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Abstract

This study investigates flame spray pyrolysis (FSP) as a simple bench-top tool for
comparison of soot emissions from different liquid jet fuels. A sampling assembly is
designed for soot collection and particle property analysis. Soot agglomerate size
distributions and elemental to total carbon ratios (EC/TC) are measured for three liquid
fuels and flame conditions with Reynolds numbers and burner equivalence ratios ranging
from 6000 to 9100 and 6.7 to 13.1. Day-to-day variations in the dilution ratio resulted in
up to 20% variability in the measured total agglomerate number density and mobility
diameters. Geometric mean primary particle (@) and mobility diameter (d,,) values are
below 21 and 113 nm, respectively, in excellent agreement with those emitted from jet
engines and earlier works using FSP. EC/TC is higher than 0.8 for all flames burning Jet

Al, but values as low as 0.55 are measured for soot emitted from SAF burning flames.
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Chapter 1: Introduction

1.1 Background

Soot is a byproduct of the incomplete combustion of hydrocarbon fuels and a significant
contributor to global warming when emitted into the atmosphere [1]. Every year, over 6.6
megatonnes of soot particles are released into the atmosphere from anthropogenic (e.g.,
transportation, flaring, heating, and industrial activities), and natural (forest fires) sources
[2]. This makes soot the third largest contributor to global warming with a direct radiative
forcing of 0.11 W/m? resulting in a 0.1°C increase in the global mean surface temperature
of the earth [3]. Aviation has a strong impact on global soot emissions at high altitudes [4],
contributing up to 50% of soot emissions near the tropopause [5]. These high-altitude soot
particulate emissions have an increased ability to absorb and retain radiation energy before
they settle compared to similar soot emitted at lower altitudes or around sea level [3]. Soot
is considered a short-lived climate pollutant [2] and therefore, reducing soot emissions can
have an immediate impact on global warming and delay climate change [6]. This reduction
of short-lived soot particles could immediately reduce their overall effective radiative
forcing and effect on global mean surface temperature. In a 2021 report, the
Intergovernmental Panel on Climate Change (IPCC) classified soot as the third highest
contributor to global warming [3], however, recent work by Kelesidis et. al states that the
IPCC may have significantly underestimated the radiative forcing effects of atmospheric
soot due to inaccurate models of soot morphology and optical properties [6]. Meaning, the
effects of soot on global warming could be stronger than currently reported and need to be

further studied and reduced to limit their adverse environmental effects.
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To mitigate soot emission at high altitudes, the International Civil Aviation Organization
(ICAO) has regulated non-volatile particulate matter (nvPM) emissions, which includes
soot, from jet engines exceeding 26.7 kN of thrust [7]. Engines rated >26.7kN of thrust are
primarily used for commercial passenger and freight aircraft which tend to dominate airport
and total aircraft emissions [7]. ICAO also controls regulations on aircraft with <26.7kN
of thrust. However, the ICAQO’s most recent standardized regulation on nvPM emissions is

for aircraft with thrust >26.7kN.

Improvements in aircraft fuel efficiency and air traffic control for efficient and sustainable
air travel have led to carbon emission reductions up to, but not exceeding, 15% [8].
However, Boeing has estimated that operating a commercial jet engine on a biojet fuel
could reduce its carbon emissions by up to 80% compared to conventional fossil fuels,
through an airplane lifecycle [8]. A sustainable aviation fuel (SAF) is any fuel that is
produced from a sustainable feedstock. Biojet fuels are a specific category of SAF that are
produced from a biomass feedstock. Research in biojet fuels is in the early stages and most
production techniques require four or more functional process units, which refers to the
steps required to refine the fuel from its base source to an operational liquid fuel. Early
stage four-step (or more) fuels require processing steps such as addition of sugars, fatty
acids, fermentation, and other processes before a biojet fuel is produced. This is because
the feedstock mixture includes a variety of biomasses that require specific treatments. This
increases cost, energy, and labor to commercialize a new fuel. However, technology for
lignin-based (complex organic polymers found in biomass) biojet fuels, where the starting

feedstock is strictly lignocellulosic biomass, show very promising results due to its one
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step conversion process requiring only a hydrodeoxygenation to convert to the feedstock
to long-chain hydrocarbons, making its production cost more comparable to that of fossil
fuels [8]. As of 2021, Jet A/Al is the only fuel source allowed to power commercial
aircraft, but there are currently five main biojet fuel technologies that have met ASTM
D7566 specification standards. This standard allows a SAF to be blended with Jet A or Jet
Al and used to operate a non-commercial aircraft. Those fuels are Fischer-Tropsch
Kerosenes (FT-SPK and FT-SKA), Hydrotreated Esters and Fatty Acids (HEFA),
Synthesized Iso-Paraffinic (SIP), and Alcohol (isobutanol) to Jet Synthetic Paraffinic
Kerosene (ATJ-SPK). The sources of these fuels are outlined in Table 1.1.

Table 1.1: Approved biojet fuels for mixture with Jet A/Al and their sources [8]

Approved Alternative Fuel for Mixture Source
Fischer-Tropsch Synthetic Paraffinic Lignocellulosic biomass, municipal solid
Kerosene (FT-SPK) waste

Fischer-Tropsch Synthetic Kerosene with | Lignocellulosic biomass
Aromatics (FT-SKA)

Hyrdotreated Esters and Fatty Acids Vegetable oil, animal fat, recycled oil
(HEFA)

Synthesized Iso-Paraffinic (SIP) Juice, lignocellulosic biomass
Alcohol (isobutanol) to Jet Synthetic Lignocellulosic biomass and starch

Paraffinic Kerosene (ATJ-SPK)

SAFs are advantageous for minimizing global harmful effects caused by the aviation
industry as they directly reduce CO2 by emitting recycled CO; that has already been
absorbed by the biomass used in the fuel feedstock. Fossil fuels add to the overall increase
of CO: by emitting carbon that has previously been locked away in the earth’s surface.
Soot emissions can also be reduced using SAFs because their chemical composition
typically has lower mass percentages of poly-cyclic aromatics and cyclo-alkanes compared
to conventional fossil-fuel aviation fuels. Reducing aromatics and cyclo-alkanes often lead

to a decrease in soot emissions when the fuel is combusted [9]. However, SAF production
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processes require expensive testing and evaluation before implementing as a mixture
approved for drop-in fuel [10]. Ideally, compatible drop-in SAFs are the end goal, to reduce

overhauls of current operational engines and components.

When a fuel is developed, it must complete the Standard Practice for Qualification and
Approval of New Aviation Turbine Fuels and Fuel additives, also known as ASTM D4054,
before the fuel is cleared for drop-in use. This process is broken into four different tiers
followed by a research report that is either accepted or rejected for ASTM specification.
Tiers 1 and 2 include fuel property analysis and fit-for-purpose property tests. These tests
check whether the fuel produces sufficient energy release when combusted, but also meet
other jet fuel interdependencies such as acting as a coolant, seamlessly working with
current pumps and seals, remain stable in long-term storage, and react safely under severe
operability conditions [10]. Tiers 1 and 2 remain relatively inexpensive, do not require
large volumes of fuel, and can be completed within six months [10]. Examples of these
tests include two-dimensional gas chromatography (GCxGC) to quantify the chemical
composition of the hydrocarbons in each fuel, and surrogate modelling with simplified
mixtures to identify important reaction pathways that control combustion [11]. More
recently, hybrid approaches, like the one seen in the JETSCREEN program [11], where
kinetic models are numerically optimized and fine-tuned for specific fuel palettes, have
been used to help estimate sooting tendencies and emissions for developing fuels [10]. The
JETSCREEN program specifically focused on safety, environmental, and operation-related
subprocesses. One example of their findings was that lowering aromatic contents reduced

soot emissions significantly; however, it increased risk of O-ring shrinkage and fuel leaks
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[12]. Tier 3 consists of fuel compatibility tests with specific components followed by
engine/APU testing in tier 4. This phase can take much longer (2-3 years) and increases
testing costs as more personnel, equipment, and large volumes of fuel are required [10].
JETSCREEN’s hybrid approach has shown potential for synthesizing and identifying soot
from a variety of jet fuels by using flow reactor experiments and burning velocity
measurements with the help of kinetic modelling [11]. However, this study focuses more
on fuel reactivity and does not identify the properties of produced soot particles such as

their size, composition, mass, and optical properties.

These are important properties when considering the harmful effects of jet fuel emissions
on the environment. For example, mobility diameter, d,,, size distributions of soot particles
govern their transport properties [13] while their primary particle diameter, d,,, is inversely
proportional to their specific surface area that is linked to the toxicity of soot particles [13].
Another important property of soot particles is their mass absorption cross section (MAC)
which defines the direct radiative forcing of soot particles in the atmosphere and is strongly
dependent on the soot particle mass and the number of primary particles in each
agglomerate [14]. Most studies that identify these properties are utilizing test techniques
from tier 3 and 4, with full-size engines, requiring expensive resources and longer
timeframes. For example, in 2011, Lobo et. al used a CFM56-7B commercial jet engine to
burn conventional Jet A1 and biomass-based fuels to measure particulate matter (PM)
number and size distributions [15]. That study identified potential for large PM emission

reductions at the engine exit plane by using alternative fuels with low aromatic content,
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high hydrogen to carbon ratios and low viscosities. However, the fuels tested did not meet

current ASTM standards for aviation fuel and could not be certified as replacement fuels.

In 2019, a CFM56-5C4 engine was used by Schripp et al. to compare particle mobility size
distributions for Jet A1 and Gevo alcohol-to-jet (ATJ) fuels, like the ones used in this work,
where Jet Al geometric mean mobility diameters, d,, , ranged from 13-39 nm and ATJ
d,, from 13-35 nm in ground idle to takeoff conditions [16]. It was concluded that

alternative jet fuels do not necessarily reduce CO2 emissions, but affirmed that fuels with

little to no aromatics, like the ATJ fuel, will achieve reduction in PM emissions.

More recently in 2021, a study by Durdina et al. looked at mobility size distributions of
soot from a CFM56-7B26 engine operating on Jet Al vs. a 32% hydrotreated esters and
fatty acids (HEFA-SPK) blended (with Jet A1) fuel, where d,,, ranged from ~8-40 nm for
both fuels [17]. That study provided evidence for the improvement of air quality around
airports by using SAFs that reduce PM emissions. They found reductions in nvPM mass
and number emissions by as much as 20% and 25%, respectively. Full-sized engine testing
like the ones mentioned above require large volumes of fuel and the main challenge faced
in the fuel screening process, especially in tiers 3 and 4, is to extract as much information

from as little fuel as possible and minimize the need for full size engine tests [8].

1.2 Sampling
Soot particle mobility diameters found in aviation emission plumes are most often in the

nanoscale region [18] and can be sampled and analyzed with a variety of techniques,
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depending on the design of the experiment. Sampling probes are used to draw soot samples

directly from the primary emission flow or plume exiting a jet engine or open flame.

Wey et al. [19] sampled and analyzed exhaust plumes from a stationary DC-8 aircraft
operating with a CFM56-2C1 engine. Soot mobility size distributions and emission indices
(EI) were analyzed and calculated at different jet fuel flow rates and distances from the
engine exhaust exit plane. An EI gives quantification to the mass- or number-based
concentration of an emitted gas or PM per mass of the fuel. In this experiment, sampling
was done with a probe rake that had a total of 18 individual probes: 6 gas, 6 particle, and 6
external probes, where the external probes were used for raw sample collection with no
integrated dilution. The gas and particle probes were designed with concentric flow of dry
nitrogen, downstream of the probe tip, to quickly dilute the entering collected sample to
limit condensation, agglomeration, and gas to particle conversion processes. The external
probes were used when the rake was positioned 30 m away from the exhaust exit plane to
sample the plume without dilution gas. The sample rake also used water-cooling to protect
particle and gas samples from thermal degradation as the sample travelled through the

probe.

Lobo, Hagen, and Whitefield [20] used the same sampling rake and compared PM
emissions from a commercial jet engine (CFM56-7B) mounted in an open-air test cell with
varying mixtures of conventional, biomass, and Fischer-Tropsch fuels. Here, the engine
thrust settings were adjusted, and particle size distributions were compared for varying fuel

mixture percentages at different thrust levels. Soot mobility size distributions were
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successfully measured with the rake sampling probe from Wey, et al. [19]. Mass and
number Els were calculated and compared between the different fuels and thrust settings.
Alternative fuel candidates used in this study provided potential for large PM emissions

reductions compared to conventional Jet Al.

Lobo et al. [21] used a similar multipoint rake-style sampling probe to extract gaseous and
PM emissions of a small (<26.7 kN thrust) mixed turbofan aircraft engine. Both diluted
and undiluted samples were measured by switching the flow through different sampling
paths. The diluted path used a Dekati DI-1000 ejector diluter to dilute samples with filtered
dry nitrogen by a factor of 8-13. Soot mobility size distributions and PM number- and
mass-based Els were defined for varying engine thrust settings in the landing take-off

cycle, using Jet A1 and SPK.

Christie et al. [22] experimented with a Garrett Honeywell GTCP85-129 auxiliary power
unit (APU), often used on a Boeing 737, to find a correlation between PM emissions and
Smoke Number (SN) using conventional and alternative fuels. Gas turbine APUs offer a
good model for main aircraft engine combustion characteristics and are considerably less
expensive to operate [22]. SN is a way of estimating soot emissions from a given source.
Measurement of SN is done by placing a filter in way of the primary smoke flow and
measuring the reduction in reflectance of the filter caused by the smoke blackening the
surface. To collect soot and gas samples, Christie et al. used two single point probes (one
for PM emissions and one for gas emissions), side-by-side, placed ~0.15 m from the engine

exit plane. Downstream of the PM sampling probe, a Dekati ejector diluter (model DI-
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1000) was added to the flow path to dilute the PM sample with particle-free dry nitrogen.
Samples were corrected for dilution and line losses. PM size and mass- and number-
concentrations, as a function of SN, were identified for conventional, alternative, and

mixed fuels.

Kinsey et al. [23] compared multiple configurations of a sampling rake, placed within 8 m
of the engine exhaust plane, for both gas and nvPM collection from a J85-GE-5 turbojet
engine. Samples were diluted downstream, after collection at the engine exhaust, by an
ejector diluter (Dekati DI-1000 or equivalent) with filtered nitrogen or air, achieving
dilution ratios of 8-14. Analysis instruments for measuring nvPM mass, size, and number
concentrations were used to get soot mobility size distributions, and nvPM number and
mass concentrations. Configurations within the sampling assembly were adjusted to
compare variabilities within the analyzed samples when dilution, sample paths, and fuels

were changed.

In another experiment, Lobo et al. [24] completed a comparison study between common
standardized sampling and measurement reference systems for aircraft engine nvPM
emissions. In this study they used two exhaust sampling probe assemblies placed within 1
m of the exhaust exit plane and with 8 mm inner diameters. One of the sampling probes
was made from Inconel 625 alloy and had a cruciform design with six sampling orifices on
each of the four arms. Orifices were systematically positioned radially from the center of
the cruciform. The multiple orifice positions provided various configurations for sampling

positions within the exhaust stream. The other sampling probe was made from Inconel 600
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alloy and was placed 0.8 m away from the exhaust exit plane. The collected sample

travelled through the probes before being split to three different measurement reference

systems: Swiss (developed by Empa), North American (developed by Missouri University

of Science and Technology), and European (developed by Cardiff University). In this

study, samples were not diluted in the probe, but diluted at the beginning of each

measurement reference system by a Dekati DI-1000 ejector diluter. This way, samples

could be pulled off the first sample line for raw emission measurement without dilution.

Table 1.2: Samplin

probe literature review summary table for aviation engines.

Distance o
Sampling from D1lgt10n Emission
Authors Ratio for Measurements
Probe exhaust Source
. PM*
exit plane
Wey et al. [19] Sampling | 1,10,30 |10at10m | Exhaust | Soot mobility
rake with | m 30at 30 m | flow of size
water- (ambient CFM56- | distributions,
cooled air) 2C1 PM and gas
stainless- 8-13 engine on | Els
steel PM (controlled | chocked
probe N2) DC-8
aircraft
Lobo, Hagen, I m > 10 Core Soot mobility
Whitefield [20] exhaust size
flow of distributions,
CFMS56- soot EI
7B engine
in open air
test cell
Lobo et al. [21] Rotating Within 8-13 Small Soot mobility
multipoint | half (Dekati mixed size
probe for | exhaust DI-1000) | turbofan distributions,
gaseous nozzle aircraft PM mass- and
and PM diameter engine number-EI
emissions (<26.7 kN
thrust)
Christie et al. [22] | Side-by- ~0.15m | Dekati DI- | GTCP85- | Smoke
side single 1000 129 APU | number, PM
point size, mass
probes for concentration,
gaseous
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and PM number
emissions concentration
Kinsey et al. [23] | Sampling | N/A 8-14 J85-GE-5 | Soot mobility
rake for (Dekati turbojet size
gas and DI-1000) engine distributions,
PM PM number
collection and mass
concentrations
Lobo et al. [24] Cruciform | 1 m 8-14 CFM56- Soot mass,
with 6 (Dekati 7B26/3 PM EI, Soot
sampling DI-1000) mobility size
orifices distributions

*Dilution ratios noted in this column either take place at the probe inlet, due to the sampling
probe design, or are caused by diluters added to the flow path downstream from collection
(e.g., Dekati diluter).

Dilution of PM sample flows is often used to limit unwanted conversion processes, such
as coagulation and thermophoretic wall losses [25], while the particles travel to analysis
instruments. Overall, in the case of jet engine testing, dilution of PM samples is often done
in one or two stages. If only one stage of dilution is required, a Dekati DI-1000 ejector
diluter, with air or nitrogen, is commonly used. This style of diluter creates a venturi effect
caused by the injected diluting gas that pulls sample air into the main mixing region. The
dilution factor is adjusted by the inlet pressure of the diluting air. Some studies use two
stages of dilution where the sampling probe is designed in a way that an inert gas (often
nitrogen) is supplied to the probe and mixes with the sample flow close to the probe inlet
to stop conversion processes caused by probe sampling, as soon as possible. Engine
sampling often takes place at distances far enough from the engine exit plane, where PM,
such as soot agglomerates, have matured and changes to morphology properties in the
sampling line are minimal. However, when collecting soot from open flame lab-scale
burners, if the soot is not collected soon enough, high oxidation rates due to excessive

surrounding ambient air cause particles to drastically reduce in size and effectively change
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the morphology of the produced soot [7]. Thus, the design method of an inert gas meeting
the sample as soon as it enters the sampling probe is employed much more often in soot

sampling of open flame burners.

Two common probe designs for open flame collection are the hole-in-a-tube (HiaT) and
straight tube sampling probes. A HiaT design can be seen in Figure 1.1 and uses a pinhole
of desired size in a cylindrical tube as the inlet for sample collection. The pinhole is often
positioned facing downward, opposing the direction of the emission gas flow. An inert gas,
often nitrogen or argon, is supplied to one side of the tube and a negative pressure,
downstream from the pinhole, pulls both the inert gas and sample flow through the tube
where it is mixed, and the sample is diluted. The flow continues downstream to any

respective analysis instruments connected to the system.

Hole-in-a-tube (HiaT) sampling probe

Inert gas supply Negative
—— Dijluted flow to &

— — > downstream

—y beanalyzed
pressure

—'l I |<— Pinhole for sample inlet

Primary sample
flow

Figure 1.1: HiaT sampling probe design with inert gas dilution, where sample gas flow is sucked into the
tube by a negative downstream pressure and meets a horizontal inert gas flow. Mixing between the two
flows takes place and the collected sample is diluted.

The straight tube sampling design is similar in that it uses an inert gas to meet the collected
sample as it enters the flow. However, instead of using a single tube with a pinhole, the
straight tube uses a tube-in-tube design where the inert gas is supplied to the outer tube on
one end, and travels toward the open pinhole to meet the sample being drawn in by a

negative downstream pressure. In most cases, the collected sample travels a short distance

24



through the probe tip before it mixes with the inert gas and is diluted. The diluted sample
continues through the inner tube to be analyzed. A general schematic of this design is

shown in Figure 1.2.

[ - — ] .
Pinhole for L ‘— Negative

R Diluted flow to
> downstream

sample inIetT | "— be analyzed
— pressure

f

Inert gas supply

Primary sample
flow

Figure 1.2: Straight tube sampling probe with inert gas dilution, where sample gas flow is sucked into the
probe tip by a negative downstream pressure and inert gas is drawn towards the pinhole inlet before being
forced around a corner to meet the incoming sample flow. Mixing between the two flows takes place and
the collected sample is diluted.

A HiaT sampling design has been the most popular for open flame particle sample
collection from both the flame tip and within the flame. Experiments by Zhao et al. in 2003
[26], Commodo et al. in 2015 [27], and Kazemimanesh et al. in 2017 [28], used HiaT
sampling probes to collect particles from diffusion or premixed laminar flames and dilute
the flow with nitrogen. Zhao et al. improved on an original HiaT design from Kasper et al.
[29], using a stainless-steel tube with an outer diameter of 9.53 mm (3/8”) and 0.71 mm
(0.028”) wall thickness. After many tests, Zhao et al. found that a pinhole of 0.2 mm
diameter provided the best result for maximum dilution which was >10,000. They also
incorporated water cooling sleeves around the tube, on either side of the pinhole, to further

cool the sample flow and limit chemical reactions in the line.

Commodo et al. [27] used a similar HiaT design, having the same pinhole size of 0.2 mm,

but used a slightly larger stainless-steel tube with 10 mm outer diameter, 0.5 mm wall
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thickness, and no water cooling. This design ensured dilution ratios of =3000.
Kazemimanesh et al. [28] also did not use water cooling and operated with a stainless-steel
tube that was smaller in size with a 3.2 mm outer diameter and wall thickness of 0.52 mm.
The pinhole size in this experiment was 0.5 mm but needed to be unclogged by a fine wire
periodically through testing. They found that a pinhole size < 0.5 mm clogged too quickly
and did not allow enough time for particle measurements. In this experiment, immediate

dilution ratios reached up to ~6000.

Although these examples with HiaT sampling probes provided a range of dilution ratios
and successfully measured particle size distributions from open flames, the HiaT design
risks a higher flame perturbation, with respect to the flow field and temperature profiles,
compared to the straight tube design [30]. Straight tube sampling probes can also be
adjusted to meet a range of dilution ratios by changing tube sizes, pinhole inlet diameters,
and dilution gas flows. Within these straight tube designs, there is more opportunity to
design the probe to minimize flame disturbance, compared to HiaT designs, due to the
geometry [30]. Recent straight tube sampling probe designs were used for particle
collection from liquid fuel burner exhaust plumes by Heath in 2012 [31], co-flow diffusion
flames by Dreyer et al. [30] and Tan et al. [32], and flame spray pyrolysis burners by
Goudeli, Grohn, and Pratsinis [33], Trivanovic, Kelesidis, and Pratsinis [34], and Kholghy

and DeRosa [35].

In 2012, Christopher Heath of the NASA Glenn Research Center designed a stainless-steel

straight tube probe for isokinetic sampling of submicron particle measurements at high
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altitudes [31] using Numerical Propulsion System Simulation code and computational fluid
mechanics. Combustion was modelled with a low pressure (1-2 atm) burner capable of
burning jet fuel. The straight tube probe was inserted into the altitude emission chamber,
positioned in different axial and radial distances from the exhaust injection site, and pointed
downward, directly into the rising exhaust flow. Dilution gas was supplied to the straight
tube, resulting in a dilution ratio of 26. The internal sampling tube, carrying nitrogen
diluted sample flow, had a 6.35 mm (1/4”) outer diameter with 0.89 mm (0.035”") wall
thickness and the outer tube, carrying the nitrogen gas, had a 9.53 mm (0.375”) outer
diameter with a 0.89 mm (0.035”) wall thickness. The tip was custom made and interfaced
with the tube sizes. The sample flow entered the tip through a 1.04 mm (0.041”) hole and
travelled 21.7 mm (0.854”) through the probe tip before it met the nitrogen dilution gas
and expanded into the 6.35 mm (1/4”) tube. As the dilution gas met the sample flow,
particle concentration decreased rapidly. However, computational fluid dynamics results
on this design predicted particle losses near 50% for all particle sizes during the 21.7 mm
(0.854”) travel distance before the sample met nitrogen. It was thought to be caused by

diffusion losses due to increased velocity in the inlet region of the probe tip [31].

The straight tube sampler in experiments by Dreyer et al. [30] and Tan et al. [32], in 2018
and 2021, was composed of a combination of stainless-steel and quartz components. A
quartz tube was used as the outermost tube to house the nitrogen dilution gas. This way, it
could be custom formed to incorporate the inlet pinhole in one piece. The quartz tube had
an outer diameter of 12 mm, wall thickness of 4 mm, and an inlet pinhole 0.4 mm in

diameter. The geometry of the tip was developed to minimize flame disturbance and
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residence time of the sample to reduce particle losses due to diffusion [30]. The nitrogen
diluted sample then travelled through a stainless-steel tube with a 6 mm outer diameter and
a 1.5 mm wall thickness. Dilution ratios in these experiments were 170-250 and 1200,

respectively.

Goudeli, Grohn, and Pratsinis [33], Trivanovic, Kelesidis, and Pratsinis [34], and Kholghy
and DeRosa [35] used a lab scale-flame spray reactor (LS-FSR) designed by Wegner
Consulting to synthesize ZrO> [33] and soot [34, 35] particles. These three experiments
used straight tube sampling probes to collect and dilute the nanoparticles before analysis.
The straight tube sampler in Goudeli, Grohn, and Pratsinis’, and Trivanovic, Kelesidis, and
Pratsinis’ experiment had a 2.5 mm pinhole inlet where the sample flow traveled for 15
mm before expanding to a 5 mm inner diameter tube when the nitrogen dilution mixed with
the sample. Dilution ratios by the straight tube were not specifically defined in Goudeli,
Grohn, and Pratsinis’ experiment, but Trivanovic, Kelesidis, and Pratsinis supplied a
constant 10 L/min of nitrogen dilution gas to the probe, while collecting 12 L/min of soot
aerosol sample flow.

Table 1.3: Sampling probe literature review summary table for lab-scale burners.

Authors Sampling Pinhole Dilut.ion Emission Measurements
Probe Size Ratio Source
Zhao et al. [26] | HiaT with | 0.2 mm | >10,000 | Laminar Soot mobility
water- premixed size
cooling ethylene- distributions
oxygen-argon
flame from
porous plug
burner.
Commodo et HiaT 0.2mm | =3000 Laminar Soot mobility
al. [27] premixed size
ethylene-air distributions,
flame from primary
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McKenna particle
burner. distributions,
at different
phases of the
flame
Kazemimanesh | HiaT 0.5mm | =6000 Laminar Soot mobility
et al. [28] methane jet size
diffusion flame | distributions
from co-flow
burner.
Heath [31] Straight 1.041 26 Liquid fuel, CFD
tube mm low pressure modelling
(0.0417) burner
Dreyer et al. Straight 04mm | 170-250 | Laminar n- Soot mobility
[30] tube [30] heptane/toluene | size
Tan et al. [32] 1200 [32] | co-flow distributions
diffusion flame | at different
from Yale phases of the
burner. flame
Goudeli, Straight 2.5mm | N/A [33] | Turbulent ZrO2 mobility
Grohn, and tube 12 L/min | diffusion size
Pratsinis [33] sample, zirconium- distributions,
Trivanovic, 10 L/min | xylene primary
Kelesidis, and N» precursor particle
Pratsinis [34] dilution solution flame | diameter [33].
[34] from LS-FSR Soot mobility
[33]. size
Turbulent distributions,
diffusion Jet composition,
Al-oxygen-air | primary
flame from LS- | particle size
FSR [34]. [34].
Kholghy and Straight 25mm | N/A Turbulent Soot mobility
DeRosa [35] tube with diffusion Jet size
water- Al-oxygen-air | distributions,
cooling flame from LS- | primary
FSR particle
distributions,
composition,
optical
properties.
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1.3 Soot Generating Burners

A recent review of jet engine soot morphological properties by Saffaripour et al. [36]
identified that geometric mean mobility diameters (d,,,) generally measured < 70 nm with
geometric standard deviations () ranging from 1.5-1.8. All particle size distributions
showed lognormal distributions [36]. The composition, referring to elemental to total
carbon ratio (EC/TC), of soot produced by jet engines operating on conventional jet fuels
like Jet Al, remains > 0.8 at medium and high thrust levels [37]. Due to this, optical
diagnostic tools that rely on the composition of soot, for the measurement of its refractive
index, are often calibrated to measure particles with EC/TC > 0.8 [37]. Lab-scale burners
like the mini-CAST [37], the inverted burners [38, 39], and the McKenna burner [40], have
been used to burn gaseous fuels in laminar premixed and diffusion flames to synthesize
soot particles with morphological and composition properties like those found in jet engine
soot emissions. However, these burners fail to meet both particle size and composition of
jet engine-like soot, in the desired range [37], and cannot burn liquid fuels. Flame spray
pyrolysis has recently been used to generate soot particles using liquid fuels, including Jet
A1, and has shown capability to produce soot agglomerates with d,,, < 70 nm and EC/TC

> 0.8 [41, 42].

A study by Durdina et al. [37] used two mini-CAST burners (models 5201C and 6203C)
to generate soot particles of different sizes and compositions from a co-flow diffusion
propane flame. The global fuel-air equivalence ratio was altered in the range of 0.49-1.01
for different flame conditions. Elemental carbon contents remained high, with all flame

conditions producing EC/TC > 0.8, but only two conditions at low equivalence ratios
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produced particles with d,,, < 70 nm. However, they found that adjusting the global fuel-
air equivalence ratio produced unpredictable d,, and EC/TC results when working with
different models of mini-CAST. They also found that mini-CAST soot EC content reduces
with decreasing d,,, that generating soot with EC/TC > 0.8 and d,,, < 50 nm was not

feasible, and that other sources should be investigated.

In 2019, Kazemimanesh et al. [38] experimented with a novel inverted co-flow ethylene-
air diffusion flame burner that had interchangeable fuel and co-flow air tube sizes. The goal
was to investigate the effect of tube geometry on flame stability and soot particle emissions.
After initial testing, it was found that the largest tube size design, which had identical
geometry to the Argonaut Scientific Corporation inverted burner (model MISG-1), worked
best for soot particle production. Global equivalence ratios were adjusted from 0.124 to
0.186 to generate various number concentrations and particle sizes. For these conditions,
EC/TC ratio was very high (0.88-0.98), but mode mobility diameter did not go below 89
nm, and most conditions were around 230 nm. It was concluded that this burner could be
used as a stable source of soot particles in applications where high EC content is desired.
However, this design did not show the capability to produce soot with high EC/TC and

d,, <70 nm.

Experiments with the novel inverted burner were continued by Moallemi et al. [39] using
a co-flow propane-air diffusion flame. The goals of this work were like that of
Kazemimanesh et al. [38]; to find optimal burner operating conditions and assess stability

and repeatability. Again, global equivalence ratios were varied to produce a range of soot
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properties, including morphology, composition, and optical properties. Elemental carbon
contents in this study remained high with a mean value of ~0.94 for all conditions, and

mode mobility diameters ranged from ~100-200 nm.

A study by Ghazi et al. [40] experimented both with a McKenna burner operating with
premixed ethylene-air, and an inverted-flame burner operating with methane and air in co-
flow. Median mobility diameters ranged from 93-148 nm and 62-163 nm, respectively,
with only the leanest inverted-flame condition producing median mobility diameters < 70
nm. Organic content and volatile material on inverted burner soot was deemed minimal
and immeasurable; however, McKenna burner soot contained substantial, flame condition

dependent, volatile material.

Recently in 2021, Kholghy and DeRosa introduced flame spray pyrolysis (FSP) as a
technique to synthesize jet engine-like soot using conventional Jet A1 liquid fuel [35]. The
burner used was an LS-FSR by Wegner Consulting Group, and the flame was left open to
surrounding air within a large fume hood. The turbulent diffusion flame produced d,,, and
@ in the range of 13-91 nm and 13-22 nm while maintaining EC/TC > 0.8. The range of
size distributions were created by adjusting common FSP parameters such as fuel and
oxidizer flow rates. They operated with fuel and oxygen flow rates between 9-12 mL/min
and 1-1.75 L/min, respectively. Trivanovic, Kelesidis, and Pratsinis used the same burner
with liquid Jet A1 but enclosed the flame with quartz tubing (60 cm in height) and provided
nitrogen gas half-way up the quartz tube enclosure to reduce particle oxidation before

sample collection [34]. This allowed synthesis of soot agglomerates with similar size to
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Kholghy and DeRosa’s work (15 < d,,, < 153 nm, @ = 14 nm) but with a reduced fuel

flow rate of 4.5 mL/min and oxygen flow rate of 1.5-3 L/min.

Table 1.4: Lab-scale burner literature review summary table.

Authors Burner used Flame EC/TC ratio Rartlcle
Diameter
Durdina et al. Mini-CAST Co-flow 0.81-0.93 55-161 nm
[37] propane-air (Geometric
diffusion mean mobility
diameter)
Kazemimanesh | Novel Inverted co- 0.88-0.98 89 nm, 230 nm
et al. [38] miniature flow diffusion (Mode mobility
inverted-flame | ethylene-air diameter)
Moallemi et al. | burner Inverted co- ~0.94 100-200 nm
[39] flow diffusion (Mode mobility
propane-air diameter)
Ghazi et al. [40] | McKenna Premixed N/A 93-148 nm
burner, ethylene-air, 62-163 nm
inverted burner | inverted co- (Median
flow diffusion mobility
methane-air diameter)
Kholghy and Flame Spray Turbulent > 0.89, 13-91 nm,
DeRosa [35], Pyrolysis diffusion flame | 0.81-0.83 15-153 nm
Trivanovic, burner (LS- with liquid Jet (Geometric
Kelesidis, and FSR) Al, oxygen, mean mobility
Pratsinis [34] and sheath air diameter)
flow

1.4 Motivation

This study seeks the use of FSP as a bench-top rapid screening device to compare
agglomerate size distribution, morphology, composition, and optical properties of soot
particles generated from three different standardized liquid jet fuel samples with certified
POSF numbers. Jet fuel soot samples collected from field tests are classified by their size,
having average d,,, and d,, less than 70 [41] and 20 nm [42], respectively, elemental to total

carbon ratios, EC/TC, greater than 0.8 [42], and MAC of ~7.5 and ~5.2 m?%/g at 532 and
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870 nm, respectively [43]. Current bench-top scale reactors such as Mini-CAST [44], the
Argonaut Inverted Burner [45], and the McKenna burner [46] attempt to synthesize jet
engine-like soot but fail to meet the EC/TC and d,,, thresholds mentioned above. The soot
produced by the mini-CAST can reach EC/TC > 0.8 but only when = d,,, > 60 nm [44].
The Argonaut Inverted Burner met EC/TC values of 0.88 but failed to produce soot
particles with d,;, < 90 nm [45]. The McKenna burner produced smaller particles (d,, <
30 nm) within the jet engine thresholds but did not exceed EC/TC = 0.8 [46]. These burners
operate on gaseous fuels such as propane or ethylene mixtures and do not have the
capability to burn liquid jet fuels. However, there are emerging tests that use vaporized
liquid fuel burnt in a co-flow diffusion flame to measure soot volume fractions and smoke

point as a measure of the sooting tendency of each fuel [47].

Liquid SAFs are continuously evolving as certification standards, emissions restrictions,
and compatibility with current rigs and components continue to advance. Fuel pre-
screening processes get expensive when large volumes of fuel, increased numbers of
personnel, and full-sized jet engines are required for testing. Current pre-screening
standards estimate soot emissions based on fuel composition and chemical stoichiometry
[10] but rarely synthesize soot with combustion. Previous work by Kholghy & DeRosa
[35] has shown that flame spray pyrolysis (FSP) can synthesize jet fuel soot, maintaining
the size, composition, and optical properties within the same threshold as soot collected
from full-sized engine field tests [28]. Based on the literature discussed in Section 1.3,
there are not many lab-scale reactors capable of generating jet engine-like soot from liquid

fuels. The contribution of this research is to provide a lab-scale liquid fuel reactor and
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sampling assembly capable of generating soot similar to that emitted from full-size
turbofan engines. Knowing that FSP can produce soot from liquid Jet A1 fuel comparable
to engine test samples, this work aims to use FSP to estimate properties of soot formed

from developing SAFs and compare them with reference Jet Al.

1.5 Flame Spray Pyrolysis

FSP was originally designed for scalable synthesis of inorganic nanoparticles [29]. FSP
provides a versatile approach to synthesize nanoparticles with excellent control of
oxidation states, band gap, morphology and surface area in a way that is both scalable and
affordable [50]. As such, FSP is usually operated under very fuel lean conditions to prevent
soot which is often considered as a contaminant. However, FSP has also been used for the
synthesis of carbon-coated [51] or -supported [52] nanoparticles, which demonstrates the
potential of this technique for synthesis of organic nanoparticles such as soot. Recently,
Kholghy & DeRosa [35] and Trivanovic, Kelesidis, and Pratsinis [34] used FSP to generate
soot particles from liquid Jet Al fuel in both open [35] and enclosed [34] flames, where

thresholds for size, composition, and optical properties of jet engine soot were met.

FSP uses a liquid fuel to generate spray combustion turbulent flames. Liquid fuel is
supplied through a central capillary in the burner where it is atomized by surrounding
dispersion oxygen supplied with a choked flow at a pressure drop of 2 bar and ignited by
the premixed methane pilot flame, seen in Figure 1.1. Open flames, like the ones tested in

this study, entrain surrounding air, which affects soot oxidation and is difficult to quantify
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[52]. To minimize this, a quartz tube was placed on top of the FSP burner, surrounding the

base of the flame.
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ﬂfTe . g Quartz
< \ “ tube

@ Pilot
4 —
! flames

!er@
e

2 H
Jet Fuel 4

100 mm

0 +0,

Figure 1.3: An illustration of the FSP burner and the resulting turbulent flame used for soot formation.
Liquid jet fuel is supplied through the central capillary and oxidized with a surrounding ring of dispersion
oxygen. Atomized jet fuel is then ignited by the surrounding premixed, methane-oxygen pilot flame. A
quartz tube (ID: 42mm, OD: 46mm, height: 100mm) is placed on the surface of the burner to reduce
entrained air caused by the nature of a turbulent diffusion flame.

1.6  Outline of Thesis

The following chapters of this thesis detail the planning, design, and experimental steps of
building a FSP assembly for synthesis of soot from liquid jet fuels and sampling it for
analysis and characterization. Chapter 2: Methodology covers fuel and flame conditions,
soot sampling techniques, and the tools used for analysis. The particle size distribution,
morphology, and composition results from samples are analyzed and discussed in Chapter
3: Results. Chapter 4: Conclusions and Outlook concludes the thesis and discusses further

work for this project.

36



Chapter 2: Methodology

2.1 Flame Spray Pyrolysis Burner

The FSP burner used in this study was designed and built by Wegner Consulting Group. It
is a refined design from the original FSP burner used by Médler et al. in 2002 to synthesize
nanostructured particles and systematically control the specific surface area of the
generated particles by adjusting oxidant and fuel flow rates [48]. This specific burner was
chosen for this study because of its capability to generate soot with the size, composition,
and optical properties of aviation like soot, while other common lab-scale soot generators

failed to meet these thresholds as discussed in Section 1.3.

A schematic (not to scale) of the FSP is shown in Figure 2.1 to illustrate the geometry and
location of flow paths for fuel, oxygen (the atomizing oxidizer), the pilot flame, and sheath
gas flow. The sheath gas flow (green) is shown as eight individual points in this schematic,
but the physical design for the burner used in this work is a porous plate and can be better
visualized in Figure 2.2. The sheath flow function was not used for the experiments and

data outlined in this work.
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Figure 2.1: Side section and top view schematic of an FSP burner with liquid fuel supply (red), dispersion
(atomizing) oxygen (blue), methane-oxygen pilot flame (turquoise), and sheath gas flow (green).

Detailed top, bottom, and side views can be seen in Figure 2.2 with bubble labels coinciding
with the parts list in Table 2.1. Liquid fuel is supplied through a capillary (E), via a liquid
pump (Teledyne 1000D), where it is atomized at the surface of the central body (C) by

dispersion oxygen exiting an annulus (ID = 0.71 mm, OD = 0.95 mm) at 2 bar back
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pressure, gauged upstream from the nozzle, to ensure choked flow at nozzle exit.
Atomization and evaporation of the fuel droplets in the spray is much faster when using
oxygen as opposed to compressed air because pure oxygen accelerates the fuel combustion
process [48]. The atomized spray is then ignited by a premixed methane-oxygen support
flame, which continues to burn during operation to prevent flame liftoff, with flow rates of
1.25 L/min and 2.5 L/min, respectively, with an equivalence ratio of 1. Cooling water for
the reactor body flow in and out of A1, while the cooling water for the capillary is supplied

through D1 and exits out of C3.

Figure 2.2: Top, bottom, and side views of the lab scale flame spray reactor (LS-FSR) designed by Wegner
Consulting Group with water cooling, dispersion oxygen supply, and a sheath flow option for the flame.
Table 2.1 identifies the labeled parts for the LS-FSR burner [53].
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Figure 2.3: Central insert and liquid fuel supply capillary (top) and the central body with sheath gas
homogenizer (bottom). Table 2.1 identifies labeled parts for the central inserts, capillary, and homogenizer
[53].

In the top two quadrants of Figure 2.3, the liquid fuel supply capillary is identified by
bubble E. This is the stock capillary that comes with the purchase of an LS-FSR burner and
simply slides into D2 and holds position with an interference fit. Tolerances and fits are
very tight surrounding the capillary and thus require precise positioning to ensure proper
co-flow of the liquid fuel and surrounding dispersion oxygen. It was noticed early on that
any small forces or moments on the capillary caused disruptions in the co-flow, resulting
in incomplete atomization and asymmetric spray flames. This was a major source of error
when attempting day-to-day repeatability in size distributions. To reduce this error, a
threaded capillary was ordered that threaded into D2 instead of using an interference fit.
This threaded capillary can be seen in Figure 2.4, with the red arrow identifying the

modified threading.
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Figure 2.4: LS-FSR fuel supply capillary with a threaded modification to improve precise positioning and
consistency in co-flow of the liquid fuel and surround dispersion oxygen.

Table 2.1: List of parts of the lab-scale flame spray reactor (LS-FSR) [53].

Bubble Label Part Name

A Rectangular burner holder

Al Connectors for reactor cooling water, Legris 4mm
A2 Mounting holes for M6 screws

B Sheath gas body

Bl Sheath gas homogenizer

B2 Connectors for sheath gas, Swagelock® 74

B3 Screws fixing reactor to holder, M3x12mm

B4 O-rings of sheath gas body

C Central body

Cl Connector for dispersion gas, Swagelock® V4

C2 Connector for supporting flame gases, Swagelock® 1/8”
C3 Capillary cooling water outlet, Legris 4mm

C4 Screws connecting central body and sheath gas body, M3x12mm
C5 Central body O-ring

D Central insert

DI Capillary cooling water inlet, Legris 4mm
D2 Capillary locking nut
D3 Upper and lower central insert O-ring
D4 Spacer
D5 Capillary O-rings
D6 Locking nut O-ring

E Liquid feed capillary with Luer Lock connector
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2.2 Fuels and Flame Conditions

For this study, three different liquid aviation fuels were used: Jet A1 (POSF10325), Gevo
ATJ (POSF11498), and a custom fuel that will be referred to as “C10” (POSF12345) due
to its 74% composition of C10 iso-paraffins. As of 2021, Jet Al is the only fuel cleared to
be used in commercial aircraft [10], but the ATJ and C10 fuels are currently being used by
the National Jet Fuels Combustion Program (NJFCP) as potential SAFs for future
commercial use [54]. For this study, Jet A1 was chosen as a benchmark fuel, the ATJ was
chosen as it is an approved biojet fuel for mixture with Jet A1 and operated on non-
commercial flights, and the C10 was chosen because of its high aromatic content. These
three fuels were recently compared in a study by the National Research Council of Canada
(NRC) in 2017 which operated a 1.15kN-thrust Microturbo TRS-18 turbojet engine housed
inside an altitude chamber [54]. These fuels were available for this study and specific batch
properties were provided. Further fuel details and properties, including the fuel POSF
number (number given by the US Air Force Research Laboratory to identify specific
batches of fuel), are outlined in Table 2.3 and detailed chemical compositions are displayed

in the supplementary material, Section A.3.
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Jet Al C10 ATJ
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Figure 2.5: Alkane and aromatic mass percent composition of the three test fuels [54].

Figure 2.5 identifies the alkane and aromatic mass percentages of the three test fuels. The
alkanes are subdivided into n-paraffins, cyclo-paraffins, and iso-paraffins. These four
categories are a good envelope for estimating sooting tendencies regarding aviation fuel
combustion processes in jet engines [22]. Most studies involving newly developed SAFs
and/or conventional and SAF mixtures will identify these properties of their testing fuel at
minimum, which makes this figure beneficial for comparison with literature. Since the
sooting tendencies (including size and composition) for Jet A1 have been highly tested and
are considered known, based on previous literature (discussed earlier in Section 1.2),
predictions can be made for the SAF fuels. Typically, higher aromatic content and cyclo-
paraffins results in increased sooting tendencies and larger particles [22]. The C10 fuel has
a high mass percent of aromatics (27%) but little to no cyclo-paraffins compared to Jet Al.
This could result in similar sooting tendencies in regards for size, shape, or concentration.
The ATJ fuel has little to know aromatics or cyclo-paraffins and is almost completely

comprised of iso-paraffins. This is expected to greatly reduce sooting tendencies compared
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to Jet Al, including smaller sized agglomerates, smaller primary particles, and reduced

number concentrations for similar combustion conditions.

Table 2.2: Test fuel designation and properties [56]

Viscosity .
Fuel Name Average ) Density
(POSF#) Formula e[én_r;oésc]: [g/cm’] MW [g/mol]
Jet Al Ci14H217 4.5 0.803 158.6
(10325)
C10 Co7Hig7 1.9* 0.769 135.4
(12345)
ATIJ Ci2.5Ha7.1 4.9 0.760 178.0
(11498)

*C10 kinematic viscosity at room temperature was unknown, so it is important to note that the Re number
for C10 flames could change by up to a factor of =2 from the Jet A1 and ATJ flames because the viscosity
of Jet Al has been used to calculate Re of C10 flames.

The fuel and dispersion oxygen flow rates were adjusted to produce a variety of flame
conditions. Three different flame conditions were chosen for testing and comparison that
offered a range of Reynolds numbers and burner equivalence ratios. The flame conditions
are specified in Table 2.3 by a ratio, the first number being the flow rate of fuel in mL/min
and the second number being the flow rate of dispersion oxygen in L/min. Due to the nature
of an open flame condition, true global equivalence ratios of the flames were difficult to
quantify because of an immeasurable volume of entrained air. The flow rates and their
associated Reynolds numbers and burner equivalence ratios are shown in Table 2.3.
Respective Reynolds number and burner equivalence ratio calculations are outlined in

Sections 2.2.1 and 2.2.2.
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Table 2.3: Reynolds numbers and burner equivalence ratios for flame conditions.

Flame Condition Reynolds | Reynolds Effective Burner
(fuel [mL/min]/oxygen | Number | Number Reynolds Fuel Equivalence
[L/min]) (gas) (liquid) Number* Ratio**
Jet Al 7.0
10/3.00 2800 180 9100 C10 6.7
ATJ 6.7
Jet Al 10.2
12/2.50 2400 7600 C10 9.8
ATIJ 9.9
210
Jet Al 13.1
12/2.00 1900 6100 C10 12.6
ATJ 12.7

*Jet A1 kinematic viscosity and density values at 273K used for all Reynolds number calculations

**Burner equivalence ratios do not account for entrained air and are calculated using gas and liquid flow
rates supplied directly to the burner.

2.2.1 Reynolds Number Calculation

The design of this reactor imitates a coaxial jet, with liquid flow at the center and a
surrounding dispersion oxygen gas flow. The displayed Reynolds numbers in Table 2.3 are
the effective Reynolds numbers, and do not consider flow effects from the supporting flame
or varying volumes of entrained air. The effective Reynolds number for a coaxial jet is a

combination of the Reynolds number for both the liquid, Re;, and gas, Reg, flows (equation
1) [57].

UD UgD
Re, =, Re, =242 (1)
(41 Vg

where U, D, v represent the velocity of the liquid or gas, the diameters of the liquid or gas
streams, and the kinematic viscosity of the liquid or gas, respectively. The effective
Reynolds number for both flows, Re,f, is then calculated with equation (2) [58]

2 2
UgDg Dy Dj

Regsr = (T) [(1- D_g) + M_Dj] (2)
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where M is the momentum flux ratio per unit volume.

PgU§
M=—= 3
2t ()

2.2.2 Burner Equivalence Ratio
The FSP burner in this study uses a coaxial flow design with liquid flow through the center
capillary, surrounded by a ring of dispersion oxygen flow, and an outermost ring of a
premixed methane-oxygen pilot flame. The equivalence ratios calculated for the various
flame conditions in this study will be referred to as a burner equivalence ratio, as it will
incorporate all gas and liquid flows provided to the burner. However, it is important to note
that this burner equivalence ratio does not include the amount of entrained air caused by

the turbulent nature of the flame.

Calculations were done at standard temperature and pressure, and used average formulas,
densities, and molecular weights (MW) found in Table 2.3. For the premixed pilot flame,
a stoichiometric combustion of methane, CH4, requires twice the molar flow of oxygen,
02, to fully combust a single mole of CHy, seen in Equation (4).

Methane: CH,+20,—- CO,+2H,0 4)
This oxygen flow must be subtracted from the total O; available for combustion with jet
fuel, resulting in the net molar flow of O [34]. The required O2 to combust each jet fuel

under stoichiometric conditions was calculated and is shown in the equations below.

Jet Al: Ci14Hyy - + 168250, > 11.4 CO, + 10.85 H,0 (5)
C10: CosHyg + 14.375 0, » 9.7 CO, + 9.35 H,0 (6)
ATJ: CipsHypq +19.275 0, > 12.5 CO, + 13.55 H,0 (7)
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The burner equivalence ratio (®) is calculated with Equation (8), where B is the molar

ratio of Oy/jet fuel required to achieve stoichiometric conditions [34].

z 8
Net molar flowof O» ( )
Molar flow of jet fuel

D =

The molar flow of O is calculated by:

flowrate O, [L/min]
60 s/min +22.4 L/mol - flowrate 02 [mOI/S] (9)

where 22.4 L/mol is the density of gas at standard temperature and pressure. The molar

flow of jet fuel is calculated by:

flowrate fuel [mL/min] P ruel [kg/m3] L1
60 s/min MW [g/mol] 1000

= flowrate fuel [mol/s] (10)

Table 2.4: Molar oxygen/fuel ratios required to achieve stoichiometric conditions.

Fuel B
Jet Al 17
C10 14
ATJ 19

2.3 Sample Collection

The sampling probe is located above the burner at a height-above-burner (HAB) of 23 cm.
This height allows sampling to take place from above the flame, the flame tip, and within
the flame depending on which flame condition is tested. For uniformity, the HAB remained
constant for all flame conditions, although the assembly was designed for easy adjustment
of sampling HAB. Sample soot size properties are very sensitive to changes in sampling
HAB due to oxidation rates. The farther away the sampling probe inlet is from the flame
tip, the more time the particles have to oxidize by surrounding air, reducing overall particle
concentration and particle diameters. For this experiment, positions that sampled from
above the flame, at the flame tip, and from within the flame, were tested by keeping the

sampling HAB constant but changing the flame condition. One of the goals of this work
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was to compare soot concentration and size distribution between fuels and identical flame
and sampling conditions, so keeping the sampling HAB constant for identical flame
conditions but different fuels was imperative. For the 10/3.00 flame condition, the probe
sampled from just above the flame tip. For the 12/2.50 flame condition the probe was
generally just below the flame tip, and for the 12/2.00 flame condition the probe sampled

about two thirds up the flame.

The probe is a straight-tube design with an additional water-cooling sleeve as the most
external tube. The water-cooling sleeve was desirable for this experiment because recent
literature using similar designs for soot collection found that cooling the hot sample gas
soon after extracting from the flame helped to reduce further chemical reactions of the
collected aerosol within the sampling line, causing aerosol properties to drift further from
the produced aerosol at the point of interest. This design is modified from an original design
by Tan et al. [32] and improved from a proof of concept by Kholghy and DeRosa [35].
Immediate nitrogen dilution is used to quench reactions with surrounding air, reducing
particle oxidation rates, and preserving soot particle properties as they are from the flame.
Nitrogen was chosen as the dilution gas because of its inert gas properties and cost

effectiveness.

Shown in Figure 2.6, cooling water is supplied into the left 1 Swagelock tee and travels
through the largest diameter tube, exiting out the 1” tee on the right, acting as a cooling
sleeve for the hot sample. It is completely closed off from all gas and sample flows. The

primary nitrogen dilution gas is supplied through the ’%” tee that is sealed on the right-most
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side, forcing the gas to flow left. An angled cap was welded onto the end of the 2" tube
carrying the nitrogen to help direct the gas around the corner and mix with the entering
sample (see Figure 2.6, detail A). A 3 mm diameter hole was drilled through the cap where
the sample travels ~10 mm before mixing with the dilution nitrogen. The 3 mm inlet hole
size was chosen to ensure no clogging due to extended testing periods. Previous work, as
discussed in Section 1.2, found that inlet holes < 2 mm in diameter clog when sampling
aviation-like soot. A negative pressure downstream generated by a vacuum pump and
Dekati diluter pulls the cooled and diluted sample from the flame, through the innermost
4> tube, to the appropriate devices for analysis. Tube diameter sizes were roughly based
off previous literature of successful straight-tube sampling designs discussed in Section 1.2

but adjusted to fit standard and readily available tube sizes if needed.

Water out
2 =
- bs.
om0 (— (Jjgmer_—,
O, |

Hot | N, Dilution
Sample == ————_ =

DETAILA 7

Figure 2.6: Sampling probe with a three-tube design incorporating a 17 water-cooling sleeve tube and a
¥ nitrogen gas supply to dilute the collected sample at the probe inlet (A). The hot sample meets the
nitrogen and is diluted (see detail A), and travels from left to right through the innermost %4” tube due to a
vacuum pressure downstream. Points CO; (1) and CO; (2) are the locations of CO, concentration
measurement to characterize the dilution ratio (DR) of the sampling probe.
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The primary dilution by nitrogen was adjusted by changing the supply flowrate with a mass
flow controller (Brooks SLAS5851, 0-150 SLPM). To identify the dilution ratio created by
nitrogen joining the sample at the probe inlet, cold tests (no active flame) were completed,
and all flowrates as well as CO> concentrations at point 1 and 2 were measured while
varying the nitrogen flow rates. Two CO; analyzers (LI-COR LI-850) were used to
measure active CO> concentrations at points CO; (1) and CO; (2) as shown in Figure 2.6.
A Sensidyne Gilibrator-2 was connected to the probe inlet to measure the suction flow rate
of the sample. The sample flow passes through the Gilibrator-2 wet calibration cell where
bubble films are generated by the push of a button, using a liquid bubble solution. An
infrared sensor reads the bubble flow rate and displays it on the digital controller [59]. Ten
bubble flows were measured and averaged to confirm each changing inlet flow. A mass
flow controller was connected to the right end of the probe to measure the flowrate of the
exiting nitrogen diluted sample. Panel (a) of Figure 2.7 shows the varying concentrations
of CO; in parts-per-million (ppm), measured at CO2 (2) in Figure 2.6, as the nitrogen
dilution flowrate increases from 5 L/min to 30 L/min, compared to the ambient CO> content
measured at CO> (1) in Figure 2.6. By dividing these two CO: contents, a dilution ratio
(solid bars shown in Figure 2.7, panel b) was calculated and then compared with a
theoretical dilution ratio (hashed bars in Figure 2.7, panel b) calculated based on measured

volumetric flows of all inlets and outlets of the probe.
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Figure 2.7: Primary dilution ratio characterization of the sampling probe. Panel (a) shows CO;
concentrations measured with a LI-COR LI-850 CO; analyzer at the exit of the sampling probe with
changing nitrogen flowrates being supplied for first stage dilution. Panel (b) shows estimated dilution
ratios using volumetric flow rate measurements from calibrated mass flow controllers and compares it
with the calculated dilution ratio from measured ambient and downstream CO, concentrations taken at
points CO; (1) and CO; (2) in Figure 2.6.

It should be noted that all results discussed in the following sections were collected using
a primary dilution nitrogen flowrate of 24 L/min, which resulted in a primary dilution ratio
of ~4.5 based on cold test results. First stage dilution was further analyzed during flame
tests in Section 3.2.1. The nitrogen flowrate of 24 L/min was chosen because it was noticed
that when the nitrogen was set to 25 L/min, during flame testing, there would be moments
when zero sample was pulled through the probe and nitrogen was the only gas travelling
to the analysis instruments. Any nitrogen flowrate >25 L/min resulted in no sample being

collected and making it to the analysis instruments.

Figure 2.8 shows the path and flowrates at which the sample travels. Much of the sample
is pulled through the vacuum pump (28 L/min) and exhausted, while 3 L/min of sample is

drawn off the vacuum line and through the Dekati diluter, model DI-1000, for a second
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stage dilution before travelling to the scanning mobility particle sizer (TSI SMPS 3938)
for particle size distribution analysis. The Dekati diluter uses pressurised air passing by an
ejector nozzle to cause a pressure drop and draw the sample into the diluter through a
supply nozzle. The sample is then instantaneously diluted with the pressurised airflow. The
SMPS is a benchmark multi-component-based tool that is capable of measuring mobility
size distributions of particles in the nanoscale. It combines electrical mobility sizing and
single particle counting to identify nanoparticle concentrations in discrete size channels
[60]. The SMPS components include an electrostatic classifier, differential mobility
analyzer (DMA), and condensation particle counter (CPC). The electrostatic classifier and
DMA column use the electrical mobility technique to determine mobility diameters of
particles or fractal-like structures. The CPC exposes the aerosol particles to a
supersaturated vapor (water or butanol depending on the model) that condenses onto the
surface of the particle and grows it large enough to be detected and counted by internal

optical instruments.

There are two CO; analyzers that determine CO2 mole fraction at the flame tip before the
first stage dilution and after the second stage dilution before particles enter the SMPS to
measure the overall dilution ratio of the collected sample. These analyzers have an internal
pump to draw ~0.75 L/min from the flame front and sample flow where an infrared
detector is then used to detect CO2 gas and benchmark it against a reference tube with zero
CO: content. The placements of these CO: analyzers are shown in Figure 2.8. Soot
agglomerates were collected on carbon coated copper grids for transmission electron

microscopy (TEM) using a particle sampler (Naneos Partector TEM Sampler V2 3) to
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capture nano-scale images and measure d, of the agglomerates. The thermal optical
analysis (TOA) quartz filter placed before the SMPS was used to collect soot samples
which were then used to measure composition (elemental and organic carbon contents) of
the produced soot. TOA uses a heating process to detect organic and elemental carbon from
a punch-out of a quartz filter. Continuous optical measurements with a laser confirm the
original organic carbon and compare it to the burned off elemental carbon as the filter is
heated in stages. Further explanation on the TOA analysis is provided in the supplementary

material, Section A.7.

Laser induced incandescence (LII) was used to identify soot volume fractions in the sample
flow upstream of where the quartz filter was placed. LII is a laser-optical technique for
measuring thermophysical properties of soot. It uses a high-energy pulsed laser to heat soot
particles to incandescent temperatures where the resulting thermal emission is recognized
by laser diagnostics to quantify soot volume fraction [61]. In this work, LII was used to
ensure sufficient soot particulate mass concentration where the quartz filter was placed,
and to simply check that the filter would not be over- or under-loaded. LII-measured soot
volume fractions were checked on the least and most sooting flame conditions and results
confirmed sufficient soot mass concentration in the sample flow for effective filter loading.

Further detailed and specific LII testing was not completed.
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Figure 2.8: Schematic of the FSP burner and sampling assembly showing the pathway of the sample as it
is collected from the flame and brought to the SMPS for particle mobility size distribution analysis. The
hot sample is pulled through the probe by a negative pressure created downstream by the vacuum pump
and the Dekati diluter. Most of the primary diluted and cooled sample (28 L/min) travels through the
vacuum pump and to first exhaust line, while a smaller portion (3 L/min) travels through the Dekati diluter
for further dilution with compressed air at 35 psig, and 1.5 L/min of that is directed to SMPS for analysis

and the CO- sensor to quantify overall DR.

2.4 Assembly Model and Flame Imaging

Figure 2.9 illustrates the main framing of the FSP assembly showing the locations of the

sampling probe, camera, height measurement reference stick, and burner positioning. The

burner frame (Figure 2.9, parts 2 and 7) has linear rail bearings to allow burner positioning

in the x, y, and z directions, making the HAB easily adjustable.
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Figure 2.9: 3D model of the FSP framing assembly with main components labeled. The main framing
(parts 1, 2, 7) composed of standard parts from McMaster-Carr including linear rail bearings on the burner
framing (parts 2, 7) to position the burner in the x, y, and z directions. The camera (part 3) is fastened to
the side of the main framing in a static position for repeatable images.

A camera (Figure 2.9, part 3) was fixed to the main frame of the FSP setup to take images
of each flame. Camera settings remained constant for each fuel at individual flame
conditions and are noted in Table 2.5. The flame heights were interpolated and calculated
by using ImageJ software (further discussed in Chapter 3 and the Supplementary Materials)
and the reference measuring stick that can be seen on the left-hand side of each flame
image. Ten photos of each flame condition were taken, and the displayed flame heights are

the averages of the measurements taken from the ten photos.
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Table 2.5: Camera settings and flame height for all fuels and flame conditions.

Flame Exposure Average Flame Height, h [mm]
o ) ISO Aperture
Condition | Time [s] Jet Al Cl10 ATIJ
10/3.00 2000 231 222 217
12/2.50 1/8000 1000 f13.6 303 275 267
12/2.00 500 322 306 321

*All images taken with a 20 mm focal length.
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Chapter 3: Results

3.1 Flame Heights

A DSLR camera (Canon EOS 60D) was fastened to the burner assembly main framing and
used to take pictures of the varying flame conditions. A specific combination of settings
was used for each flame condition, and that setting remained consistent for the condition
when the fuels changed. These setting combinations are outlined in Table 2.5. A height
reference stick was positioned behind the flame with markings at intervals of 50 mm. By
using ImagelJ software, a scale for the distance-to-pixels in the image was defined, and
lines were drawn from the tip of the flame across to the measurement stick. A correction
for the height difference between the surface of the burner and bottom of the measurement
stick was applied, and the height of the flame from the burner surface to the unseparated
flame tip was defined. A detailed measurement procedure is outlined in the supplementary

material, Section A.5.

Figure 3.1 illustrates example photos for varying fuels and flame conditions. The 10/3.00
flames (refer to Table 2.3 for flame condition details), with the highest Reynolds number
0f' 9100 and lowest burner equivalence ratio of 7, are consistently the shortest and brightest
flames. However, it is important to note that these flames are highly turbulent, and the
camera shutter speed was set high (1/8000 s), so flame heights spread considerably from
the average. Despite this, trends for flame conditions were still identified, but differences
between fuels for each flame condition are minimal. This made it too difficult to draw any

conclusions on how chemical compositions of the fuels changed visual effects of the flame.
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Figure 3.2 shows the average flame heights and variability across ten different images for
each fuel and flame condition. The box and whisker chart identifies the 2" and 3" quartiles
(boxes) where 50% of the data resides, and the whiskers extend to show the total spread of
the flame heights measured. Unique height measurement spreads are identifiable for each
flame condition with little to no overlap in the 2" and 3™ quartiles, but the data is too
widespread to identify unique spreads across different fuels, for the same flame conditions.
The arithmetic averages stay rather consistent across the changing fuels with heights of
217-231 mm, 267-303 mm, and 306-322 mm for 10/3.00, 12/2.50, and 12/2.00 flame
conditions, respectively. However, these arithmetic averages were taken from only 10
images of each flame condition, and thus the calculated values do not constitute sufficient
sample size to be statistically significant. Further improvements to the imaging procedure
need to be made to have significant flame height measurements and imaging comparison

between fuel and flame conditions.
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Figure 3.1: Flame imaging matrix showing photos taken for Jet Al (blue), C10 (green), and ATJ (red)
fuels and their three different flame conditions. Flame conditions from left to right are 10/3.00, 12/2.50,
and 12/2.00. The average flame heights are labelled below each flame image. Camera settings for
individual flame conditions across the different fuels were identical and are identified in Table 2.5.
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Figure 3.2: Box and whisker chart for flame heights of Jet A1, C10, and ATJ flame conditions measured
from ten photos for each condition. The boxes represent the 2" and 3" quartile, where 50% of the flame
heights reside, and the whiskers extend to identify the total spread of the measured flame heights. The “x”
symbols denote the average heights (h), which are also listed in the top left corner of each panel. Datasets
in each panel, from left to right, represent flame conditions of 10/3.00, 12/2.50, and 12/2.00.

3.2 Particle Mobility Diameter Size Distributions

Particle mobility diameter size distributions are collected and characterized by a SMPS
device operating with sheath and aerosol flows of 15 and 1.5 L/min, respectively, and a
neutralizer and DMA column (model 3081) that characterized mobility diameters of soot
particles within the size range of 6 nm to 220 nm. The aerosol flowrate setting is what
controls how much sample is pulled into the SMPS for mobility size classification, while
the sheath flow controls how the sample travels through the DMA column. Optimal SMPS
settings are when the sheath to aerosol flow ratio is 10:1 [62]. The neutralizer uses bipolar
diffusion charging to bring the sampled aerosol to a defined, steady-state charge
distribution. The SMPS measures and counts particle mobility sizes in timed scans where
an equal amount of time is allocated for each size bin to count particles in that size range
before moving on to the next bin. The total scan time is preset by the user. In this work,
four 45-second scans, immediately following one another, are taken for each flame
condition. The first scan is considered a test run and allowed for any leftover particles from
previous tests to be flushed through the system, and the results from the following three

tests are then averaged. Within these three scans, the overall dilution ratio does not vary
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outside of 5%. All scans are completed with a collected sample temperature between 70
and 90°C, measured after the flow split seen in Figure 2.8. If the measured sample flow
temperature was outside the desired range at any time during the scan, if fuel supply ran
out mid-scan, or if the burner needed to be shut off for safety precautions, the scan was not

included in the average and repeated to meet the specified test conditions.

The goal for this work was to produce repeatable size distributions where total number
concentrations (N, ) and mobility diameters (d,,) of soot maintain consistent values with
variability < 10%. This will minimize overlap of size distributions and morphology
properties between different flame conditions so that fuel and flame settings will have

unique and distinguishable sample measurements.

The d,,, of an agglomerate is the equivalent diameter to a sphere that would experience the
same migration velocity in a constant electric field [63]. The SMPS can measure
agglomerate mobility diameter by using a force balance between the electrical force of a
constant electric field on the net charges on the particle and the drag force the particle

experiences [64]. Figure 3.3 shows a schematic of d,, and d,, with monodisperse primary

particles.
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Figure 3.3: Schematic of a soot agglomerate identifying d,,, and d,, with monodispersed primary particles.

3.2.1 Dilution Ratio
When soot interacts with surrounding air as it leaves a flame, particles oxidize and their
concentration, size, and composition change [65]. High temperatures and excess reagents
increase oxidation rates and reactions [65]. The soot samples collected during this study
were cooled and quickly diluted due to the design of the sampling probe discussed earlier.
This limited the composition and morphology changes in the soot sample as it travelled

through the sampling assembly.

The overall dilution ratio, associated with the results discussed in this work, was measured
by recording the CO2 mole fraction at the probe inlet and after the second stage dilution,
before the sample continues to the SMPS. The dilution ratio varied from 12-32 throughout

all the recorded tests in this study which resulted in associated inconsistencies in the Ny;.
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This, in turn, affected size distributions and geometric mean d,,, values, as more dilution
results in less coagulation and smaller agglomerates. Currently, the main cause of the
highly variable N;,; and magnitude of size distribution curves is attributed to this change
in dilution ratio. The dilution ratio was calculated by dividing the CO> concentration
measurement after second stage dilution by the CO; concentration measured at the flame
tip. Figure 3.4 illustrates the average CO2 concentration (solid lines) for each measurement
location and the variability (shaded areas) for each flame condition using Jet A1 fuel. The
Dekati CO> concentration (blue) showed a step decrease in average CO> and less variability
from the 10/3.00 to 12/2.00 flame conditions, whereas the probe CO> concentration (red)
remained consistent from flame to flame for both the average and variability. Since no
correction was made to the probe CO> concentration, and it was measured directly from
the flame, there was no control of limiting that variation. Due to the turbulent nature of the
flame, variability was expected in the probe; however, the CO; concentration after second
stage dilution (Dekati) was expected to remain relatively constant. This was not the case
throughout the experiments, and speculations as to why are discussed later in this section.
Note that the Dekati and probe CO2 concentrations are on different scales by an order of

magnitude.
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Figure 3.4: The average Jet A1 CO; concentration at the tip of the probe (red) and after the Dekati dilution
(blue) for the three flame conditions (10/3.00, 12/2.50 and 12/2.00). The shaded area represents the
maximum and minimum value at any given second. As the flame becomes less turbulent (10/3.00
compared to 12/2.00), there is less variation in the Dekati CO, concentration, with the average content
around 1000 ppm. The average probe CO, concentration remains constant throughout the various flames,
at just below 25000 ppm, with limited deviation.

A complete solution for producing a constant and repeatable dilution ratio has not been

found for this setup yet. Current factors that affect the dilution ratio include: inconsistent

CO; content in the compressed air supply, filter soot cake build-up (Figure 3.5) reducing

exhaust flowrates, and soot sample flow temperatures (although sample gas temperatures

are not always controllable).
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Figure 3.5: Two filters that are used in the sampling line before the vacuum pump. The top filter (black)
is after a days-worth of flame testing, and the bottom filter (white) is an unopened replacement. The
blackness seen on the top filter is soot cake build-up filtered out of the exhaust flow before passing through
the MFC and vacuum pump. As the soot builds up, flow is restricted through the vacuum.

The overall dilution ratios listed in the results of this work are calculated by dividing the
measured concentration of CO, downstream of the 2" stage dilution from the measured
concentration of CO> at the point of sampling in the flame. This technique assumed that
the compressed air, provided from a central building compressor, for the second stage
dilution had the same CO2 concentration as the ambient room. This is generally a fair
assumption as the compressor takes outside or ambient room air as the source air,
compresses it, and then provides it to wall ports throughout the lab. The surrounding
outdoor CO> concentration around the building of this experiment took place in was about
450 ppm, and the CO> concentration in the FSP lab was 430-470 ppm depending on how

many people were present.

As discussed later in Figure 3.10 and Figure 3.11, the dilution ratio varied between 12-30,
and as discussed earlier, this variation was random from day-to-day. There is currently not

a clear answer as to why this was the case. Further investigation into the overall dilution
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ratio and in-depth analysis on both first and second stage dilutions are examined in this

section.

A characterization of all the inlets and outlets in the two-stage dilution assembly was
completed with and without the flame operating. When the flame was not in operation,
both CO, analyzers were calibrated and ran for 10+ minutes to measure ambient room CO>
concentrations on multiple days. Concentrations between 430-470 ppm were observed
depending on the number of people present in the lab. Next, the CO, concentration in the
compressed air supplied from the central building compressor was measured for 10+
minutes on multiple days. These results are shown in Figure 3.6 and unexpected values and
oscillations were observed. It was assumed that the CO, concentration in the wall would
be within 10% of the lab room concentration and constant. Seen in Figure 3.6, this was not
the case; CO- concentrations oscillated with varying amplitudes and wavelengths on two

different days of testing.
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Figure 3.6: Concentrations of CO, measured from the compressed air wall connection in the FSP lab on
two different days. The wall air source comes from a central compressing unit in another building about
500 m down the road.

Following this, another test was completed where room air mixed with the oscillating
compressed wall air in the Dekati diluter, and the output CO> concentration was measured.
This was done on multiple days and the results of the output CO, concentration can be seen
in Figure 3.7. These results show similar oscillations, although the CO> concentrations
reduced to oscillate between 100-275 ppm. The central compressor that supplies
compressed air to this lab room has been investigated and discussions with the engineers
responsible for operation were had, but no definitive reason was given as to why there were
regular oscillations in the CO2 concentrations or why it dropped below ambient or outside

air concentration levels.
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Figure 3.7: Concentrations of CO, measured after mixing compressed air from the wall and mixing it with
ambient lab room air.

Upon this discovery, a full assessment on the dilution and sampling assembly during flame
testing was completed using the CO> analyzers at four points of interest. The flame used
for the following results was a 12/2.50 flame condition with Jet Al fuel. The measurement
points were at the flame (a), after primary dilution in the probe with N2 gas (b), the sample
after secondary dilution that is sent to the analyzers (c), and the wall air (d). Figure 3.8
illustrates the four points of interest along with their associated CO, concentration
measurements. It is important to note that only two CO. analyzers were used and thus the

data in Graph (1) was measured at the same time, then the analyzers were moved to
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measure the data in Graph (2). Graph (1) shows that after 1% stage dilution the CO, content
in the sample was relatively constant (green) before entering 2" stage dilution. Once the
sample passed through 2" stage dilution, the oscillation of CO2 concentration from the
wall air (blue) propagated into the sample and a resulting damped oscillation is seen in the
final sample (black) before analysis. As mentioned before, the dilution ratio was calculated
by taking the average CO> concentration at the flame (red) and dividing it by the average
CO- concentration of the sample (black). However, the analysis seen in Figures 3.6 — 3.8
was only completed after the particle mobility size distributions were taken and extreme
day-to-day dilution variability was recognized, so it is not possible to confirm if the
variation was only due to the unpredictable wall air supply.

—— Flame (a) == N, Diluted (b) ===Sample (c) === Wall Air (d)

25000
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Figure 3.8: Concentrations of CO, during a flame test with a 12/2.50 flame condition. CO, measurements
were taken at the flame (red), after primary dilution from the sampling probe with N2 (green), after
secondary dilution from the Dekati diluter (black), and from the compressed air wall supply (blue). Two
CO; analyzers were used and data in Graph (1) was taken simultaneously, then the analyzers were re-
positioned and the data in Graph (2) was taken simultaneously.
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Due to these random uncertainties and unpredictability in our dilution air supply, a
meaningful in-depth uncertainty analysis on the previously measured dilution ratios was
not done. However, to improve on these day-to-day inconsistencies in dilution ratio
measurement for future work, the compressed air supply for the Dekati was switched from
the lab wall air to an individual cylinder air mixture with zero CO2 content (confirmed with
one of the calibrated CO- analyzers used during this experiment). This adjustment required

new measurements and an uncertainty analysis was completed.

Tests were done with a Jet Al 12/2.50 flame condition, where CO2 measurements were
taken at the flame, after 1% stage dilution (Point 1) and after 2" stage dilution (Point 2).
Due to the limitation of having only two CO> analyzers available, the analysis was done in
two different time stages, however, the flame remained active during the repositioning of
the analyzer from the flame to Point (2). The first stage of analysis measured CO;
concentration from the flame where the probe was sampling (Figure 3.9, “flame”) and after
the 1% stage of dilution (Figure 3.9, “Point (1)”). Figure 3.9 shows these values as a function
of time along with a 1% stage dilution ratio (solid green line). The average 1% stage dilution

ratio calculated here was 1.84+0.08.

Figure 3.9 graph (b) is similar to Figure 3.9 graph (a) but shows the CO concentrations
during the 2" time stage for the 2" stage dilution ratio analysis. Here, the blue dashed line
is still the CO. measurement at Point (1) and the dashed-dotted magenta line is the
measured CO> concentration at Point (2). The green line shows the instantaneous calculated

2" stage dilution as a function of time. The average 2" stage dilution ratio was 13.360.56.
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Figure 3.9: Concentrations of CO, at the flame (red dotted line), after first stage dilution and before 2"
stage dilution (blue dashed line, Point 1), and after second stage dilution (magenta dash-dot line, Point 2).
Instantaneous 1%t and 2" stage dilution ratios (solid green line) as a function of time. Graph (a) and Graph
(b) were taken at two different time stages but measured from the same continuous Jet Al 12/2.50 flame.

The overall dilution ratio was calculated by multiplying the 1% stage by the 2" stage and

resulted in a value of 24.5+2.8, accounting for propagation of uncertainties between the

two CO. analyzers. A summary of the calculated mean dilution ratios and their associated

uncertainties are given in Table 3.1. Concentrations of CO. were measured every second

and the mean values were calculated over the time spread seen in the x-axes of Figure 3.9.

Errors were calculated using a 95% confidence interval with the mean CO2 concentration

and its standard deviation in the given time stage. The manufacturer’s uncertainty for the

Li-Cor 850 CO; analyzer is 1.5% of the reading.
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Table 3.1: Dilution ratios with uncertainties at a 95% confidence interval.

CO; A .
. Standard Dilution Ratio
Time Mea;té?relrtnent Mean Dev. Error with 95% CI
10:33-10:36 Flame 25581 557 386
o 1.84+0.08
(1% stage dilution) |~ point (1) | 13396 189 210
11:02-11:11 Point (1) 12655 392 191
T 13.36+0.56
(2" stage dilution) ™ point (2) | 947 45 14

3.2.2  Mobility Size Distributions
Figure 3.10 illustrates the soot agglomerate d,,, distribution for particles sampled from the
three flames for each fuel. Each line in panel (a-i) represents a distribution on a given test
day. For example, panel (a) has nine different lines representing nine different days of test
results. Panels (a-c), (d-f), and (g-1) are for flame conditions 10/3.00, 12/2.50, and 12/2.00,
respectively, while vertical columns separate the three different test fuels. Individual
distributions are color coordinated with the respective color bar on the right-hand side of
Figure 3.10 to match each distribution with the respective overall dilution ratio measured
during that flame test. The flame condition with the most variation in its size distribution
is the 10/3.00 flame, for all fuels. Repeatable number concentrations were expected to be
difficult due to the wide variations experienced in the measured dilution ratios, which can
be seen in all panels, as the peak magnitude in the distribution varies, sometimes as much

as 15% (Figure 3.10, panel a).

The measured dilution ratio results for C10 flame conditions (panels b, e, and h) show the
most variation, which can be seen by the more obvious color changes when compared to

the other fuels. Increased dilution ratio resulted in lower number densities as illustrated for
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the C10 flames (panels b, e, and h). This is because a larger dilution ratio results in fewer
particles/cm?® to be collected and sent to the SMPS for analysis, resulting in a reduced N,
which tends to be reflected by a reduced peak magnitude in the distribution curve. Dilution
ratio variation for the ATJ flames is less than that of the other two fuels. This is identifiable
in panels (¢), (f), and (1), as the colors coordinate to a dilution ratio between 12-20, whereas
the C10 and Jet A1 flames span dilution ratios from 12-32. The Jet A1 flames specifically
(panels a, d, and g) show this wide variation in dilution ratio, but seemingly less of the
expected trend and more unpredictable distributions. However, despite the variations in
total number concentrations, the distribution for 12/2.50 (panels d, e, and f) and 12/200
(panels g, h, and 1) flames show similar lognormal distributions suggesting that particle
sizes are more repeatable than number concentrations. Similar work, using the same FSP
burner and a similar sampling assembly, by Trivanovic, Kelesidis, and Pratsinis, presented
normalized size distributions and found, similarly, that total number concentrations

repeatable to within 10% were difficult to attain [34].
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Figure 3.10: Mobility particle size distributions for three different fuels (column 1: Jet A1, column 2: C10,
and column 3: ATJ) and three different flame conditions (row 1: 10/3.00, row 2: 12/2.50, and row 3:
12/2.00). Each individual line represents a different test day. The color of the line is associated with the
color bar by the dilution ratio that was measured on the day of testing. The range of geometric mean
mobility diameters (d,,), their geometric standard deviations (a4), and the burner equivalence ratios (®)
for these distributions are noted in the top left corner of each panel.

Aerosol particle motion depends on the relative value of gas mean free path to particle

diameter. This relationship is defined by the Knudsen number and is given by equation

(11):

Kn=21/d

(11)
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where A is the gas mean free path and d is the particle diameter. Aerosol particle motion
falls into three regimes: free molecular regime when d « A, continuum regime when d >>
A, and a transition regime in between. In the free molecular regime, particle motion can be
described by the kinetic theory of gases, while in the continuum regime, particle motion
can be described by the Navier-Stokes equations. For the transition regime, interpolations
must be devised specific to the diffusion, coagulation, or condensation processes. When
the particles sampled in this work reach the analysis instruments, after cooling and dilution,
they are travelling in room temperature air. Room temperature air has a mean free path of
~67 nm [66] and particle geometric mean mobility diameters in this work range from 17-
113 nm. This means that our samples are in the transition regime as A,;,- is neither < nor

> d.

For aerosols undergoing coagulation with high number concentrations, a self-preserving
size distribution is met over time. Geometric standard deviations (g, ) for these distributions
in different regimes have been identified and show that the geometric size distribution
plateaus which means that the normalized size distribution becomes invariable with time.
Mobility diameters of agglomerates with a self-preserving size distribution have a g; of
2.03 [67] and 1.50 [17] in the free molecular and transition regime. Each panel in Figure
3.10 show the range of g; for day-to-day tests of all flame conditions, where o, stays within
1.54-2.06. These results confirm that all distributions covered in this work met self-

preserving size distributions in either the free molecular or transition regime.
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3.2.3 Geometric Mean Mobility Diameters
Previous work from jet engine field tests have found that soot agglomerates emitted at high
thrust tend to not exceed a geometric mean mobility diameter, d,,, of 70 nm [41] while
maintaining d,, < 20 nm [42] and EC/TC > 0.8 [42]. The d,, is calculated by taking the
nt" root of the product of all mobility diameters. In 2021, Kholghy & DeRosa showed that
FSP could produce soot agglomerates with d,,, < 70 nm, using Jet A1 fuel and an identical
FSP burner and similar sampling probe to those used in this study [35]. Trivanovic,
Kelesidis, and Pratsinis confirmed these findings by Kholghy & DeRosa and experimented
further with enclosed flames and reduced fuel flow rates [34]. In this work, soot
agglomerate d,, were analyzed for comparison between three different fuels at flame

conditions of 10/3.00, 12/2.50 and 12/2.00.

Figure 3.11 illustrates d,,, from the measured particle mobility size distributions at different
days as shown in Figure 3.10. Increasing the burner equivalence ratio increased the d,,,
and for some fuels these values were different enough that no overlap was seen in the
selected flame conditions of this study. However, similarly to day-to-day differences in
measured size distributions for the 10/3.00 flame seen in Figure 3.10, the 10/3.00 d,,, values
demonstrate the largest standard deviation (o) from the average by percentage: 26% for Jet
A1, 9% for ATJ, and 15% for C10. As the burner equivalence ratio increased, the arithmetic
mean of d,,, values across multiple days of testing (¥) increased and o (by percentage)
decreased, showing an improvement in d,,, repeatability. The most consistent d,, for Jet
A1l and ATJ was with a 12/2.00 flame condition (the most sooting flame condition), with

standard deviation percentages of 3.4% for Jet A1 and 4.7% for ATJ. The C10 fuel shows
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good consistency for both 12/2.50 and 12/2.00 flames with percentages of 2.7% and 3.4%,
respectively. However, it is important to note that the C10 fuel was tested for fewer days
and not on the same days as Jet A1 and ATJ. Panels (d), (e), and (f) of Figure 3.11 further
identify the spreads and deviation from the average for day-to-day comparison. These
panels are box and whisker charts where the “X” symbol denotes X from panels (a-c), the
boxes represent the 2" and 3™ quartiles where 50% of the data is located, and the whiskers

extend to show the total spread of d,,,.
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Figure 3.11: Geometric mean mobility diameters, d,,, , for all three fuels at three different flame conditions;
(a) 10/3.00, (b) 12/2.50, (c) 12/2.00. Average d,, (¥) for all days and standard deviations (o) from day-to-
day are recorded in each panel. Jet Al and C10 d,, values were very similar for all conditions while the
ATJ values sampled consistently smaller in size across all conditions and days. Panels d, e, and f show the
X denoted as an x and the boxes represent the 2™ and 3™ quartiles where 50% of the data resides. The
whiskers extend to the total spread of each dataset.

With only 12, 5, and 7 days of testing for the Jet A1, C10, and ATIJ fuels, respectively,
there is not a sufficient set of data points to complete a statistical significance test.
However, as mentioned before, each point in panels (a), (b), and (c) of Figure 3.11 are an

average of the three SMPS scans taken on that day. If this is expanded and each individual
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data set is considered (3 scans multiplied by 12, 5, and 7 days of testing), there is sufficient
data to complete a confidence interval test which demonstrates the probability that the
average would be within a given range. In this scenario, the confidence interval test used
all the individual experimental d,,, values from each fuel and flame condition and provided
arange of sizes for where the d,,, would be expected to fall. For this data, a 95% confidence

interval was used and the ranges for each fuel and flame condition are given in Table 3.2.

Table 3.2: d,, intervals with 95% confidence for all flame conditions.

Flame Condition
95% CI 10/3.00 12/2.50 12/2.00
Low High Low High Low High
Jet Al 40.4 46.4 96.7 100.2 111.6 114.8
C10 42.7 48.2 98.2 100.1 112.8 116.1
ATJ 26.5 28.3 74.5 77.2 98.5 100.8

The results from the confidence interval test are promising and show repeatable results
within the goals for this project. However, more day-to-day data is required for a proper

day-to-day confidence test, using the averages seen in Figure 3.11 as the sample points.

To further analyze these day-to-day variations, the panels in Figure 3.12 isolate the d,y,,
N¢o¢, and dilution ratio for a given test day. It also shows how these values changed with
the flame condition as the burner equivalence ratio was adjusted. Panels (a)-(c) show the
d,,, as a function of test days and flame condition. Clearly shown here, the flame conditions
vary enough that d,,, values do not overlap on individual days and a day-to-day d,, trend
for each flame condition of a particular fuel is identified. Similarly, in panels (d)-(f), the
N¢,; are displayed. The 12/2.50 and 12/2.00 conditions are similar here, but still show the

12/2.50 conditions sampling consistently fewer particles than the 12/2.00 condition. The
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10/3.00 flame condition consistently samples less N;,; (about half an order of magnitude),
which was expected as the flame was smaller and further away from the probe, so the
particles have more time to oxidize before collection, and the 10/3.00 flame has the

smallest burner equivalence ratio.

Panels (g)-(i) show the overall dilution ratio measured for the respective d,, and N, in
the earlier panels, as it changes from day-to-day. This helped explain some of the spikes in
N¢,: and the trends expected and explained in Section 3.2.2. In most cases here, dilution
ratio and N;,; have an inverse relationship, as expected. This can be seen evidently on day
7 for Jet A1 (panel g), day 14 for C10 (panel h), and day 6 for ATJ (panel 1), where a spike
in dilution ratio causes an inverse spike in N;,;. However, this is not true for all cases. No
relationship between changing dilution ratio and d,,, is seen with these datasets. The
dilution ratio spikes on days 7 (panel g), 14 (panel h), and 6 (panel 1), do not have a resulting

effect on d,,.
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Figure 3.12: Geometric mean mobility diameter (d,,,), total number concentration (N,,,), and dilution ratio
values for Jet Al (blue triangles), C10 (green circles), and ATJ (red squares) at 12/2.00 (solid line), 12/2.50
(dashed lined), and 10/3.00 (dotted line) flame conditions across various days of testing. Jet Al and ATJ
were tested on the same days (day 1-10) while C10 was tested on days 12-16.

As discussed in Section 2.2, and referring to Figure 2.5, it was expected that the ATJ SAF
(red squares) would produce the smallest number concentration and smallest particles
between the three fuels chosen for this experiment. Seen in Figures 3.11 and 3.12, this is
confirmed as the mobility particle size distributions are repeatedly smaller than Jet A1 and
C10 results. Currently, this is attributed to the fuel’s < 1% mass concentration of aromatics
and cyclo-paraffins. Alternatively, the Jet A1 and C10 fuels showed similar distributions

and mobility size ranges for the changing fuel conditions. This is an interesting comparison
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because the aromatic contents in these two fuels (19% mass for Jet A1 and 27% mass for
C10; see Figure 2.5) are quite different. However, where the C10 increased in aromatic
content, it decreased to having little to no cyclo-paraffins present. The cyclo-paraffin mass
percentage is the second most property after aromatic mass percent, from the four discussed
in Section 2.2, to promote soot production. It seemed that for conditions tested in this
experiment, the high aromatic content of C10 (27% mass percent) and little to no cyclo-
paraffins created a similar sooting tendency as Jet A1 with 19% aromatics and 32% cyclo-
paraffins. While concentrations and d,, were similar for Jet Al and C10, the primary

particle analysis differed more and is discussed in the next section.

3.3 Primary Particle Diameters

Typically, the geometric mean d,, (@), calculated by taking the n‘" root of the product of
all diameters, of soot particles emitted from jet engines at high thrust levels is less than 20
nm [18]. The @ is used to represent the size distribution of primary particles because
previous work has identified that d,, from turboshaft engines operating on liquid jet fuel
show lognormal or nearly lognormal distributions [68]. Therefore, if a @ and o, are known

for a given condition, a lognormal fit can be produced to identify the full distribution. These

lognormal fits can be seen in Figure 3.13 as solid lines for each fuel and flame condition.

Earlier work on FSP made soot from open [35] and enclosed [34] spray flames of Jet A1,
for various flame and test conditions, also produced soot agglomerates made of primary

particles with d,, < 20 nm. This work looks at a comparison of soot d,, distributions for

different fuels and flame conditions while maintaining @ < 20 nm. A Naneos Partector
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TEM sampler pulls soot samples from the sampling flow (seen in Figure 2.8) and deposits
them onto circular copper grids. TEM is used to capture nanoscale images of the soot
agglomerates from all fuels and flame conditions. Using Imagel software, identifiable
primary particles are enclosed in a circle or an ellipse, and their surface area is used to
calculate equivalent spherical diameters. Figure 3.13 demonstrates primary particle size
distributions for Jet A1 (blue triangles), C10 (green circles), and ATJ (red squares) at flame
conditions of 10/3.00 (top row), 12/2.50 (middle row), and 12/2.00 (bottom row). For all

conditions, a lognormal fit (Figure 3.13, solid lines) using the g, and the @ was suited to

the experimental data (Figure 3.13, symbols) to show that primary particle size

distributions can be estimated with a lognormal distribution.

The @ ranged from 15.4-21.0 nm, 10.5-13.7 nm, and 9.7-18.4 nm for Jet A1, C10, and
ATIJ fuels, respectively. All but one flame (Jet Al, 12/2.00) exceeded the @ < 20 nm
threshold with @ = 21 nm. The value of g, for @ ranges from 1.22-1.38, in good
agreement with the value from previous FSP work of g, = 1.25-1.30 by Trivanovic,
Kelesidis, and Pratsinis [34] and g; = 1.25 by Kholghy and DeRosa [35] as well as a
theoretical value of g; = 1.2 obtained from Discrete Element Modeling of soot made by

coagulation and surface growth [69].
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Figure 3.13: Normalized soot primary particle size distributions for Jet Al (blue triangles), C10 (green
circles) and ATJ (red squares) measured with ImageJ from TEM images and compared with a fitted
lognormal distribution (solid lines) using measured d_p and g,. TEM images with 100 nm scale are

displayed in the top right corner of each panel (a-i) and the d,,, for the given flame condition is provided
below the image for reference. The burner equivalence ratio for each panel is denoted by &.

3.4 Composition

Soot particles generated from jet engines are composed of organic, OC, and elemental, EC,
carbon. The EC/TC ratio refers to the elemental carbon divided by the total carbon (TC =
EC+0OC) measured using TOA which detects the total carbon on the filter punch-out and
differentiates the elemental from organic carbon material. Field studies have found that
EC/TC ratios of jet engine soot emitted at high thrust levels are > 0.8 [42]. This work
measures the EC/TC ratios for three different jet fuels and compares them across various

flame conditions and previous FSP work. For this analysis, the NIOSH 930 protocol was
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used with a Sunset Laboratory OCEC Carbon Aerosol Analyzer (Model SL — Main Oven
Assembly and Model 4L — Methanator/Detector Assembly). This specific protocol was
used because it is the typical protocol of choice for aviation-like soot. The EC/TC ratios in
this study range from 0.55-0.97 with only the 10/3.00 flame condition samples having
EC/TC > 0.8. The 12/2.50 and 12/2.00 flame conditions are in good agreement with
previous FSP work, identifying EC/TC ratios in the range of 0.81-0.90 [34] and 0.90-0.94
[35] using Jet A1 fuel. Figure 3.14 shows the EC/TC ratios as a function of d,,, with black
x’s [35] and pink crosses [34] representing previous work and blue triangles, green circles,
and red squares representing Jet A1, C10, and ATJ fuel results, respectively, for this work.
There are six data points for each fuel which are associated with the 10/3.00, 12/2.50, and
12/2.00 flame conditions in this work. Two sets of data were taken with identical burner
settings where the 1% set of data is shown with empty symbols and the 2™ set of data is
shown with filled symbols. For each fuel, the smallest d,, is from the 10/3.00 flame
condition and d,, increases as the condition changes to 12/2.50 and then 12/2.00. The data
points extrapolated from previous work use different flame conditions and equivalence
ratios; however, the results shown in Figure 3.14 remain comparable for EC/TC of Jet A1l
(blue triangles) as a function of d,,, except for one of the Jet A1 10/3.00 points (EC/TC =

0.54).
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Figure 3.14: Elemental to total carbon ratio (EC/TC) as a function of the d,, for all fuels (Jet Al: blue
triangles, C10: green circles, ATJ: red squares) and flame conditions in this work compared to those of
previous work. The data points from left to right, for this work, correspond to 10/3.00, 12/2.50, and 12/2.00
flame conditions, respectively. Previous work by Kholghy & DeRosa and Trivanovic, Kelesidis, and
Pratsinis is shown with black x’s [35] and pink crosses, respectively [34]. This work shows EC/TC
increases with a decrease in Reynolds number and an increase in burner equivalence ratio, for all fuels.

There are multiple data points in Figure 3.14 that have EC/TC < 0.8. Most of these points
come from 10/3.00 flame conditions and are produced using the SAFs, C10 and ATJ (green

circles and red squares, respectively).

The second filter sample collected from the Jet A1 10/3.00 resulted in an EC/TC = 0.54,
about 0.3 lower than the first sample set. This was unexpected and more investigation is
needed to explain why this measurement was not repeatable and much lower when
compared to previous work with similar d,,. The 10/3.00 flame was known to be the most
inconsistent flame condition across all fuels, and larger differences in EC/TC
measurements are also seen in the other fuels with the 10/3.00 flame condition. It is
important to note, that for the Jet A1 10/3.00 flame, the particle concentration, in #/cm?,

measured by the SMPS while collecting soot on the TOA filter for the 2™ set was about
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half of the concentration measured during the 1% set. Filter collection times were identical
and so the total mass of soot collected on the filter was about half as much for the 2" set
in this condition. This can be seen when comparing reported total mass concentrations on
the thermograms in the supplementary material. A possible answer to the discrepancy here
is that the TOA filters were underloaded and the EC/TC measurements have a large relative

uncertainty due to a lack of sufficient soot concentration on the filter punch.

The split point is a parameter that can cause uncertainty in EC/TC measurements with the
TOA process. The split point defines the time when all carbon measured before the split
point is considered as OC, and carbon measured after the split point is considered EC. For
this experiment, the split point was automatically calculated by the Sunset Laboratory
OCEC Carbon Aerosol Analyzer. Further discussion on how this split point is chosen by
the instrument is outlined in the supplementary material, Section A.7. With the
understanding that the reported EC/TC ratios by the analyzer are sensitive and dependent
to when the split point is taken, a simple sensitivity analysis on the EC/TC ratios was done

with respect to the split point.

The vertical error bars in Figure 3.15 show the effect of adjusting the split point by +10%
of the difference between the split point and the time that the oxidizing phase in the
analyzer begins. The oxidizing phase began at a time of 420 seconds and the split points
ranged from 530 to 590 seconds across all the samples seen in Figure 3.15. For example,
when checking the £10% sensitivity, if a sample had a split point of 550 seconds, the error

bars in Figure 3.15 would identify the range of EC/TC for a split point taken at 550+13
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seconds. Otherwise, the symbols in Figure 3.15 identify the EC/TC ratio with the
instrument calculated split point. For every case but one, the higher split point resulted in
alower EC/TC, and the lower split point resulted in a higher EC/TC. This is simply because
the TOA process identifies carbon before the split point as OC and after the split point as
EC. The single case where this was not true was the Jet A1 10/3.00 2™ set. This point is a
visible outlier and future work will investigate why it has a different trend to all the other
points with respect to split point sensitivity, as well as why it is about 0.3 different from
the 1% measurement of the same flame condition. Otherwise, the 1% and 2™ sets of data are
comparable within split point sensitivity ranges, and the 12/2.50 and 12/2.00 conditions

show the best repeatability.
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Figure 3.15: EC/TC ratios for three different fuels and three different flame conditions with two sets of
measurements on separate days of testing. The average d,,, for each flame condition remained the same
for both sets of EC/TC measurements. Horizontal error bars identify the standard deviation of the d,, for
each condition. Vertical error bars show the EC/TC sensitivity to split point in the TOA process.

For the C10 (green circles) and ATJ (red squares) flames, the EC/TC dropped non-linearly
when d,,, < 50 nm. This was unexpected as the other flame conditions show similar trends
to Jet Al of this work and previous work. This work (excluding the outlier mentioned
above) and previous work seem to show linear relations for d,,, and EC/TC, however, this

was not the case for the SAF fuels. This is a unique finding that could impact quantification
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of soot emissions from these fuels when using optical diagnostic techniques. Typical
optical diagnostic techniques for measuring aircraft soot emissions, such as LII, can be
sensitive to changes in EC/TC. For example, EC/TC directly affects the refractive index of
soot and LII relies on an accurate refractive index user input to measure mass
concentrations of soot. If the refractive index input for SAFs, like the ones tested in this
experiment, is assumed to be similar to that of the higher EC/TC ratios measured for
conventional fuels at d,, < 50 nm, the LII could be inadvertently underestimating total

mass concentrations due to the discrepancy in soot EC/TC.
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Chapter 4: Conclusion and Future Work

4.1 Concluding Remarks

A FSP burner was used to synthesize soot from Jet A1, C10, and ATJ liquid jet fuels at a
variety of flame conditions with burner equivalence ratios in the range of 7-13 and
Reynolds numbers from 6100-9100. Soot mobility size distributions, Nio¢, dyp, and d,,
were compared for all fuels and flame conditions. Jet A1 and C10 fuels produced similar
d,, for each flame condition ranging from 34-104 nm, while ATJ produced significantly
smaller (22-90 nm) agglomerates for the same flame conditions. Overall dilution ratios
ranged from 12-32 across different test conditions and days, and N;,; was directly related
but inversely proportional to the dilution ratios measured during each SMPS scan.
However, the dilution ratios require further fine tuning and improvement in measurement
to be reliable and consistent from day-to-day. The d,, for all conditions showed lognormal
distributions, and @ ranged from 11-21 nm, in good agreement with previous FSP work
and meeting thresholds of jet engine field tests with @ < 20 nm. Compositions measured
were reflective of jet engine field test results for high thrust loadings with EC/TC > 0.8 for
12/2.50 and 12/2.00 flame conditions with all fuels and showed excellent agreement with
previous FSP studies. Day-to-day variations in size distributions and number
concentrations still show unpredictability; however, trends for specific fuels and flame
conditions were distinguishable. Agglomerate mobility diameters were repeatable within

20%, and d,, fit lognormal distributions.

This work has contributed to the field of in-situ soot sampling and measurement and lab-

scale soot generating burners. The burner used to synthesize soot in this experiment was
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used in previous FSP literature and this work has confirmed similar findings where
composition and size properties of FSP-made soot can meet the soot property thresholds
of jet engine-like soot from full-scale turbofan engines operating on conventional fuels.
However, this work also identifies unique findings in the way that the flame sampled here
was left completely open to the ambient room, versus being fully enclosed by quartz tubes
or in a fume hood. This work has also gone beyond the testing of conventional Jet A1 fuel
and tested two SAFs, with different chemical compositions, to compare with Jet A1 results.
The research and results outlined in this thesis will help advance the field of in-situ soot
measurements, jet engine-like soot synthesis, and lab-scale soot generators as possible
rapid screening devices which will directly improve opportunities for SAF testing and

development.

4.2 Outlook

ICAO emissions standards for nvPM involve measurement of visible plumes to identify
the smoke number [70]. Visible plumes are often generated when particles exceed d,,, =
100 nm [70], but as discussed in this work, current jet engine soot emissions produce d,,, <
70 nm, making smoke number a less accurate representation for the soot particles produced.
Visible plumes continue to be reduced and test standards are evolving where the SAE
AIR6241 [71] methodology for measuring black carbon mass emissions [72] could be used,
which focuses more on particle morphology and optical properties, rather than analysis of
visible plumes. This practice puts focus on electrical mobility diameters of nvPM,
including soot. This could make small-scale soot generators, like the one used in this study,

in higher demand to characterize emerging SAF nvPM due to the assembly’s ability to
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produce a range of particle sizes within the threshold of measured experimental jet engine

particulates.

The most evident uncontrollable with the current setup is the variation in dilution ratio
from day-to-day and between tests. It was shown that dilution ratio directly affects N;,;,
which indirectly affects d,, in some cases. The indirect effects are introduced by higher
Ny causing increased collision frequency and coagulation rates. The first step to
improving the inconsistencies in the dilution ratio was identifying the unreliability in using
compressed air from the central lab supply for second stage dilution, as discussed in Section
3.2.1. This has since been replaced with certified cylinder air with a CO2 concentration of
0 ppm. Future testing and analysis on the dilution ratio with this change should be
completed and comparisons with the results presented in this work should be done. After
the dilution ratio is controllable and repeatable, mass and optical property measurements
will be done to compare with previous FSP work and benchmark against jet engine field

tests.

Recent work by Trivanovic, Kelesidis, and Pratsinis [34] has tested the results of enclosed
flames with nitrogen dilution gas supplied to the flame enclosure column. Their work has
produced similar soot size and composition compared to this work, but with much lower
fuel flowrates (4.5 L/min of Jet Al). The setup for this work has since been modified to
incorporate enclosed flame tests and initial tests have been successful. When the assembly

is finalized, identical tests to the recent work will be performed and directly compared. If
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size distributions remain distinguishable and consistency improves, this will be desirable

as less fuel is required for accurate characterizations.
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Appendices

Appendix A - Supplementary Materials

A.1  Sampling Probe Engineering Drawing

The sampling probe was designed and manufactured in collaboration with Swagelock and
the Carleton University machine shop. The engineering drawing in Figure A1l is the final
design, manufactured and delivered from Swagelock. Minor modifications were done on
the inlet tip (located at bubble 7), to ensure proper sealing around the fittings and
positioning of the inner tube. These modifications were completed with the help of the

Carleton machine shop and their technicians.

98



8 7 6 s 4 3 2 1
CASENO. THIS ASSEMBLY DESIGN AND APPLICATION ARE THE EXPRESS SOLE RESPONSIBILITY OF THE PURCHASER. PURCHASER IS PART NO.

SOLELY RESPONSIBLE FOR THE AT AND FUNCTION OF ANY COMPONENTS. PURCHASER AGREES TO HOLD HARMLESS AND
INDEMNIFY SWAGELOK FROM AND AGAINST ANY CLAIMS ARISING FROM OR RELATING TO ANY OF THE FOREGOING.

99

ITEM

NO. PART NUMBER DESCRIPTION QTY.
REVE —Sdded d\w._mwmnm_m_u._v._ﬂmvﬂﬂm o T iee DATE 1 [SS-810-R-16BT Swagelok, SS, Bore-Through Reducer, 1/2°0DX 1" Tube Adaptor 2
B branches 2 [ss-810-3 Swagelok, S, Union Tee, 1/2'0D 1
1 e increase distance between 1/2" 2512021 3 |SS-400-R-8BT Stainless Steel Swagelok Tube Fitting, Bored-Through Reducer, 1/4in. x 1/2in. Tube OD 1
tee and 12" reducer fo 25.4 mm 4 [s5-16103 Swagelok, S5, Union Tee, 1"0D Tube Fitling 2
2 |- mﬁm:aman_.ﬂ nﬁw_mﬂ water inlet 2/5/2021 5 [SS-810-R-16 Stainless Steel Swagelok Tube Fitting, Reducer, 1/2in. x 1 in. Tube OD 7]
6 |SS-T4-5-035-20 316/316L Stainless Steel Seamless Tubing, 1/4in. OD x 0.035 in. Wall 1
7 |SS-18-5-049-20 316/316L Stainless Steel Seamless Tubing, 1/2in. OD x 0.049 in. Wall 1
8 [SS-T16-5-083-20 316/316L Stainless Steel Seamless Tubing, 1in. OD x 0.083 in. Wall 1
654.90mm

SECTION B-8
SCALET:3

658.20mm D

248.88mm

63.50mm

For threaded connections,
plecse chooze from:

50mm

137.67mm &’

.m SWAK (iquid sealant] [
] PTFE tape o
- Other
w 50 I not specified, PTFE fape
wil be used
Prezzure lesfing required:
HUTO BUT® /A O
496.93mm 34.93mm Open 0} Close I WA
i DRAWING NOT TO SCALE CUSTOMER APPROVAL DRAWN BY AL TIME
ON0OAOK.  FEREEES e o v w0 o 2w
DRAWING IS SUBJECT TO APPROVED BY PART NO. - REV2
CENTRAL ONTARID CHANGE WITHOUT NOTICE BYDATE_____ o 31697-WSTON-01-R00 SO

THIS PRINT IS THE EXCLUSIVE PROPERTY OF SWAGELOK COMPANY. IT MUST BE RETURNED ON REQUEST ALONG WITH DOCUMENTS CONTAINING INFORMATION OBTAINED FROM THIS PRINT. NEITHER THIS PRINT NOR
ANY PART OF IT NOR ANY INFORMATION CONCERNING IT MAY BE COPIED, DISCLOSED TO OTHERS OR USED FOR ANY PURPOSE EXCEPT IN FURTHERANCE OF YOUR BUSINESS WITH SWAGELOK. THE PARTS REFERRED
TO ON THIS PRINT MAY BE THE SUBJECT OF PATENTS AND/OR PENDING APPLICATIONS AND MAY NOT BE MANUFACTURED WITHOUT PERMISSION FROM SWAGELOK COMPANY

8 7 6 s 4 3 2 1

Figure Al: Finalized Swagelock engineering drawing of the sampling probe design with water-cooling

and N; dilution. This drawing includes all part numbers, dimensions, and revisions made.



A.2  CO:2 Concentration at Various Burner Stages

Figure A2 illustrates a profile of the CO> concentrations measured after both stages of
dilution throughout a start-up to shutdown process. With the pilot flame running, Figure
A2 shows how the CO» content changes as a Jet Al flame is initiated and operates for a
short period of time, before shutting off Jet Al flow, and then shutting off the premixed
methane-oxygen pilot fuel. The CO2 concentration eventually returns to an ambient

condition, around 450 ppm.

4x10%

3x10% |
3
o
2 2x10%
ON —>le >
o Pilot | Fuel

1x10*

0 | | | | |

0O 100 200 300 400 500 600
Time [s]
Figure A2: CO, concentrations after two stage dilution by the sampling probe and Dekati diluter at various
burner operation stages. The stages from left to right are the premixed methane-oxygen pilot flame,

followed by a Jet Al flame, then back to the pilot flame, and ending with the burner shut off and cooling
down where the CO; concentration tapers down to ambient room conditions.
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A.3  Fuel Composition Breakdown [54]

Table A.1: Chemical Composition for Jet A1 (POSF 10325)

Hydrogen content (weight %) 14.0
Average Molecular Wt (g/mole) 159
Average Molecular Formula Ci1.4H221

Weight % Volume %
Aromatics
Alkylbenzenes
benzene (C0O6) 0.01 0.01
toluene (C07) 0.16 0.14
C2-benzene (C08) 1.10 1.00
C3-benzene (CO9) 2.97 2.73
C4-benzene (C10) 3.32 3.05
C5-benzene (C11) 2.22 2.03
C6-benzene (C12) 1.45 1.33
C7-benzene (C13) 0.73 0.67
C8-benzene (C14) 0.52 0.48
C9-benzene (C15) 0.28 0.25
C10+-benzene (C16+) 0.15 0.14
Total Alkylbenzenes 12.90 11.84
Diaromatics (Naphthalenes, Biphenyls, etc.)
diaromatic-C10 0.22 0.17
diaromatic-C11 0.66 0.51
diaromatic-C12 0.86 0.68
diaromatic-C13 0.43 0.34
diaromatic-C14+ 0.17 0.14
Total Alkylnaphthalenes 2.34 1.84
Cycloaromatics (Indans, Tetralins,etc.)
cycloaromatic-C09 0.02 0.02
cycloaromatic-C10 0.26 0.21
cycloaromatic-C11 0.66 0.56
cycloaromatic-C12 0.89 0.76
cycloaromatic-C13 0.85 0.73
cycloaromatic-C14 0.44 0.38
cycloaromatics-C15+ 0.17 0.15
Total Cycloaromatics 3.29 2.81
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Total Aromatics 18.53 16.49
Paraffins

iso-Paraffins

C07 & lower -isoparaffins 0.15 0.18
C08-isoparaffins 0.44 0.50
C09-isoparaffins 1.05 1.17
C10-isoparaffins 4.20 4.57
Cl1-isoparaffins 5.70 6.08
C12-isoparaffins 5.63 6.02
C13-isoparaffins 4.22 4.41
Cl4-isoparaffins 4.20 4.35
C15-isoparaffins 2.51 2.59
Cl6-isoparaffins 1.00 1.03
C17-isoparaffins 0.39 0.40
C18-isoparaffins 0.11 0.11
C19-isoparaffins 0.03 0.03
C20-isoparaffins 0.03 0.03
C21-isoparaffins <0.01 <0.01
C22-isoparaffins <0.01 <0.01
C23-isoparaffins <0.01 <0.01
C24-isoparaffins <0.01 <0.01
Total iso-Paraffins 29.69 31.46
n-Paraffins

n-C07 & lower 0.17 0.20
n-C08 0.54 0.61
n-C09 1.42 1.57
n-C10 3.26 3.53
n-C11 4.29 4.58
n-C12 3.74 3.94
n-C13 2.80 2.93
n-C14 2.02 2.09
n-C15 1.03 1.06
n-C16 0.43 0.44
n-C17 0.21 0.22
n-C18 0.05 0.05
n-C19 0.01 0.01
n-C20 <0.01 <0.01
n-C21 <0.01 <0.01
n-C22 <0.01 <0.01
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n-C23 <0.01 <0.01
Total n-Paraffins 19.98 21.23
Cycloparaffins

Monocycloparaffins

C07 & lower monocycloparaffins 0.36 0.37
C08-monocyclocycloparaffins 0.78 0.78
C09-monocyclocycloparaffins 2.30 2.29
C10-monocyclocycloparaffins 4.11 3.97
C11-monocyclocycloparaffins 5.43 5.38
C12-monocyclocycloparaffins 3.73 3.68
C13-monocyclocycloparaffins 4.19 4.09
Cl1l4-monocyclocycloparaffins 2.19 2.14
C15-monocyclocycloparaffins 1.33 1.29
C16-monocyclocycloparaffins 0.42 0.41
C17-monocyclocycloparaffins 0.18 0.18
C18-monocyclocycloparaffins 0.04 0.04
C19+-monocyclocycloparaffins 0.02 0.02
Total Monocycloparaffins 25.08 24.64
Dicycloparaffins

C08-dicycloparaffins 0.03 0.03
C09-dicycloparaffins 0.43 0.39
C10-dicycloparaffins 0.72 0.63
Cl1-dicycloparaffins 1.52 1.41
C12-dicycloparaffins 1.57 1.47
C13-dicycloparaffins 1.21 1.12
Cl14-dicycloparaffins 0.81 0.76
C15-dicycloparaffins 0.20 0.19
C16-dicycloparaffins 0.04 0.04
C17+-dicycloparaffins 0.02 0.02
Total Dicycloparaffins 6.56 6.06
Tricycloparaffins

C10-tricycloparaffins <0.01 <0.01
Cl1-tricycloparaffins 0.16 0.13
C12-tricycloparaffins <0.01 <0.01
Total Tricycloparaffins 0.16 0.13
Total Cycloparaffins 31.79 30.83

103



Table A.2: Chemical Composition for C10 (POSF 12345)

Hydrogen content (weight %) 13.9
Average Molecular Wt (g/mole) 135
Average Molecular Formula Co7H187

Weight % Volume %
Aromatics
Alkylbenzenes
benzene (C0O6) <0.01 <0.01
toluene (C07) <0.01 <0.01
C2-benzene (CO8) 0.02 0.01
C3-benzene (C09) 30.66 27.21
C4-benzene (C10) <0.01 <0.01
C5-benzene (C11) <0.01 <0.01
C6-benzene (C12) <0.01 <0.01
C7-benzene (C13) <0.01 <0.01
C8-benzene (C14) <0.01 <0.01
C9-benzene (C15) <0.01 <0.01
C10+-benzene (C16+) <0.01 <0.01
Total Alkylbenzenes 30.68 27.22
Diaromatics (Naphthalenes, Biphenyls, etc.)
diaromatic-C10 <0.01 <0.01
diaromatic-C11 <0.01 <0.01
diaromatic-C12 <0.01 <0.01
diaromatic-C13 <0.01 <0.01
diaromatic-C14+ <0.01 <0.01
Total Alkylnaphthalenes <0.01 <0.01
Cycloaromatics (Indans, Tetralins,etc.)
cycloaromatic-C09 <0.01 <0.01
cycloaromatic-C10 <0.01 <0.01
cycloaromatic-C11 <0.01 <0.01
cycloaromatic-C12 <0.01 <0.01
cycloaromatic-C13 <0.01 <0.01
cycloaromatic-C14 <0.01 <0.01
cycloaromatics-C15+ <0.01 <0.01
Total Cycloaromatics <0.01 <0.01
Total Aromatics 30.68 27.23
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Paraffins

iso-Paraffins

C07 & lower -isoparaffins 0.14 0.16
C08-isoparaffins 0.16 0.18
C09-isoparaffins 0.23 0.25
C10-isoparaffins 42.44 44.72
Cl1-isoparaffins 8.52 8.78
C12-isoparaffins 0.07 0.08
C13-isoparaffins <0.01 <0.01
Cl4-isoparaffins <0.01 <0.01
C15-isoparaffins <0.01 <0.01
Cl6-isoparaffins <0.01 <0.01
C17-isoparaffins <0.01 <0.01
C18-isoparaffins <0.01 <0.01
C19-isoparaffins <0.01 <0.01
C20-isoparaffins <0.01 <0.01
C21-isoparaffins <0.01 <0.01
C22-isoparaffins <0.01 <0.01
C23-isoparaffins <0.01 <0.01
C24-isoparaffins <0.01 <0.01
Total iso-Paraffins 51.58 54.18
n-Paraffins

n-C07 & lower 0.04 <0.01
n-C08 0.20 0.22
n-C09 0.06 0.06
n-C10 17.33 18.16
n-C11 <0.01 <0.01
n-C12 0.03 0.03
n-C13 <0.01 <0.01
n-C14 <0.01 <0.01
n-C15 <0.01 <0.01
n-C16 <0.01 <0.01
n-C17 <0.01 <0.01
n-C18 <0.01 <0.01
n-C19 <0.01 <0.01
n-C20 <0.01 <0.01
n-C21 <0.01 <0.01
n-C22 <0.01 <0.01
n-C23 <0.01 <0.01
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Total n-Paraffins 17.66 18.52
Cycloparaffins

Monocycloparaffins

C07 & lower monocycloparaffins <0.01 <0.01
C08-monocyclocycloparaffins <0.01 <0.01
C09-monocyclocycloparaffins <0.01 <0.01
C10-monocyclocycloparaffins 0.03 0.03
C11-monocyclocycloparaffins <0.01 <0.01
C12-monocyclocycloparaffins <0.01 <0.01
C13-monocyclocycloparaffins <0.01 <0.01
C14-monocyclocycloparaffins <0.01 <0.01
C15-monocyclocycloparaffins <0.01 <0.01
C16-monocyclocycloparaffins <0.01 <0.01
C17-monocyclocycloparaffins <0.01 <0.01
C18-monocyclocycloparaffins <0.01 <0.01
C19+-monocyclocycloparaffins <0.01 <0.01
Total Monocycloparaffins 0.04 0.04
Dicycloparaffins

C08-dicycloparaffins <0.01 <0.01
C09-dicycloparaffins <0.01 <0.01
C10-dicycloparaffins 0.03 0.02
Cl1-dicycloparaffins <0.01 <0.01
C12-dicycloparaffins <0.01 <0.01
C13-dicycloparaffins <0.01 <0.01
Cl4-dicycloparaffins <0.01 <0.01
C15-dicycloparaffins <0.01 <0.01
C16-dicycloparaffins <0.01 <0.01
C17+-dicycloparaffins <0.01 <0.01
Total Dicycloparaffins 0.03 0.03
Tricycloparaffins

C10-tricycloparaffins <0.01 <0.01
Cl1-tricycloparaffins <0.01 <0.01
C12-tricycloparaffins <0.01 <0.01
Total Tricycloparaffins <0.01 <0.01
Total Cycloparaffins 0.07 0.07
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Table A.3: Chemical Composition for ATJ (POSF 11498)

Hydrogen content (weight %) 15.3
Average Molecular Wt (g/mole) 178
Average Molecular Formula Ci2.6H27.2
Aromatics Weight %
Alkylbenzenes

benzene (C0O6) <0.01
toluene (C07) <0.01
C2-benzene (C08) <0.01
C3-benzene (CO9) <0.01
C4-benzene (C10) <0.01
C5-benzene (C11) <0.01
C6-benzene (C12) <0.01
C7-benzene (C13) <0.01
C8-benzene (C14) <0.01
C9-benzene (C15) <0.01
C10+-benzene (C16+) <0.01
Total Alkylbenzenes <0.01
Diaromatics (Naphthalenes, Biphenyls, etc.)

diaromatic-C10 <0.01
diaromatic-C11 <0.01
diaromatic-C12 <0.01
diaromatic-C13 <0.01
diaromatic-C14+ <0.01
Total Alkylnaphthalenes <0.01
Cycloaromatics (Indans, Tetralins,etc.)

cycloaromatic-C09 <0.01
cycloaromatic-C10 <0.01
cycloaromatic-C11 <0.01
cycloaromatic-C12 <0.01
cycloaromatic-C13 <0.01
cycloaromatic-C14 <0.01
cycloaromatics-C15+ <0.01
Total Cycloaromatics <0.01
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Total Aromatics

<0.01

Paraffins

iso-Paraffins

C07 and lower-iso 0.02
C08-isoparaffins 0.61
C09-isoparaffins 0.17
C10-isoparaffins 0.22
Cl1-isoparaffins 0.52
C12-isoparaffins 78.26
C13-isoparaffins 1.23
Cl4-isoparaffins 0.53
C15-isoparaffins <0.01
Cl16-isoparaffins 16.25
C17-isoparaffins <0.01
C18-isoparaffins <0.01
C19-isoparaffins <0.01
C20-isoparaffins 1.69
C24-isoparaffins 0.12
Total iso-Paraffins 99.62
n-Paraffins

n-CO7 <0.01
n-C08 <0.01
n-C09 <0.01
n-C10 <0.01
n-C11 <0.01
n-C12 <0.01
n-C13 <0.01
n-C14 <0.01
n-C15 <0.01
n-C16 <0.01
n-C17 <0.01
n-C18 <0.01
n-C19 <0.01
n-C20 <0.01
Total n-Paraffins <0.01

Cycloparaffins

Monocycloparaffins
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C07-monocyclocycloparaffins <0.01
C08-monocyclocycloparaffins <0.01
C09-monocyclocycloparaffins <0.01
C10-monocyclocycloparaffins 0.01
C11-monocyclocycloparaffins <0.01
C12-monocyclocycloparaffins <0.01
C13-monocyclocycloparaffins <0.01
C1l4-monocyclocycloparaffins <0.01
C15-monocyclocycloparaffins <0.01
C16-monocyclocycloparaffins <0.01
C17-monocyclocycloparaffins <0.01
C18-monocyclocycloparaffins <0.01
C19+-monocyclocycloparaffins <0.01
Total Monocycloparaffins 0.04
Dicycloparaffins

C08-dicycloparaffins <0.01
C09-dicycloparaffins <0.01
C10-dicycloparaffins <0.01
Cl11-dicycloparaffins <0.01
C12-dicycloparaffins <0.01
C13-dicycloparaffins <0.01
Cl14-dicycloparaffins <0.01
C15-dicycloparaffins <0.01
C16-dicycloparaffins <0.01
C17+-dicycloparaffins <0.01
Total Dicycloparaffins 0.01
Tricycloparaffins

C10-tricycloparaffins <0.01
Cl11-tricycloparaffins <0.01
C12-tricycloparaffins <0.01
Total Tricycloparaffins <0.01
Total Cycloparaffins 0.05
Alkenes

Cl12-alkene 0.08
Cl6-alkene 0.24
Total Alkenes 0.32
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A.4  Open vs. Closed Flame

Figure A3 shows the FSP operating with no quartz tube around the base of the flame. The
flame shown here is a Jet A1 12/2.00 flame and the camera settings are noted in the figure

caption.

Figure A3: Flame spray pyrolysis with 12 mL/min of jet Al fuel and 2.00 L/min of dispersion oxygen.
Camera settings are as follows, exposure time: 1/8000 sec., ISO: 500, and aperture: f/3.6.

During the early tests of the FSP assembly, the flame remained completely open with no
quartz tube placed around the base of the flame, on the burner surface. Initial tests results
were producing size distributions with little to no order, and expected lognormal

distributions were indistinguishable, especially for flame conditions with leaner mixtures
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(e.g., 10/3.00 condition). A quartz tube surrounding the base of the flame (100 mm in
height) was proposed to limit the amount of entrained air caused by the highly turbulent
flames, and in turn, reduce oxidation rates, to produce soot with larger size and
concentrations. Figure S4 identifies an example of this with a 10/3.00 flame condition. The
dark blue solid line is a 10/3.00 Jet A1 size distribution whilst having the 100 mm quartz
tube around the base of the flame, while the light blue dashed line has identical flame and

sampling conditions, but the quartz tube was removed from the surface of the burner.

1.5%107

— Quartz
Open

Total Conc.:
1.0x10" 1 7.39x10°

GMD:

0.5x107 4 2> "M

Number Concentration [#/cm?3]

Particle Diameter [nm]
Figure A4: Particle size distributions for a Jet Al, 10/3.00 flame. The dark blue solid line shows the
distribution collected when a quartz glass tube was placed on the surface of the burner with a height of
100 mm, inner diameter of 42 mm, and outer diameter of 46 mm. The light blue dashed line shows the

distribution collected with the same 10/3.00 conditions and dilution ratio in the sampling line, but with the
quartz tube removed from the burner.

Figure S4 plots are directly from the Aerosol Instrument Manager (AIM) software, which

was used to operate the SMPS. These are small bin bar graphs and show the difference in
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smoothness of sample collection with or without the quartz tube. Notice the change in

magnitude for the y-axis, and the increase in N, and d,,, when the quartz tube is added.
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Figure A5: Mobility size distributions from AIM software for a Jet A1 10/3.00 flame condition with (left)
and without (right) the 100 mm tall quartz tube placed around the base of the flame. All flame and sampling
conditions for these distributions were identical, apart from removing the quartz tube.

A5 Flame Imaging Procedure

How to Measure Flame Height Using Imaging Software:

1. Take at least 10 images of each flame condition
2. Upload image to image J (or imaging software)
3. Locate the peak of the flame, and draw a line across to the scale
a. The peak should be part of the continuous flame, not a portion that is
completely detached
b. The line angle can be adjusted so it is 180°, thus making it perfectly
horizontal
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4. Once line has been drawing, use marker tool to mark off the point on the scale
where the line intersects

5. Draw a line between the bottom of the two scale points surrounding the marker,
and set the scale to 50 mm
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| £ Set Scale X

Distance in pixels: |410.25
Known distance: |50]

Pixel aspect ratio: |1.0

Unit of length:  |unit

Click to Remove Scale

[~ Global

Scale: 8.205 pixels/unit

OK Cancel | Help

6. Draw another straight line from bottom of scale below the horizontal line, to the
horizontal line, and take the measurement
larea |Mean  |[Min |Max |angle |Length | B
2826 11734 O 2585 90 45216

-
3

7. Add the measurement to the value of the scale below it

Scale Height = 45 + 350 = 395.216
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8. Subtract 37mm from the total height (difference from bottom of scale to the
burner
Flame Height = 395 — 37 = 358

9. Average the values of the 10 images to receive an approximate flame height

A.6  Pressurised Air CO2 Consistency

The Dekati dilution was isolated and further investigated. The Dekati is provided with
compressed air from a central lab compressor with connection to the wall. Upon recording
CO:; concentrations from the wall air, it was found that the CO; concentration varied in
waves. Figure S6 shows the varying concentrations for three different days and the average
CO; content after second stage dilution during hot tests. With the amplitude of the wave
variation being from ~0.1-0.15 ppm/1000 (seen in Figure A6), this leads to variation of up
to 15%, which makes a significant impact on the calculated dilution ratio. The reason for
wave-like variation from the wall supplied air is currently unknown, and it is likely not the

only reason for dilution ratio variation, but it is a reasonable factor to be addressed.

115



o 03
o
o
< 0.25 .
>
a 02
5 0.15
3 0.
§ o = - 02-Aug
S 0.05 FRAverage Dekati CO,: —26-Jul
< 0 ~1000 ppm (1 ppm/1000) - = -29-Jul
O ' I !
()

0 200 400 600

Time [s]

Figure A6: Variations in CO; concentration from compressed air supply to the Dekati diluter as a function
of time for three different test days. The average CO, concentration in the sample after second stage
dilution during hot tests was ~1000 ppm.

Tests have been done to check for an ideal air pressure to operate at, while maintaining
enough negative pressure by the operating Dekati to pull sufficient sample from the
vacuum exhaust line. Figure A7 identifies the variability in CO> from the wall at different
operating pressures. Previously, for the results discussed in this work, the Dekati operated
with an air pressure of 35 psig. The tests done for Figure A7 show that operating at a

pressure of 40 psig could minimize the variation in COx.
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Figure A7: Variability in CO, concentration at different compressed air pressures measured after the
Dekati diluter second stage dilution. The whiskers represent maximum and minimum values, and the boxes
identify 2™ and 3™ quartiles, showing where 50% of the data is located. Pressure set at 40 psig results in
the least amount of variation and spread, while setting the pressure to 25 psig would have the largest
variation and spread. Results discussed in this work were collected with 35 psig.
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A.7 Detailed TOA Results

A Sunset Laboratory OCEC Carbon Aerosol Analyzer was used here to identify OC and
EC contents of sample quartz filters using the TOA process and thermograms were
produced to show the process of measurement. TOA uses a heating process to detect
organic and elemental carbon from a punch-out of a quartz filter. The carbon is removed
from the filter in gaseous form and mixed with a manganese oxide where the carbon is
oxidized and becomes CO,. The CO; then goes through a methanator and is converted to
CHa, where it is subsequently burned and quantified by the flame ionization detector (FID).
Continuous optical measurements with a laser confirm the original organic carbon and

compare it to the burned off elemental carbon as the filter is heated in stages.

Individual thermograms for all fuels and flame conditions were produced to get the EC/TC
ratios presented in Figures 3.14 and 3.15 of the main body of this thesis. These
thermograms are provided in this section where the thermogram for the 1% set of EC/TC
measurements are provided followed by the 2" set for each fuel and flame condition. It is
important to note that the thermograms shown here are only of the front filters, and the
recorded values in Figures 3.14 and 3.15 are considering the backer filter subtraction, so
there are small discrepancies in the EC/TC values stated on the thermograms compared to

Figures 3.14 and 3.15.

Mass contents of OC and EC are given at the top in bold, followed by instrument
calibration settings and split point times. The thermogram has a green (FID1) and pink

(FID2) line that identify the FID signal that measures CH4 content. The laser transmission
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is given as a red line, and the ramping temperature steps are shown by a blue line. A single
vertical black line shows the split point where carbon contents measured before this point
are considered OC, and carbon measured after is considered EC. The split point is
calculated using the thermal/optical-transmittance method. This method uses laser
transmission and a photodetector to measure attenuation of the laser as some of the OC is
pyrolyzed, remaining on the filter, and starts to absorb light. The second stage of the
analysis starts when oxygen is introduced and the temperature ramps back up to oxidize
EC and any pyrolyzed OC off the filter. This reduces the light-absorbing carbon which
increases measured laser transmission. The split point is estimated when the power reaches
its original value from the start of the procedure, typically after the oxidizing phase has
started. For the following datasets, the oxygen is introduced at t = 420 seconds and recorded

split points range from 537-569 seconds.
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Sample ID:  20220614_FSP_10/3_JetA_01F-01 6/14/20:

Instiument Name: InstE3350-142 NEC B aseVolatle area =46049.0

FID1: OK FID2: 0K Pyrolized area= 11075.0

Orgamic C= 3.68 =-0.28 ug/aq cm
Carbonate C= 0.00 = wuglagem
Elemental C = 16.42 +-0.92 ugisgcm

Base ECarea= 2549710
Calbeation area= 299092.0

Tortal C= 10,10 +L.20 ug'sqgem FIDZ Calitration area = 73194.0

Manual peak: stat= |n Mamaly Integrated frea=
Integrate end =
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FIDZ Tetriperature Lazer Ahzobamce -6
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T
1
1
'
'
1
1
'
1
1
'
1
1
'
1
1
'
'
1
'
e

N

N AN PN B—

; [
: I
Intial Laser  Manual Pk Limits Sphit Pt Used Sphit Ft Computed

Sample Punch Area, sqcm | 1 EC/TC ratio = |0.817

Cal Constant Used 19.26 Laser Correction |1

Peak ugClsqom  Frachon
OC1 15 0.073
oCz 0.3 0,042
oC3 03 0.015
OC4 0.4 0.018
EC1 oo 0.002
EC2 0.2 0.008
EC3 0.7 0.034
EC4 3.5 0173
EC5 124 0.617
EC& 03 0.015
PyroEC 0.7 0.035

Initial Absorhance = | 241

Maz. Absorhance | 251
Split time [5¢secon

Abs Coef. [Pyrol. EC) | 10
Abs Coef. [Orig. EC] | %7

OptEC jugfcm2] |03.500

Figure A8: Detailed TOA elemental, organic, and total carbon results for the 1% set of a Jet A1 10/3.00

flame condition.
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Sample ID:  20221123_FSP_JetAl1_10_3_F-01 2022-11-

BaseVolatle area =18300.0
Pycohzed area= 47110
Base ECarea= 241530
Cafibeation area= 290036.0
FID2 Cafbration avea= 709490

Instiument Name: Inst@#350-142 NEC

FID1: OK FIDZ: 0K
Orgamic C= 1.53 =-0.18 ugisgcm
Carbonate C= 0.00 = wug'sqgcm
Elemental C = 1.60 <+-0.18 ug'ag cm

Total C= 313 =-0.36 ugisgcm

Re-Display Sample
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Blank_01

Blank_02
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Lifizeycliz - 323 [ Imtegrate to Baseline
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i b
E |
HA S AN E ]

. I

: |

' I
Inthial Laser  Mamoal Pk Limats Spht Pt Used Spht Pt Computed

Sample Punch Area, sqcm | 1 EC/TC ratio = |0.512

Cal Constant Used 1926  Laser Correction |1

Peak ugClsqom  Fraction

OC1 0.3 0.165
oCcl 0.4 0.124
OC3 0.2 0.059
OC4 0.1 0.040
EC1 0.0 =00
ECZ 0.0 0.003
EC3 0.1 0.027
EC4 0.4 0.138
EC3 1.3 0.415
ECG 0.1 0.036
PyeoEC 0.3 0.100

Initial Absorhance = | 0645

Max. Absorhance | 0723
Split time |55 second

Abs Coef. [Pyrol. EC) | 249
Abs Coef. [Orig. EC) | 402

OptEC [ugfcm?] (0764

Figure A9: Detailed TOA elemental, organic, and total carbon results for the 2™ set of a Jet A1 10/3.00

flame condition.
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Instiument Name: Inst#330-142 NEC B aseWVolahle area=12053.0
Hero 01
FID1: OK FIDZ2: OK Pyrofized area= 8407.0 Blank 01
Organic € = 1.29 +-0.16 uglsq cm BaseECarea= 146673.0 Sucrose22_10uL-01
Carbonate C= 0.00 +- ug'sqem 20220614_FSP_10V3_JetA 01F-01
Elemental C= 2,22 +-0.56 ug'sq cm Calibeation area= 3064170 20220614_FSP_10/3_JetA_01B-01

20220614 FSP_1L21 JetA 0ZF-01

Total C= 10,51 +-0.73 ugizq cm FID2 Catitration area= 749060
20220614 FSP_1L2 JetA 0 B-[

Manual peak: stat= | Marmally Inteqrated Area =
evd= [qoq
Jifictebielis 323 [ Integrate to Baseline
FIDZ Tetrriperature Lazer Ahzarbance 0-6

E Peak ugClsqom  Fracton
E 0OC1 03 0.023
; ocz 0.2 0.021
E ocC3 01 0.007
i OC4 0.2 0.017
; EC1 0.0 0.003
; EC2 0.1 0.007
T EC3 03 0.031
; K EC4 13 0.174
E Y e e S =T 2 L ECS 7.1 0.679
i/ EC6 0.3 0.031

! [ PyroEC 0.5 0.050

5 [

: I Initial Absorbance = | 1289

Inttial Laser  Manuwal Pk Limats Spht Pt Used Spht Pt Computed Max Absorbance IE

Sp]it time |[558 recond
io = |0.878
Sample Punch Area, sqcm | 1 EC{TC ratio Abs Coef. [Pyrol. EC) [ 136

Cal Constant Used | 19.26 Laser Correction |1 Abs Coef. [Orig. EC) | 205
OptEC [ugfcm2] (06326

Figure A10: Detailed TOA elemental, organic, and total carbon results for the 1% set of a Jet A1 12/2.50
flame condition.
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sample 10 20221123_FSP_letA1_12_25_F-01 2022-1° Re-Display Sample

Instiument Name: InstB350-142 NEC BaseVolatle area=8306_0
Hero_01
FIDL 0K FID2 OK Pyrolized arsa= 9870.0 Blank_01
Orgamic C= 1.21 +-0.16 ug'
rgame ugiEq em BassECarea= 129480.0 Blank_02
Carbonate C= 0.00 + wugisgcm Sucrose022_10uLl-01
Elemental C = 8.61 +-0.53 uglzq cm Catbreation area= 2895950 20221123 FSP JetAl 10 3 F-01
TotalC= 982 +0.69 uglzqem FID2 Calibeation avea= 70888.0 20221123 FSP_JetAl 10 3_B-01
20221123_FSP_JetAl_12_2 F-01
Manualpeak: stat= g Mamally Integrated frea = 20221123 FSP JetAl 12 2 B-01
end= [gogq - -
Lz leliz 923 [~ Integrate to Baseline
FIDZ Terrpeerature Lazer Ahzobance 0-6
i Peak ugClsqem  Frachon
0OcC1 0.2 0.020
; ocz 02 0.020
; 0C3 0.1 0.009
: 0C4 0.1 0.008
; EC1 0.0 0.001
; EC2 0.0 0.005
: EC3 0.2 0.020
i /” EC4 11 0.112
R R I EC5 6.4 0.647
' EC6 1.6 0.159
I,
. [ PyroEC 0.7 0.067
; |
' | Initial Absorbance = | 1746

Initial Laser  Manuwal Pk Limits ~ Spht Ft Used Sphit Pt Computed Max. Absorbance I:wzu

Spht time |520secon
io = |0.8FF
Sample Punch Area, sqcm | 1 EC{TC ratio Abs Coef. (Pyrol. EC) [ 113

Cal Constant Used | 19.26 Laser Correction |1 Abs Coef. [Orig. EC] | 203
OptEC [ug/cm2) [06266

Figure A11: Detailed TOA elemental, organic, and total carbon results for the 2" set of a Jet A1 12/2.50
flame condition.
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Sample ID:  20220614_FSP_12{2_JetA_02F-01 6/14/20.
Instiument Name: Inst#350-142 NRC BaseWVolatle area =11322.0
FID1: OK FIDZ: OE Pyrchzed area= 8146.0
Orgamic C= 1.26 =-0.16 ugisg cm
Carbonate C= 0.00 = wug'sgem
Elemental C = 14.62 =-0.83 uglsg cm

Base ECarea= 225631.0
Catbration area= 297261.0

Total C= 1588 +-0.99 uglzqem FID2 Calibwation area= 72748.0

Re-Display Sample
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end =
izl )i 323 [ Integrate to Baselne
FIDZ Terrperature Lazer Abzorbance 0-6
i Peak ugClsqom Fraction
E OC1 0.2 0.016
; ocz 0.2 0.012
; oc3 0.1 0.006
. OC4 0.2 0.1z
; EC1 0.0 0.003
— I EC2 0.2 0.008
. EC3 0.7 0.043
; EC4 3.6 0.229
E R e e el S ECS 10,4 0.656
- ECa 0.2 0.010
-
. [ PyroEC 0.5 0.033
; [
: I Inithal Absorhance = | 243
Imtial Laser  Mammal Pk Limats Spht Pt Used Spht Pt Computed

Sample Punch Area, sqgem | 1 EC/TC ratio = |0.921

Cal Constant Used 19.26  Laser Correction |1

Ma=z Absorhance | 2523
Split time  [537 second

Abs Coef. [Pyrol. EC) | ®7
Abs Coef. [Orig. EC] | %7

OptEC [ugfcm?) [195z2

Figure A12: Detailed TOA elemental, organic, and total carbon results for the 1% set of a Jet A1 12/2.00

flame condition.
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sample 1D 20221123_FSP_JetA1_12_2_F-01 2022-11- Re-Display Sample
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FID1 OK FID2 OK Pyrdlized area= 9780.0 Blank_01
0 ic C= L00 =015 i
rgame T ugEaem BaseECarea= 199516.0 Blank_02
Carbonate C= 0.00 - ugi:gem Sucrose022_10ul-01
Elemental C = 13.08 =-0.75 ug/zq cm Calbeation area= 293683.0 20221123 FSP JetAl 10 3 _F-01
Total G= 14,09 ~0.90 ugisqem FID'2 Calibcation area= T1917.0 20221123 FSP_JetAl 10_3_B-01
Manual peak: stat= | Marually Inteqrated Area =
emd =
ificpebfis 323 [ Integrate to Baseline
FIDZ Terriperature Lazer Ahzobance 0-6
E Peak ugClsqem  Frachon
: 5\;,,—-1
. OC1 0.1 0.010
; ocz 0.1 0.010
E oC3 0.0 0.003
. OC4 0.0 0.0:03
; EC1 0.0 0,000
; EC2 0.1 0.004
. EC3 0.2z 0.017
! | ‘ EC4 1.4 0.101
e S PR IS Sy I, --—9 ECS 9.3 0.658
i ECa 2.3 0.195
. [ PyroEC 0.0 0.046
5 [
: I Initial Absorbance = | 203
Imtial Laser Manual Pk Limts Spht Pt Used Spht Pt Computed
r r Maxz. Absorbance | 2172

Sample Punch Area, sqem | 1 EC/TC ratio = |0.929

Split time |[574 second

Abs Coef. [PyToOl EC) | w07

Cal Constant Used | 19.26 Laser Correction |1 Abs Coef. [Orig. EC) | ®1
OptEC [ug/cm2] [05051

Figure A13: Detailed TOA elemental, organic, and total carbon results for the 2" set of a Jet A1 12/2.00

flame condition.
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sample ID:  20220616_FSP_10-3_Custom_01F-01 6/21/}

Instiumient Name: InstE330-142 NEC

FID1: OE FID2: OK

Orgamic C= 1.88 +-0.19 ug'zg cm
Carbonate C= 0.00 +- ug'zgcm
Elemental C = 3.84 +-0.29 ug'zgem

TotalC= 572 +0.49 ug'zqcm

Manual peak: start= 0

Integrate end=  [goq
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r
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Integrate to Baselne
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Re-Display Sample
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Blank_01
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2022 06 14 MC4 1140s_wiCS Q)
2022 06 14 MC4_1140s_wC5_0
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Imtial Laser  Manmal Pk Limits
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Spht Pt Computed

Sample Punch Area, sqem | 1 EC/TC ratio = |0.672
Laser Correction |1

Cal Constant Used

19.26

Peak ugClsqem  Fraction
oC1 0.8 0.140
oCc2 03 0.061
oCc3 01 0.022
OC4 0z 0.042
EC1 oo 0.001
ECZ oo 0.0038
EC3 0z 0.038
EC4 1.1 0.200
EC5 2.7 0.467
EC& 0.1 0.013
PyroEC 0.4 0.063

Initial Absorbance = | 1195

Ma=z. Absorbance | 1262
Split time |50 seconc

Abs Coef. [Pyrol. EC) | 138
Abs Coef. [Ong. EC) | =1

OptEC [ugfcm2) [03760

Figure A14: Detailed TOA elemental, organic, and total carbon results for the 1% set of a C10 10/3.00

flame condition.
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Sample ID:  20221123_FSP_Custom_10_3_F-01 2022-1

Instiument Name: Inst#350-142 NEC BaseVolatle area=17111.0
FID1: OF FIDZ: OE Pyrdlized area= 3963.0

Orgamic C= 1.36 +-0.17 ugisg cm _
Carbonate C = 0.00 ~ ug/sq cm Base EC area= 212550

Elemental C = 1.37 +-0.17 ug'zq cm Cahbeation area= 2983910

TotalC= 273 +0.34 ugleg cm FID2 Calibeation area= 730110
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Lz yeliz 929 | Integrate to Baseline
FIDZ Terrperature Lazer Ahsorbance 0-6

Re-Display Sample
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Blank_01
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Sample Punch Area, sqem | 1 EC/TC ratio = |0.302

Cal Constant Used 1926 Laser Correction |1
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0C1 0.4 132
0C2 0.4 0160
0C3 01 0031
OC4 0.2 0061
EC1 0.0 000z
EC2 0.0 0011
EC3 ol 0022
EC4 0.3 0102
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PyroEC 0.3 0,094

Imitial Absorhance = | 0537
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Abs Coef. [Orig. EC) | .2
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Figure A15: Detailed TOA elemental, organic, and total carbon results for the 2™ set of a C10 10/3.00

flame condition.
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Sample ID: 2022061 B_FS P_1 ﬂ_25_CU510m_ﬂ1 F-01 642 Re-Display Sample

Instrument Name: InstB3350-142 NEC BaseWalatle area=9343.0
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Carbonate C= 0.00 + ugisgqem 2022_06_14 MC4 1140s_wCS_Q
Elemental C = 6.62 +-0.43 ug'zq cm Catibration area= 3025710 2022_06_14 MC4_1140s_wC5_Q
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end =
Integrate 923 [ Integrate to Baseline

FIDZ Terripeerature Lazer Ahzobance 0-6

E Peak ugClsqom  Fraction
E /—/f \‘\"‘“'#J oc1 0.2 0,031
5 ocz o1 0.019
; oCc3 0.1 0.009
: OC4 0.1 0.019
5 ECI 0.0 0.002
; EC2 0.0 0.006
: EC3 0.2 0.025
i / EC4 12 0.157
e EC5 52 0.682
f EC6 0.3 0,045
NS IR N PR U W = | N WO— - e
5 | PyroEC 0.4 0.051
! |
; [ Initial Absorhance = | 1662

Imitial Laser  Manual Pk Limits  Splhit Pt Used Sphit Pt Computed Max Absorbance |:1_.”.3

Spht time |55 second
io = |0.871
Sample Punch Area, sqcm | 1 EC{TC ratio Abs Coef. (Pyrol. EC) | #

Cal Constant Used | 19.26 Laser Correction |1 Abs Coef. [Orig. EC) | 252
OptEC [ug/cm) (05240

Figure A16: Detailed TOA elemental, organic, and total carbon results for the 1% set of a C10 12/2.50
flame condition.
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sample I 20221123_FSP_Custom_12_2_5_F-01 202: Re-Display Sample

Instiument Name: InstE350-142 NEC
FID1: OK FIDZ: OK

Orgamc C= 0.95 =-0.15 ugizg cm
Carbonate C= 0.00 +- ug'sqcm
Elemental C = 595 +-0.40 ug'zq cm

EBaseValatle area=7754.0
Pyrolized area= T019.0
Base ECarea= 92936.0

Cahbation area = 300999.0

Total C= §89 =-0.54 ug'sqem FID2 Catiteation area= 736250

Manual peak: stat= | Marmally Inteqrated Avea =
Integrate end =
g 323 [ Integrate to Baseline
FIDZ Terripeerature Lazer Ahzorbance 0-6

Hero_01

Blank_01

Blank_ 02

Sucrosel22_10ul-01
20221123 _FSP Custom_10_3 F-0
20221123 _FSP_Custom_10_3_B-[

™

Inttial Laser Manuwal Pk Limats Spht Pt Used Spht Pt Computed

Sample Punch Area, sqgem | 1 EC/TC ratio = |0.863
Laser Correction |1

Cal Constant Used 1926

Peak ugClsqom  Fraction

0oC1 133 0024
oCcl oz 0023
0oC3 1 0010
OC4 o1 0015
EC1 00 0001
EC2 00 0005
EC3 1 0019
EC4 o7 0.105
ECS 43 0618
ECo 1.z 0174
PyroEC 0.4 0.065

Imitial Absorhance = | 139

Max Absorbance | 1457
Split time  [550 secon

Abs Coef. (Pyrol. EC) [ B0
Abs Coef. [Orig. EC) | #5
OptEC [ugfcm2) [1466

Figure A17: Detailed TOA elemental, organic, and total carbon results for the 2" set of a C10 12/2.50

flame condition.
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Sample ID:  20220616_F5P_10-2_Custom_01F-01 6/21} RE'DISPIHY Sample

Instrument Name: InstB3350-142 NEC BaseWalatle area=8199.0
Hero 01
FID1: OE FIDZ: OE Pwn‘hzed area= 92240 Blank_01
Organic € = 111 +-0.16 uglsq em Base ECarea= 145608.0 Sucrose22_10ul-01
Carbonate C= 0.00 + ugisgqem 2022_06_14 MC4 1140s_wCS_Q
Elemental C = 9.25 +-0.56 ug/zq cm Calibeation area= 3030240 2022_06_14 MC4_1140s_wC5_Q

20220616_FSP_10-3_Custom_01F
20220616_FSP_10-3_Custom_O1E
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Integrate end= |g3g 20220616_FSP_10-1.5_Custom_ 0O

Total C= 1036 +-0.71 ugzqcm FID2 Cafibration area= T4174.0

[ Integrate to Baselime
FIDZ Terripeerature Lazer Ahzobance 0-6

E Peak ugClsqom  Fraction
: /f ] 0C1 0.2 0.017
5 ocz 01 0.013
; oCc3 0.1 0.006
i OC4 ol 0.014
5 EC1 0.0 0.002
; EC2 0.1 0.008
T EC3 03 0.032
5 / EC4 20 0.191
Ay et o e ECS 7.0 0.677
j ECG 0.4 0.037

.S S YO VR I = - S S b

5 | PyroEC 0.6 0.057

! |

; | Initial Absorbance = | 1289

Imitial Laser  Manual Pk Limits  Splhit Pt Used Sphit Pt Computed Max Absorbance |:1.959

Spht time |561secomd
io = |0.893
Sample Punch Area, sqcm | 1 EC{TC ratio Abs Coef. [Pyrol. EC) [ 7

Cal Constant Used | 19.26 Laser Correction |1 Abs Coef. [Orig. EC) | 204
OptEC [ugfcm) [06.925

Figure A18: Detailed TOA elemental, organic, and total carbon results for the 1% set of a C10 12/2.00
flame condition.
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Sample ID:  20221123_FSP_Custom_12_2_F-01 2022-1

Instiument Name: InstE350-142 NEC EaseVolatle area=10535.0

FID1: O FID2: OK Fyrolized area= 10554.0

Orgamc C= 1.36 =-0.17 ugizq cm
Carbonate C= 0.00 +- ug'sqcm
Elemental C= 12.06 +-0.70 ug'sg cm Cahbeation area= 299609.0

Base ECarea= 187611.0

Total C= 13,42 +0.87 ug'sq cm FID2 Catitreation area= 733730

Manual peak: stat= [ Marmally Inteqrated Avea =
Integrate end= gog

[ Integrate to Baseline
FIDZ Terripeerature Lazer Ahzorbance 0-6

Re-Display Sample
Hero 01

Blank_01

Blank_02

Sucrosel22_10ul-01

20221123 _FSP_Custom_10_3 _F-0
20221123 FSP_Custom_10_3_B-(
20221123 FSP_Custom_12 2_5 I
20221123 FSP_Custom_12 2 5 I

I
Inttial Laser Manuwal Pk Limats Spht Pt Used Spht Pt Computed

Sample Punch Area, sqgem | 1 EC/TC ratio = |0.893

Cal Constant Used 19.26  Laser Correction |1

Peak ugClsqom  Fraction

0oC1 133 0011
oCcl oz 0013
0oC3 1 0.0z
OC4 oz o013
EC1 00 0.0z
EC2 1 000G
EC3 oz 0018
EC4 1.4 101
ECS 8.5 0.635
ECo 15 0183
PyroEC 0.7 0.051

Imitial Absorhance = | 2057

Max Absorbance | zfs
Split time  [574 secon

Abs Coef. (Pyrol EC) [ 51
Abs Coef. [Orig EC) | 71
OptEC [ugfcm2) [078m

Figure A19: Detailed TOA elemental, organic, and total carbon results for the 2" set of a C10 12/2.00

flame condition.
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Instiument Name: Inst#350-142 NRC BaseWVolahle area=2311000
Hero 01
FIDL OK FID2 0K Pyrotzed area= 64720 Zero 01
0 ic C= 197 =-0.20 ug
rgame ugEdem BaseECarea= 370210 Hero_02
Carbonate C = 0.00 +- ug'zgcm Zero_02
Elemental C = 2.47 +-0.21 ug/zgcm Cafbration area= 288657.0 Hero_03
Total C= 444 =0.42 ugliqcm FID2 Caffbeation area=_70628.0 Zero 03
Zero_04
Manual peak:  start= [ Marmally Integrated frea= Sucrose 01
evd= [goaq -
Llizol)iz 323 [ Integrate to Baseline
FIDZ Terrperature Lager Ahzoibatce -6
il Peak upgCisqom Fraction
N1
oC1 0.7 0.163
oCcL 0.4 0099
oCc3 0.1 0.029
0oC4 0.2 0.055
EC1 0.0 0003
EC2 0.1 0015
EC3 0.3 0.073
| EC4 1.7 0.392
L S S R— EC5 0.7 0.165
)'Jk EC6 0.0 0.003
. [ PyroEC 0.4 0097
: |
: | Initial Absorbance =
Initial Laser  Manmal Pk Limits Spht Pt Used Spht Pt Computed
? ? Maz. Absorbance

Split time
jo = [0.556
Sample Punch Area, sqcm | 1 EC/TC ratio Abs Coef. (Pyrol. EC)

Cal Constant Used | 19.26 Laser Correction |1 Abs Coef. [Orig. EC)
OptEC ugfcm2)

Figure A20: Detailed TOA elemental, organic, and total carbon results for the 1% set of a ATJ 10/3.00
flame condition.
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Sample ID:  20221123_FSP_ATJ_10_3_F-01 2022-11-3(

Instrument Name: InstE350-142 NEC BaseWVolatle area=12723.0
FID1: OK FIDZ OK Pyralized area= 5900
Orgamic C = 0.85 ~0.14 uglsq em BaseECarea= 19050.0

Carbonate C= 0.00 = ug/zq em

Elemental C= 1.22 +-0.16 ug'zg em Cafbeation area = 3016670

TotalC = 107 +0.30 ugsq cm FID? Calbeation area= 738350
Manual peak: stat= | Mamally Inteqrated drea=
end =
Lz rolle 323 [ Integrate to Baseline
FIDzZ Terrperature Lazer Abzorbance 0-6

Re-Display Sample

Hero_01
Blank_01
Blank_02

Sucrosel2l_10ul-01
20221123 FSP_Custom_10_3_F-0
20221123 _FSP_Custom_10_3_B-{
20221123 FSP_Custom_12_2_
20221123 FSP_Custom_12 2 5 |1
20221123 _FSP_Custom_12_2_F-0
20221123 FSP_Custom_12 2_B-(

3_1

o

R S

Imtial Laser  Manual Pk Limits Spht Pt Used Spht Mt Computed

Sample Punch Area, sqcm | 1 EC/TC ratio = |0.583

Cal Constant Used 1926 Laser Correction |1

Peak ugCisgom  Fraction
OC1 0.4 0.175
OCZ e 0.097
OC3 1 0.056
OC4 o1 0.066
EC1 oo 0.000
ECZ oo 0.005
EC3 oo 0.022
EC4 e 0.102
ECS 0.8 0.401
EC6 o1 0.067
PyroEC 0.0 0.013

Imitial Absorbance = | 027

Max. Absorbance | 0412
Split time [543 secon

Abs Coef. [Pyrol. EC) | 7
Abs Coef. [Onig. EC) | =2

OptEC [ugfcm?) [00360

Figure A21: Detailed TOA elemental, organic, and total carbon results for the 2" set of a ATJ 10/3.00

flame condition.
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Sample ID:  20220707_FSP_12/2.5_ATJ_02-F-02 111242

Instiument Name: Inst@#350-142 NRC

FID1: OK FIDZ: 0K
Orgamic C= 1.32 =-0.17 ugisgcm
Carbonate C = 0.00 = wug'sqgcm
Elemental C = 9.84 =-0.59 ug/ag cm

BaseVolatle area =10395.0
Pycohzed avea= 9787.0
Base EC area= 1505600

Cafibeation area= 294561.0

Marually Inteqrated Area=

[ Imtegrate to Baseline

TotalC = 11.16 +-0.76 ug'zqcm FID2 Calibration area= 72054.0
Manual peak: stat= 0
Integrate end= [qaq

FIDZ Tetriperature Lazei

Ahzorbance 0-B

Re-Display Sample

Hero_01
Zero_01
Hero_02
Zero_02
Hero_03
Zero_03
Zero_ 04

Sucrose_ 01
202Z0707_FSP_10v3_ATT 01 ]
20220707_FSP_1L15 AT] 01w

~

Al LY

/

'["'!'""

1

Inthial Laser  Mamoal Pk Limats Spht Pt Used Spht Mt Computed

Sample Punch Area, sqgem | 1 EC/TC ratio = |0.882

Cal Constant Used 1926 Laser Correction |1

Peak ugClsqom  Fraction
oC1 0.3 0.028
oC2 0.2 0.016
oC3 0.1 0.005
OC4 0.1 0.012
EC1 0.0 0.001
EC2 0.1 0.005
EC3 0.3 0.026
EC4 1.7 0.153
ECS 7.0 0.705
ECéE 0.5 0.040
PyroEC 0.6 0.057

Initial Absorbance = | 184

Ma=. Absorhance | 1922
spht time (569 second

Abs Coef. [Pyrol. EC) | 135
Abs Coef. [Orig. EC) | 1.7

OptEC [ugfcm?) (06625

Figure A22: Detailed TOA elemental, organic, and total carbon results for the 1% set of a ATJ 12/2.50

flame condition.
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sample ID:  20221123_FSP_ATJ_12_2_5b_F-01 2022-11

Instiument Name: InstE350-142 NEC EaseWVolable area =96%9.0
FID1 O FID2: 0K Pyrotized area = 4445.0

Organic C = 0.50 =014 ug/sq em BaseECarea= 102237.0

Carbomate C= 0.00 + ugiagem
Elemental C= 6.51 =-0.43 ug/zq em Calibration area= 302328.0

TotalC= 741 +-0.57 uglzq em FID2 Calibrration area = 740070

Re-Display Sample

Hero_01
Blank_01
Blank_02

Sucrosel2l_10ul-01
20221123 FSP_Custom_10_3_
20221123 FSP_Custom_10_3_
20221123 _FSP_Custom_12_21_

~

Manual peak: start= g Marmally Inteqrated Area= 20221123 FSP_Custom_12_2_
end =
Integrate 929 [ Integrate to Baseline 20221123 FSP_Custom_12_2_
FIDz Tetriperature Laser Abzarbance 06 20221123 FSF_Custom 12 2_ ¥
i Peak ugCilsqgom  Fraction
! oc1 0.2 0.028
! ocz 0.2 0.027
5 oC3 0.1 0.010
: oC4 0.1 0.018
i EC1 0.0 0.001
5 EC2 0.0 0.005
: EC3 0.1 0.018
_;_J, EC4 0.7 0.101
P A o EC5 47 0.631
: EC6 1.2 0.156
: | PyroEC 0.3 0.038
; |
' I Imitial Absorbance = | 1477

Imtial Laser  Manual Pk Limats Spht Pt Used Spht Mt Computed

Sample Punch Area, sgcm | 1 EC/TC ratio = |0.879

Cal Constant Used 1926 Laser Correction |1

Max. Absorbance | 147

Split time  |567 secont
Abs Coel. [Pyrol. EC) | 14

Abs Coef. [Onig. EC) | 215
OptEC [ugfcm?) 04634

Figure A23: Detailed TOA elemental, organic, and total carbon results for the 2" set of a ATJ 12/2.50

flame condition.
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sample ID:  20220707_FSP_12/2_ATJ_01_F 71122022

Instrument Name: Instd350-142 NEC BaseWVolatle area =10550.0

FID1: 0K FID2: 0K Pyeoized area= 109740

Organic C= 1.48 =017 ug'zg cm
Carbomate C= 0.00 +- wugi=gem
Elemental C= 16.53 +-0.93 ug'zg cm

Base ECarea= 2400410
Catibeation area= 279704.0

ToralC= 18,01 +1.10 ug/zqecm FID2 Cafbrration area = 68401.0

Manual peak: stat= [p Marmally Inteqrated Area=
Integrate end =
g 23 | Integrate to Baseline
FIDZ Terriperature Lazer Ahzoibance -6

Re-Display Sample

Hero_01
Zero_01
Hero_02
Zero_02
Hero_03
Zero_03
Zero 04

Sucrose 01
20220707_FSP_10/3_ATT 011
20220707_FSP_ 12125 AT] 01 v

L]

—_—

T
]
'
'
'
]
'
'
ot e e e . e
]
'
T
-

|
Imitial Laser  Mammal Pk Limits Sphit Pt Used Sphit Pt Computed

Sample Punch Area, sqgem | 1 EC{TC 1atio = |0.918

Cal Constant Used 19.26  Laser Correction |1

Peak ugClsqem  Fraction
oC1 0.3 0.015
oCc2 0.2 0.012
oCc3 0.1 0.005
OC4 0.2 0.009
EC1 0.0 0.001
EC2 0.1 0.006
EC3 0.5 0.026
EC4 7 0.152
EC5 129 0.716
ECé& 1.0 0.057
PyroEC 0.8 0.042

Initial Absorbance =
Maz_ Absorbance
Split time
Abs Coef. (Pyrol EC) | W1 |
Abs Coef. {Orig. EC)
OptEC [ugfcmi)

Figure A24: Detailed TOA elemental, organic, and total carbon results for the 1% set of a ATJ 12/2.00

flame condition.
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sample 1. 20221123_FSP_ATJ_12_2_F-01 2022-12-0° Re-Display Sample

Instiument Name: Inst3350-142 NEC BaseVolatle area =9138.0
FID1: OE FIDZ: OK Pyrotized area= 12398.0

Orgamic C= 1.38 +-0.17 ug'zg cm
Carbonate C= 0.00 + wugizgem
Elemental C = 12,70 +-0.74 ug/zgq cm Catibration area= 301349.0

Base ECarea= 198730.0

Total C= 14,08 +-0.90 ug/zq cm FIDZ Catitration area = F3714.0

Manual peak:  stat= [ Mamally Integrated Area =
Integrate end= Igoq

[ Integrate to Baseline
FIDZ Tetripeeratune Lazer Ahzobance 0-6

Hero_01

Blank 01

Sucrosel22 10ul-01

20221123 FSP_AT] 12 2 5_B-01

R —

Koo |

: [
: I
Inttial Laser  Mamoal Pk Lomats Spht Pt Used Spht Pt Computed

Sample Punch Area, sqgem | 1 EC/TC ratio = |0.902

Cal Constant Used 19.26 Laser Correction |1

[ Ep—

.

Peak upCisqgom  Fraction
0C1 02 0013
0C2 02 0013
0C3 1 0,006
OC4 1 0,009
EC1 0.0 0,002
EC2 o1 0,005
EC3 03 0019
EC4 14 0,103
ECS 9.0 0637
EC6H 27 0159
PyroEC 0.8 0.056

Imitial Absorbance =
Maxz. Absorbance
Split time

Abs Coef. [Pyrol. EC)
Abs Coef. [Orig. EC)
OptEC [ug/cm2)

Figure A25: Detailed TOA elemental, organic, and total carbon results for the 2™ set of a ATJ 12/2.00

flame condition.

137



Appendix B - FSP Start-up and Shutdown Procedure

Startup Procedure:

1. Turn on Computer, SMPS (Electrostatic Classifier and Particle Counter) devices
a. Power button on the front of the PC, power switch on back of Electrostatic
Classifier and Particle Counter
b. Turn the key and hit X-ray button on Electrostatic Classifier
c. Signinto PC (password: Test1234)

2. Plugin CO; analyzer power cables

3. Turnon pump & controllers
a. Turn on right power bar
b. Turn on Teledyne pump
c. Turn on D-series pump controller

4. Turn on water (4 valves on back wall)
a. Turn on LS-FSR cooling water, or wait until about to ignite pilot flame
b. Make sure once LS-FSR burner flow is switched, there is flow in the two flow
meters (just below max)

g

Water valves on back wall

5. Turnon air

Open green valve and make pressure 40 psi.

Return to station and turn air valve (pressure should be 35 psi)

Double check wall supply pressure and correct to 40 psi if needed

Double check Dekati pressure gauge is set 35 psi. Adjust variable dial valve if
necessary

oo oo
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Compressed air Valve on Back wall

6. Remove foam from FSP burner
7. Unwrap quartz glass tube

8. Login DAQto power and to laptop

a. Record Data using DAQ, ensure channels are on with proper units and ranges,
check to ensure data is collecting properly (no high variance, data accurate to

current CO2 readings on analyzer)

9. Open gas canisters off safety

Compressed Gas Canisters
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10. Once SMPS is warmed up, launch AIM 10 on Windows computer

a. Select new, then AIM file from your last operation, change the Date, and Ok

b. Change the scan time to 45 Seconds, and hit ‘set to Max Range’

11. To start fume hood, set louver dial to 100% and hit start on High option

12. Refill the pump

a. Have arrows on valve facing downward
b. Refill until bottle is almost empty
c. Flip valve so arrows pointing upwards

d. Setto constant flow

Fuel Pump valve

13. Turn on vacuum pump

14. Open methane and oxygen valve for pilot flame

15. Adjust oxygen pressure to 2 bar (this needs to be repeated each time the dispersion

oxygen is changed)
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16. Pump fuel with the “Run” key

D-SERIES

CONST
PRESS  LIMITS c“'icl

STANDBY CONST  Rapy
BY FLOW  PREss Pl::ss

Pump Controller

17. Open Nitrogen valve

18. Begin recording data (AIM 10 and DAQ)

Shut Down Procedure:

1. Stop fuel flow from pump

2. Close gas cylinder valves to stop pilot flame and nitrogen flow

3. Shut off vacuum pump

4. Empty fuel pump

a.
b.

With valve pointed upwards, refill the pump for 75 ml to empty the line

Flip valve to point downward, and pump fuel into the bottle at a constant flow
of 150 mL

Once pump is empty, flip valve back up and refill pump with 50ml of air

Once again flip valve down and pump air into fuel bottle to clear line

Pull hose out of fuel bottle, pinching the paper towel around it to absorb fuel on
outside of the tubing

Worap hose tip in paper towel

Cap fuel and return to the flammable liquids cabinet
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10.

11.

12.

13.

14.

15.

16.

17.

Power down controllers
a. Flick pump controller to standby
b. Turn off pump
c. Turn off right power bar
Unplug CO; analyzer
Turn off and unplug DAQ
Export data from DAQ using SD card
Turn off SMPS
a. Turn x-ray neutralizer key to off position
b. Power off using switches on the back of the Particle Counter and Electrostatic
Analyzer
Export SMPS data from computer (using USB)
Turn off computer
Close compressed gas valves (both on Dekati supply line, and on wall)
Shut off water (burner supply valves, and 4 valves on wall for supply and returns)
Shut down exhaust hood
a. Hit stop on fume hood control panel.
b. Close louver control dial to 0%.
Close compressed gas cylinders
Remove glass tube from burner and clean
a. Clean glass, burner and probe tip using paper towel and ethanol

b. Wrap glass in the paper it was removed from

Place foam on burner surface to protect from settling particles
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