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Abstract

A large-scale, laboratory turbulent diffusion flame was used to study the effects of fuel composition
on soot size and morphology. The burner and fuels are typical of those used in the oil and gas
industry for gas flaring, a practice commonly used to dispose of excess gas. Fuels were
characterized by their carbon-to-hydrogen ratio (from 0.264 to 0.369) and their volumetric higher
heating value (HHVV) (from 35.8 to 75.2 MJ/m®). Transmission electron microscopy (TEM) was
used to assess primary particle and aggregate size, showing that the scaling of primary particle size
to aggregate size was roughly the same for all of the considered fuels (d, = 16.3(da [nm]/100)%%).
A scanning mobility particle sizer (SMPS) was also used (i) to measure mobility diameter
distributions and (ii) in tandem with a centrifugal particle mass analyzer (CMPA) to determine the
effective density of the particles. A new inversion approach was applied to determine the two-
dimensional mass-mobility and effective density-mobility distributions. The new approach was
shown to improve consistency of inferred morphological parameters, though with a shift relative
to median-based analysis of the tandem data. Raman spectroscopy was used to quantify the degree
of graphitization in the soot nanostructure. The HHVv of the fuel had a strong effect on the size of
the soot with higher HHVv fuels producing larger aggregates. Larger aggregates also tended to
have larger primary particles and higher Raman D/G ratios suggesting larger graphitic domains.

1. Introduction

Gas flaring is ubiquitous in the oil and gas industry where excess gas is burned off, both routinely when
it is not economical to capture a gas, and in emergencies. In 2012, an estimated 143x10° m® of gas was
flared globally [1] while in 2018 this number has risen to 145x10° m*® [2]. As with many combustion
processes, gas flaring produces soot, formed during the incomplete combustion of hydrocarbons. Soot has
established negative impacts on human health [3, 4, 5] and has a positive radiative forcing effect making it
an important contributor to climate change [6]. The severity of these effects depends on the morphology of
the particles. For example, morphology is related to the optical properties of a particle while particle size
determines where in the lungs the particles are deposited [7]. Aerosols are leading contributors of
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uncertainties in current climate models [8, 9] and thus accurate gquantification of soot morphology and
release rates could improve climate models and estimates of the remaining carbon budget. Soot is
particularly important in the Arctic where the effects of soot are enhanced due to low lying clouds and
deposition on snow and ice [10, 11]. Nearly half of soot emissions in the Arctic are estimated to come from
gas flaring due to high volumes of flaring in Russia, the North Sea and the Norwegian Sea [12]. Despite
this, the environmental effects of flaring have been poorly characterized and often over-looked in the past
[13].

Gas flares are large-scale buoyant turbulent flames, which often limits accessibility and has restricted
the number of detailed studies of soot emissions. Anumber of studies have estimated soot yields from flares
using downstream aircraft measurements [14, 15, 16, 17], a mobile laboratory [18] or long-range optical
measurements such as sky-LOSA [19, 20, 21]. Of these studies only two reported mass median diameter
[16, 17] and one reported the mass distribution [17]. Instead, researchers have begun studying lab-based
gas flares with varying amounts of morphological information [22, 23, 24].

The current study investigates the effect of industry-representative fuels on the size and morphology of
soot generated from a large, buoyant turbulent diffusion flame located at the Carleton University Flare
Facility. Emissions from the flare are sent through a dilution tunnel and analyzed with a suite of online and
offline instrumentation downstream. Fourteen different fuel compositions, representative of the range
observed in the global oil and gas flaring industry, are studied. The effect of entrained water, which may
occur during hydraulic fracturing, is also briefly considered. The fuel range used here greatly expands upon
the range used by Kazemimanesh et al. [23] at the same facility. The primary particle size, aggregate size,
mobility diameter, effective density and degree of graphitization are reported as a function of the fuel’s
volumetric higher heating value (HHVVv). Two-dimensional forms of analysis are used to provide detailed
information about the range of morphologies produced that may not be evident in simpler, one-dimensional
analyses. Due to soot’s highly heterogenous structures, this type of analysis gives a much better description

of the true aerosol population.



U. Trivanovic, et al. Original Article (2019)

2. Methods and materials

Soot particles were generated from a buoyant turbulent diffusion flame at the Carleton University Flare
Facility, described in detail by Kazemimanesh et al. [23]. A schematic of the overall setup is provided in
Figure 1. The burner was 2-inches in diameter and all tests were run at a flowrate of 156 SLPM (standard
litres per minute, 0°C, 100 kPa) of fuel. Particles were collected by a ventilation hood placed above the
flare, naturally providing dilution in the range of ~ 16:1 to ~ 64:1. Instruments pulled samples from an
insulated tunnel connected to the ventilation hood with pumps and flow control built into the equipment.

Fuels were composed of mixtures of methane, ethane, propane, n-butane, nitrogen, carbon dioxide,
isopentane, n-hexane, and n-heptane and were chosen to represent the range of flaring fuels in the global
oil and gas industry. The fuel codes, fuel composition, carbon-to-hydrogen ratio (C:H), geographic region,
and volumetric higher heating values (HHVV) are listed in table S1 of the supplemental material. The L9,
M9, and H9 fuels span the typical compositions of fuels commonly found in Alberta, Canada; BK-BR and
BK-WO represent fuels from the Bakken region in North Dakota, USA; EC-AC, EC-AS and EC-A27 are

representative of fuels from Ecuador; RU-KM1, RU-KM2 and RU-FI are representative of fuels from
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Figure 1. A schematic of the experimental setup at the Carleton Flare Facility, including the input gases, atomizer, and different
instrument arrangements.
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Russia; and NS-M9 is an average fuel composition of 20 platforms in the North Sea. In addition, results in
this study are compared to data from Kazemimanesh et al. [23], which are labeled L6, M6 and H6, and to
a lesser extent to the results of Popovicheva et al. [24]. Typical fuel compositions of gas flares in western
Canada were determined by Johnson and Coderre [25]. In this study, the fuels are primarily characterized
by their HHVv and span a large range, with the highest HHVv (75.17 MJ/m®) being more than double the
lowest HHVv (35.8 MJ/m®). HHVV in this case is a theoretical value, calculated based on the target fuel
composition and indicates the heat of combustion [24].

An ultrasonic atomizer (Sono-Tek Inc., Model NZL120CO) was used to introduce a narrow conical
pattern of deionized water droplets into the flame. The atomizer was concentric with the burner outlet and
was adjusted at ~75 mm below the exit plane of the burner outlet. The ultrasonic atomizer, powered with a
frequency generator at 120 kHz, atomized the water at a flow rate of 13 mL/min. Based on the atomizer
specifications, the median diameter of the droplets was 19 um. The liquid was delivered to the atomizer via
a precision micro-gear pump (Ismatec/Cole-Parmer, Model ISM901B), which had a bias uncertainty of 3%.
The pump was calibrated by measuring the total mass of liquid pumped over a specific time to determine
the mass flow rate, which was converted to the volumetric flow rate using the liquid density at room

temperature.

2.1 SMPS and CPMA characterization

Particle mobility distributions were characterized using a scanning mobility particle sizer (SMPS),
which consists of a differential mobility analyzer (DMA; TSI Inc., Model 3081) and a condensation particle
counter (CPC; TSI Inc., Model 3776). The aerosol and sheath air flow rates were 0.3 L/min and 3.0 L/min,
respectively. The default inversion approach provided by the TSI’s Aerosol Instrument Manager (AlM)
software was used to retrieve the mobility diameter distribution of the particles. The mobility diameter
distributions were corrected for multiple charging and diffusion losses using TSI’s built-in inversion. The
sample from the duct was further diluted by adding a known flow rate of particle-free dry air to the sample
using a mass flow controller upstream of the SPMS. The dilution factor varied from 1 to ~13.5, depending

on the particle concentration in each test. The dilution factor was measured by comparing the CO, mole



U. Trivanovic, et al. Original Article (2019)

fraction of the undiluted and diluted samples for each test case using a non-dispersive infrared CO, analyzer
(LiCor Inc., Model LI-850).

A second SMPS was paired with a centrifugal particle mass analyzer (CPMA; Cambustion Ltd.) on a
separate line to simultaneously measure particle mass and mobility diameter. Measurements take the form
of a series of SMPS scans, each at a single setpoint of the CPMA. Morphological parameters were derived

from these measurements using the mass-mobility relation, a correlation of the form

dn M
il dm = kdp" = mago (oor) @

where m|dm is @ measure of the average mass of particles having a given mobility diameter, dm; k and D,
are the mass-mobility pre-factor and exponent and are fitting parameters; and migo is the expected mass of
a particle with dm = 100 nm. It is also common to consider the effective density of the particles, defined for

any particle as

_ m
Peff = T[d13n/6 : (2)

Using m|dm, one can define a correlation equivalent to Eg. (1) for some measure of the average effective

density as
Dm—3

_ mgldny dm )
100 nm ’

"~ md3,/6

6
Pefrldm = E"C(dm)Dm_3 = Peff.100 ( 3)

where peir100 IS the effective density of a particle with dm = 100 nm.

The tandem measurements were interpreted in two ways. First, in a median-based approach, the
conditional mobility distribution was assumed to be lognormal. The morphological parameters, k and mioo,
can then be determined by fitting Eq. (1) to data pairs formed by: (i) the median of a lognormal distribution
fit to the mass-selected SMPS scans (i.e. to the conditional mobility distribution) and (ii) the setpoint mass
(assuming a singly charged particle). In the present work, fitting was performed using a weighted least-
squares analysis, where weights on each of the median mobility diameters was determined from
uncertainties in the lognormal distribution fitting procedure. This resulted in lower weights in the cases of
low signal, where uncertainties in the retrieved median mobility diameter are larger. The parameters can be
equally derived from Eq. (3) using data pairs consisting of the median mobility and effective density, with
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nearly identical results. This represents the more traditional analysis of the tandem measurements, as has
been performed in some form previously (e.g. [23, 25]).

Second, additional information can be extracted from the measurements by using the tandem
arrangement to determine the two-dimensional mass-mobility distribution. Originally introduced by Rawat

et al. [25], this interpretation represents the measurements as

([ * azn
e J J KO ) oy - 0T0gy dyy & 10910 Im 1010 ¥ 21 @)
00

where N; is the number of particles measured at a given setpoint for the SMPS and CPMA; K(ri*, m, dm) is
the kernel, which describes the instrument transfer function at setpoint ri* = [m;*, dmi*], where m* is the
mass setpoint for a singly charged particle and dw* is the mobility diameter setpoint; 6°n/6logiom-6logiodm
is the number-based two-dimensional mass-mobility distribution; and &; is the error in the i measurement.
Retrieval of the mass-mobility distribution requires a different treatment of the data inversion, of which we
refer the reader to previous works [26, 27, 28] and the supplemental material. The present work employed
a Bayesian approach to inversion, using an exponential distance prior that correlates points in the
reconstructed mass-mobility distribution based on the Mahalanobis distances between the points in
[logiodm,logiom]" space. The transfer functions in the kernel were evaluated using the analytical forms for
diffusing flow given by Stolzenburg [29] for the DMA, Sipkens et al. [30] for the CPMA (specifically, Case
1C in that work), and the hybrid charging probabilities described in Ref. [28].

In this latter interpretation, which we denote as the distribution-based approach, the set of
morphological parameters was derived by fitting a bivariate lognormal distribution (joint-normal in
[logiodm,l0giom]" space) to the reconstructions. The bivariate lognormal distribution has the form [28],

0°n

6 |Ogm m- 6 |Ogm dm

« det(2nE)~Y/2 exp <— % r—-wTz(r- p.)), 5)

where r = [logiom,log10dm]" is some point in logarithmic mass-mobility space; p = [logiomg, 10g100m,g] is
the mean of the distribution in logarithmic mass-mobility space, where mg and dmg are the median (or
geometric mean) mass and mobility of the particle population, respectively; and X is the mass-mobility

covariance, which can be related to the distribution widths and the mass-mobility exponent, Dm, following
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Figure 2. An illustration of the morphological parameters for aggregates, including the primary particle diameter, projected area
diameter, and particle perimeter.

Sipkens et al. [28] and the supplemental material for this work. Briefly, Dm = Z12/X22, om = 10°"*12), and
og = 10°*2), |t is worth noting that this allows for an expanded set of morphological parameters that
includes the population-level and conditional distribution widths.

In this latter representation, the inverted mass-mobility distributions can also be transformed to
effective density-mobility distributions by a linear transformation, as described in the supplemental
material. It is also shown that if the mass-mobility distribution is bivariate lognormal, the effective density-

mobility distribution will also be bivariate lognormal.

2.2 Transmission electron microscopy analysis
Transmission electron microscopy (TEM) samples were collected on 3 mm carbon type-B copper TEM
grids (Ted Pella, 01813, 300 mesh) using a thermophoretic sampler (TPS) developed at the University of
British Columbia. Images were taken with a Hitachi H7600 TEM at an accelerating voltage of 80 kV. To
simplify analysis and because quantities like the fractal dimension and number of primary particles are
often poorly characterized by two-dimensional images [33, 34, 35, 36], we limit our consideration to the
projected area-equivalent diameter, d,, and primary particle diameter, d,, which are sufficiently accurate for
two-dimensional images [36]. Figure 2 illustrates the physical definition of these two parameters, among
others.

The projected-area-equivalent diameter, d,, and mean primary particle size, d,, of soot were analyzed
using an automated image analysis code developed by Dastanpour, Boone and Rogak [37], which employs

7
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the pair correlation method (PCM) to estimate d, within each particle. It relies on the assumption that the
primary particles within an aggregate are approximately uniform in size which has been observed for many
soot sources [38]. In addition to reporting mean values from traditional lognormal fits, the d, and d, data

extracted from the images were also fit to a power law of the form:

_ _ d, DtEM
By = dy00 15) ©)

where dp100 is the average primary particle diameter of a particle with d, = 100 nm, Drewm is the power law
exponent, and da is given in nm. The two parameters were fit with a linear regression in logarithmic space.
From this fit it is possible to derive effective density as described by Olfert and Rogak [24]. Briefly,
Eggersdorfer et al. [39] gives an equation which relates effective density to mobility diameter. First, the
Sauter mean diameter of the primary particles, dvs, IS assumed to be equivalent to the primary particle
diameter derived from TEM (dv.~ dy). The projected-area-equivalent diameter is assumed to be equivalent
to the mobility diameter (d. ~ dm). This assumption is only strictly valid in the free molecular regime but
extends well to the transition regime. In the continuum regime this assumption results in a ~10% error in
estimated dm [40, 41] which corresponds to a ~ 5% change in effective density and a ~ 3% change in
estimated primary particle size. which allows for the calculation of the effective density of a particle given

dp and d,,
— \ 3-2Dg

Peff = Kap <j—§> (7)
where the material density of soot, p, is assumed to be 1800 kg/m? [42, 43]; D, is the projected-area
exponent; and ka is the prefactor. Dastanpour et al. [44] optimized the latter parameters for soot and found
D, = 1.1 and k, = 1.13, which additionally compensates for small errors due to the assumption da ~ dm.
These values were used to estimate the effective density of soot particles from gas flares with good
agreement to measured values by Kazemimanesh et al. [23]. The results can be compared to the SMPS-

CPMA results following a transformation of the mass-mobility distribution to effective density-mobility

space.



U. Trivanovic, et al. Original Article (2019)

2.3 Raman Spectroscopy

Samples for Raman spectroscopy were collected on titanium substrates with the same thermophoretic
sampler used to collect the TEM samples. A Renishaw Confocal Raman spectrometer was used with a
785 nm laser point focus at an energy of 0.2 mW, with exposure and integration times set to 10 sand 1 s,
respectively. OriginPro (version 2017) was used to deconvolute the Raman spectra with the five-bands
method. Three independent spectra were measured and averaged for each sample. The five bands selected
for Raman deconvolution were [45]: D4 (1127 cm™ to 1208 cm™), D1 (1301 cm-1 to 1317 cm-1), D3 (1489
cm-1to 1545 cm-1), G (1571 cm-1 to 1598 cm-1), D2 (1610 cm-1 to 1625 cm-1). A detailed description of
the Raman analysis is provided by Baldelli and Rogak [47]. The stability of the procedure in Raman
deconvolution was demonstrated in Popovicheva et al. [24]. In this study the ratio of the D peaks to the G
peak is reported as a measure of the level of order or disorder within the nanostructure with larger values

indicating a more disordered nanostructure.

3. Results and discussion

3.1 Primary particle size

Table 1

A summary of TEM results from select fuels. Median primary particle diameter and projected-area-equivalent diameter using a
lognormal fit are compared to power law fits for the same data. Primary particle diameter from the power law fit at the median
aggregate size is also listed.

Fuel Code HHVV [MJ/m?] Median dp Median da dp,100 = 95% ClI Drem £ 95% CI
L6* 35.3 - - 16.5+0.5 0.45+0.04
L9 35.8 15.0 104 148+1.0 0.34+£0.09
M9 41.6 16.4 122 15.0+£1.0 0.44 +0.07
H9 47.0 17.7 135 16.1+0.8 0.28 £ 0.06
M6* 48.5 - - 17.1+£09 0.54+0.07
RU-KM1 51.4 17.6 134 165+£1.2 0.29+0.09
EC-AC 54.6 20.6 174 16.7+1.6 0.38 £ 0.09
H6* 54.7 - - 179+£10 0.52+0.07
BK-BR 61.1 215 147 189+14 0.32+0.09
EC-AC27 75.2 25.0 262 16.2+2.0 0.40+0.10
L9 + Water 35.8 16.3 97 165+ 1.1 0.36+0.08
M9 + Water 41.6 14.8 102 14.7+£0.7 0.31+0.06
H9 + Water 47.0 16.0 131 14.7+0.8 0.28+0.06

* Fuels where data was adopted from the work of Kazemimanesh et al. [23]
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TEM images were used to determine the average primary particle diameter, d,, and projected-area-
equivalent diameter, d,, of each aggregate imaged. Traditionally, these data are fit to a lognormal
distribution to extract the median values of d, and da the results of which are summarized in Table 2.
Additionally, power law relationships were fit to the data points. Figure 3a shows a scatter plot of each data
point collected, the dashed lines shows the universal fit proposed by Olfert and Rogak [24] and the best fit
for these data. Figure 3b shows the fits for each fuel based on the data from Figure 3a. The aggregates
collected here are very similar to the universal fit and are statistically indistinguishable from one another
when considering the overlap from the 95% confidence intervals. The median values show an increase in
median primary particle diameter with HHVv; however, the aggregate diameter is also increasing with
HHVv, approximately as suggested by the scaling relation given in Olfert and Rogak [24]. Similarly, the
addition of water slightly reduces the median aggregate size which in turn slightly decreases the median
primary particle size while dp 100 remains almost the same. The universal fit from Olfert and Rogak [24]
was fit using the same methods with data from compression ignition engines, low pressure burners, GDI
engines and gas turbines and is very similar to the data presented here. The combined relationship found in

this work,
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Figure 3. (a) Raw data and (b) power law fits to the relationship between primary particle diameter and projected-area-equivalent
diameter derived from TEM data. The upper panel of (a) shows kernel density estimates of the distribution of the area-equivalent
diameter, p(logioda),with consistent colours to the other panels. Light grey lines, in both panels, indicate isolines of particles where
da is a certain multiple of the dp (e.g. da = dp corresponds to monospheres).

da 0.35
dp =163 (105) - ®)
is similar to that reported by Kazemimanesh et al. [23],
da 0.44
d, = 17.7 (100) , ©)

where, in both cases, da is given in nm. Thus, we can conclude that the fuel has little to no effect on the

relationship between d, and d..

3.2 Mobility distribution

Figure 4 shows SMPS-derived mobility distributions for the available fuels. Fuels are colour-coded
based on their HHVVv while blue dashed lines denote cases with water addition. Arrows illustrate which
‘dry’ fuels have a corresponding water-added case. The median diameter and geometric standard deviation
were derived from the scans using least-squares fits of a lognormal distribution to the SPMS scans, with
the results reported in Table 2. The authors note that fits were slightly biased by a heavier lower tail than

would be predicted if the SMPS distributions were truly lognormal. This biases the median diameter

11
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towards smaller particle sizes and causes a larger distribution width. For fuels from L9 (HHVv = 35.8
MJ/m3) to EC-AC (HHVV = 54.6 MJ/m®), the number concentration and median soot diameter rise with
increasing HHVY, indicating the expected trend towards higher soot yields for heavier fuels. These trends
diminish for fuels with an HHVv above 55 MJ/m®, where the sooting propensity appears to saturate. RU-
FI (HHVv = 71.5 MJ/m®) and RU-KM1 (HHVVv = 51.4) are exceptions to this trend, with higher soot
concentrations compared to fuels with similar HHVv. This is likely related to differences in fuel
composition which are not easily summarized by the HHVv alone. The HHVVv nonetheless predicts the soot

quantity very well considering its simplicity.

3.3 Mass-mobility distribution

Two-dimensional mass-mobility distributions were derived from the tandem CPMA-SMPS
measurements as described in Section 2.1 and Ref. [28]. A sample two-dimensional mass-mobility
distribution for the M9 fuel is shown in Figure 5a, with the mass-mobility distributions for the other cases
included in the supplemental material. Marginal distributions, integrating over each dimension to get
distributions of the mobility and mass alone, are shown on either axis and reasonably resemble those
resulting from the SMPS only analysis in Section 3.2. The distributions all exhibit the expected single mode

and appear to be approximately bivariate lognormal. There exists a small amount of flaring in the
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Figure 4. Distribution of the mobility diameter derived from SMPS measurements for all of the dry fuel cases. The line color scales
with the HHVVv of the fuels, indicated in brackets in the legend. Deionized water cases are shown with dashed, blue lines. Arrows
denote which dry-fuel case corresponds to which water-added case.
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Table 2
Relevant aggregate morphological parameters derived from the SMPS only and tandem SMPS-CPMA analysis. For the tandem
measurements, both the results of the more traditional median-based and the newer distribution-based approach are indicated.

Tandem, median-based
SMPS only approach Tandem, distribution-based approach

HHVV  dmg Mo  pefiioo  Omg M100  Peff100 Omidm
Fuel Code [MJ/m?] [nm]  &dm Dm [fg]l [kg/m®] [nm] oam mg[fg] om Dm  [fg] [ko/m3] [fg]

L9 35.8 129  2.36 2.61 0.307 587 116 169 0461 3.65 240 0320 612 1.37
M9 41.6 156  2.18 261 0374 714 117 186 0548 4.61 240 0.380 725 142
NS-M9 43.2 167  2.29 259 0377 720 116 194 0544 521 242 0377 720 1.43
H9 47.0 179 2.22 2.65 0.343 655 151 173 0.968 386 236 0367 702 1.48

RU-KM2 48.5 183 224 2.68 0.348 665 140 181 0.832 437 241 0368 702 1.48
RU-KM1 51.4 190 2.19 2.65 0.350 668 148 182 0.938 436 238 0369 706 1.49

BK-WO 52.3 197 217 262 0362 691 145 184 0917 447 238 0376 718 147
EC-AC 54.6 199 213 2.64 0370 707 145 189 0932 480 237 0383 741 149
EC-AS1' 60.9 199 210 - - - - - - - - - - -
BK-BR 61.1 199 218 262 0354 676 163 181 119 429 235 0382 729 152
RU-FI 715 215 214 - - -

EC-AC27 75.2 207 2.12 253 0397 758 156 187 1163 449 232 0415 793 148

Average 53.6 185 2.19 2.62 0.358 684 140 182 0.850 4.41 238 0374 715 1.46
Std. dev. 11.3 23 0.07 0.04 0.024 46 17 0.08 0.256 0.44 0.03 0.024 45 0.04
Universal fit - - - 248 0.267 510 - - - - 248 0.267 510 -
[25]

T Tandem measurements were not available for these fuels.

distributions, where the conditional distribution width increases slightly with increasing particle mass and
mobility diameter. Fits of the mass-mobility relation, Eq. (1), to the tandem measurements were computed
using both the median- and distribution-based approaches. The resultant curves are indicated in Figure 5b,
along with the median implied by the mass-selected SMPS scans.

Table 2 indicates that the median-based analysis of the data yields values for Dm, M1oo, and pesr,100 that
are relatively consistent across the fuels. This independence of fuel type suggests that the particle shape
changes little with fuel, even as the median particle diameter increases. The values here lie systematically
above those the universal fit, which was found to describe a wide range of soot sources [24]. While there
was a consistent shift, the parameters of the universal fit still lie within 25% of the average over all of the
fuel types. The authors note that weighting the median diameters during fitting considerably reduced the

spread observed across the different fuels, improving the robustness of the analysis.
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For the distribution-based approach, many of the inferred values remain independent of the fuel, again
including the mass-mobility exponent and the properties of particles that share a mobility diameter of 100
nm, mioo and pesio0. It was notable that the spread in the inferred parameters across the fuels was
approximately the same as the median-based approach without requiring any data weighting, a reflection
of the fact that the distribution-based approach was less susceptible to biases in the tail regions of the
distribution. This was reinforced by the observation in Figure 5b that the median-based approach contained
a potential outlier (the median of the lowest mass SMPS scan, even if this point is weighted lightly) and
that the weighting procedure appears to undervalue the medians of the higher mass SMPS scans. The latter
has the consequence of producing larger mass-mobility exponents for the median-based analysis, while the
distribution-based analysis resulted in mass-mobility exponents is closer to the universal relation [25].
Though the parameter was somewhat sensitive to the regularization parameter chosen in the inversion
scheme. It is also notable that the migo and pemioo inferred with the distribution-based method are
increasingly divergent from the universal relation, in part a consequence of the universal expression having

been derived from prior median-based analyses. Proceeding, unlike mioo and pes,i00, the median mobility

M9 fuel
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Figure S. (a) Reconstructed mass-mobility distribution for the M9 fuel, where brightness indicate relative number of particles on
alinear scale. Ellipses represent isolines corresponding to one, two, and three standard deviations away from the mean of a bivairate
lognormal distribution fit to the data. Also indicated is the mass mobility relation implied by the distribution-based approach, with
parameters indicated in Table 2. Normalized marginal distributions for each of the variables are shown on the corresponding axis,
found by integrating the distribution in the corresponding direction. (b) Mass-mobility relations in [logiom, logiodm]" space,
including that given by the median- and distribution-based approaches and the universal relation from Olfert and Rogak [24]. Both
panels share the same scales.
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diameter and particle mass increase significantly with HHVv. This is consistent with the findings of the
SMPS-only analysis and indicates that the heavier fuels generally have a higher sooting propensity. When
combined with observations of the relative invariance of the properties of particles that share a mobility
diameter of 100 nm, these observations are consistent with the theory that the higher HHVv fuels produce
larger particles that maintain a similar shape. This is further affirmed in that the width of the conditional
mobility and mass distributions are also consistent across the fuels affirming a shift in the overall size of
the particles rather than other morphological changes.

Conditional mobility distribution widths retrieved from the distribution-based analysis tended to be
narrower than the SMPS-only analysis. This was partially a consequence of structure in the error between
the lognormal fits and the SMPS scans, which tended to give slightly wider distributions and larger median

diameters. This may also stem from limitations in the default inversion performed on-board the SMPS.

3.4 Effective Density

Effective density is calculated in three ways: using both the median- and distribution-based analyses of
the CPMA-SMPS measurements and using the TEM data with Eq. (7) [24]. In this way, the quantity acts
to bridge between the population-level statistics provided by the CPMA-SMPS measurements and the
limited number of aggregates analyzed using TEM. The results of all three methods are shown in Figure 6,
where (a) gives an indication of the distribution of the quantities and (b) gives the series of relations derived

from the data as well as the universal expression of Olfert and Rogak [24].
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While the two-dimensional CPMA-SMPS and TEM distributions had similar widths and slopes (i.e.
similar mass-mobility exponent) and overlapped significantly, there is some discrepancy in the distribution
means derived from the two sets of data where the CPMA-SMPS distributions are shifted to larger masses.
These discrepancies, although visually noticeable, still fall within the expected + 20% variation for this type
of measurement [24]. Effective density measurements reported by Kazemimanesh et al. [23] also fall within

this range.

3.5 Raman analysis

Raman D1/G ratios are plotted as a function of a fuel’s volumetric higher heating value in Figure 7.
Fuels which are described in this study are denoted with open circles, those from Kazemimanesh et al. [23]
are denoted with solid circles. Fuel HHVv is denoted with the same colour-code used previously and square,
blue symbols indicate cases with water added. Error bars represent the standard deviation of results from
three spectra from the same sample. For all four ratios, there is a clear trend of increasing graphitization, or
decreasing disorder, as HHVv increases. Square symbols denote L9, M9 and H9 fuels with the addition of
water. For each fuel the addition of water has no discernible effect on the results. Similar trends were seen

for the D2/G, D3/G and D4/G ratios which can be found in the supplemental information.
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Figure 6: (a) Two-dimensional representation of the effective density-mobility distribution, where brightness indicate relative
number of particles on a linear scale, from the CPMA-SMPS measurements and TEM data for the M9 fuel. (b) The corresponding
relations derived using a series of methods, including effective densities derived from the mass-mobility relations in Figure 5b,
the TEM-based power law from Figure 3, and the universal fit from Olfert and Rogak [24].
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Studying the soot produced by a small laminar ethylene flame and collected on different impactor
stages, Baldelli and Rogak [47] observed that larger aggregates, which tend to have larger primary particles,
also have lower D/G ratios. Specifically, the D1/G ratio decreased from 13 to 9 as dp increased from 16 to
25 nm. For the flare soot, the D1/G ratio decreases from 11 to 5 as median primary particle increases from
15 to 25 nm (this increase was associated with larger HHVv, Table 2). It is possible the size of the primary
particle influences the Raman spectra, but it is more likely that the flame residence time and fuel

composition result in slightly different trends.

4. Conclusions

Fuel composition results in significant differences in soot aggregate size and number concentration,
with little effect on the structure of the aggregates. Fuels with a greater HHVv produce, on average, larger
aggregates in greater quantities than fuels with a lower HHVv. This corresponds to an increase in primary
particle size, consistent with previous findings [38]. If the primary particle size for a single aggregate size
(dp,100 Tor aggregates 100 nm in diameter) is considered, then the average primary particle sizes for all of

the fuel cases is the same to within a few nanometers.
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Figure 7. D1/G ratios of Raman samples as a function of the fuel's volumetric higher heating value. Fuels which are considered in
this study are denoted with open circles. Solid circles denote results from the study by Kazemimanesh et al. [23]. D1/G ratios for
cases with water addition are shown with blue squares. Error bars associated with the deionized water are nearly identical to the
error bars of the associated dry case.
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The D/G ratios for fuels with greater HHVv become smaller indicating an increasingly graphitic
structure. This change is associated with an increase in the average primary particle size, roughly consistent
with previous observations for size-segregated soot from a small ethylene burner. Water addition to the
flame reduced soot yields but had no significant effect on the Raman spectra or the value of dyioo.

The particle effective density is determined through multiple complimentary methods, including
inversion to find a two-dimensional mass-mobility distribution from tandem CPMA-SMPS scans and an
estimation from TEM. In all cases, the effective density of the particles tends to be consistent across the
full range of fuels. Two-dimensional representations of the tandem CPMA-SMPS data tended to be more
consistent than the traditional representations in that D, is closely clustered about the mean across the fuels,

without requiring data weighting.

5. Data availability

The data has been made available in the supplemental material.
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