minimum around
27–29 mm HAB after which the temperatures start to increase again.
The temperature difference between the heptane and toluene-containing
flames is up to 350 K at 31 mm HAB. Such a dip in the centreline temperature
has been observed by numerous researchers. One given explanation was
a measuring artefact due to soot deposition on the thermocouple [61, 62].
Even though such an artefact cannot be excluded, the rapid thermocouple
injection and extrapolation to time 0 s (i.e., prior to any soot deposition;
see Fig. S1) make this explanation unlikely in this case. Another refutation
is that similar local minima in the centreline temperature were detected by
non-intrusive techniques such as colour ratio pyrometry [17]. An alternative
explanation is radiative heat loss from regions with high concentrations of
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soot. The importance of radiation and its effect on flame temperature was
highlighted by numerous researchers [63, 64]. Even though conclusive proof
for the reasons of the dip in centreline temperature is not available, the trends
in the temperature profile (Fig. 3) are in line with an increased radiative
heat loss in regions with higher soot concentration. The onset where the
temperatures of the four flames starts to differ (15 mm HAB) agrees with
the location where soot particles start forming (see below). The drop in
temperature above 23 mm HAB and local minimum at 27–29 mm HAB
coincide with regions of highest soot concentration. Toluene flames, which
form more soot (see below), show a more pronounced dip in the temperature
profile. The maximum temperature of the heptane flame is at 33 mm HAB
(1792 K), while adding toluene reduces the maximum temperature (1716 K
for 5 % toluene), potentially due to the increased heat loss. Similarly, the
temperature at 39 mm HAB is 120 K lower for the 15% toluene/heptane
flame compared to pure heptane.
The transient thermocouple response can give a qualitative impression
of the HAB at which soot starts to form (Fig. S3). Note that only the
first 10 s are shown in Fig. S3 because this is the region where the steepest
temperature decrease would be expected if soot is present due to an increase
in the thermocouple emissivity (Fig. S1). For all flames, it took about 1-1.5 s
for the thermocouple to approach the flame temperature. For the heptane
flame, the temperature remains constant at 11 mm HAB and decreases as
a function of time at 13 mm HAB. The decrease in temperature is hereby
caused by soot deposition on the thermocouple, causing its emissivity and
bead size to increase [38]. The addition of toluene causes a time dependent
temperature decrease at lower HAB, indicating earlier soot inception. The
earlier soot formation with increasing toluene concentration explains the shift
of the luminescence zone towards lower HAB as observed in Fig. 2 and is in
agreement with previous reports [22, 23].
The soot temperatures as measured with colour ratio pyrometry are
shown in Fig. 4a. Soot temperatures measured by pyrometry and the gas
temperature measured with the thermocouple are not directly comparable
because of the complex correlation between exothermic reaction in the gas
phase and on the particle surface, radiative heat loss from the particles, and
uncertainties for both methods (e.g., assumed parameters for radiation correction of thermocouple temperature and assumed α for soot). Nevertheless,
similar trends can be observed to the extent that increasing toluene content
results in lower centreline temperatures. The estimated soot centreline temperature is observed to decrease by approx. 40 K per 5% of added toluene.
The soot volume fractions of the four studied diffusion flames are shown
in Fig. 4b. The figure shows that the addition of toluene results in the
9

first detection of soot at lower HAB. This trend is even more significant on
the flame wings. The maximum soot volume fraction increased gradually
from approx. 0.8 ppm for pure n-heptane to 2.2 ppm for 15 % toluene
in heptane. Soot is detected at larger HAB with increasing toluene content,
explaining the observed change in visible flame height (Fig. 2). Note also that
the HAB at which the local minimum in the gas temperature was observed
(Fig. 3) coincides with the HAB where the highest soot volume fractions
were measured (Fig. 4b). This suggests that the decrease in gas temperature
might be related to increased radiative heat loss in regions with high soot
volume fractions.
It is worth noting that FLiPPID had difficulties to fit the profiles of the
toluene-containing flames at some heights above burner. This tendency became more pronounced with increasing toluene content in the fuel mixture.
It is believed that the reason is the increase in soot volume fraction and a
corresponding increase in light self absorption [50] with increasing toluene
content. Soot self absorption would alter the forward Abel transform and
spatial light intensity distribution recorded by the camera. This change in
distribution would cause a decrease in the quality of the fit obtained using
Eq. 4. In terms of absolute soot temperatures and volume fractions, the effect of self absorption was shown to be small for the soot amounts observed
here [50]. To assure that the FLiPPID method does not bias the observed
trends and absolute values, the same flame images were also analysed with
BASEX for the Abel inversion (Fig. S4 in Supporting Information). Identical trends and similar absolute values can be observed but BASEX led to
significant noise amplification towards the flame centreline.
Exemplary particle size distributions inside the flame measured with a
differential mobility spectrometer (DMS) are shown in Fig. 5 as log-log plots.
The full data set can be found in the Supporting Information, Tables S1–S4,
as well as in the Apollo University of Cambridge data repository (https://
doi.org/10.17863/CAM.37224). At 10 mm HAB, an increase in the toluene
content leads to more soot particles while at higher HAB, the particle size
distribution seems to be shifted towards larger particles. Contour plots with a
linear scale for dN/dlogDp are shown in Fig. 6 as they illustrate the key trends
most clearly. The onset of soot formation as determined using the DMS
(Fig. 6) indicates that soot starts to form earlier in the flame as the toluene
content is increased. This is in good qualitative agreement with the elongated
luminescence zone observed in Fig. 2. For all flames, the size and number
of soot particles steadily increases with increasing HAB up to about 26 mm
HAB. Thus toluene addition does not simply shift the soot production zone
towards lower HAB but extends the time for soot formation and growth prior
to oxidation. Above 26 mm HAB, the particles continue to increase in size
10

and the PSD starts to become bimodal (also see Fig. 5c). At increasing HAB,
the soot particles continue growing in size with toluene leading to notably
larger particles. Most soot is oxidised by 40 mm HAB for the heptane flame
but not for the 15 mol% toluene containing flame, explaining the increased
flame height with increasing toluene content observed in Fig. 2.
The averaged mean particle size and number densities give a more quantitative insight into the soot evolution inside the four flames (Fig. 7). In
case of a bimodal PSD, the two modes are referred to as major (Fig. 7a and
b) and minor mode (Fig. 7c and d) based on the number of soot particles
they contain. For the heptane flame, the first soot particles can be observed
around 15 mm HAB while toluene addition results in earlier soot nucleation
(9 mm HAB for 15 mol% toluene). This onset of soot formation agrees well
with the HAB at which soot deposition starts to cause the thermocouple
temperature to decrease with time (Fig. S3). Intrusive techniques and insufficient sample dilution were reported to shift the apparent point where soot
is first observed towards lower HAB [47, 65]. In this work, the DMS500 and
the temporal thermocouple measurements first detect soot at the same HAB,
implying adequate quenching of the sample. With increasing HAB, the size
and number of the soot particles increase steadily up to 25 mm HAB for the
heptane flame and 20 mm HAB for the 15 mol% toluene flame (Fig. 7a and
b). At 15–21 mm HAB, the particle size distribution shifted towards larger
sizes and another mode with average size of 7 nm becomes visible (Fig. 7c
and d). It is probable that this minor mode is also present at lower HAB
but is obscured by the major mode. The number density of this minor mode
decreases with HAB (Fig. 7d), suggesting its consumption by coalescence or
aggregation with other particles. Depending on the fuel mixture, the particle
number of this minor peak is too small to be detected above 22–26 mm HAB.
The reason why the particle size of this minor mode does not change with
HAB or fuel composition is currently unclear. Possibly, the probability of
these 7 nm particles to collide with the major mode particles is significantly
larger. For all HAB and fuel mixtures, the 7 nm particles account for <1%
of the total particle number density. Once they collided with the larger particles, they will disappear from the minor 7 nm mode without changing its
average particle size. However, contributions from other factors cannot be
excluded, such as diffusional sample losses of small particles in the lines or
truncation effects due to the DMS500 detection limit of ∼5 nm. Accordingly, the frequently reported inception mode below 5 nm [23, 34, 45] was
not observed due to the DMS detection limit.
Following the near linear increase in soot diameter up to 20–25 mm HAB,
the particle size increase becomes more rapid (Fig. 7a). Notably, the HAB
at which the slope in particle size growth changes (Fig. 7a) coincides approx11

imately with the HAB of maximum particle number density (Fig. 7b). Thus
the rapid increase in particle size is accompanied with a decrease in particle
number, suggesting that aggregation and agglomeration now dominate. The
maximum size varies significantly with fuel structure, increasing from 90 nm
for pure heptane to 121 nm for 15 mol% toluene/heptane. Previous DMS500
measurements at the tip of a wick-fed diffusion flame using n-heptane/toluene
mixtures as fuel showed a similar trend [24]. At 26–30 mm HAB, the PSD
starts to become bimodal and a mode with a size around 20 nm becomes
visible (Fig. 7c and d). Similar to the minor 7 nm mode between 15–27 mm
HAB, the 20 nm mode is expected to be obscured at lower HAB. The size
range of about 20 nm [24, 66] is in good agreement with the primary particles frequently observed in TEM [15, 24, 66]. The mean size of these primary
particles depends on the fuel structure, increasing from about 19 nm for heptane to 24 nm for 15 mol% toluene-heptane. The trend of increasing primary
particle size with increasing toluene content was also observed in TEM images of soot sampled from a wick-fed diffusion flame [24]. The HAB at which
the primary particles and soot aggregates/agglomerates reach a maximum
size is at 35–36 mm for all fuels. Above 36 mm HAB, both the size and the
number of particles decrease, indicating that the soot is rapidly consumed by
oxidation. It is worth noting that the DMS500 detected low concentrations
of particles above the visible flame tip (Fig. 2) and below the HAB where
soot was first detected using pyrometry (Fig. 4b). This is to be expected
given that soot below ∼ 1% of the maximum soot volume fraction will not
be detected with this colour ratio pyrometry technique. The reason is that
the flame images were taken such that none of the colour channels was saturated at the brightest region in the flame (i.e., the largest amount of soot).
In case of the particles above the visible flame tip, a further reason is that
the method used to sample the particles has been shown to draw in aerosol
from 1-2 mm below the orifice [65]. The combination of actively drawing
in soot samples, the limited sensitivity of the camera, and the fact that the
visible flame height is not an exact measure all contribute to why visible
flame height and height where the DMS500 stopped detecting particles do
not match exactly. None of the flames were smoking on the basis that, aside
from the issues discussed above, no particles were detected by the DMS500
at larger HAB.
The maximum number density is similar for all flames (Fig. 7b). It should
be noted that the similarity between the four studied flames in terms of maximum number density is not caused by limitations of the DMS500. This can
be seen when decreasing the ary dilution during sampling (Fig. S7). As expected, the number of detected particles increases with decreasing secondary
dilution. In fact, the DMS can resolve number densities at least 600x greater
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than the maximum number density reported for any of the other experiments.
The key difference between the four fuel mixtures is the HAB at which soot
nucleation starts. Soot formed earlier in the flame has more time to grow in
size prior to oxidation, explaining the larger primary particle size as seen in
Fig. 7c. The larger primaries collide to form larger aggregates and agglomerates as seen in 7a. The morphology of these agglomerates/aggregates was
not studied here, thus the relationship between soot size and volume fraction
or mass is unknown. Assuming spherical particles is an oversimplification
but can nevertheless give a rough estimate of the order of magnitude in soot
volume change. Keeping the soot number constant but increasing its size
from 91 nm (heptane) to 121 nm (15 mol% toluene-heptane) would increase
the soot volume by a factor of 2.4. This significant increase in soot volume
fraction would cause higher heat loss from the flame due to thermal radiation, which can be observed in Fig. 3. It is also interesting to note that this
factor (2.4) is quite similar to the increase in soot volume fraction observed
by colour ratio pyrometry (approx. 2.75). Therefore, an increase in soot
particle size is sufficient to explain the increase in soot volume fraction and
a significant increases in the soot number density is not required.
It is worth noting that the uncertainties in the dilution corrected soot
numbers are not caused by changes in the experimental conditions. Notably,
the measured particle size distributions remain stable with time (Fig. S5a).
The dilution factor recorded by the DMS fluctuated significantly however due
to the limitations of the mass flow meters inside the DMS, introducing significant fluctuations into the dilution corrected number densities (Fig. S5b).
This explains the relatively small error bars in the mean particle sizes (Fig. 7a
and c) but large uncertainties in the number densities (Fig. 7b and d). Therefore, a more accurate method to measure sample dilutions is expected to have
the most significant impact on decreasing the experimental uncertainties.
To assess the flame perturbation during the intrusive aerosol sampling,
colour ratio pyrometry experiments were conducted while sampling from
within the flame (Fig. 8). BASEX was used for the inverse Abel transform
to assure that potential local extrema below the probe orifice are detected.
A potential risk in applying colour ratio pyrometry while sampling is that
the symmetry of the cylindrical flame, as is assumed for the Abel inversion,
is impaired even below the probe orifice. However, the effect of the probe
on the flame symmetry below the sampling point was found to be small, as
can be seen in the raw images (Fig. S6 in Supporting Information). It might
be worthwhile to image the flame from different angles while sampling from
the flame to confirm that the symmetry below the orifice is not impaired.
However, this was not possible with the current setup and performing the
inverse Abel transform is obligatory for obtaining soot temperatures and
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volume fractions. As can be seen in Fig. 8, neither the soot temperature
nor soot volume fraction profiles are altered significantly below the quartz
probe. Most importantly, Fig. 8 shows that the quartz probe used here does
not cause temperature drops by up to 500–700 K and flame disturbance
by more than 3 mm below the sampling point, as reported for hole-in-tube
probes [45, 46]. One reason for the significant temperature drops below the
hole-in-tube probes is that several L min−1 of cold nitrogen are commonly
used for sample quenching and dilution. Thus the tube probe inside the flame
is constantly cooled in this configuration. For the quartz probe used here,
the diluent nitrogen does not cool the tip where the sample is taken. Other
advantages of the quartz probe are its smaller size, causing less pertubations
to the flow field below the sampling point. Of course, the flame geometry
and symmetry is altered above the sampling point (Fig. S6 in Supporting
Information) but this has no effect on the time-temperature history of the
sampled particles.
4. Conclusions
A well-established Yale burner was extended by a vapour delivery system to study soot formation during the combustion of more realistic, liquid
hydrocarbons. The effect of toluene on the soot particle evolution inside an
n-heptane flame was characterised by measuring the particle size distribution with a differential mobility spectrometer. The soot samples from the
flame centreline were hereby taken with a newly developed quartz probe
that is expected to cause less flame disturbance and enhance diluent/sample
mixing. Colour ratio pyrometry experiments were used to show that there
were no major disturbances in the soot temperature or volume fraction below the probe. The DMS results showed that soot inception starts closer to
the burner when the proportion of toluene is increased. This finding is in
agreement with the luminescence zone observed in flame photographs. This
change in soot nucleation onset was in agreement with the HAB at which soot
starts to deposit on the thermocouple, causing the measured temperature to
decrease with time. The earlier soot inception is suggested to be caused by
much higher rates of PAH formation in the presence of toluene. The earlier
soot inception in the toluene-containing flames increased the time for soot
growth prior to oxidation. The resulting larger particles inside the toluene
flames agrees with the increase in soot volume fraction observed with the
pyrometry experiments. These larger amounts of soot required more time
to fully oxidise, which explains the increase in the luminescent flame height.
The experimental particle size distribution measurements inside a vapourfed co-flow diffusion flame are the first of their kind and can aid the soot
14

simulation community in testing their models.
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Figure 1: (a) Experimental flame set-up for the vapour-fed co-flow diffusion flame. (b)
Soot sampling using a quartz tube with a 0.4 mm orifice.
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Figure 2: Photographs of the co-flow diffusion flames fed with four different fuel compositions but identical fuel mass flow rates. From left to right: pure n-heptane, 5 mol%
toluene/heptane, 10 mol% toluene/heptane, 15 mol% toluene/heptane. Identical camera
settings were used for all images.
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Figure 3: Radiation-corrected thermocouple temperatures measured along the centreline
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were present (e.g., 29 mm HAB for the 100% heptane flame).
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Figure 5: Particle size distributions inside the four studied diffusion flames at (a) 10 mm
HAB, (b) 18 mm HAB, (c) 26 mm HAB, and (d) 34 mm HAB. The averaged values from
four measurements are shown. For clarity, the uncertainty bounds are not shown in this
particular figure.
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Figure 6: Measured centreline particle size distribution as function of height above burner
and fuel structure. The minor mode discussed in the text and quantified in Fig. 7 is
indicated in (c).
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Figure 7: Particle sizes and number densities of the major and minor modes observed in
the particle size distribution. The error bars represent the max. and min. values.
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Figure 8: (a) Soot temperatures and (b) volume fractions of the 85% Heptane 15% Toluene
flame while sampling. The sampling probe position is shown schematically.
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