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Abstract

In this work, particles emissions from flares with entrained droplets were characterized during the
operations of oil/gas wells. It is a likely scenario that droplets of flowback fluids or produced water
entrain in the flare gas and burn in an open flame. Major ions found in these fluids are sodium and
chloride ions, which can affect the particle emissions from a flare. A benchtop-scale laminar
methane diffusion flame with and without NaCl particles, coupled with a high dilution sampling
system, was used to study the fundamental interactions between soot and NaCl particles. Soot
formation and evolution from inception and surface growth to coagulation and oxidation were
observed for soot particles inside the flame. NaCl reduced the coagulation between soot particles
in the agglomeration region; however, it also inhibited soot oxidation, leading to higher soot
concentration released to ambient air. Freshly nucleated NaCl particles from its vapour phase
formed in the post-flame region which were occasionally internally mixed with soot. NaCl also
increased light absorption of soot due to its increased concentration; however, this study was
inconclusive about whether or not the mass-specific absorption coefficient of soot changed with

the addition of NaCl to the flame.

A lab-scale turbulent diffusion flame from a pipe flare with different diameters with various gas
compositions representative of flare gases in the upstream oil and gas industry was used with and
without entrained droplets of different liquids, including flowback fluids from Cardium and
Duvernay formations. Soot particle size and concentration did not depend on flare diameter or exit
velocity, but noticeably changed with gas composition and its higher heating value. Data from
electron microscopy images and effective density data provided consistent information on soot
morphology. Flare soot had an effective density (and hence, a morphology) similar to that of soot

from various combustion engines. Moreover, soot morphology was independent of gas
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composition, flare diameter, and flare exit velocity over the range tested. Adding water to the flame
suppressed soot particle size and concentration. Addition of a tiny amount of inorganic salts to the
flame increased particle concentration by orders of magnitude and decreased the particle size
significantly, which was due to re-nucleation of salt particles in the post-combustion region. The
addition of salts also increased the concentration of soot particles due to inhibition of soot
oxidation near the flame front. Adding more salts increased the particle size markedly and the
particle concentration slightly. Most of the particles smaller than ~150 nm had an effective density
similar to that of salt and most of the particles larger than ~300 nm had a density close to that of
soot. This result was also confirmed by electron microscopy images of the particles. These images
also showed that most of the particles were either individual salt particles or internally mixed soot
and salt particles. The significance of this study lies in its climate implications: increased soot and
salt concentrations directly affect global climate by higher absorption and scattering of sunlight,
respectively. On the other hand, they indirectly affect the climate by increasing cloud formation as
cloud condensation nuclei. These implications may be currently underestimated for particle

emissions from flares.
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CHAPTER 1

Introduction, Problem Statement, and Thesis Objectives

In this chapter an overview of flaring in the oil and gas industry and its implications, hydraulic
fracturing and flowback operations, soot and its composition and properties, thesis motivation and

problem statement, and finally the objectives of the thesis are presented.

1.1 Flaring

The upstream oil and gas industry (UOG) deals with exploration and extraction of gas and
petroleum, while refining and processing of gas and petroleum is done in the downstream oil and
gas industry. In both the upstream and downstream oil and gas industries, two practices are used
extensively to dispose of unwanted and economically unviable gases: venting and flaring (Johnson
et al. 2001). In venting the unwanted gases are simply released into the atmosphere, while in
flaring, the undesired combustible gases are burned off in an open atmospheric flame (Johnson et
al. 2001; Tyner and Johnson 2014). Gases are typically flared or vented because their processing
is not economic (e.g., when the well is far from a pipeline or when it contains low concentrations

of toxic hydrogen sulfide) or due to emergency blow-downs at processing facilities (Johnson et al.



2001). The composition of flared or vented gases varies significantly from site to site but, in
general, methane is the main component of these gases (Johnson et al. 2001; McEwen and Johnson
2012). Flaring is often preferred over venting because the global warming potential of methane
over a 100-year time horizon is 28 times higher than carbon dioxide produced from burning
methane (Myhre et al. 2013). However, flaring has the potential to produce soot and other

pollutants which negatively impact the environment and air quality (see Section 1.1.3).

The significance of these negative impacts becomes clearer by considering the sheer volume of
flaring. Recent estimates based on satellite data indicate that total flaring volume is 143+13.6
billion m* globally each year (Elvidge ef al. 2015), an amount equivalent to ~3.9% of global
natural gas production (British Petroluem 2018). In Canada, the province of Alberta is the most
significant source of flaring (McEwen and Johnson 2012), with its total flaring volume peaking at
1,041 million m? in 2014 (Alberta Energy Regulator 2018) associated with the rapid development
of unconventional oil and gas resources and the added upgrading due to converting oil sands
bitumen to fuels. Latest flaring volumes in Alberta were approximately 740 million m® in 2017
(Alberta Energy Regulator 2018). In the United States, the annual flaring and venting volume
steadily increased from 2000 to a maximum of 8,320 million m® in 2014 and with current levels
of 6,670 million m? in 2017 (U.S. Energy Information Administration 2018). The sharp increase
in flaring and venting volume in the U.S. has been associated with the development of
unconventional oil and gas resources most notably in Bakken Shale in North Dakota, the Eagle
Ford and Haynesville Shales in Texas, and the Marcellus Shale in Pennsylvania, New York, and
Ohio (see Figure 1.1). Similarly, the slight decrease in flaring and venting volume since 2014 has

been associated with the decrease in production.
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Figure 1.1: Volume of gas flared and vented in the U.S. from 2000 to 2014. Also shown is the percentage
of oil and gas production in the U.S. from unconventional sources. Source of the plot: Jefferson (2017).

1.1.1 Flare Categories

Flares are typically categorized into three groups: production flares, process flares, and emergency
flares (Johnson et al. 2001). Production flares refer to all kinds of flaring which happen during
upstream production of oil and gas resources. Production flaring is further divided into two sub-
categories: well testing and solution gas flaring. Well testing happens at the initial development of
a gas well when the gas may be flared at very high flow rates for a few days, typically without
engineered provisions for smoke reduction. By contrast, solution gas flaring is usually established
during the initial operation of an oil well. At this time, the solution gases may be flared while
assessing their economic suitability as sale-grade natural gas. If the flared gases are not economic
to sell, then the solution gas can be flared for the life of the oil well. Typically, solution gas flares
have significantly lower flow rates and exit velocities compared to flares associated with well
testing. However, due to their abundance and continuous operation, solution gas flares are the

primary source of global flaring and venting (Johnson et al. 2001; Johnson and Coderre 2012).

Process flaring typically happens at refineries, petrochemical plants, and gas plants for gases that

leak past the relief valves. Process flaring is usually continuous and has relatively low flow rate;



however, during blow-down of process units or start-up and shutdown of the plant, significantly

higher gas flow rates may be flared (Johnson ef al. 2001).

Emergency flares typically operate at large refineries or gas plants during emergency situations,
such as fire, valve rupture, compressor failure, and over-pressure. In these situations, large
volumes of flammable gas need to be disposed of very quickly at very high flow rates and exit

velocities approaching sonic velocity (Johnson ef al. 2001).

1.1.2 Solution Gas Flares

As mentioned in the previous section, the majority of global flaring occurs during upstream
production of oil and gas resources and, thus, solution gas flaring is the most significant contributor
to global flaring volumes which is discussed in more detail here. Solution gas is the dissolved gas
and volatile chemical species in oil and brackish formation liquids, which is released from the
liquids when it is brought to the surface and its pressure is reduced from the high pressure of a
subsurface geological formation to near atmospheric pressure (Johnson et al. 2001; Johnson and
Coderre 2012). When the oil is brought to the surface, dissolved solution gas is separated from the
oil at a separation facility known as an “oil battery”. In an oil battery site, oil is stored temporarily
for further processing, while solution gas is flared, vented, or conserved (as fuel source for the

battery site or for sale).

Solution gas flare stacks are typically 10 m high pipes with an internal diameter of ~100 mm
(Johnson et al. 2001). In contrast, commercial flares (such as flares used in refineries and other
industries) have a more complex design. Commercial flare stacks typically include a commercial
burner tip, pilot, and smoke suppressant. Commercial burner tips are complicated in design and

may include integration of a pilot flame, steam or air injection (to supress soot), and protection



from crosswind. The pilot is used to keep the flare lit during start-up, when low heating value gas
is flared, or during high crosswinds. Smoke suppression is typically achieved by injecting steam
or air into the flame. It should be noted that smaller or remotely-located solution gas flares rarely

or never use these options (McEwen 2010), which are the type of flares of interest in this thesis.

1.1.3 Environmental and Health Implications of Flaring

Environmental implications of flaring are typically related to combustion efficiency and emissions.
In a typical solution gas flare, the combustion efficiency (or carbon conversion efficiency) is a
measure of the ability of the flare in fully converting all carbon in the hydrocarbons into CO2
(Johnson et al. 2001). When there is combustion inefficiency in flaring, unburned hydrocarbons,
carbon monoxide, soot, (semi-)volatile organic compounds, etc. are produced. Unburned
hydrocarbon in the form of CH4 has negative impacts on the climate because global warming

potentials of methane is 28 times higher than carbon dioxide over 100 years (Myhre et al. 2013).

Besides gas-phase emissions from flares, particle emissions such as soot are also a major concern
for human health and the environment. From a health perspective, soot particles are identified to
have adverse effects on human health and affect human life expectancy significantly (Janssen et
al. 2011; Grahame et al. 2014). The global burden of disease assessment in the period of 1990—
2010 for 21 regions of the world attributed an annual ~3.2 million premature mortalities to ambient
PMa.s exposure, which makes PMz s as one of the leading risk factors for premature death (Lim et
al. 2012). On a local scale, elevated concentrations of pollutant emissions, directly affecting the
local air quality, have been reported for ground-level measurements downwind of flaring sites
(Sonibare et al. 2010; Abdul-Wahab et al. 2012; Bunch et al. 2014; Paulik et al. 2015; Swarthout

et al. 2015).



From an environmental perspective, current estimates suggest that black carbon (BC, a major
component of soot) is the second strongest contributor to global warming with an average radiative
forcing of 0.9 W/m?, next to CO2 with a radiative forcing of 1.66 W/m? (Ramanathan and
Carmichael 2008; Bond et al. 2013). On a regional level, one study has directly implicated high-
latitude flaring as a critical source (~42%) of BC emissions observed in the lower troposphere of
the Arctic (latitudes greater than 66° N), which contribute to the Arctic haze phenomenon and
deposit on the snow (Stohl ez al. 2013). Deposition of BC particles on snow and ice significantly
reduces the surface albedo! of the latter and promotes the melting of snow and ice due to enhanced
light absorption by BC particles (Menon et al. 2002; Hadley and Kirchstetter 2012). The melting
of Arctic snow and ice contribute to a positive feedback loop, where melting of snow and ice
reveals the darker surfaces underneath them, resulting in more absorbed sunlight radiation and
warmer temperatures, further reducing the amount of snow and ice (Etkin 1990). Consequently,
the melting of Arctic snow and ice can lead to the raise in global sea levels. Some studies suggest
that due to the relatively short lifespan of soot in the atmosphere (only a few weeks), reduction in
soot emissions is the fastest means to decrease the trend of global warming in the short term

(Ramanathan and Carmichael 2008).

1.2 Hydraulic fracturing

Induced hydraulic fracturing (in short, hydrofracturing or ‘fracking’) is a ubiquitous technique
used in the UOG industry to increase the extraction rate from unconventional oil and natural gas
reservoirs, commonly trapped in low-permeability rock formations such as shale gas and shale oil.
Wellbores for hydraulic fracturing can be vertical, angled, or horizontal (i.e., combination of a

vertical section and a horizontal section to cover more of the oil or gas reservoir). The depth of the

! Albedo is the fraction of the total light intensity received that is reflected (or scattered) from the surface.
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Figure 1.2: Schematic of a typical hydraulic fracturing process for unconventional production of
hydrocarbon resources. Image from https://commons.wikimedia.org/wiki/File:HydroFrac2.svg under
Creative Commons License.

vertical section can be 0.2—3 km into the rock formation and the length of the horizontal section
can be 0.5—4 km (Tyner and Johnson 2014). Figure 1.2 shows the schematic of a typical hydraulic
fracturing process for a horizontal wellbore. During hydraulic fracturing, large volumes of a
mixture of water, proppant (usually sand, ceramic pellets, or aluminum oxide), and other chemical
additives, collectively known as fracturing fluid, are injected into the wellbore at high pressure
(35-70 bar). The upper vertical section of the wellbore is generally lined with casing, which
consists of several layers of steel pipe and cement. The horizontal section of the wellbore is lined
with perforated casing. The injection of fracturing fluid into the wellbore at high pressure causes
small fractures, typically less than 1 mm wide, in the rock formation along the horizontal section
of the wellbore and a mixture of oil, gas, and brine trapped in the formation can flow to the
wellbore. The newly created fractures can extend several hundred meters to a few kilometers away
from the wellbore, thus increasing the extraction of oil and gas from isolated reservoirs
significantly. The proppant holds the fractures open in the formation and oil and gas can continue

to flow to the wellbore even after hydraulic fracturing is finished. When the pressure of the



fracturing fluid is removed, the internal pressure of the rock formation causes the fracturing fluid
now mixed with formation water to return to the surface through the wellbore. This stage of well-
completion is called a flowback operation and the fluid is known as flowback fluid. Flowback
fluids returning to the surface are typically high in dissolved solids and salts, primarily due to
mixing with formation water. It should be noted that the fluids returned to the surface prior to
production are simply known as flowback fluids, while any fluids produced concurrent with the

production of oil and gas are known as produced water (Barbot et al. 2013).

1.2.1 Composition of Fracturing Fluid

Fracturing fluid composition is primarily determined based on water characteristics and geological
properties of the target rock formation. The majority of current fracturing fluids are water-based,
which mostly include slick water, i.e., water mixed with proppant and small quantities of chemical
additives (Gandossi 2013; Gallegos and Varela 2015). The composition of fracturing fluid used in
the UOG industry varies widely from site to site. In recent years, public and governmental concerns
about cross-contamination of underground water resources as a result of hydraulic fracturing has
led to regulatory requirements for the UOG industry in Canada and the U.S. to disclose the

composition of fracturing fluid and the amount of chemical additives (Frac Focus 2019).

Slick water fracturing fluid is composed of mainly water and proppant (collectively 99% by mass)
as well as a small fraction of chemical additives. Analysis of Frac Focus database and some other
reports show that slick water contains based on mass ~90% water, ~9% proppant, and ~1%

chemical additives (URS Corporation 2011; Frac Focus 2019).

The small quantities of chemical additives used in the fracturing fluid varies significantly for each

site and operator; however, typically between 3—12 chemical additives are used (Gomaa et al.



Table 1.1: Commonly used additives in water-based fracturing fluids, chemical examples for each
additive, and their purpose

Additive Purpose of usage Example of chemicals
Acids Remove mineral build-up in wellbore. Hydrochloric Acid (3—
Precursor to fracturing fluid injection to create 28% concentration by
cracks in the rock formation. mass)
Biocides Inhibit bacteria growth when organic fracturing 2,2-Dibromo-3-
fluids are used. nitrilopropionamide
Breakers Break polymer chains for fluid recovery Peroxydisulfates
Corrosion Inhibitors ~ Prevent corrosion in wellbore pipe Glutaraldehyde; Acetone;
Isopropanol
Friction Reducers Reduce wellbore friction Polyacrylamide
Scale Inhibitor Remove scale build up in pumps and wellbore pipe  Ethylene glycol
Surfactants Reduces the surface tension of fracturing fluid Ethanol; Isopropyl alcohol

2011; URS Corporation 2011). Table 1.1 lists the most commonly used groups of additives in the
fracturing fluids with example chemicals and the purpose of each additive. The Frac Focus
database and other reports (URS Corporation 2011) reveal that numerous chemicals are used in
fracturing fluids other than the examples listed in Table 1.1; however, reviewing the list of these
chemicals is beyond the scope of the current study. Although chemical additives are a small
fraction of the fracturing fluid, the sheer volume of fracturing fluids used per operation (9,000—
80,000 m?) and the abundance of fracturing operations make the amount of chemicals used in

hydraulic fracturing operations significant.

1.3 Flowback Fluid

The fracturing fluids injected into the wellbore mix with oil, solution gas, and water in the rock
formation when it is brought back to the surface. Therefore, flowback fluids are ultimately the
fluids of interest because these are the fluids that should be treated, reused, or disposed of (Vengosh
et al. 2014). Thus, we discuss the composition of flowback fluids in more detail. Recent studies

have shown that the composition of flowback fluids are different than that of fracturing fluids
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Figure 1.3: Temporal concentration of sodium and chloride ions in flowback fluid over a span of up to two
month. Plots are from Jefferson (2017).

(Hayes and Severin 2012; Ziemkiewicz and He 2015). Moreover, the composition of flowback
fluids evolves with time as the flowback operation progresses over days to months. Figure 1.3
shows the temporal change in the concentration of sodium cation (Na") and chloride (C1"), as two
major ions in the flowback fluids, with respect to days after hydraulic fracturing operation, based
on chemical composition data reported for different sites (Mcelreath 2011; Hayes and Severin
2012; Barbot et al. 2013; Warner et al. 2014; Ziemkiewicz and He 2015). It is clear that the
concentration of Na" and CI™ increases sharply by several orders of magnitude over the first few
days subsequent to fracturing operation until it reaches an equilibrium concentration. The same
temporal trend is also seen for the concentration of total dissolved solids (TDS) in flowback fluids.
The flowback fluids are similar in composition to fracturing fluids shortly after the beginning of
flowback operation, while the composition of the former converges to that of produced water after
many days subsequent to the start of flowback operation. The transition in the composition of
flowback fluids from fracturing fluids to produced water is presumably due to mixing with the

rock formation water.

Chemical composition of flowback fluids has been studied for some formations such as Marcellus

shale (Gregory et al. 2011; Horner et al. 2011; Chapman et al. 2012; Hayes and Severin 2012;
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Figure 1.4: Concentration of major cations and anions found in produced water in descending order based
on the analysis of Moallemi (2017). Sodium and chloride are the two major ions, which are order(s) of
magnitude higher in concentration than the other ions.

Barbot et al. 2013; Haluszczak et al. 2013; Ziemkiewicz and He 2015), Barnett shale (Horner et
al. 2011), Woodford formation (Acharya et al. 2011), and Horn River shale (Paktinat et al. 2011).
Moreover, the United States Geological Survey (USGS) maintains an extensive database about the
chemical composition of flowback fluids and produced water sampled from different regions of
the United States (Blondes er al. 2018). It is a plausible assumption that the equilibrium
concentration of salts in flowback fluids after few weeks approaches that of produced water (i.e.,
the fluid brought to surface during production). Previous studies have analyzed the USGS database
and have determined the median concentration of different cations and anions found in flowback
fluids (Moallemi 2017), which is shown in Figure 1.4. It is clear from this chart that sodium and
chloride are the major ions in flowback fluids and other ions are order(s) of magnitude lower in
concentration compared to these two ions. Other studies have also reported that sodium and
chloride ions are the predominant ions found in flowback fluids (Mcelreath 2011; Barbot et al.

2013; Miller et al. 2013). It also seems that the naturally-occurring concentrations of sodium and
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chloride from formation water rapidly (i.e., within days) are larger than the concentrations of

chemicals used in the fracturing fluids.

1.4 Soot and its Structure and Composition

As mentioned in Section 1.1.3, soot is considered as an important risk for human health and is the
second strongest contributor to climate forcing, after carbon dioxide. In this section, we discuss
the formation of soot and some of its properties relevant to this thesis, such as morphology, nano-

structure, composition, optical properties, and mixing state.

Under ideal conditions, i.e. stoichiometric condition, the combustion of hydrocarbons leads to the
production of carbon dioxide and water. However, in practical combustion devices, such as gas
turbines or internal combustion engines, conditions can deviate locally from stoichiometric (ideal)
conditions due to the presence of insufficient oxygen, which causes the combustion to be
incomplete and produce carbon monoxide, soot, unburned hydrocarbons, efc. in addition to carbon
dioxide and water. The formation and evolution of soot is a complex chemical and physical
process, which takes place in different stages. Over the past decades, numerous studies have used
different types of flames and fuels to understand the chemical and physical processes related to
how soot is formed and its evolution in the flames (Haynes and Wagner 1981; Frenklach and Wang

1991, 1994; Kennedy 1997; Appel et al. 2000; Frenklach 2002).

Figure 1.5 shows a schematic representation of soot formation and evolution in a flame. Starting
from the burner outlet and moving up, the fuel undergoes decomposition to form small radicals
such as OH, O, H, CH, and CHz. These small radicals lead the reaction to form larger hydrocarbon
radicals. Acetylene is one such intermediate species, which is believed to play a significant role in

the formation of the first aromatic ring (Frenklach 2002; Wang 2011). As the reaction between
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Figure 1.5: Schematic representation of soot formation and evolution in a flame. Image re-used from
Michelsen (2017) with permission.

aromatics and acetylene continues, new aromatic rings are added to the initial aromatic molecule,
which forms larger polycyclic aromatic hydrocarbons (PAH). The PAH species are believed to be
the precursor of soot formation (Richter and Howard 2000; Frenklach 2002; McEnally et al. 2006;
Wang 2011). These PAH precursors react, combine, and grow to form incipient soot particles.
Incipient soot particles have carbon to hydrogen ratios (C/H) in the range of 1.4-2.5 (D’ Alessio et
al. 1992; Ciajolo et al. 1998; Russo et al. 2015). Transmission electron microscopy and atomic
force microscopy confirm that incipient soot particles have spherical structures (Michelsen 2017).
These incipient particles grow further by surface growth to become primary particles with
diameters in the range of 10—-50 nm, which have a graphitic layer structure (Dobbins and Megaridis
1987; Puri et al. 1993; Wang 2011; Vander Wal et al. 2014). Moving up in the flame, the primary
particles coagulate with each other due to Brownian motion and form soot aggregates (sometimes
used interchangeably with soot agglomerates). The soot aggregates have strong bonds between

their primary particles so that they cannot be readily taken apart (Pratsinis 1998; Eggersdorfer and
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Pratsinis 2014). Finally, if the soot aggregates undergo substantial oxidation, their primary particle
size decreases and the aggregate structure may collapse. Otherwise, the soot aggregate can escape

the flame and be released to the ambient air.

Figure 1.6 shows an image of a freshly released soot aggregate from a combustion source taken
by transmission electron microscopy (TEM). The image shows that soot aggregates are typically
smaller than 1 um, have branched or fractal-like structures (Sorensen 2011), and consist of many
nearly spherical primary particles coagulated and aggregated with each other. The image also
highlights two of the soot primary particles. In Figure 1.6, dp is the diameter of the primary particles
and the projected area equivalent diameter, da, is the diameter of a spherical particle which has the
same projected area as the soot aggregate (shown as larger dashed circles in the image). Projected

area equivalent diameter is one way to describe the size of a fractal-like soot aggregate.

Another way to describe the size of a soot aggregate is by its mobility equivalent diameter. The
electrical mobility, Z, of a spherical particle is defined as the velocity of the particle with a charge

g = ne in an electric field with strength of unity (Hinds 1999, p. 322). In this definition, 7 is the

Figure 1.6: Image of fresh soot aggregates from a combustion source using transmission electron
microscopy.
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number of primary charges and e is the electric charge of an electron. It follows from this definition

that

_Vr _ neC,
" E  3rzud

V4

(1.1)

where V7 is the terminal velocity of the particle in motion in the electric field, £ is the intensity of
the electric field, C. is the Cunningham slip correction factor (significant for particles smaller than
1 um), d is the particle diameter, and u is the viscosity of the air (Hinds 1999). Now the mobility
equivalent diameter, hereinafter called mobility diameter, of a soot aggregate is defined as the
diameter of a spherical particle which has the same electrical mobility as the soot aggregate. The
aerosol research community use instruments, such as differential mobility analyzer (DMA), to
classify aerosol particles (such as soot aggregates) by their mobility diameter. This is achieved by
the balance between electrical forces on a charged particle in an electric field and the drag force

experienced by the particle in motion in that field.

As mentioned earlier, the ratio of carbon to hydrogen of a soot primary particle is typically large,
suggesting that it is mostly constituted from carbon, which is referred to as elemental carbon (EC).
On the other hand, soot can also contain hydrogen, oxygen, and other small (C < 10) or large
(C > 24) PAH molecules, which are often referred to as organic carbon (OC) (Russo et al. 2017).
One commonly used method to determine the EC and OC content of soot particles is thermal-
optical analysis (TOA). In this method, the soot sample is collected on quartz fiber filters and the
speciation of organic and elemental carbon is accomplished through the change in temperature
under controlled atmosphere in a sample oven. A small punch of the filter is put in the sample oven
with a helium (He) atmosphere, where the sample is heated in four increasing temperature steps

up to 820 °C to remove all organic carbon on the filter. During this stage, some organic compounds
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(as much as 30%) may convert by pyrolysis to elemental carbon. This conversion is continuously
monitored by measuring the transmission of a laser through the filter. As the organic compounds
are vaporized, they are immediately oxidized to COz in an oxidizer oven which follows the sample
oven. The flow of helium, containing the COz, then goes to a methanator oven where the COz is
reduced to methane and its quantity is measured (Birch and Cary 1996). After the sample oven is
cooled to 525 °C, the helium atmosphere is switched to a 2% O2 in He mixture in the sample oven.
Then the sample oven temperature is stepped up to 850 °C. During this phase, both the original
elemental carbon and that was produced by the pyrolysis of organics during the first phase are
oxidized to carbon dioxide. The carbon dioxide, as in the first stage, is converted to methane and
its quantity is measured. The point at which the transmittance of the laser starts to increase (due to
removal of elemental carbon from the filter), is known as the split point and the amount of carbon
before and after this point is considered as organic and elemental carbon, respectively (Birch and

Cary 1996).

Another method that is used to characterize carbonaceous materials, such as soot particles, is
Raman spectroscopy (Dennison et al. 1996; Lyon et al. 1998; Escribano et al. 2001; Ferrari and
Robertson 2001; Dresselhaus et al. 2010). In Raman spectroscopy, a laser beam excites the sample
by inducing oscillating electric dipole moments. Some of the excited molecules end up in a
vibrational state different from the original state, thereby scattering the laser light inelastically, i.e.,
at frequencies different from the excitation frequency (Saffaripour et al. 2017). The shift in the
frequency of the scattered light relative to the excitation frequency, referred to as the Raman shift,
results from the difference between the original and final energy states of the bonds. The Raman
shift corresponds to a very specific bond within the sample. For example, a Raman shift frequency

of 1584 cm! represents highly-uniform carbon atoms in planar graphitic sheets. Soot has a
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Figure 1.7: Typical Raman spectrum of soot showing two broad and strongly-overlapping peaks. The
measured Raman spectrum is best fit by five different bands (one G band and four D bands).
complex multi-component structure, composed of an amorphous structure in its inner core
surrounded by a crystalline graphitic shell on its outer surface (Vander Wal et al. 2007; Raj et al.
2010; Wang 2011). Figure 1.7 shows a typical Raman spectrum of soot which is composed of two

I, is due to crystalline

broad and overlapping bands. The rightmost band, centered at ~1591 cm™
graphitic structure and is known as the graphite band (G band) and the leftmost band, centered at
~1344 cm™, is due to defects in the graphitic structure and is known as the defect band (D band).
Raman spectra of carbonaceous material are best represented with a fit of five different bands
(Cuesta et al. 1994; Sadezky et al. 2005), including one G band and four D bands due to different
types of defects in the graphitic structure. These four defect bands and their fitting method will be

discussed in more details in Chapter 5. The ratio of the intensities of D and G bands can represent

the relative defects in the graphite crystals.

When fresh soot aggregates are released from the combustion source into the atmosphere, it is
extremely hydrophobic. During their lifetime in the atmosphere, which is from a few days to about
two weeks (Cape et al. 2012), soot particles undergo an aging process and due to the oxidation by

atmospheric OH, O3, SOz, and NOx, polar surface groups form on the soot that can cause the soot
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to become hydrophilic (Zuberi et al. 2005). Sulfates and other organic materials can then condense
on these hydrophilic soot particles as a coating. In this case, it is often said that the soot particle is
internally mixed with organic materials. If the organic material exist as individual aerosol particles
separate from soot aggregates, then this mixing state is referred to as externally mixed soot and
organic material. Figure 1.8 shows soot and organic material that are either internally or externally
mixed. The coating on soot particles can change the absorption and scattering of light by these
particles or it can affect the morphology of the fractal-like soot aggregates and cause them to
restructure to a more compact shape (Xue et al. 2009; Ghazi and Olfert 2013). The coating of soot
particles in the atmosphere can have complex effects on the optical properties of soot, such as light
absorption and scattering. On the one hand, the coating can act as a magnifier (the so-called lensing
effect) and enhance the absorption of light by soot particle. On the other hand, the coating can
decrease the projected area of soot aggregate due to restructuring and, thus, decreasing its
absorption of light. Therefore, the net effect of aging process of soot in the atmosphere is complex

and uncertain.

As mentioned earlier, the optical properties of soot can change due to coating. An aerosol particle
can redirect an incident light beam in many directions, which is known as scattering of light from

that particle. The particle can also absorb some of the energy from incident light depending on its

- Jnogn

Figure 1.8: Schematic representation of two mixing states: (a) soot aggregate internally mixed with organic
material as coating, and (b) soot aggregate externally mixed with organic material. The organic material is
shown in grey.
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material properties, i.e. refractive index, and turn that into thermal energy. Thus, the extinction in
light intensity due to a particle is the sum of light scattering and absorption by that particle. The

extinction coefficient, Bext, can be determined based on Beer-Lambert law as follows:

1 I
ext = _flnl_o (1.2)

B
where L is the path length of the light through the aerosol particles, /o is the intensity of incident
light, and 7 is the light intensity measured after extinction by aerosol particles. It simply follows
that Bext = Bscat + Babs, Where Bscat and Babs are the scattering and absorption coefficients,
respectively. Since absorption and scattering coefficients depend on the concentration of aerosol
particles, it is common to normalize them by the aerosol mass concentration and use mass-specific
absorption coefficient (MAC; also known as mass absorption cross-section) or mass-specific

scattering coefficient (MSC; also known as mass scattering cross-section). MAC and MSC are

defined as follows

B...

MAC = =2 (1.3)
M

MSC = Buear (1.4)
M

where M is the mass of aerosol particles per unit volume of air, i.e. the mass concentration of
particles. If absorption and scattering coefficients have a unit of m~! and mass concentration is
expressed in g/m?, then MAC and MSC would have a unit of m?/g. Another important optical
property of aerosol particles is the single-scattering albedo (SSA or w), which is a measure of the

fraction of extinction due to scattering and is defined as

B
scat (1 ' 5)
ext Bscat + Babs

SSA = Bscat —
B,
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and is a unitless parameter. The single-scattering albedo is an important parameter in evaluating

the net climate (radiative) forcing of aerosol particles.

1.5 Thesis Motivation and Problem Statement

After the hydraulic fracturing operation is finished in a wellbore, the flowback fluid along with oil
and solution gas is brought to the surface. At the separation facility at an oil battery site, the
flowback fluids and solution gas are separated from the oil. The separated oil is typically sent to a
pipeline, while the economically nonviable solution gas is directed to the flare stack to combust in
an atmospheric flame. A knock-out drum, which is a horizontal drum with interior baffle plates, is

typically used to remove flowback liquids from the solution gas.

Due to inefficiencies in the knock-out drums used for separation at oil battery sites, the separation
process can create scenarios where droplets of flowback fluids can entrain in the solution gas flow
directed to the flare stack for flaring. The occurrence of such scenarios in knock-out drums have
been previously reported for the separation of liquid hydrocarbons and solution gas at oil battery
sites (Strosher 2000). In addition to inefficiencies in knock-out drums, entrainment of flowback
fluid droplets in solution gas flow is possible due to the design criteria used for these drums.
American Petroleum Institute (API) Standard 521 requires that droplets with diameter larger than
300 um must be removed from the gas flow (American Petroleum Institute 2014), which is also
the recommended design criteria in Alberta Energy Regulator (AER) Directive 60 and
Saskatchewan ECON S-20 guideline. Thus, it is possible that liquid droplets smaller than 300 pm
can be carried over and entrain in the solution gas flow and ultimately burn in the open flame.
Evidence for the carry over of flowback fluid droplets into a flare has been recently reported for

flares in Bakken region in North Dakota (Milani ef al. 2019). In this study, emission spectroscopy
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was used to detect carried-over sodium to the flare based on its emission signatures (at wavelengths

of 588.99 nm and 589.59 nm).

The carried-over droplets of flowback fluids to the flare and their combustion in the flame, raise
questions and concerns about their effect on the formation and emission of pollutants, including
soot. In such scenarios, there is a potential for combustion emissions distinct from the combustion
of gaseous hydrocarbons without liquid droplets in the flare stream. Gas-phase and particulate
emissions from flares have been investigated in several recent studies for laboratory flares or real
flares in the field (Johnson et al. 2011, 2013; McEwen and Johnson 2012; Corbin and Johnson
2014; Schwarz et al. 2015; Weyant et al. 2016; Conrad and Johnson 2017; Gvakharia et al. 2017).
However, to the author’s knowledge, there are no published studies specifically considering the
effects of entrained aerosols from simulated or real flowback fluids in gas flow on physical
properties and mixing state of the particle emissions from flares. The possibility of aerosolized
flowback fluids, high in dissolved sodium chloride, which is a result of poor design regulations or
inefficient separation, provides the justification and motivation for this work to study the particle

emission properties in such scenarios.

1.6 Thesis Objectives

The main objective of this thesis is to investigate the potential effects of entrained aerosols of
simulated and real flowback fluids on the microphysical and morphological properties and the
mixing state of particle emissions from laboratory-scale flares and to understand the underlying
interactions that lead to these particle emissions. Because sodium cations and chloride anions are
the major ions with an order of magnitude higher concentration than other ions in flowback fluids
(Section 1.3), sodium chloride was chosen as one of the additives to the flare, although surrogate
and real flowback fluids were also tested. Besides measuring and characterizing the final state of
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the particle emissions due to flowback liquid entrainment, which was conducted on a laboratory-
scale large turbulent diffusion flame under controlled conditions, it is also necessary to understand

how this final state was arrived at.

Combustion scientists often use well-defined bench-top laminar flames to study and understand
the mechanisms of soot formation and evolution. One such bench-top flame is the laminar
diffusion flame called the Santoro burner (Santoro et al. 1983), which has been used extensively
in previous experimental and modelling studies on soot formation and soot emission properties
(Smyth et al. 1985; Dobbins and Megaridis 1987; Santoro et al. 1987; Samson et al. 1987; Puri et
al. 1993, 1994; Quay et al. 1994; Shaddix and Smyth 1996; Smooke et al. 2005; Schulz et al.
2006; McEnally et al. 2006; Bueno et al. 2011; Dworkin et al. 2011; Slavinskaya et al. 2012;
Radney et al. 2014; Michelsen ef al. 2015). One advantage of using laminar flames, which makes
them ideal for studying soot formation and evolution processes as opposed to complex practical
combustors, which often include turbulent flames, is that the laminar flame is highly reproducible
without instantaneous changes encountered in turbulent flames. Thus, we used this bench-top
laminar diffusion flame (i.e., Santoro burner), with methane as the fuel of choice, to study the
evolution of particles when NaCl was introduced into the flame. Using a diffusion flame is relevant
to the flame type encountered in flares, which are non-premixed flames. We also used methane in
the bench-top flame because it is the major component of flare gas. A stepwise tracking of the
evolution of particle properties from inside the flame to post-flame region was conducted on the
bench-top flame to understand the underlying physical interactions that lead to the final state of
particle emissions. This understanding can be very useful in interpreting and explaining the

measurement results from the large turbulent diffusion flame.
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It should be noted that without detailed information on the potential amounts or compositions of
entrained aerosols in a flare stream during flowback operations, the goal of this work is to
understand the potential effects of the former on particle emissions and their underlying
mechanisms and the results should be interpreted within in the experimental range covered in this

work.

Accordingly, the following are the sub-objectives of this study:

e To design and validate a high dilution sampling system to extract soot nanoparticles from a

high-temperature reacting flow

e To study the stepwise evolution of size and morphology of particles from closed-tip and open-
tip methane diffusion flames with and without entrained sodium chloride, which leads to an

understanding of the interactions involved up to the final state of the particles

e To study the effect of flare size, exit velocity, and gas composition on the size distribution,

effective density, morphology, and nano-structure of particle emissions from lab-scale flares

e To investigate the effect of entrained flowback liquid droplets on the size distribution, effective

density, morphology, and mixing state of particle emissions from lab-scale flares
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CHAPTER 2

High-dilution sampling system and experimental setup?

2.1 Introduction

In this chapter, we describe the bench-top scale burner (i.e. Santoro burner) that was used to
produce a laminar diffusion flame. The main objective of using a small-scale flame was to
understand the main steps in soot formation and how NaCl can affect that. In addition to Santoro
burner, we also introduce the high dilution sampling system which was used to extract samples
from high temperature reacting flows. Moreover, we describe the instruments used to characterize
nanoparticles. Finally, the high dilution sampling system is characterized and validated for soot

particles sampled from inside the laminar diffusion flame.

2 This chapter is based on the following published journal articles:

- Kazemimanesh, M., Moallemi, A., Olfert, J.S., and Kostiuk, L.W. (2017). Probe sampling to map and characterize
nanoparticles along the axis of a laminar methane jet diffusion flame. Proc. Combust. Inst., 36(1):881-888.

- Moallemi, A., Kazemimanesh, M., Kostiuk, L.W., and Olfert, J.S. (2018). The effect of sodium chloride on the
nanoparticles observed in a laminar methane diffusion flame. Combust. Flame, 188:273-283.
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Intrusive techniques have been extensively used to investigate soot formation in combustion
processes. One such technique is probe sampling, which has been employed for soot measurements
from flames during the last few decades. This method offers the advantage of extracting samples
directly from a known location in the flame and then using standard aerosol instruments to perform
the measurement; however, concerns exist whether the measured sample is representative of that
in the flow at the sample location due to the presence of the probe in the flow and flame (such as
stagnation effects) and remains representative during the handling of the sample in tubing prior to
measurement. For example, Burtscher et al. (1993) and Hepp and Siegmann (1998) investigated
soot formation and its evolution in diffusion flames. They used a quartz micro probe that consisted
of a tiny capillary for extracting soot particles and diluting them with an inert carrier gas. A
differential mobility analyzer and an aerosol electrometer were used to obtain particle size
distributions at different heights above the burner. On the other hand, Kasper et al. (1997)
employed a stainless steel tube with a tiny pinhole as the sampling probe and measured particle
size distributions from a diffusion flame doped with metallic additives. By using this probe, the
particles extracted from the flame were rapidly diluted and cooled as a flow of nitrogen passed
through the tube. The diffusion flames in Hepp and Siegmann (1998) and Kasper et al. (1997) used
methane diluted with argon as the fuel. Higgins et al. (2002) used a similar sampling probe as
Kasper et al. (1997) to investigate the oxidation rate of soot particles generated from an ethylene

diffusion flame over a range of temperatures.

Probe sampling was also used extensively to investigate soot formation in premixed flames
(Maricq et al. 2003; Zhao et al. 2003, 2005; Maricq and Xu 2004; Abid et al. 2008; De Filippo et
al. 2009; Sgro et al. 2009; Camacho et al. 2015). In some of these studies, sampled soot particles

were diluted in multiple stages to reach a high overall dilution and then directed to particle
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measuring instruments (Maricq ef al. 2003; Maricq and Xu 2004; Maricq 2011, 2012). Multi-stage
dilution systems have the advantage of decreasing particle concentrations to within the measuring
range of particle measurement instruments; however, such systems lack very high immediate
dilution of the sample, which could result in changing the particle size distribution due to
coagulation between particles if particle concentrations are very high, e.g. in a reacting flow. Zhao
et al. (2003) pioneered an improved version of the probe sampling technique used by Kasper ef al.
(1997) and used it extensively to extract soot samples from ethylene premixed flat flames. Other
studies have used a similar probe sampling method with multi-stage dilution for the study of

nanoparticles in liquid fuel diffusion flames (Maricq 2011, 2012).

The use of probe sampling for investigation and characterization of soot nanoparticle evolution in
a gaseous diffusion flame has not been tested. Therefore, the main objective of this chapter is to
improve and characterize the probe-sampling technique for the investigation of the evolution of
soot nanoparticles along the centerline of a methane laminar diffusion flame with high spatial
resolution. Besides providing new data and insights on soot particle formation and evolution
through a laminar methane diffusion flame, this work explores a large dynamic range of dilution
ratio immediately after extraction to quantify what is required to maintain the integrity of the

sample for measurement.

2.2 Experimental Setup

Figure 2.1 shows the schematic of the experimental setup. The experimental setup consisted of a
co-flow diffusion flame burner, sampling and dilution system, particle measurement suite,
thermophoretic sampler, temperature measurement system, and sodium chloride generation

system. In the following sections, each component is explained.
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Figure 2.1: Schematic of the experimental setup showing the co-flow diffusion flame burner, the sodium
chloride generation and injection system, the high-dilution sampling system, the aerosol measurement suite,
and the thermophoretic TEM sampler.

2.2.1 Co-flow Burner

The co-flow burner used for the experiments was a well-studied co-annular burner described by
Santoro et al. (1983). The burner consisted of two concentric tubes with internal diameters of 11.1
and 101.6 mm for fuel and co-flow air, respectively, which produced a stable laminar diffusion
flame at atmospheric pressure. The inner tube and the outer tube were made of brass and
aluminium, respectively. The fuel flowed through the inner tube and the co-flow air flowed
through the co-annular section of the burner. The co-flow air at high flow rates also worked as a
sheath to prevent the diffusion flame from flickering. To have a uniform flow of air, the co-annular

section of the burner was fitted from bottom to top with a perforated distribution plate, a brass
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Figure 2.2: (a) Exploded view of the Santoro burner showing 1: support legs, 2: spring pins, 3: fuel inlet
fitting, 4: two air inlet fittings, 5: burner body, 6: air distribution plate, 7: brass mesh screen, 8: glass
beads, 9: seven layers of brass mesh screens, 10: ceramic honey comb, and 11: fuel tube. (b) Side view
of the burner assembly showing 1: holder ring, 2: O-rings, 3: worm-drive clamp, 4: quartz shield, and 5:
ceramic honeycomb.

mesh screen (standard mesh size of 60x60 with openings of 250 um), a 50-mm filling of glass
beads (diameter of 3 mm), seven layers of brass mesh screen (a mix of standard mesh sizes of
40x40 and 60x60 with openings of 380 and 250 um, respectively), and a 25-mm thick ceramic
honeycomb with 1.5 mm cell size. Figure 2.2(a) shows an exploded view of the co-flow burner

with its different components.

Methane was used as the fuel due to its lower sooting tendency compared to heavier hydrocarbons
such as ethylene and because methane is commonly the main component of gas flares in upstream
oil and gas industries. Methane and air flow rates in the burner were maintained at 0.35 and 70.0
SLPM (standard liters per minute at 25°C and 1 atm), respectively, by using two mass flow
controllers (Cole-Parmer, Model 32907-71, and Omega, Model FMA-774A, respectively). All
mass flow controllers in this setup worked based on the principle of laminar flow element (LFE).

The volumetric flow rate of a gas in a laminar flow element (LFE) follows the Poiseuille equation
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Figure 2.3: Image of the methane laminar diffusion flame.
and is linearly proportional to pressure drop. A differential pressure sensor is used to measure the
pressure drop along a fixed distance of the LFE. This pressure drop, along with the viscosity of
the gas, is used to accurately determine the volumetric flow rate. Separate absolute temperature
and pressure sensors are incorporated and correct the volumetric flow rate to standard temperature
and pressure defined earlier. The mass flow controllers were individually calibrated with a bubble
flow meter (Sensidyne, Model Gilibrator-2). The mass flow controllers generally had an accuracy
of less than 1% of reading and they were controlled by LabVIEW program via serial (RS-232)
communication. These flow rates resulted in a stable diffusion flame with a visible height of
60 mm (Figure 2.3). The temperature of the edge of fuel tube was at ~450 K measured by a bare-

wire thermocouple (Type K, Omega).

To avoid the entrainment of ambient air and to minimize the effect of room air currents, a quartz
shield with diameter of 115 mm was mounted around the burner (Santoro et al. 1983) and a ceramic
honeycomb placed atop of the shield to improve the stability of the flame, as mentioned in earlier
studies (Saffaripour et al. 2011). Figure 2.2(b) shows the burner assembly with the quartz shield

and the ceramic honeycomb. The shield consisted of two pieces of half-cylinder quartz glass with
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a radius of 57.5 mm and a height of 300 mm, which were mounted on a holder ring fixed to the
burner body by set screws. The two longitudinal narrow slots between the half-cylinders of the
shield allowed vertical translation of the sampling probe in and out of the flame. Two O-rings were
placed between the shield and the burner body and the shield was fixed to the burner by a worm-
drive clamp. The burner assembly was mounted on two motor-driven translation (Velmex Inc.,
Model XN10-060-E01-21) stages with an accuracy of 0.03 mm for horizontal movement along the

x and y axes.

2.2.2 Diluted Sampling System

To maintain the integrity of the extracted samples from high temperature reacting flows with very
high particle concentrations, it is required to quench and dilute the sample immediately after
extraction to prevent chemical reactions and particle-particle coagulation, respectively. The
sampling probe consisted of a horizontal stainless steel tube (3.175 mm OD with wall thickness of
125 um) with a downward-facing pinhole, with a diameter of 0.2 mm, positioned on the centerline
of the flame. The sampling system was mounted on a separate motor-driven translational stage
(Velmex Inc. Model XN10-0120-E01-21) with an accuracy of 0.03 mm for movement along the
z-axis. The flame length was measured by using the sampling probe mounted on the vertical
translation stage relative to the fuel tube exit plane. The pinhole was centered along the centerline
of the burner before each test using the three translation stages by using a device that fits into the
throat of fuel tube and has a centrally located needle on which to align the sample port. Dry,
particle-free nitrogen was directed through one side of the probe and samples were extracted

through the pinhole.

Using pinhole diameters smaller than 0.2 mm resulted in complete clogging of the pinhole by soot

particles in a time less than the duration of a measurement with the particle measurement suite. At
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heights above the burner (HAB) below 39 mm and above 55 mm, the concentration of the particles
was low enough to make measurements possible with a 0.2 mm pinhole. On the other hand, for
other HABs a probe with a 0.3 mm pinhole was used for sampling. It should be noted that due to

gradual clogging, the pinhole was cleaned by a fine wire after each measurement.

The flow rate of the diluent nitrogen that flows through the sampling probe was set at 19.3 SLPM
using a mass flow controller (Omega, Model FMA-5540), which was calibrated with a bubble flow
meter (Sensidyne, Model Gilibrator-2). As illustrated in Figure 1, to establish a negative pressure
throughout the sampling system, the downstream of the sampling probe was attached to a vacuum
pump (GAST, Model DAA-P501) and the flow rate drawn into the vacuum pump was adjusted by
a needle valve to ~23 SLPM by using the above-mentioned bubble flow meter. Make-up nitrogen
flow was added to the main sampling line prior to the vacuum pump connection to control the
extraction flow rate through the pinhole. The make-up nitrogen flow was controlled by a mass
flow controller (Omega, Model FMA-2608A), which was calibrated with a bubble flow meter
(Sensidyne, Model Gilibrator-2). Using an eductor pump (AIR-VAC, Model AVR093H), a
fraction of the sample was drawn from the main sampling line through a branch placed between
the pinhole and the make-up nitrogen. The portion of the sample that was drawn from the sampling
line was subsequently directed to a low-range non-dispersive infrared CO2 analyzer (Li-Cor 840),
the particle measurement suite, and a thermophoretic sampler to collect particles on TEM grids.
The COz analyzer was calibrated for low CO2 concentrations by using a calibration gas (Praxair)
consisting of 48 ppm of CO2 and a balance of nitrogen. The eductor pump was essentially a Venturi
tube in which a flow of nitrogen at 10 SLPM set by a mass flow controller (Omega, Model FMA-
775-V) passed through its inlet and generated the required negative pressure to extract the sample

from the main sampling line.
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To maintain a constant dilution ratio at a desired level (as defined in section 2.2.4), the
concentration of COz2 in the extracted sample was acquired and monitored by the CO2 analyzer
and, by using a PI controller tuned by the Ziegler-Nichols method (Ziegler and Nichols 1942), the
make-up flow rate was manipulated such that the concentration of CO2 remained at the desired
constant level. A key feature of the sample probe was a 0.8 mm OD stainless steel tube inside the
sampling probe, inserted from the upstream side, to measure the gauge pressure at the pinhole
using a digital manometer (Dwyer, Model 475-1-FM). Previous studies (Zhao et al. 2003)
measured upstream and downstream pressures in the sampling probe and used calibration of
pressure drop as a function of distance to find the pressure at the pinhole location; however, the
current method gave a direct reading of AP across the pinhole. By measuring the gauge pressure
in the vicinity of the pinhole it could be verified whether sample was extracted through the pinhole
or not and also maintain the sample extraction flow in the similar range under diluted and undiluted

conditions (see Sections 2.2.3 and 2.2.4).

2.2.3 Undiluted Sampling System

To evaluate the amount of dilution during sampling, the ratio of the mole faction of a gas species
of choice (COz2 in this study) in both undiluted and diluted conditions was measured. Therefore, a
sampling system was required to extract samples without diluting them. Figure 2.4 shows the

sampling system for the undiluted condition.

Some modifications were applied to the diluted sampling system to change it into the sampling
system for the undiluted condition. Instead of using the diaphragm pump for extracting the sample
through the probe, the downstream sampling line was connected to the throat of an aluminum
Venturi tube with inlet and throat diameters of 10 mm and 5 mm, respectively. The other end of

the sampling line was capped. The Venturi tube acted as a pump when nitrogen flow passed
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through it. The pressure drops at the throat of the Venturi tube drew an undiluted sample from the
flame through the pinhole of the probe. Venturi tube was preferred to the diaphragm pump because

of having a better control over the very low levels of suction in the probe (typically 250-500 Pa).

The sampled flow through the pinhole was passed through a high efficiency particulate air (HEPA)
filter to remove the particulates, a tube filled with silica gel to remove water vapour content of the
sample, and a wide-range non-dispersive infrared CO2 analyzer (Gas Sensing Solutions, Model
COZIR-20%) to measure CO2 mole fraction. The wide-range CO2 analyzer was zeroed with a pure
nitrogen bottle and calibrated with a calibration gas bottle with 11.95% CO2 (Praxair). The water
content of the sampled gas in the undiluted sample was removed prior to the measurement of CO2
mole fraction to avoid condensation of water vapour and undesired interference between
absorption spectrum of H2O and CO: in the COz analyzer. The mole faction of CO2 was measured
at a AP across the pinhole similar to the diluted sampling condition (typically 250-500 Pa). At
these low pressure differences, the mole fraction of CO2 at a given height inside the flame was
independent of the pressure difference and it was considered to be the representative mole fraction
of COz at that height. If the pressure difference is too small, the flow rate of the extracted sample
decreases and it takes a longer sampling time for the instrument to reach to the steady-state mole

fraction of CO2, which could be interrupted by the clogging of the pinhole. If the pressure

vent
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silica gel
dryer /
szggg—HEPA = @
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Figure 2.4: Schematic of the undiluted sampling system.
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difference is too large, the extracted sample is not representative of the flow composition at the
pinhole location. Thus, the pressure measured at the pinhole location was in a similar range during

diluted and undiluted sampling.

2.2.4 Dilution ratio measurement

The mole fraction of CO: in the sample measured under diluted and undiluted conditions (as
explained in Sections 2.2.2 and 2.2.3) can be used to estimate the dilution ratio of the sampling
system. When sampling particles at very high concentrations from reacting flows, a dilution ratio
on the order of thousands of times is required to prevent particle-particle coagulation and lower
the particle concentration to within the measurement range of the particle measurement suite. To
create that high of a dilution, the CO2 mole fraction in the sample under diluted condition should
be typically in the range of 5-80 ppm, which corresponds to a AP across the pinhole in the range
of 250-500 Pa for a specific height above burner (HAB; height above the fuel tube exit plane). To
measure the CO2 mole fraction in the undiluted case for that specific HAB, the AP across the
pinhole was maintained in the same range as the diluted case by controlling the inlet flow to the
Venturi tube. By assuming that the pressure and temperature at the pinhole location were similar
in both diluted and undiluted conditions for a specific HAB, it could be inferred that the
composition of the extracted gas in the diluted and undiluted cases was similar. Therefore, the

dilution ratio (DR) is defined as

X0,, undiluted

DR = @.1)

Xco,, diluted
where Xco, undiluted @0d Xc0,, diluea re the mole fraction of CO2 in the undiluted and diluted

samples at the same pressure and temperature, respectively. As mentioned in Section 2.2.3, the

water content of the sample was removed in the undiluted sampling condition. Therefore, the CO2
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mole fraction measured by the COz analyzer under the undiluted condition needed to be corrected

for the removal of H2O. The mole fraction of undiluted CO2 can be written as

x _ hco, 2.2)
CO,, undiluted = :
g nco, + 7,0 + Mother

where ncq,, ny,0, and nyg,, are the number of moles of CO2, H20, and other species (including

N2), respectively. However, the CO2 analyzer under the undiluted condition measures the mole

fraction of CO2 with no water content, i.e.

hco,

X0,, undiluted, dry = (2.3)

nco, + Mother
Mitchell (1975) measured the mole fraction of different species for a burner geometry and flow
conditions quite similar to our study. Mitchell’s results showed that the mole fraction of CO2 was
approximately half the mole fraction of H20 at different heights. Therefore, it was assumed that in

this study, ny,o ~ 2nco,. By replacing this assumption into Eq. (2.2), we obtain

nC02 X CO,, undiluted, dry

X CO,, undiluted ~ (2.4)

nco, + Mother +21co, e 2Xc0,, undiluted, dry
When measuring the size distribution of particles, the mole fraction of CO: in the diluted sample
was in the range of 5—10 ppm for most heights above the burner (corresponding to AP across the
pinhole in the range of 250-300 Pa) to achieve dilution ratios of ~6,000 to ~13,000. At HABs
where the concentration of particles were relatively lower (i.e., near the closed tip of the flame
where oxidation takes place), a lower dilution ratio was required and the CO2 mole fraction in the
diluted sample was in the range of 20-80 ppm, which corresponds to a AP up to ~500 Pa. This low
of pressure difference drove a tiny flow rate through the pinhole, which caused minimal

perturbation to the flame. An immediate dilution on the order of thousands of times with nitrogen
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at ~300 K also ensured quenching of chemical reactions inside the probe. As mentioned in the
introduction, some studies (Maricq et al. 2003; Maricq and Xu 2004; Maricq 2012) have achieved
high overall dilution ratios by combining several low-dilution stages, which could possibly lead to

coagulation of particles and change their size distribution.

Sample flow velocity, residence time, and the extent of coagulation of particles were estimated as
outlined in Appendix A. Considering a typical dilution ratio of 10,000, the sample flow rate and
flow velocity through the pinhole were ~0.13-0.16 cm®/s and ~4-5 m/s, respectively, resulting in
a residence time of ~30-50 ps across the pinhole. The residence time for particles in the sampling
probe from the pinhole to the extraction branch for the particle measurement suite was ~2.1 ms.
The maximum concentration of particles in the sampling probe after being diluted in the pinhole
was ~3x107 cm™>. The maximum coagulation coefficient was equal to ~19.6x107'° cm?®/s (Hinds
1999, pp. 269-271), and the percentage of particles undergoing coagulation in the probe was
always below 0.01%. The residence time from the extraction branch in the sampling probe to the
particle measurement suite was ~0.78 s ensuring that coagulation of particles was always less than

~4.4% during transport to the particle measurement suite.

2.2.5 Particle measurement suite

To measure the size distribution of particles, a scanning mobility particle sizer (SMPS; TSI Inc.,
Model 3080) was used which consisted of a differential mobility analyzer (DMA; TSI Inc., Model

3085) and a condensation particle counter (CPC; TSI Inc., Model 3776).

Briefly, the aerosol particles pass through a bipolar charger (or neutralizer) where they undergo
frequent collisions with bipolar ions due to the random motion of ions. The particles quickly reach

a state of charge equilibrium, in which the particles carry a known bipolar charge distribution. This
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process is known as bipolar charging or neutralization. In the equilibrium charge state the
percentages of particles carrying no charge, single charge, or multiple charges of both positive and
negative polarities are known. These aerosol particles are then directed to the DMA. The DMA
consists of two concentric metal cylinders. The polydisperse aerosol and sheath air, both laminar
flows, are introduced at the top of the DMA and flow down the annular space between the cylinders
without mixing. The inner cylinder is maintained at a controlled negative voltage, while the outer
cylinder is grounded. This creates an electric field between the two cylinders, which causes the
positively charged particles to be attracted through the sheath air to the collector rod. Particles are
precipitated along the length of the collector rod, with their exact location depending on the particle
electrical mobility (see Section 1.4), the collector rod voltage, the flow rate of sheath air, and the
DMA geometry. Monodisperse particles, with a narrow range of electrical mobility, exit through

a small slit located at the bottom of the collector rod.

Monodisperse particles are then directed to the CPC, which counts the number of particles. The
particles entering the CPC pass through a capillary tube with a nominal flow rate of 0.050 L/min.
Particles exiting the capillary tube are exposed to clean sheath air saturated with butanol vapour.
A wick soaked in butanol produces butanol vapour in a heated saturator (at 39 °C). The particles
and saturated butanol vapour are directed to a condenser at 10 °C, where butanol vapour becomes
supersaturated and condenses onto the aerosol particles to form larger droplets. The droplets pass
from the condenser through a nozzle into the optical detector, where their number is counted based
on light scattering signal from the droplets. By continuously classifying the particles of a certain
mobility diameter and counting their number over a wide range of particle sizes, the particle size

distribution can be obtained.
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The aerosol and sheath air flow rates were set at 1.5 L/min and 15 L/min, respectively, for a full-
width half-maximum resolution of one tenth the mobility set point and provided a particle sizing
range of 2—60 nm. The scanning time for the SMPS was 40 seconds after ~10 min warm-up time
for flame stabilization and the size distributions were corrected for diffusion losses in the sampling
line and inside the SMPS. The particle diffusion losses in the SMPS were corrected using the
algorithm used by Aerosol Instrument Manager software (AIM; TSI Inc., Version 9.0.0.0). The
flow in the sampling probe was turbulent (with a Reynolds number of 8,930) while the flow in the
transport tubing connecting the probe to the SMPS was laminar (with a Reynold number of 390).
The particle diffusion losses in the sampling probe and the transport tubing up to the input of the
SMPS were corrected using the correlations in Kulkarni ez al. (2011, pp. 90-91) for each section

based on the flow regime in that section.

2.2.6 Thermophoretic TEM Sampler

The morphology of sampled nanoparticles was studied using transmission electron microscopy
(TEM). To do this, particles were collected on TEM grids using a custom-built thermophoretic
TEM sampler from the University of British Columbia which was similar in principle and design
to the sampler described in Rogak et al. (1993). In this sampler, the main mechanism of particle
deposition was thermophoresis (i.e., thermal force), which acts upon the particles in a temperature
gradient and causes them to deposit on a colder surface. The thermophoretic sampler consisted of
a preheating capillary tube which heated the particle-laden flow to 300 °C, a nozzle to direct the
hot particle-laden flow over the TEM grid, and a colder surface at room temperature to hold the
TEM grid directly under the nozzle. Thermophoretic deposition was the preferred method because
it is not as size dependent as electrostatic, diffusional, or inertial deposition processes. The TEM

grids used for collecting samples were ultra-thin carbon film (<3 nm thickness) supported by a

38



lacy carbon film on a 400 mesh copper grid (Ted Pella Inc., Product No. 01824). The
thermophoretic sampler drew a portion of the diluted sample prior to being directed to the SMPS.
The morphology of soot particles was investigated by analyzing TEM grids with a transmission
electron microscope (JEOL Ltd., Model JEM 2100) operating at an accelerating voltage of 200
kV. Images were taken at high resolution using a Gatan CCD camera with a magnification of up

to 1,000,000%.

2.2.7 Temperature measurement system

The temperature at different radial and axial positions of the reacting flow was measured with a
bare wire type R thermocouple (Pt/13%Rh-Pt, Omega). The wire diameter was 75 pum and the
junction size was approximately 190 um (same order of magnitude as the pinhole size for
sampling). The thermocouple was mounted on a holder similar to the one described in several
previous studies (Cundy et al. 1986; McEnally et al. 1997), which is shown in Figure 2.5. The
thermocouple mount comprised of two ceramic tubes with an outer diameter of 1.6 mm and lengths

of 100 mm and 110 mm, which acted as a support for the thermocouple wire. The ceramic tubes

Figure 2.5: The thermocouple holder used for flame temperature measurement consisted of a bare-wire
thermocouple, two ceramic tubes, and a soft spring. All parts were mounted on a polycarbonate plate
attached to a rail carrier.
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were attached to the head of two screws as mentioned in McEnally ef al. (1997). One of the screws
was tightened to a polycarbonate plate attached to a rail carrier (Thorlabs, Model RC1), while the
other screw was allowed to pivot. A portion of the thermocouple wire between the ceramic tubes
was exposed, while the two ends of the thermocouple wire were attached to a thermocouple
connector on the polycarbonate plate. The thermocouple junction was adjusted at the middle of the
exposed portion of the thermocouple wire. A spring was connected to the pivoting ceramic tube to
keep the exposed portion of the thermocouple stretched and to prevent it from sagging due to

thermal expansion under high flame temperatures.

Figure 2.6 shows the schematic of the temperature measurement system. The thermocouple mount
was placed on an optical rail (Thorlabs, Model RLA0600) that made it possible to swiftly insert
the thermocouple in the flame manually. This method of temperature measurement is known as
rapid thermocouple insertion (McEnally ef al. 1997). One end of the optical rail was attached to
the motor-driven translational stage that was used for the vertical movement of the sampling and

dilution system, which allowed the thermocouple to measure the flame temperature at different
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Figure 2.6: Schematic of the temperature measurement system, showing the thermocouple mount, optical
rail, terminal block, and DAQ device.
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axial positions. The location of the thermocouple junction was adjusted at the desired radial and
axial position in the flow before each measurement. On the other end of the optical rail, a stopper
with a switch was placed. Once the rail carrier reached the stopper, the switch was activated and
the data acquisition system started collecting temperature data by using a LabVIEW program. The
thermocouple connector was connected to a terminal block (National Instruments, Model SCB-
68) and a data acquisition (DAQ) device (National Instruments, Model PCle-6323). The terminal
block had a thermistor which determined the cold junction compensation for the measured
temperatures by the thermocouple and was initially calibrated with an ice bath. The temperature
was logged at a sampling rate of 100 Hz. The temperature was measured at least four times at each
location and was averaged to represent the temperature of the flow at that location. The measured
temperature by the thermocouple was corrected for radiation losses based on the procedure

explained by Shaddix (1999), which is explained in details in Appendix B.

2.2.8 Sodium Chloride Generation System

One of the objectives of this study, as it will be discussed in Chapter 3, was to understand the effect
of sodium chloride on microphysical properties of soot particles from a flame. To introduce sodium
chloride (NaCl) particles into the fuel flow prior to combustion, droplets of sodium chloride
solution were first produced by atomizing an aqueous solution of NaCl (25% on mass basis) into
the methane flow using a nebulizer (Aerogen Solo). The atomized droplets of NaCl solution were
then passed through a diffusion dryer (TSI Inc., Model 3062) to remove its water content and form
crystalline sodium chloride particles. By adding a relay to the nebulizer controller, the rate of NaCl
droplets generation could be manipulated through variation of the duty cycle of the controller (Park
et al. 2015). Figure 2.7 shows that the NaCl particles changed the colour of the flame and created

a halo region around the flame with an intense yellowish-orange colour, which was determined
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Figure 2.7: Image of the laminar diffusion flame with added sodium chloride particles
visually. To measure the mass concentration of NaCl particles injected into the flame, firstly, the
size distribution of NaCl particles was measured with an SMPS directly attached to the fuel tube.
Secondly, a centrifugal particle mass analyzer (CPMA, Cambustion Ltd; Olfert and Collings
(2005)) was employed to derive the mass-mobility relationship of the generated NaCl particles.
By combining the size distribution of NaCl particles at the fuel tube exit plane and their mass-
mobility relationship, the mass distribution of the NaCl particles was obtained and, subsequently,
the mass concentration of the NaCl particles at the fuel tube outlet prior to combustion was
calculated to be ~45 ng/cm®. The procedure of deriving the mass-mobility relationship of NaCl

particles is explained in Appendix C.

2.3 Results and discussion

2.3.1 Effect of dilution on particle size distribution

A wide range of dilution ratios were used at each height above burner to investigate its effect on

the measured particle size distribution (PSD). Particle losses or particle-particle coagulation can
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change the particle size distribution. For low dilution ratios, where coagulation is significant, it is
expected to measure larger particles with reduced number concentration. Once a critical dilution
ratio is reached or the particle number concentration is sufficiently low, the effect of coagulation
is negligible and the measured particle size and concentration becomes independent from the
dilution ratio. Zhao et al. (2003) and Camacho et al. (2015) refined this probe sampling technique
to achieve this criterion for premixed flames and we followed the same path to obtain the critical
dilution ratio for the current diffusion flame. Figure 2.8 shows the variation in the dilution-
corrected particle size distributions for HAB=38 mm when the dilution ratio was changed by more
than an order of magnitude from ~800 to ~13,300. The total number concentration of particles was
obtained from N = DR-Nswps, where Nswmrs is the particle number concentration measured by
SMPS. With low dilution ratio, the PSD was unimodal and no particles smaller than 3 nm were
detected. As the dilution ratio was increased, the PSD started to become bimodal with a very large
number of nanoparticles smaller than 2 nm (only a small fraction of the tail of the first mode in the

range of 2-3 nm could be detected by the DMA). Note that the lower detection limit of the DMA
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Figure 2.8: Variations of particle size distribution as a function of dilution ratio for HAB=38 mm.
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Figure 2.9: Particle size distributions for HAB=30—60 mm in the methane diffusion flame.
was 2 nm. Figure 2.8 shows that at dilution ratios greater than ~6,300 the PSDs become

approximately independent of dilution ratio and converge to one dilution-independent PSD.

Figure 2.9 shows the change in the particle median diameter of the second (larger) mode of the
size distributions of Figure 2.8 with variation in dilution ratio. This median diameter was
calculated based on a bimodal lognormal fit of the measured PSD. Once the dilution ratio reached
the critical value of ~6,300 for this specific HAB, the particle median diameter remained
approximately constant. This is consistent with the findings of Zhao et al. (2003) and Camacho et
al. (2015) for premixed flames. In the subsequent sections, only data obtained beyond the critical

dilution ratio are presented, although not all HABs had the same critical dilution ratio.

2.3.2 Effect of pinhole clogging on particle size distribution

One of the practical drawbacks of sampling particles with a probe, was the clogging of the pinhole
over time. Deposition and accumulation of soot particles on the wall of the pinhole as well as on
the outer surface of the sampling tube in the vicinity of the pinhole caused gradual clogging of the

pinhole reducing its effective diameter. Clogging typically continued until the pinhole was
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Figure 2.10: Effect of pinhole clogging on particle size distribution for HAB=41 mm. In the legend, ¢ is the
time after the clean pinhole was positioned in the flame and the SMPS scan started.

completely blocked and no CO2 was measured by the analyzer. During clogging of the pinhole,
online CO2 measurements showed that CO2 mole fraction decreased with time, an indication that
sample flow rate through the pinhole was reduced. Moreover, online AP measurements revealed
that, during clogging, slightly higher vacuum was measured inside the sampling probe due to the
partial blockage of the pinhole. The PI controller described earlier in Section 2.2.2 changed the
make-up nitrogen flow rate to keep the CO2 mole fraction in the diluted sample at the desired
constant level (for example, 10 ppm). It should be noted that when the pinhole was about to be
completely clogged, the PI controller could not keep up with the reduction in CO2 mole fraction

and this led to a rapid complete blockage of the pinhole.

Due to this drawback, it was necessary to investigate the effect of pinhole gradual clogging on the
measured particle size distribution. Figure 2.10 shows the effect of clogging on the measured PSD
for HAB = 41 mm. We noted earlier that the dilution ratio affected the PSD considerably. To
isolate the effect of dilution ratio, particle size distribution was measured at a specific constant

CO2 mole fraction (i.e., dilution ratio) while the pinhole was lightly, moderately, or heavily
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Figure 2.11: Particle size distribution at representative HAB = 35, 58, and 39 mm for DR = 15200, 12600,
and 11900, respectively. Marker points show different SMPS measurements and solid lines represent the
average particle size distribution.

clogged. The required time for complete blockage of the pinhole in this set of tests was ~300 s.
The amount of clogging is indicated by the time after the clean pinhole was positioned in the flame
and the SMPS scan started. It is clear from Figure 2.10 that the amount of clogging did not have a
considerable effect on the particle size distribution. This fact provided ample time for the PI
controller to reach the desired set point for the CO2 mole fraction (~30—60 s) and measuring PSD
as long as the pinhole was not completely clogged. Figure 2.10 also confirms that once a certain
dilution ratio was maintained in the diluted sampling system, highly reproducible particle size

distributions could be obtained regardless of time or degree of pinhole clogging (also see Figure

2.11).

2.3.3 Validation of particle size distributions in the flame

Particle size distributions for different heights above the burner along the centerline of the flame
were obtained. The purpose of this part of the study was to create a detailed map of nanoparticles

across the laminar diffusion flame and investigate particle evolution along the centerline of the

flame.
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Figures 2.12 — 2.14 show the particle size distribution for HAB from 30 mm to 62 mm. For the
sake of clarity, the particle size distributions are broken into three plots to better represent the
trends in particle evolution. Below HAB=30 mm, the SMPS could not detect any particles. At the
onset of particle nucleation at the height of 30 mm (Figure 2.12), a small fraction of the tail of the
PSD could be detected which mostly consisted of nanoparticles smaller than 2 nm (below the lower
detection limit of the DMA). At 35 mm, the PSD became bimodal, with a larger diameter mode.
Like before, only a fraction of the tail of the first mode could be detected which consisted of
particles smaller than 3 nm; however, the number of particles in this mode was much more than
that of the second mode. At higher heights above burner until 38 mm, the second mode increased
in both particle mobility diameter and number concentration as the first mode gradually disappears.
By fitting the bimodal PSDs with two lognormal distributions, the median diameter of the second
mode is estimated to change from ~3 nm to ~6 nm when the HAB was changed from 35 mm to
38 mm. The PSDs show particle nucleation at lower heights and the coagulation of these nucleated

nanoparticles at higher heights to form larger particles with reduced number concentration.
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Figure 2.12: Particle size distributions for HAB=30-42 mm.

47



At heights of 39 to 42 mm (Figure 2.12), the PSD was mostly unimodal with both its median
diameter and number concentration growing as HAB increased. The particle median diameter grew
to ~10 nm for the height of 42 mm. Closer investigation of these PSDs revealed that they included
the tail of the small first mode, which decreased with height above the burner. It should be noted
that the geometric standard deviation, gg, of the PSD from the heights of 39 to 42 mm varies from
1.44 to 1.50, which is larger than oz = 1.44 for a self-preserving distribution in the free-molecular
regime (Lai ef al. 1972). Zhao et al. (2003) have mentioned that this is indicative of particle growth
not only by coagulation, but also by surface growth due to surface reactions with existing

polycyclic aromatic hydrocarbons (PAH) (Frenklach and Wang 1991).

Several studies (Zhao et al. 2003, 2005; Abid et al. 2008) on premixed ethylene flames reported
the same bimodality of the PSD in these flames; however, they found that the first mode of the
PSD was persistent throughout the flame and did not gradually disappear. They argued that for
lightly sooting premixed flat flames, particle nucleation was an ongoing process throughout the
flame height and the rate of continuous nanoparticle nucleation at different heights was in balance
with their rate of consumption for coagulation into larger particles. However, for the diffusion
flame in the current study, gradual diminishing of particle nucleation could be seen in the region
of particle surface growth and it seemingly did not continue throughout the flame height. This
result is consistent with the findings of Zhao et al. (2007) for a rich (® = 2.5) premixed ethylene

flame, where particle nucleation seems to stop at a certain HAB.

From the height of 42 mm to 43 mm, the particle median diameter continued to grow from 10 nm
to 11.3 nm while their number concentration decreased (see Figure 2.13). At HAB=44 to 48 mm,
the unimodal PSD became bimodal again. We call the left-most mode as Mode I and the right-

most mode as Mode II. With increasing height in this region of the flame, the median particle size
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Figure 2.13: Particle size distribution for HAB=43—-50 mm.
in Mode II grew larger in diameter from 15 nm to 23.3 nm, while they became smaller in diameter
in Mode I, and both Modes I and II decreased in number concentration. At the height of 50 mm,
Mode I vanished and only Mode II survived. This is an interesting evolution for the particles,
which to our knowledge, has not been reported before for diffusion flames but has been observed
in premixed flames in the literature. For example, Maricq ef al. (2003) reported bimodality of the
PSD at mid-range heights in rich (® = 2.06) premixed ethylene flame in a McKenna burner. Also,
Maricq (2006) showed that such bimodality was present in the PSD of premixed flames of other
fuels such as ethane, acetylene, and benzene/acetylene, with the trough of two modes typically
occurring at ~10 nm or smaller diameters. Presumably, the particles in Mode I and Mode II

continue to coagulate and form larger particles in Mode II in smaller numbers.

At the heights of 50 mm to 55 mm (Figure 2.14), the PSD was unimodal and the median particles
continued to grow to ~30 nm and their number concentration decreased due to coagulation. From
the height of 57 mm to the closed tip of the flame at HAB=61 mm (Figure 2.14), the median

particle diameter sharply decreased from ~30 nm to ~9 nm while its number concentration dropped
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Figure 2.14: Particle size distribution for HAB=50-62 mm.
significantly, due to particle oxidation. At HAB=62 mm, just outside the tip of the flame, the

particles continued to shrink in size and their number concentration was greatly reduced.

Hepp and Siegmann (1998) reported the general trend of particle evolution from nucleation
(inception) and surface growth to coagulation and oxidation in a lightly sooting methane/argon
diffusion flame; however, they did not observe the bimodal distribution during particle nucleation
as well as at mid-range heights. This could be possibly due to the low dilution ratio of 400:1 used
in their study; when we lowered the dilution ratio in our setup at these heights, the bimodality of

PSD disappeared and a unimodal distribution was observed.

2.4 Conclusions

Nanoparticles generated by combustion of methane in a laminar jet diffusion flame were
characterized systematically by direct sampling through the pinhole of a probe and sizing them
with a DMA. Particular attention was paid to verify the validity of probe-sampling technique in
measuring nanoparticles from highly reacting flows. A method for the measurement of dilution

ratio was introduced by measuring CO2 mole fraction continuously during the tests for diluted and
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undiluted samples, which could substitute other methods of determining dilution ratio based on
computation or offline measurement of CO2 concentration. Analytical and experimental results
showed that particle-particle coagulation, which is a challenge for particle size distribution
measurement, was negligible in this study. The effect of dilution ratio on the shape of the particle
size distributions was characterized, confirming that particle size distributions became
independent from the dilution ratio when using very high and immediate dilution. Moreover, it
was shown that the degree of clogging of the pinhole had no considerable effect on the measured

particle size distribution.

Size distributions of particles larger than 2 nm were obtained for various heights above burner,
covering early nucleation and surface growth to coagulation and oxidation regions. It was found
that the PSD in the nucleation region was bimodal and gradually turned into a unimodal PSD due
to particle growth. At the height of 44 mm above the burner, the PSD started to become bimodal
again with the second mode growing in diameter and the first mode gradually decreasing in size
until it vanished. It is speculated that particles in the first mode were consumed for coagulation
with particles in the second mode to form particles with a median diameter of up to 30 nm. At the
height of 57 mm, particles started to oxidize gradually until the tip of the flame where they reached

a median diameter of 9 nm and in very low concentrations.
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CHAPTER 3

The Effect of Sodium Chloride on the Nanoparticles Observed in a

Laminar Methane Diffusion Flame?

3.1 Introduction

In this chapter, we use the bench-top burner and the high dilution sampling system introduced in
Chapter 2 to study the effect of sodium chloride on soot formation and evolution in a close-tip
laminar methane diffusion flame. We used methane as the fuel because it comprises a major
fraction of the gas flares. Sodium chloride was also chosen because both sodium and chloride ions
are the most abundant ions found in flowback fluids. The experiments in this chapter shed light on
how sodium chloride affects the fundamental interactions between soot particles during their
inception, coagulation, and agglomeration, which is useful in explaining the microphysical

properties of particle emissions from lab-scale large turbulent diffusion flames (Chapter 6).

3 This chapter is based on the following published journal articles:
- Moallemi, A., Kazemimanesh, M., Kostiuk, L.W., and Olfert, J.S. (2018). The effect of sodium chloride on the
nanoparticles observed in a laminar methane diffusion flame. Combust. Flame, 188:273-283.
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Soot formation and evolution have been extensively investigated in different experimental and
theoretical studies. One less-investigated area of research is regarding the effect of additives on
the process of soot formation. Alkaline and alkaline earth metals are two categories of additives
that affect soot formation and evolution and have been investigated for more than three decades
(Haynes et al. 1979; Bonczyk 1983, 1988; Mitchell and Miller 1989; Tappe ef al. 1993; di Stasio
et al. 2011). Haynes et al. (1979) measured the volume fraction and number density of the soot
particles in a premixed ethylene flame while adding alkaline salts to the flame by employing laser
light extinction and scattering methods. They found that the addition of alkaline salts, such as
sodium and potassium chlorides, lead to a significant increase in the number concentration of soot
particles. They argued that the increase in the number concentration of soot particles is due to
charge interactions between soot particles and alkaline ions inside the flame. Bonczyk (1983)
investigated the effect of alkali chlorides on soot formation in a propane diffusion flame by
measuring the size and number concentration with Mie scattered laser radiation. Results obtained
by Bonczyk (1983) shows that these additives caused an increase in the number concentration and
a decrease in the size of soot particles. Mitchell and Miller (1989) found that the addition of
alkaline salts to a diffusion ethylene flame resulted in the neutralization of predominantly positive
soot particles. Most of the techniques used in these investigations were laser and optically based

methods.

Extractive sampling is a conventional method which has been employed in studies related to soot
formation and emission from combustion sources (Burtscher et al. 1993; Hepp and Siegmann
1998; Maricq et al. 2003; Zhao et al. 2003; Abid et al. 2008; Maricq 2011; Camacho et al. 2015).
In this method, a probe is being used to extract a sample and send it to particle measurement

instruments. Numerous studies used extractive sampling techniques in conjunction with a scanning
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mobility particle sizer (SMPS) to measure the size distribution of particles at different stages of
soot formations. Hepp and Siegmann (1998) developed a probe sampling technique to extract and
dilute the samples from a diffusion flame and investigated the changes in particle size distribution
extracted from different heights above the burner (HAB). The extractive technique used by Hepp
and Siegmann was refined by Zhao et al. (2003). Their sampling system has the advantage of
providing a larger dynamic range of dilution for the extracted samples. Sampling systems similar
to the one developed by Zhao ef al. have been extensively used in numerous studies (Zhao et al.

2007; Abid et al. 2008; Camacho et al. 2013, 2015) to study soot particle evolution in flames.

To the best of our knowledge, there has been little research on the effects of addition of sodium
chloride particles on soot formation and evolution in a diffusion flame using scanning mobility
particle sizer (SMPS). In this study, probe sampling in conjunction with SMPS and transmission
electron microscopy (TEM) was employed to provide a better understanding of the observed
nanoparticles (soot and non-soot particles) along the centerline of a laminar methane diffusion
flame, when sodium chloride is entrained in the fuel flow. Compared to the other techniques used
in previous studies, the use of SMPS and TEM make it possible to measure the particle size
distribution and probe particles as small as 2 nm from within the flame. Additionally, such
phenomena as coagulation between particles and changes in particle structure can be tracked using

the SMPS and TEM results.

3.2 Results and Discussions

3.2.1 Temperature measurements

3.2.1.1 Temperature Profiles of the Methane-only and Methane-NaCl Flames

The process of soot nanoparticle formation is significantly affected by temperature. An

understanding of nanoparticle formation in a laminar diffusion flame cannot be achieved unless
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the temperature of the reacting flow is determined. The temperature profiles from the flame
centreline to a radial position of 8 mm (with 1 mm increments) for selected heights above burner
from 1 mm to 60 mm (with 5 mm increments) were measured for the cases of the methane diffusion
flame and the methane diffusion flame doped with NaCl particles (hereinafter, as methane-only
flame and methane-NaCl flame). The temperature profile at different HABs along the centerline
of the flame is shown in Figure 3.1. Temperature at each location was measured at least four times
and the average of the measured temperatures is illustrated in Figure 3.1. All temperatures were
corrected for radiation losses and the maximum uncertainty of the measured temperatures was
+40 K based on the propagation of precision and bias uncertainties. Based on these results, the
spatial temperature fields are quite similar for both methane-only and methane-NaCl flames, with

the minimum and maximum difference being 13 K and 40 K, respectively.

Figure 3.2 is a contour plot of measured flame temperatures for the methane-NaCl flame and it is
based on the temperatures acquired at various radial positions (1 mm apart) at different HABs
(5 mm apart). The temperature between the measured points was estimated by interpolation. The
black and red lines in the contour plot demonstrate the locus of bulk sodium chloride melting and
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Figure 3.1: Axial temperature profile of flame methane-only and methane-NaCl flames. The visible flame

height was 60 mm.
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boiling points at 101 kPa, respectively (see Section 3.2.3 for the effect of particle size on its melting

and boiling point). The dashed line is an approximate locus of the visible flame surface.

A point worth making about the observed steady-state scalar field of temperature is that there are
a wide range of gradients in both the radial and axial direction which superimpose the transport of
sensible energy by conduction on top of the convection in the flow. Similar gradients will exist in
other scalar fields, such as the particle number concentration that will be measured in a following
section. Therefore, the measured local magnitude of any quantity (such as the particle size
distribution) is a balance between the convective and diffusive transport in both the axial and radial

directions, as well as the local source/sink processes.

3.2.1.2 Effect of Sampling Probe on Flame Temperature

The insertion of the sampling probe into the flame disturbs the temperature profile and will reduce
the temperature near the vicinity of the sampling probe; therefore, it is necessary to investigate the

effect of the probe on the flame temperature as it could potentially affect the formation and
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Figure 3.2: Picture of flame and contour of flame temperature (K) in methane-NaCl flame.
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Figure 3.3: Temperature measured along the centreline of the methane-only flame with and without the
probe. The vertical lines show HABs where the probe was inserted.

evolution of nanoparticles. This investigation was done by placing the sampling probe at several
HABs and measuring the temperature along the centerline of the flame from 0.5 mm to 10 mm
upstream of the location of the probe. Figure 3.3 demonstrates the temperature profiles along the
centreline of the flame for the case of probe inserted at different HABs as well as the temperature
of the undisturbed flame. The vertical lines are the HABs where the probe was inserted while the

temperatures for locations upstream of these HABs were measured.

The results show that the insertion of the probe reduced the temperature of points that are located
approximately 3 mm upstream of the probe. Such temperature drop was significant and as high as
~600 K in the vicinity of the sampling probe. The observed temperature trend is similar to the
results obtained by Zhao et al. (2003), which reported a decrease in local flame temperature in a
region 3 mm upstream of the probe. They argued that the local temperature drop is an intrinsic
disadvantage of probe sampling which results in a decrease in the rate of chemical reactions. Abid
et al. (2008) used probe sampling with an SMPS and thermocouple densitometery (which does not

disturb the flame significantly) and found that soot volume fractions were similar if the HAB of
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the SMPS results were shifted 3.5 mm downward; presumably because the probe slows reactions

near the probe.

3.2.2 Nanoparticles in the Methane Diffusion Flame

Size distributions of particles along the centreline of the methane-only flame were measured at

different HABs to provide an understanding of the evolution of nanoparticles in the flame when

no NaCl particle was added to the fuel flow prior to combustion. The observed spatial rate of
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Figure 3.4: Particle size distributions for HAB=30-60 mm in the methane diffusion flame. The top left
panel covers the soot inception and surface growth region of the flame (HAB = 30-41 mm), the top right
panel covers the coagulation region of the flame (HAB = 42-48 mm), the bottom left panel covers the
agglomeration region (HAB = 49—54 mm), and the bottom right panel covers the oxidation region (HAB =

55-60 mm).
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Figure 3.5: TEM images of particles sampled at different representative HABs in the case of methane-only
flame.

change of particle size distribution significant, and four ranges of HABs were chosen to display
the results in Figure 3.4. Additionally, a representative TEM image of the sampled nanoparticles
from each of these HAB ranges is shown in Figure 3.5, except for the lowest HAB range where

two images were needed to characterize the changes observed.

The SMPS started to detect particles at HAB=30 mm. The size distribution at HAB=30 mm seems
to consist of two different portions: a mode which seems to have a median size smaller than 2 nm
which could be associated with the insipient soot particles that were either formed locally or
transported to this location by diffusion, and an emerging trough for particles sizes between 3 to
10 nm. As HAB increased, particles with mobility diameters greater than 3 nm grew in size and
concentration, which led to the formation of a distinguishable mode for particles larger than 3 nm
at HAB=38 mm. Herein, the smaller mode will be called the inception mode and the larger mode
will be called Mode 1. The formation of Mode I could be due to surface growth of incipient soot
particles. The TEM image of sampled particles at HAB=36 mm (Figure 3.5) suggests that the
particles (the small dark circular shapes in the figure) are individual non-aggregate soot particles.
Figure 3.6 shows high resolution TEM (HRTEM) images of particles at HAB=40 and 41 mm. The
HRTEM images show that the soot particles at these HABs have single or multiple core-shell
structure. The core-shell structure of soot particles has also been reported in other studies (Chen

and Dobbins 2000; An et al. 2016; Botero et al. 2016).
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Figure 3.6: HRTEM imag of particles at HAB40 and 41 mm from the methane flame.
At HAB=42 mm, particles with mobility diameter greater than 10 nm begin to form another mode
with a size of ~ 30 nm. Hereafter this mode is referred to as Mode II. In the height range of 44 to
48 mm, the median particle size in Mode II became larger while the particles in Mode I became
smaller in diameter, and both Modes I and Il decreased in number concentration. As also suggested
in Chapter 2, this indicates that the particles in Mode II underwent coagulation. Moreover,
presumably a higher rate of coagulation between incipient soot particles and particles associated
with Mode II resulted in size growth of Mode II particles. On the other hand, particles in Mode I
which could be generated by the coagulation between incipient particles, starts to reduce in number

and vanishes, as most of the incipient particles coagulate with larger particles from Mode II at

higher HABs.

This trend continued until HAB=48 mm, where Mode I vanished and only the larger particles in
mode II survived on the centerline. It should be noted that the number concentration of the particles

in the inception mode remained more or less unchanged up to HAB=48 mm; however, at HAB=49
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mm, their number concentration dropped by an order of magnitude and, at higher HABs, their
number concentration was further reduced by another two to three orders of magnitude over a
relatively short distance. The TEM image of particles at HAB=45 mm (Figure 3.5) demonstrates
that at this height the soot population is a blend of large aggregates and individual primary soot
particles which is an indication that particles in this region of the flame experience coagulation

and growth in size.

At the heights of 50 mm to 52 mm, the size distributions were approximately unimodal and the
median diameter of particles continued to grow to ~33 nm while particle number concentration
decreased, likely due to coagulation. The TEM image of particles at HAB=53 mm (Figure 8)
shows that the majority of particles have aggregate-like structure which is an indication that the

dominant process that particles experience in this HAB is coagulation.

Particle size distribution results show that from HAB = 54 mm to the tip of the flame (~60 mm),
the median particle diameter sharply decreased from ~32 nm to ~7 nm while its number
concentration dropped significantly by an order of magnitude, presumably due to particle
oxidation. The TEM image of the particles (Figure 3.5) also shows a considerable change in the
structure of particles from an aggregate-like structure at HAB=53 mm to mostly small, individual

particles at HAB=60 mm.

3.2.3 Nanoparticles in the Methane-NaCl Diffusion Flame

The sodium chloride particle size distribution at the fuel tube outlet was measured by connecting
the fuel tube directly to the SMPS with a conductive tube (i.e., there was no flame and no dilution;
for safety reasons the carrier gas flow was nitrogen and not methane) which is demonstrated in

Figure 3.7 for which HAB = 0 mm represents the NaCl at the burner inlet measured without the
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flame. The structure of the injected NaCl particles into the flame is shown in Figure 3.10. The
median size of the NaCl particles was ~130 nm and the TEM image (HAB = 1 mm) shows that

the NaCl particles injected into the fuel flow had a cubic structure.

Similar to the methane-only flame, particle size distributions at different heights above the burner
were measured in the methane-NaCl flame. The size distributions for HAB=8 to 26 mm are shown
in Figure 3.7 (Note the approximate four orders of magnitude difference between the number
concentration of injected NaCl particles and the particles observed at HAB=8 to 26 mm). Adding
NaCl to the fuel results in the emergence of considerable number of particles above HAB=8 mm.
Recall that there were no particles detected in methane-only flame below HAB=30 mm. For these
particles, the size distributions appear to be unimodal with a positive skew. By increasing HAB,
the size and number concentration of these particles reached a maximum at HAB=18 mm and

decreased at higher HABs subsequently.

Figure 3.8 is an HRTEM image of a particle located at HAB=14 mm. The HRTEM image shows

that these particles have cubic structures which are normally associated with NaCl particles (Wang
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Figure 3.7: Particle size distributions at the burner tube outlet (HAB=0 mm) when the flame is off and
along the centerline of the flame for HAB=8-26 mm in the case of methane-NaCl flame.
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Figure 3.8: Cubic structure of a pcl sampled at HAB=14 mm from methane-NaCl flame.
et al. 2010). Compared to the NaCl particles that were injected into the flame, NaCl particles
observed from HABs above 8 mm were considerably smaller in size (median diameters of ~4—8
nm compared to ~130 nm) and larger in number concentration (approximately 600 to 77,000 times
more). Therefore, these NaCl particles are believed to have been formed by nucleation of
condensed NaCl vapour. The contour of temperature shown in Figure 3.2 indicates that the
temperature of the flame at HABs below ~40 mm is less than the boiling point of bulk NaCl (i.e.,
1686 K); therefore, it is probable that evaporated NaCl condenses at HABs below 26 mm. The
NaCl vapour that presumably condensed to form the nucleated NaCl particles may have diffused
from the flame front where the temperature is above the boiling point of NaCl (see Figure 3.2).
For nanoparticles smaller than a critical size, the surface-to-volume ratio is much larger than the
bulk material and the melting point of nanoparticles decreases as their size becomes smaller
(Wronski 1967; Zhang et al. 2000; Sun and Simon 2007). Therefore, it is expected that NaCl
nanoparticles below a critical size have a melting point lower than that of bulk NaCl, which is
known as melting point depression. This can be seen by comparing the melting point of bulk NaCl
in Figure 3.2 (which occurs at HAB=10 mm) and the particle size distributions in Figure 3.7. The

gas temperature along the centerline of the flame and below HAB=10 mm is less than the melting
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point of bulk NacCl (i.e., 1074 K); however, nucleated NaCl nanoparticles were first measured at

HAB=8 mm, which could be an indication that the actual melting of NaCl nanoparticles occurs at

that height with a lower temperature.

Figure 3.9 shows the size distributions from the methane-NaCl flame at HAB=30 to 60 mm. Figure
3.10 shows TEM images of particles at different representative HABs in the methane-NaCl flame.
The inception mode in size distributions appears at HAB=30 mm similar to the size distributions

of the methane-only flame. At HAB=30 to 34 mm, another mode was detected in the size
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Figure 3.9: Particle size distributions for HAB=30—60 mm in the methane-NaCl flame. The top left panel
covers the soot inception and surface growth region of the flame (HAB = 30—41 mm), the top right panel
covers the coagulation region (HAB = 42-48 mm), the bottom left panel covers the agglomeration region
(HAB = 49-54 mm), and the bottom right panel covers the oxidation region (HAB = 55-60 mm).
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Figure 3.10: TEM images of particles sampled at different representative HABs in the methane-NaCl
flame.

distributions with mobility diameters greater than 5 nm which could be attributed to the remnants
of NaCl particles that were formed at lower heights. As the HAB increased, this mode in the size
distributions decreased in number concentration and was not observed above HAB=36 mm.
Boiling point depression is an important consideration for nanoparticles smaller than a critical size.
Boiling point of nanoparticles decreases as their size becomes smaller (Nanda 2005), similar to
their melting point. It is expected that the majority of small-sized nanoparticles nucleated at
HAB=8 to 26 mm would evaporate prior to reaching the boiling point of bulk NaCl at HAB~42
mm (see Figure 3.2). This can be seen in the particle size distributions of the methane-NaCl flame
(Figure 3.9) for HABs between 36 and 42 mm, where the gas temperature is less than the boiling

point of bulk NaCl. As mentioned earlier, the remnants of NaCl nanoparticles were not seen in the
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particle size distributions for HAB=36 mm and above, which could be an indication that NaCl

nanoparticles evaporated above this height due to their reduced boiling point.

The size distributions from HAB=38 to 60 mm (Figure 3.9) are qualitatively similar to the size
distributions for the methane-only flame, with Mode I appearing at HAB=38 mm and Mode II
emerging at HAB=42 mm. For HAB=47 to 55 mm, size distributions were mostly dominated by
coagulation from Mode II. For HAB=56 to 60 mm oxidation took place and a reduction in both
the number concentration and the size of particles was observed. Although the emergence and
disappearance of the three modes of the size distributions are generally similar between methane-
only and methane-NaCl flames, the median diameters and number concentrations of nanoparticles

are different.

As mentioned earlier, at HAB=46 mm the soot particles are expected to experience three
simultaneous processes in soot formation and evolution, namely inception, surface growth, and
coagulation. For heights between 46 to 53 mm, coagulation was the dominant process of soot
evolution which means that the particles grew in size while their number concentration decreased.
It appears that the rate at which the particles grew in size with increasing the HAB was quite
different for the two flame cases. Figure 3.11 illustrate the changes in median diameter and total
number concentration of particles (of the measured range) for both flame cases. In the methane-
NaCl flame, the median diameter of the particles from HAB=47 to 53 mm were approximately
constant with a size of ~23 nm. In the methane-only flame, the median diameter of the particles
increased until it reached a maximum of ~35 nm at HAB=52 mm. These results show that there is
a noticeable difference between the median diameter of the particles in the coagulation dominant
region of each flame case; however, in the oxidation region (HABs above 53 mm) the particle

median diameter in each flame case started to converge at heights near the tip of the flame. The
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Figure 3.11: Variation of count median diameter (CMD) and total concentration of nanoparticles as a
function of HAB, from 43 to 60 mm, for methane-only and methane-NaCl flames. The error bars represent
the precision uncertainty based on at least five repeat measurements.

total number concentration of particles in both flame cases was quite similar for HABs below 46
mm; however, it started to diverge at HAB=47 mm with higher concentration of particles in the
methane-NaCl flame. At HAB=60 mm, the concentration of particles was an order of magnitude
higher in the methane-NaCl flame compared to the methane-only flame. Thus, the addition of NaCl
particles to the flame leads to smaller particles with greater number concentration in regions of the

flame where coagulation is dominant.

It was argued by Howard and Kausch (1980) that due to the low ionization potential of alkali

metals, these metals could ionize readily in flames and affect the formation of soot particles in
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both molecular and particulate scales. Based on this ionic mechanism of alkali metals, there are

two hypotheses in the literature regarding the potential effect of alkali metals on soot formation.

The first hypothesis suggested by Bulewicz et al. (Bulewicz et al. 1975) states that alkali metals
have the ability to affect the nucleation of soot particles by electrically neutralizing soot precursors
and reduce soot formation. This hypothesis says that although the overall ion concentration (from
metal and hydrocarbon) increases in a seeded flame, the actual concentration of natural flame ions
decreases (Bulewicz et al. 1975; Howard and Kausch 1980). Bulewicz ef al. (1975) investigated
the effect of alkali metals on a propane/oxygen diffusion flame and found that the addition of some
alkali metals such as potassium or cesium could increase the suppression of soot particles, leading
to a smaller number of particles. In a more recent study, Simonsson et al. (2017) observed that the
addition of potassium to a premixed flame reduced the size of primary soot particles and decreased

the soot volume fraction due to low ionization potential of potassium.

The second hypothesis, proposed by Haynes et al. (1979), states that the ionic interaction between
alkali metals and soot particles occurs after the inception (nucleation) of soot particles only.
Calculations of Haynes et al. (1979) for various premixed flame conditions showed that the
increase in the electrostatic repulsion forces between soot particles results in an order-of-
magnitude reduction in the coagulation constant which leads to an increase in the number of soot
particles and a decrease in the agglomerate size. In our study, we did not notice any significant
difference between concentrations of the incipient soot particles (in the inception region) under the
two flame conditions which could confirm that the addition of NaCl has a post-inception effect on

soot particles, which is in agreement with the second hypothesis.
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Based on the second hypothesis, alkali metals could reduce the coagulation rate between soot
particles by altering the charge of soot particles. Some studies (Howard et al. 1973; Wersborg et
al. 1975; Mitchell and Miller 1989) suggested that a majority of soot particles have positive
charges, presumably due to thermionic emission. Mitchell and Miller (1989) reported that the
addition of alkali metals reduces the number concentration of soot particles that are positively
charged and suggested that alkali metals have the ability to neutralize charges of soot particles

through the following reaction:

M + soot™ 2 M™ + soot (3.1

Neutral soot particles have a lower tendency to coagulate compared to populations that include
both charged and neutral soot particles (Glarborg 2007). Howard et al. (Howard et al. 1973)
investigated the coagulation of soot particles in a flat premixed acetylene flame by accounting for
both van der Waals and electrostatic forces and found that the coagulation rate constant between

charged and uncharged particles could increase up to 2 to 3 times due to the aforementioned forces.

The results of the current study confirmed that the addition of NaCl particles to the methane
diffusion flame reduced the agglomeration of soot particles, as the median size of the particles in
regions of the flame where aggregation took place was smaller compared to the baseline methane
flame while the number concentration of particles was higher in the former case, which is in
agreement with the second hypothesis outlined above. Therefore, the reduction of particle
coagulation could be attributed to the effect of alkali metal (in this case, sodium from NaCl) on

soot particles.

3.3 Conclusions
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In this study, the effects of the addition of NaCl particles to the flow on the observed nanoparticles
along the centerline of a laminar diffusion flame was investigated. The spatial temperature field of
the baseline methane flame and the methane flame doped with NaCl particles were obtained using
rapid insertion of thermocouple, which showed that the NaCl particles added to the flame did not
have a significant effect on the flame temperature. Additionally, it was found that the sampling
probe affected the temperature in the flow approximately 3 mm upstream of the probe, which
would have slowed any reactions in that region. Thus, the results showed in this chapter represent
the processes happening in an unperturbed flame at a height which is 3 mm below the location of
the sampling probe. A dilution system with a dynamic range of dilution ratio diluted the extracted
sample from the flame immediately on the order of thousands of times to keep the integrity of the

sampled particles before size distribution measurements.

Particle size distributions for the baseline case of methane flame showed different stages of
nanoparticle evolution, from inception (with median size of ~3 nm) and surface growth (with a
median size of ~10 nm) to coagulation (with a median size of ~33 nm) and oxidation (with a
median size of ~7 nm). Transmission electron microscopy images showed that primary soot
particles had core-shell structures. These images also showed that at higher HABs nanoparticles
coagulated and formed soot aggregates; however, at HABs closer to the tip of the flame, these
aggregates underwent significant change in their structure due to oxidation. Particle size
distributions for the case of methane flame doped with NaCl particles showed that considerable
concentrations of nanoparticles emerged at lower HABs where soot inception is typically not
expected in a methane flame. Results showed that nanoparticles with a median size of 4 nm
nucleated at the height of 8 mm and grew to their maximum concentration and median size of 8

nm at HAB=18 mm. The TEM images showed that the structure of these nanoparticles was not
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similar to soot particles; rather they resembled typical NaCl particle structure. These nanoparticles
became smaller in size and concentration up to the heights where soot nanoparticles started to
incept. For higher HABs the particle size distribution followed a similar trend as the baseline case
of methane flame, except for regions of the flame where coagulation is the dominant process. In
this region, the addition of NaCl reduced the mobility diameter of aggregate soot particles but at
the same time increased their number concentration. These results indicate that the addition of
NaCl to the flame reduced the coagulation between soot primary particles due to the effects of
sodium (as an alkali metal) in the NaCl. The existence of sodium in the flame presumably
neutralizes charged soot particles, which subsequently reduces the coagulation between soot

particles.
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CHAPTER 4

Effect of sodium chloride on the evolution of size, mixing state, and
light absorption of soot particles from a sooting laminar diffusion

flame*

4.1 Introduction

In Chapter 3, we looked at the evolution of the size and morphology of the nanoparticles inside a
closed-tip (non-smoking) laminar diffusion flame of methane when NaCl particles were added to
the fuel. However, as the flame tip was closed, the majority of soot particles oxidized at the flame
tip and were not released to the post-flame region. In this chapter, the objective is to continue our
work in the Chapter 3 and to study the effect of NaCl on the evolution of size and mixing state of
soot particles from an open-tip (smoking) laminar diffusion flame. The release of soot particles to

the post-flame region provides an opportunity for re-condensed NaCl particles at lower

4 This chapter is based on the following conference paper:

- Kazemimanesh, M., Kuang, C., Kostiuk, L.W., and Olfert, J.S. (2019). Effect of sodium chloride on the evolution
of size and mixing state of soot particles from a sooting laminar diffusion flame. In Proceedings of the Combustion
Institute Canadian Section, May 13—-16, Kelowna, BC, Canada.
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temperatures to mix with soot particles. The results of this study provide an understanding about
the final state of particle emissions, how that state was arrived at, and the light absorption
properties of the particle emissions. These results can be useful in understanding the interaction
that lead to the microphysical and optical properties of particle emissions in practical scenarios

such as from gas flares subsequent to flowback operations in the upstream oil and gas industry.

4.2 Experimental Setup

The experimental setup used for the experiments in this chapter, including the sampling and
dilution system, the NaCl particle generation system, and the particle measurement suite, was
essentially identical to the one described in details in Chapter 2. Here, we only discuss the minor

modifications and additional measurement systems of the experimental setup.

4.2.1 Co-flow Burner

Santoro ef al. (1983) used ethylene as the fuel to produce a sooting flame due to the higher sooting
propensity of ethylene. However, we desired to use methane as the fuel because it is commonly a
major component of flared gases. It was not possible to produce a laminar sooting flame with
methane by simply changing the flow rates of fuel and air, as did Santoro et al. (1983) with
ethylene. Thus, a minor modification, inspired by the works of Ishizuka and Sakai (1988) and
Ishizuka (1982), was made to the co-flow burner to produce an open-tip sooting diffusion flame
with methane. A 51 mm long quartz tube with internal and external diameters of 30 and 33 mm,
respectively, was placed concentrically around the fuel tube to produce a sooting laminar diffusion
flame with a visible height of ~100 mm. The fuel tube protruded 4 mm above the ceramic
honeycomb of the burner and the outlet of the small quartz tube was 47 mm above the fuel tube;
thus, the lowest height above the burner (HAB) that could be sampled with the sampling probe

was 47 mm. The fuel and the overall co-flow air flow rates were 0.261 and 27.5 SLPM (standard
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Figure 4.1: Image of the open-tip sooting laminar diffusion flame. The quartz tube around the fuel tube
had a diameter of 30 mm.

liters per minute at 1 atm and 25 °C), respectively. Part of the co-flow air enclosed by the small
quartz tube was used for combustion and the remainder diluted the exhaust products. Figure 4.1
shows the image of the sooting open-tip laminar diffusion flame used. One objective of the
experiments in this chapter is to investigate whether soot and NaCl particles are externally mixed,
i.e. exist as individual particles separate from each other, or internally mixed, i.e. NaCl particles
are part of or attached to soot aggregates (see Section 1.4 for background on these two mixing
states). To study the evolution of mixing state of soot and NaCl particles in the post-flame region,
the large quartz shield (discussed in Section 2.2.1) had to be extended to 600 mm in length in order
to provide sufficient time and reduction in temperature for the particle emissions to reach their

final mixing state.

74



4.2.2 Absorption and Scattering Coefficient Measurements

To measure the absorption and scattering coefficients of the particle emissions, a photoacoustic
extinctiometer (PAX; Droplet Measurement Technology Inc.) was used. The measurement cell of
the PAX consisted of a reciprocal nephelometer, which measured the scattering coefficient, and a
photoacoustic cell, which measured the absorption coefficient. The PAX used a modulated diode
laser to simultaneously measure light scattering and absorption of the particle emissions. The laser
had a standard infrared wavelength of 870 nm, which is highly specific to black carbon (BC)
particles, since there is relatively little absorption from gases and non-BC aerosol particles at this
wavelength. The absorption measurement used in-situ photoacoustic spectroscopy (Petzold and
Niessner 1996; Arnott et al. 1999). A laser beam directed through the aerosol stream was
modulated at the resonant frequency of the acoustic chamber (nominal frequency of 1,500 Hz).
Absorbing BC particles heat up and quickly transfer heat to the surrounding air when thermally
relaxed. The periodic heating and thermal relaxation of the absorbing particles produced acoustic
(pressure) waves with a frequency that matched the frequency of the modulated laser. The
amplitude of these acoustic waves was amplified in a resonator with a quality factor of ~26 and

subsequently detected with a sensitive microphone mounted on the acoustic chamber.

The PAX used a wide-angle integrating reciprocal nephelometer to measure the scattering
coefficient. The scattering measurement responds to all particle types (BC and non-BC) regardless
of chemical composition, mixing state, or morphology. The nephelometer consisted of a tube
aligned concentric with the previously mentioned laser beam and the aerosol sample was passed
through this tube via two ports on each end of the tube. The inner surface of the tube was coated
with black paint and two identical baffles with small apertures were mounted on both sides of the

tube to minimize the reflection of scattered light by the inner wall of the tube. A photomultiplier
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tube (PMT) was mounted on the tube, perpendicular to the direction of the laser beam, which could

detect the scattered light (Abu-Rahmah ez al. 2006).

As the absorption coefficient, Babs, was high in these measurements, a more accurate method was
used as follows instead of photoacoustic spectroscopy. The extinction coefficient, Bext, was directly
measured by PAX with a photodiode detector based on Beer-Lambert law of light intensity

attenuation:

ext — L I,
where L was the path length of the laser beam through the cavity (0.354 m), / was the light intensity
during measurement detected by the photodiode, and /o was the average light intensity before and
after the measurement (with particle-free air sample). The scattering coefficient, Bscat, of the
sample was measured using the nephelometer integrated into the PAX. Thus, the absorption
coefficient was obtained as the difference between extinction and scattering coefficients, i.e.,
Babs = Bext — Bscat. It should be noted that the same procedure is used to calibrate the absorption
coefficient measured by the photoacoustic technique and, thus, the outlined method was more
accurate if the absorption of the sample is very high (as was the case in these experiments). The
scattering was calibrated using strongly scattering particles (such as ammonium sulfate) by
comparing the scattering coefficient measured by the nephelometer with the extinction coefficient
calculated from laser intensity attenuation based on Beer-Lambert law for many data points in the
calibration range (up to 20,000 Mm ™). Because the absorption of ammonium sulfate particles was
negligible, the extinction by these particles was almost due to their scattering. The sample was
drawn into the PAX at a flow rate of 1 L/min using its built-in vacuum pump. Typical sampling

time was 120 s after the absorption and scattering coefficients were steady.
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4.2.3 Elemental Carbon Mass Concentration Measurement

As mentioned in Section 1.4, light absorption depends on aerosol concentration and, thus, it is
common to normalize that by the particle mass concentration. This normalized absorption
coefficient is known as mass-specific absorption coefficient (MAC; or mass absorption cross-
section). Therefore, to calculate the MAC of the particle emissions sampled in Section 4.2.2, the
mass concentration of the elemental carbon (EC) in the particle emissions must be measured. Soot
particles are generally composed of elemental carbon, organic carbon (OC), hydrogen, and
oxygen, with elemental carbon being the main light absorbing component and often linked to black
carbon. The mass concentration of EC was measured by collecting soot particles on 47 mm pre-
fired quartz fiber filters (Pall Inc., Model Tissuquartz 2500 QAO-UP) in parallel to absorption and
scattering measurements. The filters were pre-fired in a muffle furnace at 750 °C for 4 hours to
assure that all carbon was removed. The filters were held in a dual-stage filter holder (URG Corp.,
Model 2000-30FXT) and the soot sample was drawn through the 6.3-mm sampling tube used in
Section 4.2.2 and the filter holder at 5 L/min using a flow controller (Alicat Scientific, Model
MCR-50SLPM-D) connected to the lab vacuum line. Total sample volume was calculated by
acquiring the flow rate data from the flow controller over the sample collection time (typically, 3—
5 min). The samples were analyzed by thermal-optical analysis (TOA) following the NIOSH 5040

protocol using a Sunset Lab EC-OC analyzer (Birch and Cary 1996).

4.3 Results and Discussion

4.3.1 Nanoparticles Observed in the Methane-only Flame

Figure 4.2 shows the particle size distribution for the case of the methane-only flame spanning a
range of heights above the burner (HAB) from 47 to 437 mm. As mentioned in Section 4.2.1, the
lowest HAB that could be probed was 47 mm due to the small quartz tube. The measured particle
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Figure 4.2: Particle size distributions for the case of methane-only sooting flame spanning HAB range of
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size distributions generally had a negative skew and the mode diameter of the size distribution is

reported instead of its median diameter. Moreover, since the size distributions were measured

partially at some HABs, the total particle concentration is reported based on the integral of

lognormal fits to the measured data. Figure 4.3 shows the total particle concentration and the

particle mode diameter as a function of HAB. The particle mode diameter increased from 56 nm

to 77 nm as the HAB increased in the range of 47—-72 mm (Figure 4.2, top left panel), while the

total concentration of particles decreased continuously in the same height range. This was due to

the coagulation and agglomeration of soot particles inside the diffusion flame, consistent with our

previous findings in Chapter 3. As the HAB increased from 72 to 102 mm, the particle mode
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Figure 4.3: Mode diameter and total concentration of soot as a function of HAB for sooting methane-
only and methane-NaCl flames. When multiple modes are seen in the size distribution of particles from
the methane-NaCl flame (i.e., at HAB=287 mm and higher), only the mode diameter and concentration
of soot particles are reported in this figure.

0

diameter decreased from 77 nm to ~60 nm, while the total particle concentration decreased
gradually (Figure 4.2, top right panel). Presumably, the reduction in particle size was due to partial
oxidation of soot particles near the open tip of the flame and the reduction in particle concentration
was a result of ongoing coagulation. This is also consistent with the change in particle size and
concentration observed in the oxidation region near the closed tip of the diffusion flame in Chapter

3.

The particle mode diameter remained relatively constant at ~63 nm as the HAB increased in the
range of 102-207 mm, while particle concentration decreased continuously (Figure 4.2, bottom
left panel). This was a region just above the open tip of the flame and the soot particles were likely
mixing gradually with part of the co-flow air not consumed for combustion and, thus, their
concentration decreased slowly. In the height range of 207—437 mm, the particle mode diameter
increased from 64 nm to ~100 nm as the HAB increased, while the particle concentration
decreased (Figure 4.2, bottom right panel). Particle coagulation was the main process in this post-

flame region, causing the particles to grow larger in size and their concentration to decrease. The
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reduction in particle concentration was also partly due to mixing with more co-flow air. Although

the particle size distributions in this panel are scattered due to low concentrations measurement by

the SMPS.

4.3.2 Nanoparticles Observed in the Methane-NaCl Flame

Figure 4.4 shows the particle size distribution for the case of the methane-NaCl flame for HAB
range of 47-537 mm. As the HAB increased from 47 to 72 mm, the particle mode diameter
increased from 39 nm to 45 nm, while particle concentration decreased gradually (Figure 4.4, top
left panel). Similar to the closed-tip methane-NaCl flame in Chapter 3, this HAB range was the

agglomeration region inside the flame and the particles underwent coagulation in this region.
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However, particle mode diameter was smaller in this region compared to the case of methane-only
flame, i.e., a change from 39 nm to 45 nm in the methane-NaCl flame compared to a change from
56 nm to 77 nm in the methane-only flame (see Figure 4.3). Also, the particle concentration was
higher by several factors for the methane-NaCl flame compared to the methane-only flame and in
the same HAB range of 47-72 mm. The reacting flow temperature in this region of the flame is
higher than the boiling point of the introduced NaCl particles and, thus, the NaCl exists in vapour
phase. The smaller soot particle size and its higher concentration in the methane-NaCl flame shows
that the existence of NaCl vapour in the coagulation region of the flame reduced the rate of
coagulation between soot particles. This result is consistent with the same observation in the
closed-tip methane-NaCl flame (Chapter 3, Section 3.2.3), where the coagulation rate between

soot particles was reduced in the presence of NaCl vapour.

In agreement with these results, several other studies with in-flame measurements have reported
that the addition of alkali metals (such as Na, K, Cs) to a diffusion flame decreases soot particle
size (Bonczyk 1983, 1988; Tappe et al. 1993), while in one flame a significant increase in soot
particle concentration was observed (Bonczyk 1983) and in the other flames the soot particle
concentration slightly increased with a decrease in the soot volume fraction (Bonczyk 1988; Tappe
et al. 1993). A decrease in soot particle size and an increase in soot particle concentration inside
the flame have been also reported for various premixed flames when alkali metals were added to
the flame (Haynes et al. 1979; Hayhurst and Jones 1989; Wieschnowsky et al. 1989; Bonczyk
1991). Similar to the discussion in Section 3.2.3, some studies (Feugier 1978; Haynes et al. 1979;
e.g., Wieschnowsky et al. 1989) suggest that the observations here can be due to enhanced
charging of incipient soot particles, which causes the charged soot particles to resist further

collisional growth and coagulation. However, a more plausible explanation is the reduction in the
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number of positively-charged soot particles due to exchange of electron with alkali metal atoms
and turning soot particles electrically neutral (Mitchell and Miller 1989). Howard et al. (Howard
et al. 1973) have shown that by considering the effect of electrostatic and van der Waals forces,
the coagulation rate between a neutral and a charged particle is theoretically 2—3 times (and
experimentally 10 times) higher than that between two neutral particles and the coagulation rate
between two similarly charged particles is much smaller than the other two cases. Thus, a
population of neutral soot particles has less tendency to coagulate with each other compared to a
population of neutral and charged soot particles. It should be noted that the concentration of NaCl
molecules was on the order of ~5x10'* molecule/cm? (based on the NaCl mass concentration of
~45 ng/cm?), which was much higher than the concentration of incipient soot particles in the flame
and, therefore, it was assumed that all charged soot particles became neutral very rapidly via charge

exchange.

In the HAB range of 72—102 mm, which is near the open tip region of the flame, one would expect
oxidation of soot particles to happen and the particle size to decrease similar to the methane-only
flame. However, on the contrary, the particle mode diameter grew from 45 nm to 66 nm (Figure
4.4, top right panel) and, at the same time, the concentration decreased gradually. This observation
was presumably due to the inhibition of soot oxidation in the presence of NaCl. While the oxidation
of soot was inhibited, the soot particles continued to coagulate in this HAB range, which further

explains the growth in soot particle size and the decrease in particle concentration.

Previous studies have pointed out that the oxidation of soot in atmospheric fuel-rich and fuel-lean
flames is predominantly linked to surface attack by hydroxyl radicals (-OH) and to a lesser degree
to O2, among the possible oxidant species such as H20, COz, NO, Oz, O, and OH (Fenimore and
Jones 1967; Neoh et al. 1981; Bradley et al. 1985; Garo et al. 1990; Roth ef al. 1991; Puri et al.
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1994). Also, the inhibition of OH radicals in the flames by the addition of alkali metals has been
reported before. For example, kinetics of flame inhibition by potassium (Jensen et al. 1979) and
sodium (Jensen and Jones 1982) have been studied using a two-reaction mechanism to explain the
accelerated removal of OH radicals. Also, Slack et al. (1989) have reported that by the addition of
potassium (and similarly sodium) to a methane premixed flame, the number concentration of OH
radicals at all HABs inside the flame decayed In addition to the proposed mechanisms outlined
above, direct evidence of the inhibition of hydroxyl radicals has been also reported by laser-
induced fluorescence (LIF) measurements when alkaline-earth metals (such as barium and
calcium) were added to a sooting ethylene diffusion flame (Bonczyk 1988). In summary, the
addition of sodium to the flame causes a decay in the concentration of OH radicals, which in turn
leads to less soot oxidation by these radicals in the oxidation region of the flame. Between the two
competitive processes of oxidation and an ongoing coagulation in this region, the coagulation is
dominant and causes the soot particles to grow larger in size and in lower concentrations. It should
be noted that some previous studies have mentioned that by addition of alkali metals to the flame,
the soot particles become smaller due to less coagulation and, thus, these smaller soot particles are
oxidized more easily (e.g., Mitchell and Miller 1989). This statement is not necessarily always true
because in open-tip sooting flames, such as the one studied here, the alkali metals can have an
inhibitive effect on the oxidative attacks of OH radicals and let the soot particles survive to the
post-flame regions. Therefore, the alkali metals can serve different roles based on the ongoing

processes in the flame (i.e., reduction of coagulation and inhibition of oxidation).

In the HAB range of 107 mm to 237 mm, the particle coagulation continued due to sufficient time
and mixing with co-flow air (Figure 4.4, bottom left panel). The soot particles grew in diameter

from 68 nm to 92 nm, while their concentration decreased gradually. Particles in this HAB range
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were generally larger in diameter than their counterparts in the methane-only flame (Figure 4.3)
due to the continued coagulation of soot particles in the methane-NaCl flame without the size-
shrinking effect of oxidation seen in the methane-only flame. Moreover, the particle concentration
in the methane-NaCl flame was a factor of ~3 more than that of the methane-only flame, which
was due to inhibited oxidation of soot in lower HABs in the methane-NaCl flame. This is an
interesting observation because this height range (107-237 mm) was in the post-flame region and
the soot was both larger in size and higher in concentration in the case of the methane-NaCl flame,
which means that the mass concentration of soot in this case was higher compared to the methane-
only flame. To illustrate this, if we assume that the mass-mobility exponent of soot particles was
~2.5 (Olfert and Rogak 2019) and the soot particles were 64 nm and 92 nm at the HAB=237 mm
in methane-only and methane-NaCl flames, respectively, and by considering a three-fold increase
in soot concentration in the methane-NaCl flame, we can calculate the mass concentration ratio as
3%(92 nm/64 nm)>° = 7.4, which means the mass concentration of soot increased by a factor of ~7

when NaCl was added to the flame.

This result is consistent with the findings of Jefferson (2017), where an increase of several times
in soot mass concentration, measured by laser-induced incandescence (LII), was reported for a
large turbulent diffusion flame of mostly methane and other C2—-C4 alkanes when atomized
droplets of NaCl solution were introduced into the flame. This result is also partly consistent with
other studies (Cotton et al. 1971; Bulewicz et al. 1975), where alkali metal additives were shown
to have either an increasing or decreasing effect on soot emission in the post-flame region of
propane-oxygen and acetylene-oxygen diffusion flames, depending on the ion concentration of
alkali metal. It should be noted that in these studies droplets of NaCl solution (containing water

and NaCl) were introduced into the flame, whereas we introduced solid NaCl particles (with no
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water content) into the flame. The added water content in the form of droplets presumably increase
the concentration of hydroxyl (OH) radicals in the flame, which can further increase the oxidation
of soot (Hirschler 1986). In light of the oxidation inhibiting effects of alkali ions, we may be able
to explain the observed dependence of soot emission on alkali ion concentration in the two
aforementioned studies (Cotton et al. 1971; Bulewicz et al. 1975) as follows: Between the two
competing effects of increased soot oxidation due to added water and inhibition of soot oxidation
due to added alkali ions, the outcome depends on the relative concentration of alkali ions. If the
alkali ion has a high concentration, all the OH radicals are scavenged and the soot oxidation is
inhibited, thus, the soot emission increases. However, if the alkali ion concentration is low, not all
OH radicals are removed, which leads to increased soot oxidation and, therefore, the soot emission

decreases. This is an interesting hypothesis which needs further exploration in future.

At HAB=287 mm, the particle size distribution became trimodal with three modes at < 6 nm,
~25 nm, and 95 nm (Figure 4.4, bottom right panel). Here the size distribution plot is in logarithmic
scale to better represent the differences between subsequent size distributions. Presumably, the
two leftmost modes were due to freshly nucleated NaCl particles based on electron microscopy
images (as shown in Section 4.3.3), which re-condensed from NaCl vapour at lower temperatures
observed at this height above the burner. The rightmost mode was due to soot particles as they
continued to grow in size as a result of coagulation (as shown Section 4.3.3). The trimodal
distribution existed up to HAB=487 mm with its first mode at ~8 nm and second mode at ~25 nm;
however, the particle concentration in the third mode (soot mode) gradually decreased relative to

the other two modes.

At HAB=512 mm and higher, the particle size distribution became bimodal with a leftmost mode

at ~25 nm and a rightmost mode at ~140 nm. Apparently, the NaCl particles in the first mode of
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the previous trimodal distributions (i.e., the 8 nm particles) coagulated with each other and the
NaCl particles in the second mode (i.e., the 25 nm particles) to a final size of ~25 nm and increased
the overall population of NaCl particles relative to soot particles. The sample temperature was
~110 °C at these HABs and the size distribution became independent of the HAB except for its

number concentration which decreased gradually due to mixing with co-flow air.

4.3.3 Mixing State of Particles

The mixing state of particles was investigated using transmission electron microscopy (TEM).
Figure 4.5 shows representative TEM images of samples collected from the methane-NaCl flame
at HABs of 177 mm, 287 mm, and 537 mm. At a height of 177 mm (Figure 4.5a and b), the exhaust
products of combustion were still at elevated temperatures (~540 °C) and NaCl existed in vapour
phase. No NaCl particles were observed under the TEM and the soot particles had the fractal-like
structure typical of soot from combustion sources. At HAB=287 mm, which was the onset of NaCl
re-nucleation based on particle size distribution data, spherical or cubic NaCl particles were
observed, mostly with a diameter of ~20 nm, which is consistent with particle size distribution
data (Figure 4.5¢ and d). Most of these NaCl particles existed as individual particles and externally
mixed with soot particles; however, they were occasionally attached to a soot aggregate and, thus,
are considered to be internally mixed with soot particles. At HAB=537 mm, i.e., 300 mm above
the previous sampling point, the mixing state of NaCl and soot particles was very similar to the
case of HAB=287 mm, with most of the NaCl particles observed individually (Figure 4.5¢ and f)

and occasionally internally mixed with soot particles.
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Figure 4.5: TEM images of particles at HAB=177 mm (a & b), 287 mm (c & d), and 537 mm (e & f). NaCl
particles are pointed with a red arrow in these images.

These TEM images also indicate that in the bimodal particle size distributions of methane-NaCl
flame (Figure 4.4, bottom-right panel), the mode with smaller particle size was due to NaCl
particles with a diameter of ~20-25 nm and the mode with larger particle size was due to soot

particles or NaCl particles internally mixed with soot particles. It should be noted that the
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coagulation coefficient for two 25-nm NaCl particles is 11.9x107!° cm?/s, while for a 140-nm soot
particle and a 25-nm NaCl particle the coagulation coefficient is 39.4x1071° cm?/s (Hinds 1999, p.
268). This means that more coagulation would be expected between soot and NaCl particles than

between two NaCl particles or two soot particles of approximately the same size.

4.3.4 Light Absorption of Particle Emissions

The PAX was used to measure the absorption and scattering of particle emissions at the wavelength
of 870 nm. The objective was to measure the optical properties of particle emissions from both
methane-only and methane-NaCl flames at their final mixing state and, thus, the sample was drawn
from HAB=537 mm. The particle emissions were sampled using a 6.3 mm stainless tube, with its
sample inlet aligned along the centerline of the flame. The high-dilution sampling system was not
required for these measurements as the particle concentration was relatively low and particle-
particle coagulation was negligible. The PAX manufacturer has not provided data on the bias
uncertainty of their instrument; thus, we considered the bias uncertainties in absorption and
scattering coefficients as £9.6% and +7.0% based on the repeatability of three independent
calibrations performed over two months. This is a more conservative uncertainty than the total
uncertainty of +4.4% (at 870 nm) recently reported by Conrad and Johnson (2019) for a similar
three-wavelength photoacoustic spectrometer (PASS-3) from the same manufacturer. For each
flame condition, three sets of samples were measured. The precision uncertainties in Babs and Bscat
was estimated based on the three measurement repeats. The total uncertainties in Babs and Bscat was
calculated by propagation of the respective bias and precision uncertainties (refer to Appendix D

for details of the uncertainty analysis).

The soot sample was also collected simultaneously on filters to determine its mass concentration.

Thermal-optical analysis of the soot samples determined the amount of EC and OC on the filter.
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Here we were only interested in the mass concentration of EC, which is the main light absorbing
component of soot and often linked to black carbon. The TOA determined the EC loading in units
of ng/cm?, which was converted to mass concentration (in units of pg/m?) by using the total
sampled volume as explained in Section 4.2.3 and the stain area on the filter. For each flame
condition, three filters were collected and one punch (1 cmx1.5 cm) from each filter was analyzed
by TOA. The bias uncertainty in the EC measurement, Bn, was estimated according to the

specification of Sunset Lab EC-OC analyzer as follows

B, = 0.1 25 4 0.05mye (4.2)
cm

where mass of EC, mec, was in units of pg/cm?. The precision uncertainty was estimated based on
the three measurement repeats. The total uncertainty in the EC mass concentration was calculated
by propagation of bias and precision uncertainties (refer to Appendix D for details of the

uncertainty analysis).

Table 4.1 shows the summary of absorption coefficient and EC mass concentration with their
corresponding uncertainties for particle emissions sampled at HAB=537 mm for methane-only and
methane-NaCl flames. The results show that both the absorption coefficient and the mass
concentration of EC increased sharply by a factor of ~3.0 when NaCl particles were added to the
flame. The observed increase in the mass concentration of soot is consistent with the results seen
from the particle size distributions (Section 4.3.2) and was due to oxidation inhibition by sodium
near the open tip of the flame, which led to larger soot particles in greater number concentration

in the post-flame region.
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Additionally, Table 4.1 shows the mass-specific absorption coefficient (MAC) and single-
scattering albedo (SSA) for the particle emissions of both flames. MAC is defined as (see Section

1.4)

Babs

MAC = (4.3)

EC
where Mec is the mass concentration of EC. If Baps is in units of Mm ™' and mec/V has a unit of
ng/m?, then MAC has a unit of m%*/g. The SSA is a measure of the fraction of extinction due to

scattering and is defined as (see Section 1.4)

SSA = Bscat — Bscat (4.4)
Bext Bscat + Babs

and is a unitless parameter. The uncertainty in MAC and SSA was determined by the propagation
of total uncertainties in each term of Equations (4.3) and (4.4). For details of the uncertainty

analysis refer to Appendix D.

The MAC of soot particles from the methane-only flame was 5.66+0.88 m?/g (at 870 nm). The
MAC of soot particles of different ages produced by different fuels and combustion sources has
been extensively reported in the literature. For example, one highly-cited value is 7.5+1.2 m*/g at

a wavelength of 550 nm, which was reported by Bond and Bergstrom (2006) based on an average

Table 4.1: Absorption and scattering coefficients, mass concentration of EC, mass-specific absorption
coefficient, and single-scattering albedo of particle emissions for methane-only and methane-NaCl
flames.

Test condition Babs Bicat EC mass concentration MAC SSA
(Mm™) (Mm'") (ng/m’) (m*/g)
Methane-only flame 25000+2800 900+90 4500+500 5.66+0.88  0.03+0.01
Methane-NaCl flame 79000+7600 4200+290 13600+770 5.82+0.65 0.05+0.01
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of 17 published values in the literature. Absorption coefficient, and hence MAC, has an inverse

correlation with wavelength as follows

B MG, (1 s
Bys,1 MAC Ay

where AAE is the absorption Angstrdm exponent, A is the wavelength, and the subscripts 1 and 2
indicate two different wavelengths. AAE is approximately equal to unity for fresh soot aggregates
(Liu et al. 2018). Thus, the value of MAC reported by Bond and Bergstrom (2006) converts to
4.74+0.76 m?*/g at a wavelength of 870 nm. Zhang et al. (2008) also reported a MAC of 8.7 m*/g
at 532 nm (i.e., a MAC of 5.32 m%/g at 870 nm) for fresh soot from a propane diffusion flame of a
Santoro burner. The MAC value obtained in this study was consistent with the values reported in
the literature within the uncertainty limits. When NaCl particles were added to the flame, the MAC
of emitted particles was 5.82+0.65 m?/g (at 870 nm). This shows that due to large uncertainties in
the measurements, it was not possible to say whether or not the MAC of particles changed with
the addition of NaCl particles. In a previous study, Scarnato et al. (2013) studied the effect of
internal mixing with NaCl particles on optical properties of black carbon using a discrete dipole
approximation model. They investigated different mixing configurations between soot and NaCl
particles and reported a MAC enhancement of 1.0+0.0 for a lacy soot aggregate in partial surface
contact with NaCl crystal (similar to the mixing state observed in this study — see Section 4.3.3)

up to 2.2+0.2 for a compact soot aggregate fully enclosed (immersed) in a larger NaCl crystal.

The SSA for the particles from methane-only and methane-NaCl flames was 0.03+0.01 and
0.05+0.01, respectively, which shows a slight enhancement in the SSA when NaCl particles were
added to the flame. The mixing of soot with NaCl particles amplifies both absorption and

scattering, but scattering increases more than absorption due to NaCl particles and, therefore, SSA
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increases. It should be noted that the SSA obtained here for soot particles (without NaCl addition)
was relatively small compared to the values reported in the literature. For example, the SSA
reported for fresh soot from different diffusion flames produced by Santoro burner range from
0.10-0.30 for the wavelengths in the range of 532 nm—700 nm (Schnaiter et al. 2003; Zhang et al.
2008). More recently, Moallemi et al. (2019) reported the SSA of soot particles from an ethylene
inverted diffusion flame in the range of 0.15-0.25 at the wavelength of 870 nm. Presumably, the
lower SSA seen in our study is due to smaller size parameter, defined as x = wdp/A, compared to
the aforementioned studies. According to the Mie theory for spheres of carbon, for small values of
x, the extinction is primarily due to absorption; however for large x, scattering and absorption are
of almost equal importance (McDonald 1962). The particles in our study were smaller than those
observed in the study by Moallemi et al. (2019), and at the same wavelength, the size parameter
in our study was smaller. On the other hand, the wavelength used by Zhang et al. (2008) and
Schnaiter et al. (2003) was smaller than that used in our study, leading again to a smaller size

parameter in our study.

4.4 Conclusions

In this study, an open-tip sooting laminar diffusion flame, with and without sodium chloride
particles introduced into the methane flow prior to combustion, was used to study the effect of the
latter on the evolution of size, mixing state, and optical properties of the particle emissions. Size
distribution results showed that for the methane-only flame, the soot particles underwent
coagulation, partial oxidation (near the flame tip), and further coagulation as the HAB increased
from 47 to 437 mm. In the case of methane-NaCl flame, the coagulation rate between soot particles
decreased in the agglomeration region of the flame due to the presence of NaCl, leading to smaller

soot particles at higher number concentrations. Near the open tip of the flame, the NaCl caused an
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inhibition in soot oxidation by scavenging OH radicals, which led to continued coagulation of soot
particles with larger particles compared to the methane-only flame. At higher heights in the post-
flame region where the temperature was sufficiently low, newly nucleated NaCl particles from its
vapour phase formed with a diameter of 25 nm, which was a distinct mode from that of soot in the
size distributions. These results showed that the formation of soot and NaCl particles happened at
different stages: although its growth and oxidation was influenced by NaCl, soot was formed inside
the flame; however, NaCl was in vapour-phase inside the flame and NaCl particles nucleated at
much higher heights above the flame and mixed and coagulated with soot particles subsequently.
TEM images showed that these nucleated NaCl particles are mostly externally mixed and
occasionally internally mixed with soot particles. TOA results showed that the mass concentration
of elemental carbon (which was above 95% of the soot) increased sharply by a factor of 3.0 when
NaCl was added to the flame. This indicates that the current emission inventories for flares may
significantly underestimate the role of inorganic salts on flare emissions, which is a likely scenario
for flaring with droplets of flowback liquids subsequent to hydraulic fracturing operations.
Absorption coefficient of soot also increased by a factor of 3.0 when NaCl was added to the flame,
leaving MAC essentially unchanged, and within previously reported values in the literature, for
emissions from both methane-only and methane-NaCl flames. The single-scattering albedo
increased slightly from 0.03 to 0.05 with the addition of NaCl, which was presumably due to

additional scattering from NaCl particles.
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CHAPTER §

Size, effective density, morphology, and nano-structure of soot

particles generated from buoyant turbulent diffusion flames®

5.1 Introduction

In this chapter, we use a lab-scale flare with gas compositions similar to those found in the
upstream oil and gas industry and characterize its soot particles in terms of their size, effective
density, morphology, and nano-structure (graphitization). A new experimental setup is introduced
and several parameters such as gas compositions, flare diameter, and flare exit velocity are
explored to study their effect on the aforementioned characteristics of soot. The results of the
experiments in this chapter provides a baseline for understanding the properties of particle

emissions from flares when droplets of flowback fluids are added to the flare (Chapter 6).

5 This chapter is published in the following journal article:

Kazemimanesh, M., Dastanpour, R., Baldelli, A., Moallemi, A., Thomson, K.A., Jefferson, M.A., Johnson, M.R.,
Rogak, S.N., and Olfert, J.S. (2019). Size, effective density, morphology, and nano-structure of soot particles
generated from buoyant turbulent diffusion flames. J. Aerosol Sci., 132:22-31.
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Little is known about the microphysical, morphological, and nano-structure of the soot particles
produced from flares. Several previous studies have sought to estimate soot yields, i.e. the mass of
soot per unit mass or volume of fuel, or soot emission rate, i.e. the mass of soot per unit time, from
lab-scale or real-world flares (Johnson ez al. 2011, 2013; McEwen and Johnson 2012; Corbin and
Johnson 2014; Schwarz et al. 2015; Weyant et al. 2016; Conrad and Johnson 2017; Gvakharia et
al. 2017). One study by Fortner et al. (2012) measured particle size distributions from steam- and
air-assisted propane and propene flares. The study by Weyant et al. (2016) measured mass
concentration, mass median diameter, MAC, and absorption Angstrém exponent (AAE) of black
carbon particles emitted from flares in the Bakken formation; however, their measurements had
very large uncertainties. The study by Schwartz et al. (2015) have also determined the mass
distribution and mass median diameter of refractory black carbon (rBC) from flares in the Bakken
formation, although their results may be biased by the surrounding open biomass burnings. These

studies have not characterized the morphological properties of flare-generated soot particles.

One motivation for the current study is a new technique, referred to as sky-LOSA, which has been
developed to measure black carbon emission rate from real-world flares (Johnson et al. 2011,
2013). This method is based on line-of-sight attenuation (LOSA) techniques and relates
transmissivity measurements of sky-light through the flare plume to soot concentrations via
Rayleigh-Gans-Debye theory. Sky-LOSA is thus far the only remote-sensing method available to
measure black carbon emission rates of real-world flares. The sky-LOSA method requires
estimates of black carbon primary particle diameter, aggregate size, aggregate distribution, and
fractal parameters. In the current sky-LOSA model these values are assumed based on literature

data from other sources as relevant flare data is not available.
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Thus, the objective of this study is to characterize the morphological and physical properties as
well as nano-structure of soot particles generated from lab-scale flares simulated by buoyant
turbulent flames. These parameters are explored over a range of gas compositions, flare sizes, and
gas flow rates. These measurements provide fundamental information on the properties of flare-
generated soot and how it compares to the properties of soot from other common sources (e.g.
internal combustion engines). Moreover, the measurements provide an insight about whether the
properties of flare-generated soot change with gas composition, flow rate, and flare size. Finally,
the properties measured here can be used for input parameters for the sky-LOSA method, and the

variability in the particle properties can used to better assess the uncertainty in the method.

5.2 Experimental Setup

Experiments were performed in Carleton University’s lab-scale flare facility. Many instruments
were used to measure and characterize particulate- and gas-phase emissions from the studied
turbulent flames; however, in the present study we only show and discuss the instruments relevant
to the objectives of this study. Figure 5.1 shows the schematic of the experimental setup. Gas
bottles of high-purity hydrocarbons were used to create a flare gas mixture of desired composition.
The fuel mixture consisted of six gaseous species, i.e., methane (C1), ethane (C2), propane (C3),
n-butane (C4), carbon dioxide, and nitrogen. The gas species in the fuel were selected based on
the most prevalent species found in flare gases in the province of Alberta, Canada. The study by
Johnson and Coderre (2012) derived volume-weighted flare gas composition data for 2,360 oil and
bitumen batteries in the province of Alberta that reported flaring in 2008, based on analysis of
more than 60,000 gas analyses from wells drawing from more than 8,500 distinct pools. In the
present study, three different fuel mixture compositions were chosen which spanned the range

typically seen in flared gases in the upstream oil industry based on the above-mentioned data.
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Figure 5.1: Schematic of the experimental setup showing fuel mixture metering and mixing section, the
laboratory flare, the emission collection system, and various sampling instruments shown as arrangements
A, B, and C.
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These three fuel mixture compositions are summarized in Table 5.1. The light (L6) mixture had a
composition with higher percentage of lighter alkanes (C1), whereas the heavy (H6) mixture had
a composition with higher percentage of heavier alkanes (C2—C4). The flow rate of each
component was set and metered using mass flow controllers (Brooks, various models) and the

gaseous species mixed in a chamber prior to combustion in the flare.

Table 5.1: Fuel mixture composition (by volumetric percentage) for light, medium, and heavy mixtures

Fuel Methane  Ethane  Propane n-Butane Nitrogen Carbon Dioxide
Light (L6) 92.5 0.66 0.119 0.276 3.02 3.44
Medium (M6) 86.6 5.79 2.59 2.16 1.92 0.899
Heavy (H6) 76.9 11.0 5.80 4.24 1.26 0.801
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The flare gas was directed to a laboratory flare with interchangeable stainless-steel exit pipes (38.1,
50.8, and 76.2 mm internal diameter and outer to inner diameter ratios of 0.89 corresponding to
ASTM schedule 40 pipe typical of pipe flares). The fuel exit velocities at the burner tip were set
at 0.5, 0.9, and 1.5 m/s and the fuel flow rates were adjusted accordingly for each burner size,
which resulted in a range of flow rates from 60.8 to 246.3 SLPM (standard litres per minute at 0°C
and 101.325 kPa). Table 5.2 summarizes the test matrix with different burner exit tube diameters
and fuel exit velocities. For each flow rate in Table 5.2, the three different fuel mixture composition

(L6, M6, and H6) were tested.

The emission collection system consisted of a large overhead hexagonal ventilation hood (with an
included diameter of 3.1 m), a 40.6 cm round steel insulated duct, and a variable speed exhaust fan
capable of drawing ~100,000 L/min. Two concentric settling screens (1.5 and 3 m diameter)
surrounded the flare (suspended from the hood) to eliminate any flow disturbances around the
flame that could be caused by air flows in the open lab. The flow rate of the exhaust fan was
adjusted in each test case to capture the entire plume of combustion products and additional
entrained ambient air. Combustion products were diluted by the entrained ambient air on the order
of ~20:1 to ~120:1 as they were drawn in the hood, depending on the flow rates of the burner and
exhaust fan. The exhaust fan drew the plume into the duct and vented them to the atmosphere.

Emission samples were taken ~10.5 m downstream of the hood through ports installed on the duct.

Table 5.2: Test matrix and the fuel flow rate (in SLPM) corresponding to each burner exit tube diameter
fuel exit velocity. For each flow rate, three fuel compositions (L6, M6, and H6) were tested.
Fuel exit velocity (m/s)

Burner diameter

0.5 0.9 1.5
38.1 mm (1.5 in.) - 61.56 -
50.8 mm (2 in.) 60.80 109.45 182.41
76.2 mm (3 in.) - 246.26 -
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The samples were sequentially directed to measurement suites in Arrangement A, B, and C shown

in Figure 5.1 (right) via sample transport lines.

Mass-mobility relationship and effective density of soot particles was determined using a tandem
arrangement of a differential mobility analyzer (DMA; TSI Inc., Model 3081), a centrifugal
particle mass analyzer (CPMA; Cambustion Ltd.), and a condensation particle counter (CPC; TSI
Inc., Model 3025). This is shown as “Arrangement A” in Figure 5.1. The CPMA consists of two
concentric cylinders rotating at different angular velocities and measures the mass to charge ratio
of particles by balance of centrifugal and electric field forces on the particle (Olfert and Collings
2005). Soot particles were size selected based on their electrical mobility using the DMA and the
average mass of the singly-charged particles of a certain mobility was measured using the CPMA.
From these measurements, the mass-mobility relationship of the particles was determined using

the power law as:
m= kdlf“‘ (5.1)

where m is the average mass of a particle, £ is the mass-mobility pre-factor, dm is the particle
mobility diameter, and Dm is the mass-mobility exponent. Thus, the effective density, petr, which
is defined as the mass of the particle divided by the volume of a sphere with a diameter of dm, was

found as
6k\ ,D,-3
Pett = <7> dy" (5.2)

Size distributions of soot particles were measured using a scanning mobility particle sizer (SMPS;
TSI Inc., Model 3938), which consisted of a differential mobility analyzer (TSI Inc., Model 3082)

and a condensation particle counter (TSI Inc., Model 3788). This is shown as “Arrangement B” in
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Figure 5.1. The aerosol and sheath air flow rates were 0.3 L/min and 3.00 L/min, respectively,
which provided a measurement range of 15 to 661 nm. Typically, the SMPS had an up scan of 120
s and a down scan of 15 s for each measurement. The sample from the duct was further diluted by
an average factor of ~9.8 using an ejector diluter (Dekati Ltd., Model DI-1000) upstream of the
SPMS. The dilution factor was measured by comparing the CO2 mole fraction of the undiluted and
diluted samples for each test case using a non-dispersive infrared COz analyzer (LiCor Inc., Model

LI-840).

Particles were collected on Type-B carbon film supported by 300 mesh copper TEM grids
(TedPella Inc., Model 01813) using both a thermophoretic sampler (TPS; in-house built —
explained in Appendix E) and an electrostatic precipitator (ESP; ESPnano, Model 100), which is
shown as “Arrangement C” in Figure 5.1. Samples were studied using the transmission electron
microscope (Hitachi, Model H7600) operating at an accelerating voltage of 80 kV. About 30
images were taken for each flame condition. The images were analyzed with a previously validated

code to derive the primary particle and aggregate size as described by Dastanpour et al. (2016a).

Nano-structure of soot particles was analyzed using a Raman spectrometer (Renishaw Confocal
with digital stage). A 785-nm point focus laser at a power of 0.2 mW was used to avoid excessive
heating of the sample. The exposure time was 10 s and the integration time was 1 s. For each
sample, three Raman spectra were recorded and averaged. The soot Raman spectra were fitted
using OriginPro (version 2017) software. The method of Sadezky et al. (2005) was used for
deconvolution of different bands, which involved a baseline subtraction, a range focus of 500 to
2000 cm™! for the first order peaks, data importing, and band fitting. The Raman spectra of soot

was fitted with five bands as described in Table 5.3.
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Table 5.3: Band descriptions and origins used in Raman spectra interpretation

Band Description Peak parameters
G Graphitic planar sheet structures in soot consists of  Lorentzian curve centered between 1571
sp® bonded carbon atoms®!. Independent of laser to 1598 cm ™' ¢

wavelength and intensity®

Dl Induced by defects along graphitic edge planes®® Lorentzian curve centered between 1301
and 1317 cm™' for 780 nm laser

D2 Attributed to PAH around soot boundaries © Lorentzian curve centered near
1620 cm™
D3 Attributed to amorphous carbon (mixed sp? and sp®  Gaussian curve centered between 1489
bonded carbon atoms) to 1545 cm ™' and independent of laser

wavelength and intensity™*

D4 Attributed to curved PAH layers in graphitic Lorentzian curve centered between 1127
crystallites and 1208 cm ! >*

2 Saffaripour et al. (2017)
b Sadezky et al. (2005)

¢ Patel et al. (2012)

4 Dresselhaus et al. (2010)

This study focussed on the ratio of average intensities of the D1 and G bands (that is, the area
under each individual band denoted as /(D1)//(G)), which will be referred to as D1/G ratio
hereinafter. It was found that using 5-band fitting with floating peak locations (within the limits
reported in Table 5.3) resulted in the most repeatable ratios. For example, when nine samples were
re-analyzed after 6-18 months and re-fitted, the ratios increased by a mean of 2% and had a root

mean square change of 7%.

5.3 Results and Discussion

5.3.1 Particle size distribution

Figure 5.2 shows the average particle size distribution for various burner sizes, exit velocities, and
fuel mixtures. For each case, the particle size distribution shown is the average of at least 5

consecutive SMPS measurements. Note that each particle size distribution is corrected for the
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combined dilution factor arising from the entrained ambient air and the subsequent dilution in the
ejector diluter (see Section 5.2). The solid lines show the average of all test conditions for each
fuel composition (light, medium, or heavy mixture). The particle size distribution changed most
noticeably with the fuel mixture composition; i.e., the particle median diameter and total
concentration increased when the fuel composition changed from light to medium to heavy
mixtures, respectively. This trend was more pronounced for particle median diameters, which were
66, 82, and 92 nm for the L6, M6, and H6 fuel mixtures. However, as seen in Figure 5.2, the
particle size distribution was not a strong function of burner size or fuel exit velocity over the

tested ranges of these parameters in this study.
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Figure 5.2: Particle size distributions for various burner diameters, exit velocities, and fuel compositions.
The solid lines are the average size distributions for each fuel composition (L6, M6, H6). In the legend, D
denotes flare diameter (in inches) and V denotes flare exit velocity (in m/s). Each particle size distribution
is corrected for the dilution factor arising from the entrained ambient air and the subsequent dilution in the
ejector diluter.
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A previous study by Fortner ef al. (2012) measured the size distribution of soot particles from
steam- and air-assisted flares burning propene and propane. They reported median diameters of
~90 nm and ~80 nm in the case of propene flare with steam and air assist, respectively. In the case
of steam- and air-assisted flares burning propane, the size distributions were broad with smaller
median diameter (~50 nm) and lower total particle number concentration compared to propene.
Although the steam- and air-assisted propene flares of Fortner et al. (2012) were intrinsically
different from the unassisted pipe flares burning representative alkane mixtures used in the present
work, our measured average particle median diameters fell within the lower and upper bounds of
Fortner ef al. (2012). We also noted that the average particle size distribution for L6 fuel mixture,
which had relatively lower particle concentration, was broader compared to the case of H6 fuel

mixture consistent with Fortner ez al. (2012).

There is an extensive body of work in the literature on physical, optical, and morphological
properties of soot particles inside the flames using different in-situ techniques; however, here we
only focus on studies which measured these properties for soot particles in the post-combustion
region. The dependency of soot particle concentration on fuel chemistry is expected based on
previous literature. McEwen and Johnson (2012) measured soot yield (i.e., mass of soot per unit
mass of fuel) for buoyancy-driven turbulent diffusion flames with fuel compositions comparable
to those of the present study. They measured soot volume fraction using the gravimetric method
and laser-induced incandescence (LII) and found that soot yield increased linearly with the fuel
mixture heating value (from ~38 to ~48 MJ/m?) without much effect from burner size or fuel exit
velocity when the burner diameter was larger than 38.1 mm and the burner exit velocity was 0.5
and 0.9 m/s. Their measurements did not provide any insight about particle median diameter or

number concentration; however, the combination of soot particle diameter and number
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concentration measured in the present study is an indication of soot volume fraction or mass. Thus,
the qualitative trend observed in our results is in agreement with the trend of soot mass emission
in McEwen and Johnson (2012) and also the field mesaurement results of Conrad and Johnson

(2017).

5.3.2 Effective density of particles

Figure 5.3 shows the effective density of particles with mobility diameter of 30, 50, 85, 140, and
238 nm as selected by the DMA. A power law fit was passed through all the data points of each
fuel composition (shown as solid lines in Figure 5.3) to obtain the pre-factor and exponent of the
effective density-mobility relationship. As shown in the figure, the three fuel compositions have
overlapping fit lines and the exponents of the fitted functions are all —0.45, which corresponds to

mass-mobility exponent, Dm, of 2.55. Thus, the effective density of particles in the measured size
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Figure 5.3: Effective density of soot particles for various burner diameters, exit velocities, and fuel
compositions (L6, M6, and H6). In the legend, D denotes flare diameter (in inches) and V denotes flare
exit velocity (in m/s). The solid lines show combined fit for each fuel mixture. The dashed line shows
effective density measurements for soot particles from various internal combustion engines (Graves 2015).
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range did not change significantly as a function of burner size, fuel exit velocity, and fuel
composition. For the regression, the effective density is expressed as a function of pioo, the
effective density of a 100-nm particle, and the resulting 95% confidence interval on pioo is

502 + 5.5 kg/m’>.

The dashed line in Figure 5.3 shows the average fit function previously reported for the effective
density of soot particles from various internal combustion engines, such as gasoline direction
injection (GDI), diesel, port fuel injection (PFI), and high-pressure direct-injection natural gas
(HPDI) engines (Graves 2015). The mass-mobility exponent of 2.55 for the soot particles in the
present study agrees closely with the value of 2.49 (dashed line) derived from particles from

different types of combustion engines.

5.3.3 Particle Morphology

Figure 5.4 shows representative TEM images for each fuel mixture type, i.e., light, medium, and
heavy; all particles exhibited the low-density fractal-like structure expected for soot. The images
also show that larger aggregates tend to have larger primary particles. This relation is supported

by the image analysis reported below.

(@)

Figure 5.4: Representative TEM images of soot particles sampled from (a) light, (b) medium, and (c) heavy
fuel mixture. The scale bar on each image is 100 nm.
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From the TEM images, the average primary particle size was determined for each aggregate
imaged based on the method described in Dastanpour et al. (2016a). Aggregate size was
characterized by the projected area-equivalent diameter because it is expected to be close to the
mobility diameter in free molecular and transition regimes as shown by Meakin et al. (1989) and
Rogak et al. (1993), respectively. Figure 5.5 shows the average primary particle diameter of soot
aggregates, dp, versus their projected area equivalent diameter, da, for L6, M6, and H6 fuel
mixtures. The black line on these plots is the best power-law fit to the TEM results. The fit is cast

as

d, Drpm
dp = dpl()() (m) . (53)

Expressing diameters in nanometers, the pre-factor dpioo is conveniently interpreted as the primary
particle size of 100-nm aggregates. Because this point is typically near the median aggregate size
of the aerosol population, the confidence interval around the fitted value tends to be narrow. The
uncertainties in both dp and da are approximately 10%, which implies that the considerable scatter
in the plots of Figure 5.5 is due to real differences between particles — consistent with the images

shown in Figure 5.4. The fit was performed as a linear fit to the logarithms of d, and da, consistent
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Figure 5.5: Primary particle diameter versus projected area equivalent diameter of soot particles for (a)
light, (b) medium, and (c) heavy fuel mixture.
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with an assumed lognormal distribution of dp. For a given aggregate size da, the fitted curve then
represents the geometric mean primary particle diameter; from the residuals of the fit, the

geometric standard deviation is calculated as 1.33—1.40 (see Table 5.4).

The effective densities reported in Section 5.3.2 can be used to estimate the primary particle sizes
using the method of Eggersdorfer et al. (2012) which was optimized by Dastanpour et al. (2016b)
for soot particles from internal combustion engines, laminar flames, and gas turbines. The

approach gives the Sauter mean diameter of the primary particles, dva, according to,

rk,p 2D,-3
d,, = <—6;1 (dm)ZDa> (5.4)

where of Ds = 1.1 and ka = 1.13 are constants empirically determined by Dastanpour ef al. (2016b).
Here, p is the material density of particle. The Sauter mean diameter is the diameter of a sphere
that has the same volume to surface area ratio as the particle of interest. Using the mass-mobility

relationship, i.e., Eq. (5.1), this can be written as

va

1 ap_
_ (7kap\2D,3 2 )—fﬁa—%m_ (5.5)
6k m

Assuming that dva = dp and dm = da, a material density of p = 1800 kg/m?, k= 0.1885 kg-m 23,

Dm =2.55, and using diameters in nanometers, Eq. (5.5) becomes

d, \
dp[nm] =17.7 <m> . (5.6)
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The 95% confidence interval for the pre-factor is 17.7 + 0.3 nm, from a fit to the measurements
for all three fuels. The confidence interval for the exponent, straight from the regression, is
0.44 + 0.04. The dashed black curves on the plots of Figure 5.5 represent primary particle Sauter
mean diameter estimations based on mass-mobility measurements (Eq. (5.6)). The 95% confidence
intervals (CI) for the TEM measurements are summarized in Table 5.4. For all fuel mixtures and
both methods, the 95% confidence intervals overlap, except that the exponent derived from the

TEM measurements tends to be higher than the exponent from Eq. (5.5).

These results show that previously developed relations between effective density and primary
particle diameter work well for soot particles from buoyant turbulent diffusion flames. The
implication of this result is that the effective density and TEM measurements provide equivalent
information about the morphology of the particles and that the morphology of the soot particles
from buoyant turbulent flames is very similar to other combustion sources (e.g., internal

combustion engines, gas turbines, and laminar flames).

A striking feature of the images in Figure 5.4 is that within each aggregate, the relative variation
of primary particle size is much smaller than the variation between aggregates. Previously this was
characterized by Dastanpour and Rogak (2014) by plotting geometric standard deviations of
primary particles computed in two ways. The first is a measure of the “ensemble” or overall
variation, ogens, computed as the geometric standard deviation of all primary particles ignoring

their attachment to individual aggregates. The second measure is the geometric standard deviation

Table 5.4. Primary particle correlation parameters for Eq. (5.3) based on TEM measurements.

Fuel type dpioo (nm) Exponent Drem og around fit
Light (L6) 16.5+0.5 0.45+0.04 1.33
Medium (M6) 17.1+£0.9 0.54 £0.07 1.40
Heavy (H6) 179+ 1.0 0.52+£0.07 1.34
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of primary particles about the means of individual aggregates, gg,within. To compute this, individual

primary particle sizes were measured for almost half of the aggregates.

Given sufficient coagulation time, one would expect that all primary particle sizes would be
present in all aggregates, and ogens = ogwithin. We found that the relative variations within
aggregates, ggwithin, 1S consistently between 1.16 and 1.31, while the overall (ensemble) relative
variation, ogens, varies from 1.44 to 1.66. The fact that og,ens > Og within 1S consistent with prior studies

(Dastanpour and Rogak 2014) and with images shown in Figure 5.4.

5.3.4 Raman spectroscopy

Figure 5.6 shows 5-band fitting for a typical Raman spectrum of a sample using peak types as
described in Section 5.2. Figure 5.7 summarizes the peak ratios for data aggregated by fuel type
(there was no discernable trend with burner diameter or exit velocity) for samples collected on the
titanium foils with the thermophoretic sampler (TPS). The error bars result from the differences
between three points on the same substrate and the error propagation of the regression confidence

intervals as determined by Origin Pro, however, they appear to be consistent with the variations
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Figure 5.6: Representative Raman spectrum showing the fitted bands for the burner diameter of 50.8 mm
with exit velocity of 1.5 m/s burning heavy fuel mixture.
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Figure 5.7: Peak ratios of D1/G, D2/G, D3/G, D4/G for all test conditions aggregated by fuel type for
samples collected on titanium foils with the thermophoretic sampler.

between samples with the same fuel type but different burner diameter and exit velocity. When
particular samples were reanalyzed after a period of months, the D1/G ratios were within 5-10%
of the original ratios. Samples collected by the electrostatic precipitator sampler (ESP) showed a
similar trend with fuel type, but with lower D1/G ratios. We believe that this is an artifact of
loading levels (the electrostatic precipitator tends to produce a more uniform but less dense
deposit). For the TPS samples, the Raman microscope can focus on a relatively thick soot deposit,
uninfluenced by the titanium substrate, but the background subtraction becomes critical for the
thin deposits on the ESP samples. When the background is taken as proportional to the titanium-

only spectrum, the discrepancy between the two types of samples is reduced. Full details of the

peak fits are given in Appendix F.

The peak ratios are at the upper end of the range found by Saffaripour et al. (2017) for lean
MiniCAST flames and aircraft engine soot, and slightly higher than the values found by
Dastanpour et al. (2017) for methane flames in a small inverted burner. For mobility-classified

soot particles, Dastanpour et al. (2017) found that the D1/G ratio changed from 10.7 to 6.3 as the

110



particle mobility diameter increased from 125 to 300 nm. That change in particle diameter
corresponded to a MAC increase of 25%. In the current study, a smaller change in D1/G ratio
(from ~12 down to ~8) was obtained but the median mobility diameter of particles changed less

(median diameters of unclassified particles increased from 66 to 92 nm — see Section 5.3.1).

5.4 Conclusions

In this study, the physical and morphological properties and nano-structure of soot particles from
buoyant turbulent diffusion flames with fuel compositions representative of gas flares in the
upstream oil and gas sector were studied. The results showed that none of the studied physical
properties of soot particles such as particle concentration, median aggregate diameter, and
effective density, depended on burner diameter or burner exit velocity over the range tested.
However, the soot particle concentration and median aggregate diameter changed significantly
with fuel mixture composition. The D1/G ratio of soot particles changed slightly with fuel mixture
composition; i.e., it decreased from light to heavy fuel mixture. Whether or not this change in ratio
is associated with a change in optical properties would be something to investigate further. Soot
particle morphologys, i.e., primary particle size and variation in primary particle size with aggregate
size, was independent of fuel composition, burner diameter, and burner exit velocity over the range
tested. Previously developed relations between effective density and primary particle size work
well for the soot particles produced by buoyant turbulent diffusion flames — that is the TEM data
and DMA-CPMA data provide consistent information on soot morphology. Moreover, it is
expected that for instruments measuring soot emissions based on the optical properties of soot,

such as Sky-LOSA, the uncertainty arising from particle morphology would be relatively small.
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CHAPTER 6

Size, effective density, mixing state, and nano-structure of soot
particles from turbulent diffusion flames with entrained flowback

liquid droplets

6.1 Introduction

In this chapter, a lab-scale turbulent diffusion flame with gas compositions similar to that of flares
in the upstream oil and gas industry is used to understand the effects of entrained flowback fluid
droplets on the size, effective density, mixing state, and nano-structure of soot particulate
emissions. The results of the experiments conducted in Chapter 5 showed that soot properties, such
as size, concentration, and graphitization, changed significantly with gas composition and did not
depend on flare diameter or exit velocity. These results provided a basis for more focused
investigation of soot properties in a broader range of gas composition in this chapter. Moreover,
we study the properties of particulate emissions released to the ambient air in this chapter and how
flowback fluids affected these properties. To understand how these properties were arrived at, we

will use the possible mechanisms found in bench-top scale flame in Chapters 3 and 4. The
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measurements in this chapter provide fundamental information about the potential differences
between particulate emissions from conventional flares and those subsequent to flowback
operations. Furthermore, the particle emission properties measured here can be used for input
parameters for the sky-LOSA method when it is used to measure the soot emission factor from the
aforementioned flares. Finally, the results of this chapter can provide context for further studies on
optical properties of soot from flares subsequent to flowback operations and to understand its

climate forcing effects.

6.2 Experimental Setup

The experimental setup for this study was essentially identical to the setup used in Chapter 5,
including the emission collection system, sampling and dilution system, and aerosol instruments
used to measure and characterize the particle emissions. Here, we briefly describe the additions
and modifications to the experimental setup. Similar to Chapter 5, the experiments were performed

at Carleton University’s lab-scale flare facility.

6.2.1 Liquid Aerosol Generation

To generate and introduce droplets of added flowback liquids to the flame, an ultrasonic atomizer
(Sono-Tek Inc., Model NZL120CO) was used. The atomizer was held concentric with the burner
outlet tube in an atomizer holder which was mounted on an adjustable tube. This tube also served
as a conduit to deliver power and liquid to the atomizer base. The height of the ultrasonic atomizer
was adjusted at ~75 mm below the exit plane of the burner outlet. This ensured that, with a narrow
conical atomization pattern, no liquid droplets could hit the inner wall of the burner by visual
inspection. The ultrasonic atomizer, powered with a frequency generator at 120 kHz, atomize the
target liquids at flow rates of 2 mL/min and 13 mL/min. Based on the atomizer specifications, the

median diameter of the droplets was 19 um. The temperature near the exit plane of the burner was
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~150 °C and, thus, it was expected that the 19-um droplets fully evaporate within ~2 ms (Hinds
1999, p. 296). At an average flare exit velocity of 0.9 m/s, this evaporation time corresponded to
a travel distance of ~1.8 mm, which means that the water in the droplets evaporated rapidly after

they reached the flame.

The liquid was delivered to the atomizer via a precision micro-gear pump (Ismatec/Cole-Parmer,
Model ISM901B), which had a bias uncertainty of 3%. The pump was calibrated by measuring the
total mass of liquid pumped over a specific time to determine the mass flow rate, which was
converted to the volumetric flow rate using the liquid density at room temperature. When switching
among liquid types, the line was purged with distilled water to avoid cross-contamination of the

liquid reaching the flare.

6.2.2 Flare Gas Compositions

Table 6.1 shows the summary of flare gas compositions used in this study. Gas bottles of high-
purity hydrocarbons were used to create a flare gas mixture of desired composition. The flare gas
was a mixture of nine gaseous species, including methane (C1), ethane (C2), propane (C3), n-
butane (C4), iso-pentane (C5), n-hexane (C6), n-heptane (C7), carbon dioxide, and nitrogen. The
multi-component mixtures in Table 6.1 were derived from field-measurements of flared gas in the
oil and gas industry from different regions of the globe. The experiments in this study included 12
unique fuel compositions: light (AB-L9 or L9), medium (AB-M9 or M9), and heavy (AB-H9 or
H9) mixtures for production sites in Alberta, Canada (Johnson and Coderre 2012); two mean
compositions for the Bakken region (BK-1 (Brandt ef al. 2016) and BK-2 (Wocken et al. 2013),
respectively); three compositions from oil facilities in the province of Orellana, Ecuador (EC-1
through EC-3); a representative average of 20 offshore wells in the Norwegian North Sea (NS-A);

two compositions at gas processing plants in Russia averaged over annual measurements from
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Table 6.1: Summary of flare gas compositions in volume percentage studied in this experiment and their
corresponding higher heating value (HHV).

Region Designator  Cl C2 C3 c4 C5 C6 C7 N CO, HHV

(MJ/m’)
Alberta, AB-L9 9239 032 0.09 040 0.06 0.03 0.03 1.54 5.16 37.73
Canada

AB-M9 86.36 6.83 236 097 033 0.13 0.18 1.62 122 4381
AB-H9 75.68 11.52 6.06 2.60 0.78 0.23 021 1.70 122 4954

Bakken, BK-1 49.12 2097 15.04 6.72 2.15 0.87 0.78 3.66 0.70  64.33
North BK-2 57.78 19.97 1135 381 093 022 0.15 522 0.57 55.19
Dakota
Orellana, EC-1 4726 798 11.32 691 3.01 1.19 1.51 8.18 12.65 54.64
Ecuador
EC-2 40.82 8.16 1693 14.75 6.81 2.06 138 3.37 5.71 75.17
EC-3 5522 7.63 11.65 879 395 137 094 4.12 6.31 60.92
North Sea NS-A 82.48 8.09 406 1.53 040 0.16 0.15 1.43 1.70 45.65
Russia RU-1 7396 308 7.87 6.79 235 063 057 190 2.85 54.15
RU-2 77.05 529 824 428 124 030 027 156 1.76 51.07
RU-3 5190 9.81 1690 10.27 4.68 293 240 0.95 0.15 75.43

2012 to 2017 (RU-1 and RU-2); and one representative composition of flared gas from three
separation stages at an anonymous Russian oil well (RU-3) (Filippov 2013). Table 6.1 also shows
the higher heating value (HHV; MJ/m?) of the flare gas mixtures. The mixtures with lower HHV
had a composition with higher percentage of lighter alkanes (C1), whereas the mixtures with higher
HHYV had a composition with higher percentage of heavier alkanes (C2—C7). The flow rate of each
gaseous component was metered using mass flow controllers (Brooks, various models) and the

gaseous species mixed in a chamber prior to combustion in the flare.

6.2.3 Flowback Fluid Composition

Four types of liquid were tested to study their effects on particle emissions from the flares:

deionized water, sodium chloride solution, a surrogate flowback fluid from the Cardium formation
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in Alberta, Canada for a tight-oil development (Wasylishen and Fulton 2012), and a real flowback
fluid from Durvernay formation in Alberta, Canada. Deionized water was chosen as the baseline
case, while sodium chloride solution (15% mass based) was selected because Na" and C1™ ions are
the most abundant ions in flowback fluids (see Chapter 1, Section 3). It should be noted that the
easiest method to include Na™ and CI™ ions in water is by dissolving NaCl in water, although the
mentioned ions in flowback fluids may come from other inorganic salts. The surrogate Cardium
flowback fluid was made by dissolving different salts (chlorides, sulfates, and bicarbonates) of
sodium, calcium, magnesium, barium, and iron (II) in deionized water, to achieve the reported ion
concentrations for the actual flowback fluid and to keep the pH level of the mixture neutral. Table

6.2 shows the ion concentrations in the surrogate Cardium flowback fluid.

The real flowback fluid from Duvernay formation was acquired from the Department of Biological
Sciences of the University of Alberta, which was also analyzed for composition. Table 6.3 shows
the chemical composition of the Duvernay flowback fluid. The composition of Cardium and
Duvernay flowback fluids show that the major cation and anion in these fluids were Na" and CI°,
respectively, which is consistent with the findings in Chapter 1 (Section 3). The total dissolved
solids (TDS) concentration for the NaCl solution, Cardium flowback fluid, and Duvernay
flowback fluid was 150, 4.1, and 144.6 g/L, respectively. Previous studies (Jefferson 2017) have
analyzed the TDS concentration (salinity) of formation water from 599 samples representing 14
formations and reported a median TDS concentration of 200 g/L, with lower and upper quartiles
of 15 and 300 g/L, respectively. The minimum and maximum TDS concentration of the formation

Table 6.2: Concentration of total dissolved solids (TDS) and ions in the surrogate flowback fluid from
Cardium formation

Ion TDS Na” K° Ca¥ Mg” Ba™ Fe CI° S0; HCO;
Concentration (mg/L) 4,106 1,399 33 45 3 2 9 1,715 317 583
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Table 6.3: Concentration of total dissolved solids (TDS) and ions in the real flowback fluid from
Duvernay formation

Ton TDS Na* K" Ca’ Mg* Ba®* Fe** Sr** CI°  Br
Concentration (mg/L) 144,592 47,382 1,574 6,759 614 15 185 673 83,882 228

water were 3x10~* and 400 g/L, respectively (Jefferson 2017). Although flowback fluids are
diluted by fracturing liquids (see Section 1.3), the values of TDS concentration reported here for

formation water shows the significant variation that can be expected in the TDS concentration of

flowback fluids.

6.2.4 Test Matrix

Tests on the effects of liquids on particle emissions from flares were conducted on an average flare
diameter and gas flow rate of 50.8 mm (2 in.) and 156 SLPM (standard litres per minute at 0 °C
and 101.325 kPa), respectively. This corresponds to an average flare exit velocity of ~1.4 m/s.
Three fuel compositions (L9, M9, and H9) were used and for each composition, the four liquid
types described in the previous section were tested. The flow rate of added liquids was 13 mL/min
for all tests. Also, a lower liquid flow rate of 2 mL/min was used for Cardium flowback fluid and
NaCl solution to investigate the effect of liquid flow rate on particle emissions. To study the effect
of gas composition on flare particle emissions, tests were conducted with all 12 gas compositions
and without the addition of liquid. Similar to the previous set of tests, an average flare diameter

and gas flow rate of 50.8 mm and 156 SLPM, respectively, were used.

6.2.5 Measurement Instruments

Combustion products of flares were drawn into an overhead ventilation hood, which was
connected to an exhaust fan via an insulated duct. The exhaust fan drew the combustion products

into the duct and vented them to the atmosphere. Combustion products (and particle emissions)
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were diluted by the entrained ambient air on the order of ~16:1 to ~64:1, depending on the flow
rates of the gaseous mixture and the exhaust fan. Emission samples were taken ~10.5 m

downstream of the hood through ports installed on the duct.

Size distributions of soot particles were measured using a scanning mobility particle sizer (SMPS;
TSI Inc., Model 3938), which consisted of a differential mobility analyzer (TSI Inc., Model 3082)
and a condensation particle counter (TSI Inc., Model 3788). The aerosol and sheath air flow rates
were 0.3 L/min and 3.00 L/min, respectively. Typically, the SMPS had a scanning time of 120 s
for each measurement. The sample from the duct was further diluted by adding a known flow rate
of particle-free dry air to the sample using a mass flow controller upstream of the SMPS. The
dilution factor varied from 1 to ~13.5, depending on the particle concentration in each test. The
dilution factor was measured by comparing the CO2 mole fraction of the undiluted and diluted
samples for each test case using a non-dispersive infrared CO2 analyzer (LiCor Inc., Model LI-

850).

Mass-mobility relationship and effective density of soot particles was determined using a tandem
arrangement of a differential mobility analyzer (DMA; TSI Inc., Model 3081), a centrifugal
particle mass analyzer (CPMA; Cambustion Ltd.), and a condensation particle counter (CPC; TSI

Inc., Model 3076).

To study the morphology and mixing state of particle emissions, the particles were collected on
Type-B carbon film supported by 300 mesh copper TEM grids (TedPella Inc., Model 01813) using
a thermophoretic sampler (TPS) identical to the one described in Chapter 5. Samples were studied
using the transmission electron microscope (Hitachi, Model H7600) operating at an accelerating

voltage of 80 kV.
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Nano-structure of soot particles was analyzed using a Raman spectrometer (Renishaw Confocal
with digital stage). A 785-nm point focus laser at a power of 0.2 mW was used. The exposure time
was 10 s and the integration time was 1 s. For each sample, three Raman spectra were recorded
and averaged. The soot Raman spectra were fitted by 5 bands using OriginPro (version 2017)

software. The method of Sadezky et al. (2005) was used for deconvolution of different bands.

6.3 Results and Discussion

6.3.1 Particle size distribution

The particle size distributions shown in this section are each an average of at least 5 consecutive
SMPS measurements. Note that each particle size distribution was corrected for the combined
dilution factor arising from the entrained ambient air and the subsequent dilution with the mass

flow controller (see Section 6.2.5).

6.3.1.1 Effect of fuel composition

Figure 6.1 shows the average particle size distribution for different fuel compositions listed in
Table 6.1. The particle size distribution changed significantly with the fuel mixture composition;
i.e., the particle median mobility diameter and total concentration increased from lighter to heavier
compositions as the HHV of the fuel mixture increased (Figure 6.2). The particle median mobility
diameter changed from ~60 nm to ~120 nm as the HHV of the fuel mixture increased from 37.73
MJ/m? to 75.43 MJ/m?>. The total number concentration of particles increased by a factor of ~4.5
from 1.3x107 cm™ to 5.9x107 cm™ as the HHV of the fuel mixture increased in the aforementioned
range (Figure 6.2). The increase in particle mobility diameter and total concentration with HHV is
consistent with the findings in Chapter 5, although the fuel mixtures in those experiments had a

smaller range of HHV.
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Figure 6.1: Particle size distributions for various fuel compositions. The fuels in the legend are sorted by
their HHV ascendingly. Each particle size distribution is corrected for the dilution factor arising from the
entrained ambient air and the subsequent dilution in the ejector diluter.

McEwen and Johnson (2012) also reported a dependency between soot emission rate and fuel
chemistry. They measured soot yield (i.e., mass of soot per unit mass of fuel) for turbulent diffusion
flames burning 4-component and 6-component fuel compositions of C1-C4 alkanes, carbon
dioxide, and nitrogen. They found that soot yield increased linearly with increasing fuel mixture
heating value in the range of ~38 MJ/m? to ~47 MJ/m?. The soot yield they obtained from the soot
volume fraction measured by laser-induced incandescence (LII) agreed fairly well with the soot
yield they obtained by using gravimetric filter analysis. In another study, Conrad and Johnson
(2017) measured soot mass concentration (in g/m?) from real flares in Ecuador by using the sky-
LOSA technique (Johnson ef al. 2010, 2011, 2013). They reported that the mass concentration of

soot increased linearly with the HHV of the flare gas in the range of ~49 MJ/m? to ~71 MJ/m?,
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Figure 6.2: (a) Median diameter and (b) total concentration of soot particles from lab-scale flare as a
function of higher heating value of the gas mixture. The plots show that median diameter and total
concentration of particles increase as the higher heating value increases.

although their measured soot mass concentrations spanned more than two orders of magnitude

from 0.03 to 3.85 g/m°.

The results of the current study also indicate higher mass concentration of soot for higher HHV
when we combine the soot particle diameter and number concentration via
/ Pei(d)(mO)d2 n(d,)dd,,,, where perr is the effective density of soot particles in terms of
mobility diameter (taken from Section 5.3.2), dm is the particle mobility diameter, and n(dm) is the
mobility diameter distribution. The results of this calculation are shown in Figure 6.3 as the mass
concentration of soot particles as a function of HHV. The uncertainty in mass concentration
calculated by this method was 16% based on the propagation of uncertainty in the effective density,
particle number concentration, and mobility diameter (Momenimovahed and Olfert 2015). Figure
6.3 shows that the mass concentration of soot particles increases linearly with the HHV of the gas.
This result is in agreement with the soot mass yield linear dependence on HHV of the fuel reported
in McEwen and Johnson (2012) and Conrad and Johnson (2017). It should be noted that the

estimation of soot mass concentration shown in Figure 6.3 is only valid within the range of HHV
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Figure 6.3: Mass concentration of soot particles as a function of higher heating value of the gas mixture.
Solid line is the linear fit to the data.

shown and for the current experiments and should not be extrapolated to lower or higher HHV

values.

6.3.1.2 Effect of adding liquids

Figures 6.4—6.6 show the particle size distributions in the case where liquids were added at a flow
rate of 13 mL/min to the three representative fuels (L9, M9, and H9). The y-axis in these plots is
on a logarithmic scale to clearly show orders of magnitude difference in particle size distributions

when various liquids were added to the flame.

Comparing the size distribution of particles from flares with L9, M9, and H9 fuel compositions
when no liquid droplet was added (Figures 6.4—6.6 and Figure 6.1), it is clear that both the median
mobility diameter and the total number concentration of particles increased when the fuel
composition changed from L9 to M9 to H9. This is the same trend explained in Section 6.3.1.1,

where particle size and concentration increased with higher HHV of the fuel.
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As can be seen in Figures 6.4-6.6, adding deionized water (DW) to all fuel compositions led to a
decrease in the number concentration and the median mobility diameter of the particles. This effect

was more pronounced for L9 fuel composition compared to M9 and H9 cases. The effect of adding
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Figure 6.4: Size distribution of particles from the combustion of L9 fuel composition without and with
added droplets of deionized water (DW), surrogate solution for the flowback fluids from Cardium formation
(with TDS concentration of 4.1 g/L), real flowback fluid from Duvernay formation (with TDS
concentration of ~145 g/L), and NaCl solution (with concentration of 150 g/L). The flow rate of the liquid

was 13 mL/min for liquid types.
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Figure 6.5: Size distribution of particles from the combustion of M9 fuel composition without and with
added droplets of deionized water (DW), surrogate solution for the flowback fluids from Cardium formation
(with TDS concentration of 4.1 g/L), real flowback fluid from Duvernay formation (with TDS concentration
of ~145 g/L), and NaCl solution (with concentration of 150 g/L). The flow rate of the liquid was 13 mL/min

for liquid types.
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Figure 6.6: Size distribution of particles from the combustion of H9 fuel composition without and with
added droplets of deionized water (DW), surrogate solution for the flowback fluids from Cardium formation
(with TDS concentration of 4.1 g/L), real flowback fluid from Duvernay formation (with TDS
concentration of ~145 g/L), and NaCl solution (with concentration of 150 g/L). The flow rate of the liquid
was 13 mL/min for liquid types.

water on soot concentration in bench-top flames and other practical combustors has been
previously reported (Cotton et al. 1971; Miiller-Dethlefs and Schlader 1976; Dryer 1977; Greeves
et al. 1977). This decreasing effect of water is presumably due to a thermal effect (i.e., lowering
of flame temperature) or to a chemical effect (reactions of hydroxyl radicals) (Hirschler 1986).
Soot formation is highly influenced by flame temperature and, at lower temperatures, the formation
of soot is greatly reduced (Wang 2011). Addition of water also increases the concentration of
hydroxyl radicals (OH) in the flame, which in turn, cause more oxidation of soot particles and,
hence, soot particle size and concentration decrease due to the enhanced oxidation (Hirschler

1986).

Adding the surrogate Cardium flowback fluid, with a TDS concentration of 4.1 g/L, to the fuel led
to the generation of particles with smaller median diameter and orders of magnitude higher number
concentration compared to the case of fuel with added deionized water. The particle size

distribution had a main mode with a median mobility diameter of ~30—40 nm which was
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presumably due to the newly nucleated salt particles and a smaller shoulder on the right with a
median of ~100 nm which was presumably due to the soot particles (as shown in Section 6.3.2).
The shoulder became more pronounced, in both absolute concentration and relative to the main
mode, as the fuel composition changed from L9 to M9 to H9, indicating higher concentration of
soot particles (see Figures 6.4—6.6). This means that a heavier fuel composition produced a higher
concentration of soot particles with added Cardium flowback fluid compared to a lighter fuel

composition.

The results discussed here are in agreement with the observations from a small-scale sooting
diffusion flame with added salt particles (Chapter 4). The particles from the post-combustion
region of the small-scale flame showed a final state with bimodal size distribution, with the
leftmost mode due to nucleated salt particles and the rightmost mode due to soot particles. For the
small-scale flame, the particle size distribution data and thermal-optical analysis of samples on
filters showed that the concentration of soot increased when salt was added to the flame. In the
case of the small-scale flame, we concluded that the increase in soot concentration was due to the
inhibition of soot oxidation near the tip of the flame in the presence of alkali metal, which led to
the release of soot to ambient air without undergoing oxidation. The same process was presumably
responsible for the increase in soot emission when surrogate Cardium flowback fluid was added
to the turbulent diffusion flame. It should be noted that the increase in soot emission from turbulent

flames was a result of the combined effect of water (decreasing soot) and salts (promoting soot).

Adding Duvernay flowback fluid, with a TDS concentration of ~145 g/L, to the fuel led to particles
with relatively large median diameter (~110 nm) and orders of magnitude higher number
concentration compared to the deionized water case. Unlike the case of Cardium flowback fluid,

the particle size distributions were mostly unimodal in this case; however, a small shoulder was
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observed on the right for particles sizes greater than ~300 nm. This shoulder was presumably due
the soot particles and the main mode was due to inorganic salt particles (see the effective density
results in Section 6.3.2). The increase in the median mobility diameter and concentration of salt
particles in the leftmost mode of Duvernay versus Cardium flowback fluid was related to a higher
input of salt mass into the flame; at the same liquid flow rate (13 mL/min) and with TDS
concentration of Duvernay and Cardium at ~145 g/L and 4.1 g/L, the mass flow rate of salts in
Duvernay and Cardium cases was 1.88 and 0.053 g/min, respectively. This means that
approximately 35 times higher mass of salt was available to re-condense into salt particles in the
post-flame region in Duvernay case, which shows itself in salt particles with larger median

diameter (100 nm vs. 35 nm) and higher number concentration.

Similar to the Duvernay flowback fluid, adding NaCl solution, with a concentration of 150 g/L, to
the fuel led to particles with relatively large median mobility diameter (at ~100 nm) and orders of
magnitude higher number concentration compared to the deionized water case. The particle size
distributions were unimodal and broader (i.e., greater geometric standard deviation) in this case.
Presumably, in this case the main mode was due to re-nucleated NaCl particles in the post-
combustion region; however, the soot mode at mobility diameter of ~300 nm was hidden inside
the main mode of the particle size distribution with no apparent shoulder. This is plausible based
on the effective density data for particles with mobility diameter greater than 300 nm (see Section

5.3.2).

The discussion above revealed that the amount of input salt to the flame is an important factor in
the size and concentration of particle emissions from flares. Figure 6.7 shows the effect of input
inorganic salts on the total number concentration and median mobility diameter of particles for the

three fuel compositions studied here. The mass flow rate of inorganic salts was obtained from the
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Figure 6.7: Total concentration and median mobility diameter of particles for different fuel compositions
(L9, M9, and H9) versus mass flow rate of inorganic salts. In this plot, mass flow rate of zero corresponds
to the case where deionized water (DW) was added to the flame. The mass flow rates of 0.053, 1.88, and
1.95 g/min correspond to the cases of Cardium flowback fluid, Duvernay flowback fluid, and NaCl solution,
respectively.

flow rate and the concentration of the solution. The effect of salt was isolated from the effect of
the amount of water in each flowback fluid by comparing the data against the case of deionized
water at the same input flow rate for each solution (i.e., 13 mL/min). The mass flow rate of

inorganic salts was equal to the mass flow rate of TDS in Cardium and Duvernay flowback fluids.

It can be seen from Figure 6.7 that by adding very small amount of inorganic salts (0.053 g/min,
corresponding to Cardium flowback fluid), the total particle concentration increased sharply by
more than an order of magnitude and the particle median mobility diameter decreased
significantly. Thus, in this case, a significantly large number of particles with small diameter is
generated, presumably due to nucleation of salt particles from their vapour phase in the cooler
regions above the flame. The effect of adding a very small amount of inorganic salts on total
concentration of particles was more pronounced for L9 fuel composition compared to M9 and H9
fuels. On the other hand, the effect of adding a very small amount of inorganic salts on particle

median diameter was less noticeable for L9 fuel composition compared to M9 and H9 fuels.
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Adding more inorganic salts (to 1.88 and 1.95 g/min, corresponding to Duvernay and NaCl
solution, respectively) changed the total particle concentration slightly by a factor of about two
compared to an increase by more than an order of magnitude in the previous case (Cardium
flowback fluid). Moreover, the particle median mobility diameter increased significantly from
~30 nm (Cardium flowback fluid) to ~110 nm (Duvernay flowback fluid) and did not change much
thereafter. As mentioned earlier, this increase in the particle size was primarily due to the higher

mass flow rate of salt into the flame for Duvernay flowback fluid and NaCl solution cases.

6.3.1.3 Effect of liquid flow rate

To study the effect of the flow rate of entrained liquid, experiments were conducted with Cardium
flowback fluid and NaCl solution at two flow rates of 2 mL/min and 13 mL/min. Figure 6.8 shows
the particle size distribution for L9, M9, and H9 fuels with added Cardium flowback fluids at these
two flow rates. The particle size distributions with added droplets of NaCl solution at these flow
rates are shown in Appendix G. Figure 6.8 shows that for all three gas compositions, the low liquid
flow rate led to the formation of salt particles smaller in size and lower in concentration (compare
the solid lines to the dashed lines in the plot). The high liquid flow rate resulted in salt particle
larger in size and higher in concentration. Here, the leftmost mode of the size distributions was
due to freshly nucleated salt particles, as discussed earlier in Section 6.3.1.2. For the case of H9
gas composition with 2 mL/min of Cardium flowback fluid, only a fraction of the leftmost mode
was measured due to a different range of measurement. The observed change in the size and
concentration of salt particles can be related to the mass input of salt into the flame in the form of
droplets. At the higher liquid flow rate, the mass of salt introduced into the flame was 6.5 times
greater than that of the lower liquid flow rate. Therefore, to conserve the higher input mass, re-

nucleated salts particles should have larger size and higher concentration.
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Figure 6.8: Particle size distributions for L9, M9, and H9 fuel compositions with added Cardium flowback
fluid at two flow rates: 2 mL/min and 13 mL/min

The effect of the flow rate of Cardium flowback fluid on the rightmost mode, which was due to
soot particles (as shown in Section 6.3.1.2), was the combined net effect of water and salt. Water
decreases the concentration of soot as shown in Section 6.3.1.2, however, salts can increase the
concentration of soot. The net effect on soot concentration in this case depends on the amount of

water and the mass of salt.

6.3.2 Effect of adding liquid on the effective density of particles

Figures 6.9-6.11 show the number weighted average effective density of particles with mobility
diameter of 50, 70, 140, 276, and 400 nm as selected by the DMA for the three fuel compositions
with and without added liquids. These figures also show the effective density of solid NaCl
particles (star-shaped markers) generated from drying atomized droplets of NaCl solution to make
comparison with the effective density of particles from flares easier. The number weighted average
effective density indicates the average effective density of particles weighted by their number
concentration. For particles of a single species, this is the average effective density of a population

of size-selected particles, which is the average effective density of the single species at that size.
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Figure 6.9: Number weighted average effective density of particles from the combustion of L9 fuel
composition without and with added droplets of deionized water (DW), surrogate solution for the flowback
fluids from Cardium formation (with TDS concentration of 4.1 g/L), real flowback fluid from Duvernay
formation (with TDS concentration of ~145 g/L), and NaCl solution (with concentration of 150 g/L). The
flow rate of the liquid was 13 mL/min for liquid types. The stars indicate the effective density of solid NaCl
particles generated from drying atomized droplets of NaCl solution.

However, for a population of internally- or externally-mixed particles of two or more species, such
as soot and inorganic salts, the number weighted average effective density of size-selected particles
includes the effective density of externally-mixed particles of each species as well as internally-

mixed particles at that size, all weighted by their abundancy (i.e., number concentration).

It is clear from Figures 6.9—6.11 that when deionized water was added to the three fuel
compositions (L9, M9, and H9), the effective density of soot particles did not change from that of
the case with no added liquid. From Section 5.3.3, we know that effective density-mobility
relationship provides equivalent information as TEM image analysis about the morphology of soot
particles. Thus, we expect the morphology of soot particles to be very similar for both cases of

flare with and without deionized water.
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Figure 6.10: Number weighted average effective density of particles from the combustion of M9 fuel
composition without and with added droplets of deionized water (DW), surrogate solution for the flowback
fluids from Cardium formation (with TDS concentration of 4.1 g/L), real flowback fluid from Duvernay
formation (with TDS concentration of ~145 g/L), and NaCl solution (with concentration of 150 g/L). The
flow rate of the liquid was 13 mL/min for liquid types. The stars indicate the effective density of solid NaCl
particles generated from drying atomized droplets of NaCl solution.

In the cases of NaCl solution and Duvernay flowback fluid added to all three fuel compositions
(Figures 6.9-6.11), the number weighted average effective density of particles with mobility
diameter less than ~150 nm was close to that of solid NaCl particles with the same mobility
diameter. This indicated that the vast majority of particles with a mobility diameter less than
150 nm were salt particles. The effective density of particles started to deviate from that of NaCl
particles and was closer to that of soot particles with the same mobility diameter when the mobility
diameter was ~300 nm and larger. This indicated that most of the particles with a mobility diameter
greater than 300 nm were soot. For example, in the case of Duvernay flowback fluid, the effective
density of a 400 nm particle, which belonged to the rightmost shoulder of its corresponding size
distribution (Figures 6.4—6.6), was close to effective density of 400 nm soot particle, indicating
that the shoulder consisted mainly of soot particles and not many salt particles. This was also the

case for NaCl solution added to the flame, although there was no distinct shoulder in the particle
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Figure 6.11: Number weighted average effective density of particles from the combustion of H9 fuel
composition without and with added droplets of deionized water (DW), surrogate solution for the flowback
fluids from Cardium formation (with TDS concentration of 4.1 g/L), real flowback fluid from Duvernay
formation (with TDS concentration of ~145 g/L), and NaCl solution (with concentration of 150 g/L). The
flow rate of the liquid was 13 mL/min for liquid types. The stars indicate the effective density of solid NaCl
particles generated from drying atomized droplets of NaCl solution.

size distribution for soot particles, which means that mode due to soot particles was hidden inside

the main mode of the particle size distribution.

Similar to the cases of NaCl solution and Duvernay flowback fluid, the number weighted average
effective density of particles in the case of Cardium flowback fluid added to all three fuel
compositions (Figures 6.9-6.11) was close to that of solid NaCl particles with the same mobility
diameter when the mobility diameter was less than ~70 nm. This indicated that a large number of
particles with a mobility diameter less than 70 nm were salt particles, which corresponded to the
particles in the leftmost mode in the particle size distributions (see Figures 6.4—6.6). The effective
density started to deviate from that of NaCl particles and was closer to that of soot particles with
the same mobility diameter when the mobility diameter was greater than ~150 nm. This indicated
that most of the particles with a mobility diameter greater than 150 nm were soot. Looking at the

particles size distributions for the case of Cardium flowback fluid (Figures 6.4—6.6), particles with
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a mobility diameter greater than 150 nm belonged to the rightmost shoulder of the size distribution,

indicating that a large number of particles in the shoulder were soot particles.

It should be noted that in the case of L9 fuel composition, the number of particles larger than
200 nm was very low when deionized water or Cardium flowback fluid was added to the fuel,
which made the measurement of effective density at those sizes impossible. However, in the case
of M9 or H9 fuel compositions, the effective density measurements could be extended for mobility
diameters up to 550 nm, because particle concentration was less affected by deionized water or

Cardium flowback fluid and it was still sufficiently high to carry out the measurements.

6.3.3 Mixing state of particles

Figure 6.12 shows TEM images of particle emissions for two representative cases of Cardium
flowback fluid (low TDS concentration) and NaCl solution (high TDS concentration). Soot
particles from flares with and without the addition of deionized water had fractal-like structures,
similar to soot particles from various combustion sources. TEM images for the case of Duvernay
flowback fluid were similar to the case of NaCl solution as their TDS concentration was quite
similar and, thus, the TEM images of the former are not shown here. Three categories of particles
were identified in the TEM images (see Figure 6.12): individual salt particles (i.e., externally
mixed salt particles — shown in blue dashed circles), salt particles attached to soot aggregates (i.e.,
internally mixed soot-salt particles — shown in green dashed line), and individual soot aggregates

(i.e., externally mixed soot aggregates — shown in red dashed line).
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Figure 6.12: TEM image of particles for the cases of (a) Cardium flowback fluid and (b) NaCl
solution. Particles shown in blue dashed circles are individual salt particles with nearly spherical
shape. The particle in the red dashed line is an individual soot aggregate and the particle in the
green dashed line is an internally mixed soot-salt particle (i.e., salt particles attached to soot

aggregate).
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The shape and size of salt particles depended on the TDS concentration of the flowback fluid. In
the case of Cardium flowback fluid with low TDS concentration (4.1 g/L), salt particles were
mostly spherical in shape and their size was relatively small (~20-50 nm). In the case of NaCl
solution with high TDS concentration (150 g/L), salt particles were mostly cubic in shape and their
size was relatively large (~50-200 nm). This observation agrees with the particle size distributions
data of the two cases (Section 6.3.1.2), where the median diameter of particles was ~30—40 nm
and ~110 nm for Cadium flowback fluid and NaCl solution cases, respectively. Figure 6.12 also
shows that in the case of Cardium flowback fluid, the main (leftmost) mode of the particle size
distribution (Figures 6.4—6.6) was mostly due to salt particles, which also agrees with the deduction
from effective density data. Similarly, Figure 6.12 shows that in the case of NaCl solution, the
main mode of the particle size distribution (Figures 6.4—6.6) was mostly due to NaCl particles,

consistent with the results of effective density data.
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Table 6.4: Percentage of particles which were individual salt, internally mixed soot and salt, and
individual soot for Cardium flowback fluid and NaCl solution cases and the number of particles analyzed
in each case.

Liquid additive Percentage of particles by type Number of particles
Salt alone  Internally mixed  Soot alone analyzed
Cardium flowback fluid 44 48 8 798
NacCl solution 52 47 1 527

Although the samples collected on TEM grids were slightly overloaded, it was desirable to
estimate the fraction of particles which were internally or externally mixed. To this end, several
hundred particles were analyzed manually in the TEM images of Cardium flowback fluid and NaCl
solution cases. Table 6.4 shows the number of particles analyzed in each case and the percentage
of particles which were individual salt, individual soot, and internally mixed soot and salt. These
results reveal that only a small percentage of the particle analyzed in the two cases were individual
soot particles, while the rest of the particles were almost equally either individual salt particles or
internally mixed soot-salt particles. The potential climate implication of the externally-mixed salt
particles are discussed in detail in Section 7.2. Briefly, these salts particle can scatter sunlight and
act as cloud condensation nuclei (CCN) to form clouds, both mechanisms leading to cooling of the
climate. The coagulation probability between soot and salt particles based on their concentration
and residence time was ~60% in the case of Cardium flowback fluid, while the probability of
particles overlapping on the grid due to overloading was ~40%. This means that the particles
counted as internally mixed were in fact most probably the result of coagulation between soot and
salt particles rather than an artifact due to overlap. Having said that, the values in Table 6.4 should
be treated as a rough estimate of mixing state. More disperse samples should be collected in future

studies to obtain more conclusive quantified results.
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6.3.4 Raman spectroscopy

6.3.4.1 Effect of fuel composition

Figure 5.7 shows the D1/G ratio using Raman spectroscopy for different fuel compositions listed
in Table 6.1. The error bars result from the precision uncertainty of three repeated measurements
on the same substrate and the uncertainty in curve fitting (i.e., the location and magnitude of peaks)
as determined by Origin Pro software. The results show that the ratio of D1 (defect) band to G
(graphite) band decreased from 11.4 to 5.4 as the HHV of fuel increased. From Section 6.3.1.1 we
know that gas compositions with higher HHV generated larger soot particles; thus, lower D1/G
ratios for higher HHV can be associated with larger soot particles which tend to have higher
graphitization due to more graphitic layers in their nano-structure (Dastanpour et al. 2017).
Saffaripour et al. (2017) reported D1/G ratio of 7.3 and 8 for soot particles from fuel-lean flames
produced by MiniCAST soot generator and aircraft engines, respectively, and D1/G ratio of 5.8
for soot particles from fuel-rich flames produced by MiniCAST. The D1/G peak ratios reported

by Saffaripour et al. (2017) for soot from fuel-lean flames and aircraft engines are in the middle

D1/G ratio
[N N N )

X XN
o
N
N

O T T T T
30 40 50 60 70 80

Higher heating value

Figure 6.13: Peak ratio of D1/G bands versus higher heating value of different fuel compositions. In the
legend, the fuels are sorted with their higher heating value ascending.
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of the range found in the current study. The D1/G ratio reported by Saffaripour et al. (2017) for
soot from fuel-rich flames was similar to that of high HHV fuel composition in our current study.
Dastanpour et al. (2017) also determined the graphitization level of mobility-classified soot
particles from an inverted co-flow methane-air flame and reported that the D1/G ratio decreased
from 10.7 to 6.3 (i.e., ~40% decrease) as the particle mobility diameter increased from 125 to 300
nm. In the current study, the D1/G ratio decreased from 11.4 to 5.4 (i.e., ~50% decrease) as the
median mobility diameter of a population of soot particles (as opposed to size-selected particles)

increased from ~60 nm (AB-L9 fuel) to ~120 nm (RU-3 fuel) (see Section 6.3.1.1).

6.3.4.2 Effect of flowback fluid

Figure 6.14 shows the D1/G peak ratio using Raman spectroscopy for L9, M9, and H9 fuel
compositions without and with add droplets of deionized water, Cardium flowback fluid,
Duvernay flowback fluid, and NaCl solution. Similar to the previous section, the error bars result
from the precision uncertainty of three repeated measurements on the same substrate and the
uncertainty in curve fitting. The plot shows that the D1/G peak ratio decreased noticeably with gas
composition from L9 to H9 consistent with the results in Section 6.3.4.1; however, it did not
change significantly with the addition of different liquids. Although it seems that the D1/G peak
ratio increased slightly with the addition of Cardium and Duvernay flowback fluids, the
uncertainties in these measurements were large and overlap with the results of other liquids. Thus,
we cannot say from these results whether or not the addition of different liquids affected the
graphitization level of soot particles. Our previous results showed that the formation of soot in the
flame and the nucleation of salt particles from their vapour phase occur at different time-

temperature history and the two types of particles are mixed subsequent to their formation.
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Figure 6.14: D1/G peak ratio of particles from L9, M9, and H9 fuel compositions without and with add
droplets of deionized water, Cardium flowback fluid, Duvernay flowback fluid, and NaCl solution. The
plot shows that the D1/G peak ratio decreased noticeably with gas composition; however, it did not change
significantly with the addition of different liquids.

6.4 Conclusions

In this study, the effects of flowback fluids on the size, effective density, mixing state, and nano-
structure of soot particles from buoyant turbulent diffusion flames with added droplets of flowback
fluids were studied. Furthermore, the effects of fuel composition, representative of gas flares in
the upstream oil and gas industry, on the size and nano-structure of the soot particles were studied.
The results showed that the soot particle concentration and median aggregate diameter increased
with the higher heating value of the fuel in the range tested. The D1/G ratio of soot particles
decreased as the soot particles became larger when higher heating value of the fuel increased,
indicating more graphitization in larger soot particles. Whether or not this change in graphitization
level can affect the light absorption properties of soot would be something to investigate further.
The addition of deionized water decreased the concentration and median diameter of the soot;
however, adding only a small amount of salt, increased the particle concentration by more than an

order of magnitude and decreased the particle median diameter significantly. This was due to
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nucleation of salt particles from their vapour phase in the cooler post-flame regions. Adding more
salt, increased the particle diameter significantly while the particle concentration increased
slightly. Effective density results showed that the density of particles smaller than ~150 nm was
similar to that of salt and the density of particles larger than ~300 nm was close to that of soot,
indicating that small particles were mainly salt, while larger particles were mostly soot. This result
was also confirmed by TEM images of the particles. TEM images also showed that most of the
particles were individual salt particles in spherical or cubic shape and internally mixed soot and
salt particles. Future studies can explore whether or not the light absorption of soot particles change

when they are internally mixed with salt.
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CHAPTER 7

Conclusion and Recommended Future Work

7.1 Summary

In this thesis, we studied the particle emissions from gas flares in the upstream oil and gas industry
during flowback operations subsequent to hydraulic fracturing of oil/gas wells. Two experimental
setups with different physical scales were used to understand the potential effects of flowback
fluids on the microphysical, morphological, and optical properties as well as mixing state of

particulate emissions from flares.

In the first experimental setup, a benchtop laminar diffusion flame (Santoro burner) was used under
closed-tip (non-smoking) and open-tip (smoking) conditions. Methane was used as the fuel
because it is a major component of flare gas in the UOG industry. Sodium chloride particles were
added to the laminar flame under both conditions (non-smoking and smoking), since Na and Cl
ions are the most abundant ions found in flowback fluids in the UOG industry. The main objective
of these experiments was to understand how NaCl affects soot formation and evolution inside the

flame and in the post-flame region. A high dilution sampling system with a dynamic range of
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dilution ratio was designed and validated to sample nanoparticles (soot and non-soot) at very high
concentrations from a high-temperature reacting flow. Using this dilution and sampling system,
the coagulation between nanoparticles was minimized to an extent where particle size distributions

were independent of dilution ratio.

Results from the closed-tip benchtop-scale flame revealed the soot formation and evolution along
the centerline of the laminar flame from soot inception and surface growth to coagulation,
agglomeration, and oxidation. Adding NaCl to the flame caused a decrease in the size of soot
particles in the agglomeration region of the flame while its concentration increased. This was due
to a reduction in coagulation rate between soot particles because the sodium ions changed their
charge state. It was also found that NaCl would exist in vapour phase due to the high temperature
of the reacting flow. When the laminar flame had an open tip (smoking), the NaCl caused an
inhibition in soot oxidation near the tip of the flame. It was proposed that the oxidation inhibition
was due to the scavenging of hydroxyl radicals — responsible for soot oxidation — by sodium
ions. The inhibition in soot oxidation caused the soot particles to grow larger in size due to
coagulation and release into the post-flame region. The NaCl vapour could re-condense as solid
particles at lower temperatures in the post-flame region. The size distribution of particles in their
final mixing state in the post-combustion region was bimodal: the leftmost mode at ~25 nm due to
the freshly nucleated NaCl particles and the rightmost mode at ~140 nm due to the soot particles
surviving the flame. Electron microscopy images showed that soot and NaCl particles existed
mostly as individual particles separate from each other, i.e. externally mixed, and occasionally
NaCl particles were attached to the soot particles, i.e. internally mixed. It was also learned that the
formation of soot particles occurs at a separate stage inside the flame, while the formation of NaCl

particles happens at lower temperatures outside the flame and soot and NaCl particles subsequently
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mix. Thermal-optical analysis also showed that the mass concentration of soot increased by a factor
of 3.0 when NaCl was added to the flame, which was due to larger soot particles (~40% larger)
with higher number concentration by several times. This indicates that the current emission
inventories for flares may significantly underestimate the role of inorganic salts on flare emissions.
Absorption coefficient of soot also increased by a factor of 3.0 when NaCl was added to the flame;
however, the mass-specific absorption coefficient (MAC) did not change noticeably with and

without added NaCl.

In the second experimental setup, a lab-scale pipe flare, with a large buoyant turbulent diffusion
flame, was used with and without entrained droplets of flowback fluids. The gas compositions
studied were representative of gas flares in the upstream oil and gas industry. Four types of liquids
were atomized and introduced into the flame: deionized water, a surrogate solution for the
flowback fluids from the Cardium formation, and a real flowback fluid from the Duvernay
formation. The main objective of these experiments was to understand how these fluids affect the
size, effective density, nano-structure, and mixing state of the particle emissions from the flare.
Moreover, we wanted to investigate how these properties would change with flare diameter, flare

exit velocity, or gas composition.

The results from the lab-scale flare without entrained liquids showed that none of the studied
physical properties of soot particles such as particle concentration, median diameter, and effective
density, depended on flare diameter or exit velocity over the range tested. However, the soot
particle concentration and median diameter changed significantly with gas composition and both
were higher for gases with greater higher heating value (HHV). The D1/G ratio of soot particles
(i.e. the level of amorphous to graphitized carbon) decreased from lighter compositions to heavier

compositions with greater HHV. Data from TEM image analysis and effective density data provide

142



consistent information on soot morphology. Flare soot had an effective density (and hence, a
morphology) similar to that of soot from various combustion engines. Moreover, soot particle
morphology was independent of gas composition, flare diameter, and flare exit velocity over the
range tested. When liquid droplets were introduced into the flame, particle properties changed
more significantly. The addition of deionized water decreased the concentration and median
diameter of the soot; however, adding only a small amount of salt, increased the particle
concentration by more than an order of magnitude and decreased the particle median diameter
significantly. This was due to nucleation of salt particles from their vapour phase at lower
temperatures in the post-flame region. Adding more salt, increased the particle diameter
significantly while the particle concentration increased slightly. Effective density results showed
that the density of particles smaller than ~150 nm was similar to that of salt and the density of
particles larger than ~300 nm was close to that of soot, indicating that small particles were mainly
salt, while larger particles were mostly soot. This result was also confirmed by TEM images of the
particles. TEM images also showed that most of the particles were individual salt particles — in
spherical or cubic shape — and internally mixed soot and salt particles. Although soot and salt
particles were internally mixed, D1/G ratios showed that the addition of liquids did not change the

nano-structure (graphitization) of soot from a certain gas composition.

7.2 Climate implications

Radiative forcing (RF) is the difference between absorbed incoming solar radiation and Earth’s
outgoing thermal radiation (Forster et al. 2007). The aerosols in the atmosphere, such as black
carbon (BC), organic carbon, sulfates, mineral dust, sea salt, etc., can affect the global climate
directly or indirectly. In the direct method, the aerosols can absorb or scatter solar radiation directly

and change the radiation balance of Earth-atmosphere system (Forster et al. 2007), which is
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referred to as direct radiative forcing (DRF). On the other hand, the aerosols can also affect the
climate indirectly by changing the properties of clouds, such as their reflectivity and lifetime

(Forster et al. 2007).

Key parameters to determine the DRF due to aerosols are the aerosol wavelength-dependent
optical properties (such as its single-scattering albedo, SSA, and mass-specific absorption
coefficient, MAC), the atmospheric concentration (loading) of aerosols, and the time-varying
geographic distribution of the aerosols (Haywood and Boucher 2000). Scattering aerosols exert a
net negative DRF, which cause a net cooling effect on the climate and absorbing aerosols exert a
net positive DRF, which leads to a net warming effect on the climate (Chylek and Wong 1995;

Haywood and Shine 1995).

The indirect effect is the mechanism by which aerosols modify the microphysical properties (and
hence reflectivity), amount, and lifetime of clouds (Forster et al. 2007). An important parameter
to determine the indirect effect is the effectiveness of an aerosol particle to act as a cloud
condensation nucleus (CCN). This depends on the aerosol size, chemical composition, and mixing
state (Forster ef al. 2007). Clouds reflect solar radiation away from Earth’s surface and exert a net
negative RF in the range of 0 to —2 W/m? (Forster et al. 2007). The Intergovernmental Panel on
Climate Change (IPCC) reported that the cloud albedo effect (i.e., the scattering of sunlight from

clouds) is a key uncertainty in the RF of climate (Forster ef al. 2007).

We now investigate the implications of our results on each of these effects. In the small-scale
diffusion flame experiments (Section 4.3.4), we found out that by adding NaCl particles to the
flame, the soot particle number concentration increased by a factor of ~6—7, while its mass

concentration increased by a factor of ~3. Moreover, the number concentration of NaCl particles
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was ~4.5 times higher than that of soot particles. In the case of intermediate-scale flare with added
Cardium flowback fluid, the soot number concentration increased by a factor of ~2 and the number
concentration of salt particles was ~7 times higher than that of soot particles (compared with no
entrained droplets). In terms of the direct effects of these emissions on global climate, the result of
our study indicate that entrained droplets in flares can lead to an increase in the absorption of solar
radiation by highly-absorbing BC particles. This increase in absorption is due the increase in the
number and mass concentrations of soot particles, which results in a warming effect on the climate.
On the other hand, generation of scattering salt particles in large number concentrations (several
times more than soot particles), can increase the scattering of solar radiation and result in a cooling
effect on the climate. This increase in scattering was also observed in the small-scale flame, where
the single-scattering albedo enhanced by ~66% (from 0.03 to 0.05) with the addition of NaCl
particles. Finally, we did not see a noticeable change in the MAC of particles when NaCl particles
were internally mixed with soot particles and, thus, we expect little change in the absorption of

solar radiation by these particles.

In terms of indirect effects of particle emissions from flares with entrained droplets on global
climate, an increase in the number concentration of soot particles can lead to higher number of
CCN. As mentioned in Chapter 1, soot particles are extremely hydrophobic when they are freshly
released from combustion sources (Section 1.4). However, as soot particles age in the atmosphere,
polar surface groups form on the soot due to oxidation by atmospheric OH, O3, SOz, and NOx and
can cause the soot to become hydrophilic (Zuberi et al. 2005). Subsequently, sulfates and
secondary organic aerosols (SOAs) can condense on these hydrophilic soot particles as a coating.
These hydrophilic aged soot particles can take up moisture (water content) in the ambient and act

as CCN. High concentration of soot particles can form smaller droplets compared to naturally-
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occurring CCNs for a fixed water content in the atmosphere (Forster ef al. 2007). By assuming
fixed moisture (water content) in the atmosphere where a cloud forms, calculations show that the
scattering of solar radiation by a cloud consisting of many small droplets is higher than that by a
cloud of larger droplets (e.g., Hinds 1999, p. 359). Thus, it is expected that the indirect effect of
soot particles from flares with entrained droplets on RF is higher scattering and cooling of the
climate. Moreover, salt particles can take up moisture in the atmosphere readily and form droplets
via nucleated (heterogeneous) condensation (Hinds 1999), which can act as CCN. The affinity of
dissolved salt for water also allows the formation of stable droplets in saturated or unsaturated
environments (Hinds 1999, p. 289). The larger number concentration of small salt particles
released to the atmosphere as a result of flaring with entrained droplets can increase the number of
CCN and form higher concentration of small cloud droplets. Similar to the case of soot acting as
CCN, the scattering of solar radiation is expected to increase by clouds formed from emitted salt

particles, leading to a cooling effect on climate.

To summarize, the direct effect of increased soot concentration on RF is positive (warming the
climate), while the direct effect of increased salt concentration on RF is negative (cooling the
climate). The indirect effect of increased soot and salt concentrations on RF is negative (cooling
the climate) due to the formation of clouds. Although we cannot calculate the net climate effect
(warming or cooling) as a result of all these processes, our results imply that such effects can be
significant and require further study to determine the emission factor of soot and salt particles to
be able to estimate their effect on global climate. Moreover, as mentioned previously, current
emission inventories for flares may significantly underestimate the soot emission factor. Thus, it
is possible that the atmospheric models which uses these inventories, significantly underestimate

the warming/cooling effects of flaring on global climate.
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7.3 Future work

Based on the results of this thesis, several suggestions for further work are recommended:

The results from our lab-scale flare experiments showed that soot and salt particle can be
internally mixed. We could not see a noticeable change in the MAC of particle emissions from
the bench-top flame. Future studies can explore the MAC of particle emissions from lab-scale
flares with entrained droplets of salt solution with a wide range of salt concentration. If an
enhancement in MAC of soot is found with the addition of salts, as previous modelling works
imply, this could have significant implications for estimating the net cooling/warming effect

of soot from flares.

Future works should shed light on the amount of droplet entrainment in the flare. Without
knowing this, any effort to quantify the emission factors will be considered as bounding the
potential effects and not the actual emission factor. Using emission spectroscopy to correlate
the intensity of sodium and other ions peaks with their corresponding concentration might be

one method to achieve this.

Thermal-optical analysis can be used with the lab-scale flare to quantify the mass concentration
of elemental carbon when salt solution with a wide range of concentration is added to the flame.
The results in our work showed that inorganic salts can have a significant effect on increasing
the mass concentration of soot emissions from flames by several times. If this is proved further
with lab-scale flares, then the current emission inventories for flares may significantly
underestimate flare emissions for flaring, which can lead to erroneous estimation of the climate

effects of flaring with entrained droplets.
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On a fundamental level, experiments can be done to create a 2-D mapping of particle evolution
in a small-scale laminar flame. This can be done by measuring particle size distributions at
different radial positions at selected heights above the burner. The results from such
experiments would be useful in understanding if the transport of particles from a lateral

position (such as flame wing) to a downstream central position is important.

Finally, some previous studies have shown that potassium has a much greater effect on soot
formation compared to sodium due to lower ionization energy. Although the concentration of
potassium is less than that of sodium in flowback fluids, it is worth investigating its individual

effect or combined effect with sodium on soot formation in a small-scale flame.
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Appendix A

Estimation of sample residence time and particle coagulation in the

high dilution sampling system

In addition to the practical criterion outlined in Section 2.3.1 for eliminating the effect of particle-
particle coagulation in the high dilution sampling system, it is worthwhile to have an estimation
of coagulation theoretically. The first step is to determine the sample flow velocity and sample
residence time in different sections of the dilution system. Let us consider a common case where
the dilution ratio was ~10,000. Dilution ratio, in its general definition, is equal to the molar rate of
diluting gas (nitrogen) divided by the molar rate of sample gas. Using the ideal gas law, dilution

ratio, DR, at the sampling pinhole is

PoVoa
n RT;
DR=-26__"7DG (A1)
nS PsVs
RT,

(P2
S

where R is the universal gas constant and subscripts “DG” and “s” stand for diluting gas and sample

gas, respectively. Simplifying Eq. (A.1) yields

- Voo (P T.
I/S — DG DG S . (A.2)
DR\ P, ) \Tpg

The volumetric flow rate of diluting gas and dilution ratio across the pinhole are known and equal

to 19,300 cm*/min and ~10,000, respectively. We can assume that Ppg = Ps because the pressure

drop across the pinhole is tiny (250-500 Pa). It is also assumed that the temperature of sample gas
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inside the pinhole is approximately the same as flame temperature in the immediate vicinity of the
pinhole, which was in the range of 1200-1500 K based on the Figure 3.3. The temperature of
diluting nitrogen was ~300 K and, therefore, the temperature ratio in Eq. (A.2) is ~4-5. Thus, the
volumetric flow rate of sample gas through the pinhole is calculated using Eq. (A.2) to be ~0.13—

0.16 cm?/s.

Flow velocity of sample gas traversing the pinhole was obtained by dividing the volumetric flow
rate of sample gas by the cross-sectional area of the clean pinhole with a diameter of 0.2 mm.
Sample gas velocity through the pinhole was calculated to be ~4—5 m/s. The residence time of
sample gas traversing the pinhole is the length of the pinhole (125 um) divided by the sample gas
velocity. Therefore, the residence time through the pinhole was ~30-50 us. Sample flow velocity
and residence time through other sections of the sampling system was calculated using a similar

method outlined above and the numbers are reported in section 2.2.4.

Coagulation of nanoparticles in the sample was estimated using the average coagulation coefficient
for a polydisperse aerosol (Hinds 1999, pp. 269-271) for various lognormal size distributions
measured by the SMPS. The calculated average coagulation coefficient was in the range of
7.2x107% cm®/s to 19.6x107'1° cm?/s. The extent of particles undergoing coagulation can be

estimated from

N coagulated(t ) _ Nioa Kt
Niotal 1+ Ntotallzt

(A.3)

where N is the particle number concentration, K is the average coagulation coefficient, and 7 is the

residence time (Hinds 1999, p. 263). The residence time for particles in the sampling probe from
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the pinhole to the extraction branch for the particle measurement suite was ~2.1 ms. The maximum

concentration of particles in the sampling probe after being diluted in the pinhole was ~3x107 cm ™.

Considering the maximum coagulation coefficient of 19.6x107!° cm?/s, the percentage of particles
undergoing coagulation in the probe was always below 0.01%. The residence time from the
extraction branch in the sampling probe to the particle measurement suite was ~0.78 s and the
coagulation of particles was always less than ~4.4% during transport to the particle measurement

suite.

179



Appendix B

Flame Temperature Measurement

As mentioned earlier, the temperature of the flame was measured at various radial and axial
locations in the reacting flow. The thermocouple was inserted swiftly in different regions of the
reacting flow and once the thermocouple junction reached the desired location in the flame as
indicated by a stopper at the end of the rail, a switch was triggered and the data acquisition started.
The sampling was done for a period of about two seconds with a sampling rate of 100 Hz. This
technique of flame temperature measurement is known as the rapid thermocouple insertion
technique (McEnally et al. 1997). Long exposure (more than 7 seconds) of the thermocouple wire
inside the flame resulted in its rupture. Additionally, the soot deposition on the thermocouple

junction changes its emissivity and results in a gradual drop in the measured temperature.

Figure B.1 shows temperature measurements in regions of the flow where high and low
concentrations of soot particles exist. In locations with low soot concentration, the data showed a
swift increase in temperature followed by a plateau as the steady-state response. In locations with
high soot concentration, the temperature profile showed a swift increase in temperature followed
by a peak and then a significant decrease in the measured temperature. These trends were also
observed in several other studies (McEnally et al. 1997; Abid 2009; Kholghy 2012). McEnally et
al. (1997) stated that the temperature profile obtained by the rapid thermocouple insertion

technique has several stages. The first stage is the transient response which starts from the moment
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Figure B.1: Effect of soot deposition on the thermocouple junction on flame temperature profile.
sampling commences until it reaches either a steady-state plateau or a peak. For lightly sooting
locations, the temperature measured after the transient response is more-or-less constant, known
as the steady-state stage. For heavily sooting locations, the next stages after the transient response
are the variable emissivity and variable diameter stages, where a decrease in temperature occurs.
The representative temperature for each location in the reacting flow depends on whether the
desired location is highly sooting or not. Kholghy (Kholghy 2012) considered the magnitude of
the steady-state plateau section of the temperature profile as the representative temperature in

lightly sooting regions and the magnitude of peak as the representative temperature in heavily

sooting regions.

To determine if the thermocouple was in a highly sooting or lightly sooting region, the measured
temperature profile from 7= 0.75 s (after the transient response) to ¢ =2 s was fitted by a first order
polynomial. It was assumed that if the polynomial fit has a slope larger than -20 K/s, the measured
temperature was for a highly sooting region and the maximum measured temperature was

considered as the thermocouple junction temperature.
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For lightly sooting regions, the thermocouple junction temperature was assumed to be the average
of measured temperature from 57 to 77, where 7 is the time constant assuming the measured
temperature during the sampling time is the step response function of a first order time-variant

system that can be approximated as

t

T=A<1—e_?>+B (B.1)

where B is the value of temperature measured by the thermocouple at 7 = 0 s. Coefficient 4 was
obtained by fitting the temperature data points with the function in Eq. (B.1). The time constant of
the thermocouple determined from Eq. (B.1) was between 0.1-0.25 s, which was similar to the

time constant reported by McEnally et al. (1997).

The gas (flow) temperature was obtained by correcting the thermocouple junction temperature for
heat losses. Equation (B.2) is the energy balance equation for the thermocouple junction, as

suggested by Shaddix (1999):

dTi,

o (B.2)

Qrad + Qconv + Qcond + Qcat = pthcpI/t

where Q,,4 is the radiation heat transfer, Q.. is the convective heat transfer, Q4 is the
conductive heat transfer, and Q, is the heat transfer due to catalytic reactions. Ty, is the
thermocouple temperature, ¢, is the specific heat capacity of the thermocouple, and py, and Vy;, are

the density and volume of the thermocouple, respectively.

Conductive heat loss occurs in the thermocouple due to the conductive heat transfer from the
junction to the wire. Heitor and Moreira (1993) have suggested that the conductive heat loss is
insignificant if the length to diameter ratio of thermocouple is more than 200, which was the case

in this study and the conductive heat loss was considered to be negligible.
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The catalytic reactions could occur due to radical recombination at the surface of the thermocouple
junction (Shaddix 1999). Characterizing the effect of catalysis on thermocouple measurements is
a relatively difficult task. Coating the surface of the thermocouple with a non-reactive material,
such as silica, can mitigate the effect of catalytic reactions (Katsuki et al. 1987; Abid 2009).
However, catalytic heat loss is more significant in unreacted regions of premixed flames (Shaddix
1999) and some studies that did not apply coating on the thermocouple surface (Ballantyne and
Moss 1977; McEnally et al. 1997; Saffaripour et al. 2011; Kholghy et al. 2015). Ballantyne and
Moss (Ballantyne and Moss 1977) measured the temperature of a turbulent methane diffusion
flame and claimed that the catalytic heat loss would contribute about 20 K in temperature
measurements. McEnally et al. (1997) used an uncoated R-type thermocouple to measure the
temperature of a laminar methane diffusion flame and reported that the catalysis effect was

negligible in diffusion fames.

By neglecting the heat losses due to conduction and catalytic reactions and considering steady-

state condition, Eq. (B.2) becomes

Oraa + Qcony =0 (B.3)
For the radiative heat loss in this study, it was assumed that the thermocouple has a gray emitting
surface and is surrounded by an isothermal diffuse-gray wall (Shaddix 1999). Additionally, the
surface area of the wall is much greater than the surface area of the thermocouple. With these

assumptions Eq. (B.3) becomes

ecA(Ty — Ty) — Ah(T, = Ty,) =0 (B.4)

w
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where ¢ is the emissivity, ¢ is the Boltzmann constant, 4 is the heat transfer surface area, 4 is the
convective heat transfer coefficient, and 7w and 7 are the wall and gas (flow) temperatures,

respectively.
By rearranging Eq. (B.4), the gas temperature is
EC (4 4
Ty=Tn+— (Ty —Ty) (B.5)
Rewriting Eq. (B.5) based on the Nusselt number (Nu) gives

EC [l a\ d
Ty=Tn+- (T — Ty) m (B.6)

where d is the thermocouple junction diameter and £ is the thermal conductivity of the gas.

The convective heat transfer was corrected for based on empirical correlations for the Nusselt
number. In the current study, the thermocouple junction had a spherical geometry and, for forced
convection around a sphere, Whitaker correlation (Whitaker 1972) was used to obtain the Nusselt
number as follows

Nu =2+ (0.4Re2 + 0.06 Re3) Pr*(—) (B.7)

H;

where Re is the Reynolds Number, Pr is the Prandtl number, and ug¢ and u; are the viscosity of the
gas and the thermocouple junction, respectively. Substituting Eq. (B.7) into Eq. (B.6) gives the

following equation for gas temperature:

4 4 d

EO0
Tg :T'th+

1 2
2+ (0.4Re? + 0.06 R PrO4(E)
J

The thermocouple junction diameter was 190+37 um based on the specifications from the supplier.

In Eq. (B.8), Re, Pr, and k are functions of gas composition and temperature and, to derive these
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parameters, the gas composition of reacting flow must be known. The gas composition and the
velocity of the flow were obtained from a previous study on a similar burner geometry and fuel
flow condition (Mitchell 1975). For simplicity, the approximated gas composition consisted of
only six species: CO2, H20, CO, H2, CHas, and N2. Viscosity, density, and thermal conductivity of
the flow were calculated using Cantera software (Goodwin et al. 2016) based on the approximate
gas composition. The value of the emissivity in Eq. (B.8) is also temperature dependent. Previous
studies (McEnally et al. 1997; Saffaripour ef al. 2011; Kholghy 2012) have used the emissivity
values reported by Bradley and Entwistle (1961) for type-S thermocouple (Pt and Pt/10% Rh

alloy), which was also used in this study.
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Appendix C

Mass Concentration of Input NaCl Particles into the Small-scale

Laminar Flame

To estimate the mass concentration of NaCl particles injected into the fuel flow, first the particle
size distribution of NaCl particles at the outlet of the burner tube was measured using a scanning

mobility particle sizer (SMPS). Figure C.1 shows the PSDs of four SMPS scans of NaCl samples

extracted from the burner tube.

Secondly, the mass-mobility relationship of the NaCl particles was determined. To obtain the
mass-mobility relationship, a tandem arrangement of a differential mobility analyzer (DMA), a
centrifugal particle mass analyzer (CPMA, Cambustion Ltd.), and a condensation particle counter

(CPC) was used as shown in Figure C.2. Using the DMA, particles with selected mobility diameter

10" 5
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Figure C.1: Size distribution of NaCl particles at the outlet of the burner tube.
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Figure C.2: Scheme of the experimental setup used for obtaining mass-mobility relation.

were directed to the CPMA to measure their corresponding mass. Figure C.3 shows the mass of
NaCl particles as a function of their mobility diameter. The mass-mobility relationship of NaCl

particles was found as

m=8.79 x 1077d32 (C.1)

where m has a unit of fg (femtogram) and dm has a unit of nm.
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Figure C.3: Mass of NaCl particles as a function of their mobility diameter.
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Finally, the size distribution of the NaCl particles was fitted with a log-normal distribution and the

mass concentration of NaCl particles was obtained as follows:

1000
dN
Myac = /o ( dlog dm> m(d,,)d logd,, (C.2)

The mass concentration of NaCl particles based on Eq. (14) was ~45 ng/cm?.
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Appendix D

Uncertainty Analysis for Mass-specific Absorption Coefficient and

Single-Scattering Albedo

An uncertainty analysis of the reported mass-specific absorption coefficient (MAC) and single-
scattering albedo (SSA) in Chapter 4 was conducted based on ANSI/ASME Measurement
Uncertainty Standard (Abernethy et al. 1985). According to this standard, total uncertainty of a
measurement consists of contributions from “bias” uncertainty (also known as systematic or
instrument error) and “precision” uncertainty (also known as repeatability uncertainty). The total
uncertainty is the square-root of the bias uncertainty and precision uncertainty squared. The bias
uncertainty is the error of the instrument to read the correct value of a measurement. The precision
uncertainty represents the scatter in repeated measurements of a quantity. For MAC and SSA

measurements, each test was repeated three times for methane-only and methane-NaCl flame.

To estimate the uncertainty in MAC, we first need to calculate the uncertainty in the measured
absorption coefficient (Babs) and the mass concentration of elemental carbon (EC) according to the

definition of MAC:

Absorption coefficient

MAC = (D.1)

EC mass concentration
The bias uncertainty in absorption and scattering coefficients was +9.6% and £7.0%, respectively,
based on the repeatability of three independent calibrations performed over two months. The

precision uncertainty was evaluated based on Student’s t-table for a confidence level of 95% and
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a degree of freedom of 2 (i.e., number of repeats minus one). The evaluated precision uncertainty,
average bias uncertainty, and total uncertainty in absorption coefficient are shown in Table D.1.
Similarly, the precision uncertainty, average bias uncertainty, and total uncertainty in scattering

coefficient are shown in Table D.2.

Table D.1: Absorption coefficient and its precision uncertainty, average bias uncertainty, and total
uncertainty for methane-only and methane-NaCl flames

Flame Test Boaps Average Precision Average Bias Total

condition (Mm™) Bas (Mm™")  uncertainty  uncertainty  uncertainty
Test 1 24695

Methane-only ~ Test 2 25668 25471 1283 2445 2762

Test 3 26050
Test 1 78932

Methane-NaCl Test 2 79308 79133 348 7596 7605
Test 3 79158

Table D.2: Scattering coefficient and its precision uncertainty, average bias uncertainty, and total
uncertainty for methane-only and methane-NaCl flames

Flame Test Bicat Average Precision Average Bias Total

condition (Mm™) Bsw (Mm™")  uncertainty uncertainty uncertainty
Test 1 865

Methane-only ~ Test 2 911 901 61 62 87
Test 3 929
Test 1 4207

Methane-NaCl  Test 2 4214 4205 19 290 291
Test 3 4194

The bias uncertainty in the EC measurement, B», was estimated according to the specification of

Sunset Lab EC-OC analyzer as follows

B, = 0.1 2& 1 0.05mp (D.2)

cm?
where mass of EC, mec, was in units of pg/cm?. The uncertainty in the mass of EC was converted

to the uncertainty in mass concentration (in units of pg/m?) by using the total sampled volume
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(sampling flow rate x sampling time) and the stain area on the filter. The precision uncertainty was
estimated based on the three measurement repeats for a confidence level of 95%. The total
uncertainty in the EC mass concentration was calculated by propagation of bias and precision
uncertainties. The evaluated precision uncertainty, average bias uncertainty, and total uncertainty

in the mass concentration of EC are shown in Table D.3.

Table D.3: Mass concentration of elemental carbon (EC) and its precision uncertainty, average bias
uncertainty, and total uncertainty for methane-only and methane-NaCl flames

Flame Test EC mass Average EC Precision  Average Bias Total
condition concentration  concentration  uncertainty  uncertainty = uncertainty
(ng/m’) (ng/m’)
Test 1 4274
Methane-only  Test 2 4477 4498 431 261 504
Test 3 4743
Test 1 13527
Methane-NaCl Test 2 13574 13592 754 139 767

Test 3 13675

The relative uncertainty in MAC was calculated based on the propagation of uncertainties in the

absorption coefficient and the mass concentration of EC as follows:

EMAC: € Byps 2+ Empge 2 (D.3)
MAC Babs mEC

where ¢ indicates the absolute uncertainty in each quantity. The relative uncertainty in absorption

coefficient and EC concentration was 10.8% and 11.2%, respectively, in the case of methane-only
flame. These values were 9.6% and 5.6%, respectively, in the case of methane-NaCl flame. Table
D.4 shows the total uncertainty in MAC for methane-only and methane-NaCl flames evaluated

based on Eq. (D.3).
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Table D.4: Absorption and scattering coefficients, mass concentration of EC, mass-specific absorption
coefficient, and single-scattering albedo of particle emissions for methane-only and methane-NaCl flames.

Test condition Baps Bicat EC mass concentration MAC SSA
(Mm™) (Mm™) (ng/m’) (m’/g)
Methane-only flame 25000+2800 900+90 4500+500 5.66+0.88  0.03+0.01
Methane-NaCl flame 79000£7600  4200£290 13600+770 5.82+0.65 0.05+0.01

The SSA is calculated as follows

B B
SSA = scat — scat (D.4)
Bext Bscat + Babs

Thus, by propagation of uncertainty, we can estimated the relative uncertainty in SSA as follows

€ 2 € 2
€554 — < Bscat> + < Bext> (DS)
SSA BSCat BeXt

where the absolute uncertainty in extinction coefficient is calculated by the propagation of

uncertainty as

0B 2 (0B 2
Ep = extng + extng
ext aBscat scat aBabS abs (D6)
2 2
= \/(8Bscat) + (8Babs)

Table D.4 also shows the total uncertainty in SSA for methane-only and methane-NaCl flames

evaluated based on Eq. (D.5) and (D.6).
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Appendix E

Thermophoretic Sampling Device Used in Lab-scale Flare

Experiments

A thermophoretic sampler designed and built by the University of British Columbia was used to
collect particles from the lab-scale flare described in Chapters 5 and 6. Figure E.1 shows the cross-
section of the thermophoretic sampler. A small flow (100 = 10 cm®*/min) was drawn into the
sampler through a heated capillary tube with inside diameter 0.69 mm and length of 50 mm. The
jet left the capillary with a temperature of approximately 150 °C and a velocity of approximately
6 m/s. Overall sampling efficiency was less than 1%, but most of the particles were deposited in
the central region of the grid, such that reasonable coverage was obtained in under a minute when
sampling from the main extraction duct above the turbulent diffusion flame. Large particles (with
aerodynamic diameter > 2 pm) would deposit mainly by impaction, but even the largest aggregates

observed in this study had an aerodynamic diameter of well under 400 nm. Tests without heating

Heated
capillary m,,@ .

3mm TEM
grid

Figure E.1: The cross-section of the thermophoretic sampler.
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showed minimal deposition and implied that thermophoresis was the main mechanism of

deposition.
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Appendix F
Details of Raman Spectroscopy Peaks
Figure F. shows the Raman spectra normalized by D1 band intensity for all test cases. There was

substantial variation in the baseline, which was subtracted by considering the range between 500

to 2000 cm™! and using a straight line as a subtract baseline.

——L6-0.5-2"
——L6-0.9-1.5"
——L6-0.9-2"
—L6-0.85-3"
L6-1.5-2"
- - -Mg-0.5-2"
- - -M6-0.9-1.5"
- - -Mg6-0.9-2"
M6-1.5-2"
- H6-0.5-2"
-+ H6-0.75-3"
- H6-0.9-1.5"
HG-1.5-2"

I(D,)

0.0

T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500
1/Wavelength (cm™)

Figure F.1: Raman spectra normalized by D1 band intensity for all test cases

Table F.1 shows the centers of the fitted peaks for each band of the Raman spectra for samples
collected on titanium foils using the thermophoretic sampler (TPS). Table F.2 shows the summary
of peak ratios of the Raman spectra, showing their average and standard deviation values, for
samples collected using both the TPS and the electrostatic precipitator (ESP) methods. Generally,

the area imaged by the Raman microscope was fully covered by soot for the samples collected by
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the TPS (qualitative coverage of 80-95%). However, the coverage area for the samples collected

by the ESP was much lower (qualitative coverage of 30-55%).

Table F.1: Centers of the fitted peaks for each band of the Raman spectra for all test cases collected by
using thermophoretic sampler.

Conditions Peak Center
Fuel mixture | Exit velocity | Burner size D1 D3 D2 D4 G
(m/s) (mm)
0.5 50.8 1314 1518 1609 1150 1583
0.9 38.1 1320 1513 1614 1157 1581
L6 0.9 50.8 1313 1537 1612 1142 1581
0.85 76.2 1314 1523 1611 1160 1581
1.5 50.8 1314 1526 1612 1147 1581
0.5 50.8 1318 1518 1614 1162 1582
0.9 38.1 1311 1519 1609 1153 1577
M6
0.9 50.8 1321 1549 1616 1188 1587
1.5 50.8 1322 1521 1616 1178 1583
0.5 50.8 1314 1523 1613 1150 1580
0.75 76.2 1315 1517 1612 1151 1582
H6
0.9 38.1 1315 1493 1617 1179 1583
1.5 50.8 1319 1527 1614 1162 1585
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Appendix G

Particle Size Distributions for Added NaCl Solution to Lab-scale
Flare at Low and High Liquid Flow Rates

2.0x10° T -
L9 + NaCl (2 mL/min)

RS = =L9 + NaCl (13 mL/min)

=—M9 + NaCl (2 mL/min) -

/ \ — -M9 + NaCl (13 mL/min)
! \ =——H9 + NaCl (2 mL/min)
1.5%10° ~ / /’\ — =H9 + NaCl (13 mL/min) ]
e \
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o
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Figure G.1: Particle size distributions for L9, M9, and H9 fuel compositions with added droplets of NaCl
solution at flow rates of 2 mL/min and 13 mL/min.
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