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Abstract

This study characterized flare-like flame emissions and improved methods of reducing flare
emissions during well completion operations in the upstream oil and gas industries. Flowback
fluids are water-based solutions that return to the earth’s surface with extracted oil and gas during
and after the completion of hydraulic fracturing. Droplets of the flowback fluids are likely to
become entrained in the flare gas and burn in an exposed flame. Sodium and chloride ions, which
are prevalent in flowback fluids, can influence the particle emissions from flaring. In trying to
mitigate flare emissions, steam-assisted flares, which are often used in the downstream oil and gas
industries as a strategy to produce "smokeless" combustion, were compared with liquid water.
Three fuels were used to investigate this comparison: pure propane, pure methane, and a mixture
of 90% methane and 10% propane, the latter approximating the typical volumetric higher heating
value of Alberta flare gas. Both steam and liquid water were injected into the flare through the fuel
stream. The result of the investigation suggests that liquid water-assisted flares in the oil and gas
industries would likely produce lower emissions with a lower operating cost than steam-assisted
flares. This finding initiated the second study, in which liquid water injected through the fuel
stream was compared with liquid water injected through the air stream into the flare. Liquid water
with impurities (NaCl) was also investigated because NaCl is a surrogate species for the impurities
contained in the water used at offshore and downstream oil and gas facilities. Liquid water
injection through the air stream (external injection) directed very close to the base of the flame
ensured water was present early in the combustion process and reduced NO, emissions to a greater
extent compared to when the water was injected through the fuel stream. External liquid water
injection into turbulent non-premixed flames can effectively reduce black carbon without a need

for costly boiler operation to produce steam. NaCl impurities in the injected liquid water cause an
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increase in soot emissions. The increase in soot emissions due to NaCl addition initiated the third

study.

The third study investigates the effect of sodium chloride on the charge state of soot nanoparticles
evolved in a laminar diffusion flame by measuring the soot particle size distribution (PSD),
average charge per particle, and charge fraction at various locations within the flame. A charged
monodispersed coagulation model was employed to ascertain whether coagulation was the primary
cause of the differences observed in particle emissions when NaCl is introduced into flames. The
effect of sodium chloride on a methane flame was investigated by comparing the experimentally
measured data for methane-only and methane-NaCl flames. The addition of NaCl particles to the
laminar diffusion flame did not have a significant effect on the particles in nucleation region of the
flame. The majority of the incipient soot particles in both flames are uncharged, and their sizes are
nearly the same, with diameters of approximately 5 nm or less. However, the size of soot particles
differs by approximately 10% to 25% between methane-only and methane-NaCl flames in the
coagulation-dominated region (i.e., between HAB 47 mm and 55 mm) of the flame. The net charge
on soot particles within the coagulation region of the methane-only flames is negative while it
changes to positive with NaCl addition. The fraction of charged particles and ion concentration
decreases with NaCl addition within the coagulation region and more uncharged particles are
witnessed. Interestingly, the coagulation model results for charged and uncharged particles in
coagulation processes were identical. The study reveals that the smaller particle size in methane-
NaCl flames is primarily a result of oxidation rather than a reduction in particle charge. NaCl
promotes oxidation in specific flame regions, leading to differences in soot evolution between

methane-only and methane-NaCl flames.
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Preface

This study involved the improvement of a lab-scale flare setup with and without water- and steam-
assist. The burner setup described in Chapter 3 for the liquid water-assisted flare design was done
by me. I ran the experiments and did a thorough data analysis for Chapters 2, 3, and 4 myself,
except Chapter 2 for which Milad Zamani helped me in running the steam-assisted flare
experiments and collecting the data and Chapter 3 for which Ehsan Abbasi-Atibeh helped me in
running the particle image velocimetry (PIV) experiment. One of the research projects conducted,
although not incorporated into this thesis, was a collaborative research initiative led by Dr. Jason

Olfert at the University of Alberta.
Chapters 2 of this thesis has been published as

e W. O. Bello, M. Zamani, E. Abbasi-Atibeh, W. L. Kostiuk and S. J. Olfert, "Comparison
of emissions from steam- and water-assisted lab-scale flames.," Fuel, vol. 302, p. 121107,

2021. https://doi.org/10.1016/j.fuel.2021.121107.

In this journal article, I undertook the responsibility for conducting experiments, collecting and
analyzing data, and writing the manuscript. M. Zamani provided assistance with the experiments
and data collection. J.S. Olfert and L.W. Kostiuk served as supervisory authors, contributing to

concept formation and manuscript editing.

Chapters 3 of this thesis has been published as

e W. O. Bello, E. Abbasi-Atibeh, W. L. Kostiuk and S. J. Olfert, " Effects of external
injection of deionized water and water with impurities on Water-assisted flares.," Fuel, vol.

340, p. 127602, 2023. https://doi.org/10.1016/].fuel.2023.127602.
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In this journal article, I undertook the responsibility for conducting experiments, collecting and
analyzing data, and writing the manuscript. E. Abbasi-Atibeh provided assistance with the PIV
experiment, data collection and manuscript editing. J.S. Olfert and L.W. Kostiuk served as

supervisory authors, contributing to concept formation and manuscript editing.

Chapters 4 of this thesis has not yet been published as

e W. O. Bello, M. Kazemimanesh, W. L. Kostiuk and S. J. Olfert, " The Effect of Sodium
Chloride on the Charge State of Soot Particles in a Laminar Diffusion Flame," Yet

unpublished, University of Alberta, 2023.

In this yet unpublished article, I undertook the responsibility for conducting experiments,
collecting and analyzing data, and writing the manuscript. M. Kazemimanesh, J.S. Olfert and L.W.

Kostiuk served as supervisory authors, contributing to concept formation and manuscript editing.

Published article not included in this thesis as

e T. Sipkens, U. Trivanovic, A. Naseri, W. O. Bello, A. Baldelli, M. Kazemimanesh, A. K.
Bertram, L. W. Kostiuk, C. J. Corbin, S. J. Olfert and N. S. Rogak, "Using two-dimensional
size distributions to better understand the mixing state of soot and salt particles produced
in gas flares.," Journal of Aerosol Science, vol. 158, p. 105826, 2021.

https://doi.org/10.1016/j.jaerosci.2021.105826.

In this journal article, I was responsible for conducting experiments, collecting and analyzing data

for particle size distribution.
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Chapter 1

Introduction

This chapter provides an overview of flaring in the oil and gas sector and its effects, as well as
information on downstream oil and gas facilities, upstream oil and gas sites, soot formation, and
the hydrodynamic, thermodynamic, and chemical effect of water on soot. It also outlines the

problem statement and the set of thesis objects.

1.1  Flaring

Fossil fuels, including coal, oil, and natural gas, account for almost 80% of the world's energy
supply [1]. Global energy consumption is forecast to rise gradually over the coming years, with
emerging economies driving the majority of this growth. Estimates show that global oil demand
will rise by 0.8% per year until 2030, leading to the demand of approximately 103 million barrels
per day [2]. This reveals that more oil and natural gas extraction will continue, and more extraction
will eventually lead to more flaring of unwanted gases. Flaring is the open flame combustion of
unwanted or waste hydrocarbon or associated gases from refineries, oil wells, and chemical
industries [3]. Two methods by which oil and gas production sites dispose waste and unwanted
gases are venting and flaring [4]. Flaring is generally preferred because of its lower potential for
global warming. For example, the global warming potential of CH4 is 28-36 times higher than
carbon dioxide (CO2), which is a byproduct of CHs combustion, thus making the flaring of

unwanted flammable gases at oil and gas production sites preferable to venting [5]. According to



the World Bank's latest report [6], approximately 150 X 10° m? of natural gas is flared annually
worldwide at oil and gas production sites, which increased by 3% between 2018 and 2019 [6].
More than 90% of global natural gas flaring occurs at upstream/offshore oil and gas production
sites [5]. An analysis done in 2015 revealed a total of 13,605 flaring sites, with 12,227 of these
being upstream, 861 downstream, and 517 industrial [5]. Moreover, according to the IEA methane
tracker for 2020 [7], about 115 x 10° m* of methane was emitted through venting and leakage.
Upstream oil and gas facilities refer to all that relate to the exploration and production of crude oil
and natural gas. It also refers to the procedures required in drilling and bringing oil and natural gas
deposits to the surface, often known as production, and this mostly occurs in the middle of
nowhere. Downstream oil and gas facilities encompass everything involved in transforming crude
oil and natural gas into different kinds of ready to use products. Among the most apparent products
are Liquid petroleum gas, Naphtha, bitumen for road construction, aviation fuels, Lubricating oils,

kerosene, and diesel [8].

While efficient flaring reduces CH4 emissions [9], it is also known to release emissions such as,
unburnt hydrocarbons, carbon monoxide (CO), oxides of nitrogen (NOy), and soot, which is
composed predominantly of black carbon (BC) [7]. Globally, it has been approximated that 38%
of BC is released from fossil fuel combustion [10]. BC can affect rainfall patterns and cause earth
surface material with high surface albedo like snow or ice to melt thereby reducing their surface
albedo, because it acts as a radiative forcing agent. In the 20" century, it is assumed to be one of
the causes of artic warming and contributes to global mean surface warming [10, 11]. The BC total
global emission is estimated in the industrial era to be 14,000 Gg/year with radiative forcing value
of 1.1 Wm™ and 90% uncertainty bounds of 0.17 to 2.1 Wm™ [11]. In addition, Janssen et al. [12],

have argued that particles from combustion sources are more closely connected to poor human



health than particles from other sources. They also classified BC as a particulate matter with
aerodynamic diameters of less than 2.5 um (PMb2s). The health effect of BC cannot be
overemphasized because it has been linked to cardiovascular and pulmonary diseases [13].
Landrigan et al. [ 13], related PM2 s pollution to be the cause of myocardial infarction, hypertension,
congestive heart failure, arrhythmias, cardiovascular mortality, chronic obstructive pulmonary
disease, and lung cancer. They further stated that PM> s might be connected to the rise in the

occurrence of premature birth and low birth weight.

NOx being another exhaust substance which is an environmentally hazardous substance released
during flaring operation. NO, mainly includes nitric oxide (NO) and nitrogen dioxide (NOz). NO
is the main form of oxides of nitrogen that are majorly found in flaring emissions [14]. Therefore,
if NO released from flaring react with oxygen, it produces ozone within the lower atmosphere (NO
+ HC + Oz + sunlight — NO; + O3), which is undesirable [14, 15]. Moreover, ozone is a substance
that protects the upper atmosphere of the earth by shielding the earth and preventing direct high
intensity of ultraviolent rays. In contrast, the same ozone is dangerous to human health when closer
to humans or if found in the lower part of the atmosphere. It causes respiratory problems in
humans. In addition, [14] also said NO; has the ability to delay chemical pneumonitis and
pulmonary edema, which makes the substance highly toxic and hazardous in nature. It has a
suffocating odour. The quest to reduce all these effects brings us to the question of how to suppress

the formation of soot and NOx in flaring.
1.2  Flaring at downstream oil and gas facilities (Assisted flares)

Hydrocarbon gas flaring at downstream oil and gas facilities is done mostly to dispose of unwanted

gases during petrochemical processing or during an emergency. Flared gas consists of a mixture



of different gases, typically methane, ethane, propane, n-butane, isobutane, n-pentane, isopentane,
2,2-dimethylpropane, n-hexane, ethylene, propylene, 1-butene, carbon monoxide, carbon dioxide,
hydrogen sulfide, hydrogen, oxygen, nitrogen, and water in varying proportions [16]. In recent
years, growing concerns over environmental preservation have prompted most oil-producing and
developed countries to impose stricter regulations on emissions [5, 17, 18, 19]. For example, in
2018, the Government of Canada finalized regulations for reducing 40-45% of methane (CHa)
emissions (released through venting and fugitive emission) by 2025 [7, 9, 20]. Also, many US
State regulations require "smokeless" combustion (defined as a plume opacity of less than 20%)
for the majority of the time a flare is operated in pressure-relieving applications at refineries and
petrochemical facilities [21]. In light of such regulations, the oil and gas and petrochemical
industries have made efforts to reduce soot emissions, which are one of the main factors now
considered in flare design for refineries and petrochemical facilities [3, 15]. Typically, soot
emissions are reduced by using "assisted" flares, which force steam, air, or liquid water into the
combustion zone of the flare [15, 21, 22, 23, 24]. For steam-assisted flares, steam is entrained into
the flare through either a series of steam injectors, a single pipe nozzle positioned at the center of
the flare, or a manifold positioned around the edge of the flare tip. Air-assisted flares use either
high-pressure air or a low-pressure forced-air system. The high-pressure air system uses the same
injection method as described for steam-assisted flares, while the low-pressure forced-air system
makes use of a blower to inject the air coaxially with the flare gas at the flare exit [21]. Water-
assisted flares use multiple nozzles fitted to the flare head unit to inject an atomized spray of water
into the combustion zone of the flare [25, 26, 27]. This particular use of assisting fluid is rare,
being reserved mostly for horizontal flare applications and situations where there is a need to

eliminate excess wastewater or brine [21]. Although assisted flares typically reduce emissions,



studies have shown that over-steaming [22] or over-watering [26] the flare can reduce flare
combustion efficiency or extinguish the flare, resulting in high unburnt hydrocarbon or aldehydes
emissions and poor hydrocarbon destruction efficiencies [21, 22, 23, 25, 26, 28]. The assisting

fluids also control noise and flame luminosity or radiation [15, 29].

1.3  Flaring at upstream oil and gas sites (Unassisted flares)

Figure 1.1 shows a sketch of a typical upstream oil well site. The oil well is created by drilling the
well and pumping/injecting a highly pressurized (upwards of 69,000 kPa [30]) fracturing fluid
consisting of slick-water and sand deep into the well to create fractures which make the rock where
oil and gas are trapped more permeable [31, 32, 33, 34]. Fractures in the rock allow oil and gas to
flow to the well, where a jack pump extracts the oil. During the first four weeks of well completion,
approximately 30% of the fracking fluid injected into the well returns to the Earth’s surface with
the extracted oil and gas as flowback water. Thereafter, produced water, which comprises of
naturally occurring water in the formation, remaining hydraulic fluid, and chemical transformation
products, also steadily rises with the oil and gas resources [31, 35, 36, 37, 38]. Notable chemical
constituents of flowback and produced water include chloride, sodium, calcium, bicarbonate,
sulfate, potassium, and magnesium [39, 40]. The difference between the flowback water and
produced water is the change in the concentration of their chemical constituents and their
corresponding total dissolved solids. The oil, gas and flowback or produced water that return to
the earth’s surface are directed to the separator [41, 42, 43] where the oil and gas are extracted.
During the separation process, the flowback and produced water may aerosolize and enter the flare

stream and potentially increase flare emissions [44].



To prevent the entrainment of wastewater into the flared gases after separation, a knockout drum
(also called a flare drum, knockout pot or compression suction drum), is used to remove liquid
droplets from the gas stream by slowing down the gases [45]. It is believed that only droplets less
than 300 um leave the knock out drum [45, 46]. The liquid entrainment into the flare may occur
during the early stages of the well completion process (when the formation water is produced at
its highest rate) or during the well-cleaning process, which may cause the separator on an upstream
site to release surfactants carried by the crude oil or the flowback water’s additives. These
surfactants may in turn promote emulsification of the oil-water and thus the production of foam,
which might further reduce the separator’s efficiency and cause produced water droplets to exit
the separator [46, 47, 48, 49]. The resulting aerosolized flowback liquid has the potential to mix
with gases directed to the flare and thus possibly to affect its combustion efficiency and emissions
[34, 50]. Recent research on flares in the Bakken region of North Dakota indicates that flowback
fluid droplets were transported into the flares because sodium, one of the most dominant ions in
flowback fluids, was found to be prevalent in the emission measurements [47]. Despite the
widespread usage of hydrofracturing and the sizeable quantity of flaring that occurs globally, little
1s known about the impact of sodium chloride from flowback operations on the rate at which soot

particles coagulate in flares.
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Figure 1.1: Oil well site. (Adapted from [197])

1.4 Soot formation

Soot is an end product of combustion consisting of chain-like aggregates of sphere-like units in
the form of amorphous carbon [51]. As fuels are burnt, they produce soot particles in the high-
temperature, fuel-rich regions of the flame. Soot particles from flames have been seen in a wide

range of conditions, from laminar premixed [52-58] and diffusion flames [59-65] to turbulent



flames [66, 67, 68] and have been found to share common structures. According to the type of

flame and the locations inside a particular flame, soot particles' nanostructure, coagulation and

aggregation characteristics evolve. To understand how soot is formed, it is necessary to consider

seven significant steps: fuel pyrolysis, PAH (Polycyclic Aromatic Hydrocarbon) formation, large

PAH formation, soot inception, soot surface growth, soot aggregation, and oxidation. Figure 1.2

shows the pictorial view of the evolution of soot in flames.

Particle region

Molecular region

Methane-NaCl Flame

W 2
M Soot
W aggregationy
Lot ¥
Lo
o .
? 8 fO S (O Soot coagulation
and n
o000 _ o Surface reaction
0 29°% % growth

Soot inceptiorm

Large PAH
Formation or |
@ polymerization
0 ¢ OO PAH formationd
0 o
= = o O
Precursor—

molecules

|1|I|1III‘IIIElli]!lillt|llllltill|ll|I|lIII|HII||II||I!H|1I

CH, CH, CH_ CO ‘

Figure 1.2: The evolution of soot in flames. (Adapted from [69])
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hydrocarbons) [70]. Acetylene, methyl, and vinyl are presumed to be incipient species in soot
formation. Frenklach [71] suggested that acetylene reacts with propargyl to form the first aromatic
ring. Polycyclic aromatic hydrocarbons (PAHs) are considered the main precursor to soot [72]. As
explained by Frenklach and Wang [73], PAHs grow through H-abstraction-CoH, addition
(HACA). The abstraction of hydrogen from aromatic molecules will form aromatic radicals, and
these aromatic radicals will continue to react with acetylene molecules to create more aromatic
rings, which are added to the existing ones to form large PAHs. The transition of the molecular
precursors (PAHs) in the gas phase to particulate matter in the condensed phase is called soot
inception or nucleation [74]. In premixed and diffusion flames, researchers like Oktem et al. [75],
Megaridis and Dobbins [62], Wang [76], Chang et al. [77], Puri et al. [78], Santoro et al. [79], and
De Falco et al. [80] have studied the development and properties of incipient soot particles. The
incipient soot particles are almost spherical, 1-5 nm in diameter, and are also known as precursor
nanoparticles. These nucleated materials are termed primary soot particles and start to undergo a
surface growth process. In surface growth, acetylene is one of the dominant mass growth species
[76]. The HACA-based soot growth mechanism at the surface of the particle increases the soot
particle mass as well as the condensation of PAHs on the surfaces. Coagulation describes the
collisional process between two particles due to their Brownian motion [81]. In spite of the fact
that coagulation does not change the total mass of soot particles, it alters the particle size
distribution and soot morphology and reduces the number concentration of soot. Coagulation
usually occurs between a pair of large and small particles immediately after nucleation. Particle
aggregation can occur either when soot primary particles collide and stick together to form fractal
aggregates (chain-like structures) or when two soot aggregates aggregate together [71]. It is also

important to note that soot inception, surface growth, coagulation, and aggregation may occur at



the same location in the flame. One other major process is soot oxidation, whereby the soot particle
surface reacts with O, and OH radicals. The oxidation of soot with Oz occurs in lean fuel
conditions, while in rich fuel conditions OH is dominant [82]. This process reduces the number
density and size of the soot particles. All the above-described soot formation processes occur in

non-premixed and premixed flames.

1.5 Effect of alkali metals on soot formation and emissions

Several studies on soot formation and emissions have investigated the number of particles
generated within and exiting the flame, and these investigations have revealed that introducing salt
into the flames leads to an increase in the mass concentration of soot. [50, 83-88]. Salt has been
seen to affect the oxidation and the coagulation of soot particles in flames. The introduction of
NaCl into a flame yields noteworthy effects on radical concentrations, specifically those of H, O,
02, and OH [89]. Earlier researchers have also indicated that the process of soot oxidation in flames
is primarily associated with the interaction of hydroxyl radicals (OH) on the surface, and O plays
a secondary role [90-94]. A two-reaction mechanism (Na + OH + M <> NaOH + M and NaOH +
H < Na + HO [95, 96] or K+ OH + M <> KOH + M and KOH + H < K + H>0 [97, 98]) has
been employed to elucidate the fast removal of OH and H radicals within the flame environment
[99]. Chlorine has also been confirmed to be an indirect contributor to the reduction of OH radical
concentration. The concentration of OH at different heights above the burner for a methane
premixed flame has also been studied, and it has been confirmed that the concentration of OH
reduces with the addition of alkali salt [100]. Also, Kazemimanesh et al. [83] discovered that NaCl
inhibited soot oxidation by scavenging OH radicals at the flame's open tip. Previous research has

shown that the introduction of alkali metals into a flame leads to a reduction in the size of soot
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particles, mostly as a result of decreased coagulation. Consequently, these diminished soot

particles exhibit enhanced susceptibility to oxidation [101].

Particle coagulation is an important soot growth process, which results in the soot particles
growing in size while the soot concentration decreases. Haynes et al. [85] proposed that when
alkali metals are added to the flame, the incipient soot particles are charged earlier, making them
resistant to further coagulation and thereby resulting in an increased soot number concentration
with smaller soot sizes. Kousaka et al. [102] further identifies that the combustion of salts as a
process produces highly charged aerosols which affects the coagulation of charged particles. It
was further reported that the coagulation of bipolar charged NaCl particles produced by a bipolar
corona discharge led to an increase in the agglomeration size when compared with the ones without
bipolar charging [103]. It has also been confirmed that coagulation process is hindered by
electrostatic repulsion when unipolar-charged soot particles are present, but it is enhanced when
there are bipolar-charged soot particles. This enhancement is due to electrical forces such as the
image force, ion-induced Van der Waal’s force and Coulomb attraction force [104]. In addition,
the particle size distribution, the number density, and the morphology of soot are all shaped to
some extent by coagulation. Primary particle diameter, temperature, and residence time are few
of the characteristics that also affect soot coagulation [105]. The coagulation rate of aerosol
particles in relation to their charge state has been studied experimentally and theoretically by

several researchers [104, 106-113].

Moallemi et al. [84] used a co-annular burner to investigate the effect of NaCl on soot formation
in a laminar methane diffusion flame and discovered that the addition of NaCl reduces coagulation
of soot primary particles (increases their number concentration), which in turn causes a reduction

in the mobility diameter of the agglomerates. However, there are two unique ideas for how alkali
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salts influence the coagulation of soot in flames, both of which assume that the salts can become
ionized due to their low ionization potential. The first idea, proposed by Bulewicz et al. [114],
suggests that alkali metals reduce the number of soot particles by neutralizing soot precursors and
suppressing their nucleation. The second idea proposes that alkali metals only interact with soot
particles after the nucleation of soot particles and increase their charge, leading to smaller soot
particles due to increased electrostatic repulsion [85]. However, Mitchell and Miller [101] suggest
that most soot particles are neutralized by alkali salts, which then reduce coagulation rates and
resulted to smaller soot particles, making them more susceptible to oxidative destruction. These
conflicting views suggest that it is important to measure the soot formation process in flames with
and without NaCl addition to understand the mechanisms that affect particle size and number

concentration.

Adding NaCl into the flame can reduce NO, emissions, as the existence of sodium in the
combustion zone lowers the concentrations of active radicals, such as OH, H, and O, leading to
less NO, formation [89]. Roth [115] also showed that the scavenging of OH radicals in the flame
by sodium hinders the oxidation of carbon species resulting in high BC emissions. Adding NaCl
into the flame was confirmed by Morgan and Rosocha [116] to delay the formation of larger

polycyclic aromatic hydrocarbons (PAHs).

1.6  Physical and chemical effect of water on flare emissions

Flame emissions are known to be influenced by both the thermal and chemical effects of assisting
fluids injection [117-127]. Thermal and chemical effects of water addition on flame extinction and

emissions have been studied for laminar [120, 121, 124, 127, 128, 129] and turbulent flames [130,
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131, 132]. Vicariotto and Dunn-Rankin [120] compared the effects of various diluents, including
water, argon, nitrogen, and carbon dioxide, added to the fuel side of the laminar non-premixed
flame, on the peak temperatures and the extinction limits of flames. They showed that non-
premixed flames diluted with water have similar peak temperatures and extinction limits compared
to other diluents at the same heat capacity, highlighting that the thermal effect of water addition is
more significant than the chemical effect in laminar flames that are not close to extinction.
However, in laminar non-premixed flames close to extinction, the chemical effects become
noticeable, as illustrated by Padilla et al. [121]. This work explored water-assisted laminar non-
premixed flames near extinction in counterflow configuration. Water and non-reacting species
with similar thermodynamic and transport properties were tested, and a computational technique
was used to explore the chemical impact of the added water in a similar configuration. In turbulent
flames with water addition, the extinction might still occur in a spatially inhomogeneous way
throughout the flame; therefore, chemical effects also play an important role [130, 131, 132].

Diluting the fuel with steam reduces the flame temperature and NO, emissions [24, 28, 133].
However, adding liquid water causes a more significant decrease in NO, emissions because its
lower temperature and high enthalpy of evaporation results in a lower flame temperature [134-
140]. Previous studies revealed that the effectiveness of water entrainment into the flame in
lowering NO, emission could be attributed mainly to thermal effects, dilution, and the reduction
of N> concentration in the vicinity of flames [29, 125, 127, 141-144]. Fuss et al. [145] further
investigated the effect of liquid water and steam addition on CHs-air flames. They revealed that
liquid water and steam reduce the flame burning velocity, a primary property of a flammable
mixture, by reducing the adiabatic flame temperature and reaction rates. The lower flame burning

velocity enables better dilution of the combustible mixture with the assisting fluid leading to a
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lower NO, emission mainly due to the lower concentration of N> [146, 147, 148]. Apart from
temperature effects, the chemical effect of water on the reaction kinetics changes the radical pool,
thereby directly affecting the formation of NO, [23, 149]. Liu and Kim [150] discovered that water
increased the radical pool of the flame, leading to higher reaction rates and heat release. Therefore,
a drop in flame temperature might not be the only mechanism to reduce NOy, as adding water will
increase both oxygen (O) and hydroxyl (OH) radicals. According to the Zeldovich mechanism, a
higher O concentration increases NO,, while according to the Fenimore mechanism, a higher OH
concentration reduces NOy [151]. An experimental study by Li et al. [152] also showed that adding
water to the flame reduced NO, emission significantly by removing CH radicals. However, it was
found that the thermal effect of water addition in flames in reducing NO, emission is more
significant than its chemical effect [118]. More recent research has also revealed that water

injection into the flame might decrease the emission of hydrocarbons and NO, by improving fuel-

air mixing [134, 135, 136].

1.7 Problem statement

There are two cases where liquid water enters the flare streams, namely, in water-assisted flares
and in the atomization of the flowback fluid at upstream oil and gas sites. Flaring liquid droplets
at upstream and downstream oil and gas facilities can affect flare emissions. The flared liquid
droplets at downstream oil and gas facilities (i.e. feedwater for water-assisted flares) have low
concentrations of impurities, whereas at upstream sites, the flared liquid droplets have a high
concentration of impurities [39, 47, 50, 153]. The study of these flared liquid droplets on emissions

is essential to predicting the degree of their effect on climate, ecosystems, and humans [13].

14



To properly understand the effect of flared liquid droplets on flare emissions and hence how better
to reduce emissions, this study first explores the effect of pure water alone on emissions. It is a
well-known fact that steam-assisted flares are often used by the downstream oil and gas industry
in an effort to produce “smokeless” combustion or to reduce soot formation. The addition of
unheated liquid water to flames is known to suppress soot formation but is rarely used in industrial
flares. To the best of the author’s knowledge, no study has been done to compare the effects of
steam-assisted flaring with the those created by adding deionized water (pure water) to the flare.
Since utilizing unheated liquid water saves the energy required to convert water to steam, it would
be useful to investigate the relative extent to which unheated water and steam individually affect

soot formation and NO, emissions during flaring.

The second investigation of this work explore how different configurations of water injection (i.e.,
coaxially injected water versus radially injected water or internally injected water versus externally
injected water) and impurities affect emissions in order to determine if radially or coaxially

injected liquid water suppresses emissions more than steam.

Finally, the aerosolization of liquid droplets into the flares at upstream and downstream sites
almost certainly results in the burning of salts with the flared gases. Kazemimanesh et al. [34] and
Moallemi et al. [84] discovered that the entrainment of NaCl into the flame reduces coagulation
of soot primary particles which in turn reduces the mobility diameter of soot and increases their
number concentration. It was suspected that the reduction in coagulation rate experienced by
Kazemimanesh et al., [34] and Moallemi et al. [84] might be due to the electric charge on the
particles. Hence, this work seeks to understand some fundamental characteristics of soot formation
when impurities are present in the flared liquid droplets. In particular, this research examines the

coagulation rate and the charge state of soot particles with and without the addition of NaCl.
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1.8 Thesis Objectives

The primary objective of this thesis is to understand emissions from unassisted and assisted flares
at upstream and downstream oil and gas sites, where feedwater and produced water droplets could
potentially be entrained in the flares. Given that sodium cations and chloride anions exhibit
significantly higher concentrations than other ions in both feedwater and produced water, sodium
chloride was used as the impurity added to flames studied in this work. In addition to assessing
and describing the ultimate condition of emissions resulting from the entrainment of feedwater and
produce water, which was carried out on a laboratory scale using a turbulent non-premixed
diffusion flame under controlled conditions, it is essential to further understand the evolution of

soot particles.
In order to achieve above main objective, the following sub-objectives were set for this study:

e To compare the effects of steam- and liquid water-assist on turbulent non-premixed
diffusion flame emissions. The reason for making this the first step is to better understand
the effect of pure liquid water on flare emissions. To fully understand this interaction, a
baseline case was set in order to establish the effect of pure liquid water on flare emissions
and then compare the results with those of steam-assisted flares. An intermediate lab-scale
flame was used for this investigation.

e To compare nozzle placement for water assisted flares and determine the effect of water
impurities on flare emissions.

e To study the soot formation process when NaCl is introduced into a flame.

16



Chapter 2

Comparison of emissions from steam- and water-assisted lab-scale flames'

2.1 Overview

This experimental work was conducted on a large, turbulent, non-premixed lab-scale flare at the
University of Alberta. Its goal was to determine and compare the effects on NO, and soot emissions
of adding unheated liquid water droplets and steam to a non-premixed turbulent flame fueled by

methane, propane, and a mixture of methane and propane.

Studies have grouped the effects of steam- or water-assist on the production of NO, and soot
emissions in flames into the three mechanisms: hydrodynamic [23, 137], chemical [23, 125, 133,
137], and thermodynamic [23, 25, 133, 154, 155]. In terms of hydrodynamics, assisting fluid
reduces soot emissions by increasing the turbulence intensity of the flow and promoting the mixing
of the flare gas with oxygen [156]. In the chemical mechanism, radicals play an important role in
flame chemistry, and the manipulation of their concentrations by introducing an assisting fluid
alters soot formation. Principal radicals in hydrocarbon flames are hydrogen atoms (H), hydroxyl
radicals (OH), oxygen atoms (O), and methyl radicals (CH3) [157]. Evidence suggests that an
increase in water addition causes an increase in hydroxyl radicals [137, 158], and also decreases

the concentration of nitrogen radicals [125], the former suppresses soot production while the latter

! This chapter is based on the underlisted published journal article:

W. O. Bello, M. Zamani, E. Abbasi-Atibeh, W. L. Kostiuk and S. J. Olfert, "Comparison of
emissions from steam- and water-assisted lab-scale flames.," Fuel, vol. 302, p. 121107, 2021.
https://doi.org/10.1016/j.fuel.2021.121107.
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inhibits the formation of NO, [137, 159, 160]. However, two ways have been used to explain the
changes to flame chemistry when water is added [3, 21, 23, 157]. First, the excess radicals cause
reactions that create CO, CO», and H, when water vapor reacts with carbon molecules [3, 21, 23].
Second, the polymerization and the formation of long-chained oxygenated compounds that burn
at a reduced rate are impeded when water molecules are introduced [3, 23]. In the case of the
thermodynamic mechanism, the addition of water vapor in the flare causes the peak temperature
to decrease, which in turn reduces the reaction rates, lessens polymerization and thermal cracking

[23, 137] and NO, formation.

Although many studies have been conducted on soot reduction due to water or steam addition in
other combustion systems (internal combustion engines [137, 160, 161], gas turbine engines [125,
126], and furnaces [162]), few studies have been conducted on assisted flares. Singh et al.
parametrically studied the effect of steam- and air-assist on ethylene flares to investigate the
importance of flare operation parameters and identified that better mixing of fuel with steam and
air led to more complete combustion and drastically reduced the formation of soot [156]. McDaniel
[22] conducted an experimental study using a sampling probe suspended over a flare to
continuously monitor emissions from steam- and air-assisted flares. He studied nitrogen-diluted
propylene fuels and concluded that steam- and air-assisted flares had high combustion efficiencies
(> 98 %) when good industrial operating practices were used. Ahsan et al. [28] introduced steam
and air co-flows to natural gas flames and discovered that the emission indices for NO, and BC
significantly decreased compared to the unassisted flares. They also noted that a relatively wide
range of flow rates of steam- or air-assist produced high combustion efficiency and low pollutant
emissions. Examining different assisting fluids, namely, air, steam, and inert mixtures with the

same molecular mass as air or steam, Zamani et al. [133] concluded that any changes that lead to
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a higher characteristic flame temperature, namely, more oxygen in the assisting fluid, less steam
or other diluents with lower specific heat capacities, and less radiation heat losses, increased the
NOx production. Thus, the thermal mechanism explained their NO, emission indices results. In
addition, they stated that steam addition affects soot formation through temperature and chemical
effects. In propane flames, while steam addition lowered the characteristic product temperature
due to dilution, it also reduced the radiation, but the rise in NO, emissions was used to infer a net
increase in temperature. Meantime, the addition of H and OH radicals reduced BC formation
through the reaction of OH radicals with carbon particles and CO (water—gas shift reaction) [23],
resulting in a significant decrease in BC emissions. Furthermore, Bussman and Knott [163] and

Leary et al. [25] found that water injection into the flare reduced noise and radiation levels.

The authors are unaware of any studies in the literature which investigated using liquid water to
suppress NO, and soot emission in flares. The motivation of this study is, therefore, to address this
gap. As a result, the goal of this experimental work is to determine and compare the effect of liquid
water droplets and steam addition in a non-premixed turbulent flame with fuels of methane,
propane, and a mixture of methane and propane on NO, and soot emissions. Since evaporated
liquid water and steam would have the same chemical effect on the flame, the importance of
thermodynamic and hydrodynamic mechanisms will be at the focus of interpreting the data
collected. Also, there is a large difference in the enthalpies of the flames because of the state of
each assisting fluid. A comparison between the two assisting fluids (steam or liquid water) is
important, as water-assisted flares may potentially have lower operating costs and greenhouse gas

emissions because energy would not be required to convert water to steam.
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2.2 Experimental setup

2.2.1 Fuels

Two fuels and a mixture of the two were used in this study:

a. methane of 99% purity (Praxair, ME 2.0-K) with a volumetric higher heating value (HHVYv)
of 36.2 MJ/m?>.

b. propane of 99.5% purity (Praxair, PR 2.5IS-FX) with an HHVy of 90.2 MJ/m?, and

c. 90% pure methane and 10% pure propane with an HHVy of 41.6 MJ/m?, which is typical of
Alberta flare gas [164, 165].

Two mass flow controllers (Alicat MCR, 50 standard L/min) were used to measure the flow rate

of the fuel streams. The total flow rate of the fuel for all cases was 20 SLPM.

2.2.2 Water-assisted flare

Figure 2.1 shows a schematic diagram of the water-assisted flare. The stainless-steel burner used
for this study had an exit diameter of 5.08 cm and had the same design as the burner used by
Jefferson [50]. At the center of the burner, a vibrating mesh nebulizer was fitted inside a 2.54 cm
diameter tube. The exit of the nebulizer was offset 2.54 cm below the tip of the burner to prevent
the flame from damaging the micro-perforated vibrating membrane of the nebulizer. Two
nebulizers were used in this study to span the range of liquid flow rates. The first nebulizer
(Tekceleo H-360-M12), atomized water with a droplet diameter of 12 + 3 pm with a flow rate
ranging from 2 g/min to 6 g/min. The second nebulizer (Tekceleo H-360-M40) had a droplet
diameter of 40 = 3 pm at a flow rate ranging from 7 g/min to 25 g/min. As shown in Appendix A,

the droplets evaporate soon after injection (on the order of tens to hundreds of milliseconds), and
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well before the flame front, thus it is not expected that droplet diameter would have a significant
effect on the results. It should be noted that the flow rate of water from the 40-um nebulizer was
visually unsteady with respect to time (i.e., pulsating) when used at low flow rates (7 to 10 g/min),
while the flow was steady at higher flow rates. The 12-um nebulizer was visually steady at all flow
rates. The water flow rate was controlled by changing the frequency of the vibration mesh
generator, and the flow rate was measured with an electronic balance (A&D, model HF-6000G,
with an uncertainty of £0.1 g) and a stopwatch. A water-dispensing bottle was placed on the
balance and connected to the nebulizer with an inline filter (McMaster-Carr, model 4795K2).
Excess water in the atomizer was pumped back into the water-dispensing bottle through the
drain/return line. The liquid water flow rate uncertainty was calculated at each flow rate and was

less than 0.4% of the reading.
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Figure 2.1: Schematic of the lab-scale test facility for water-assisted flare.
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The velocity field of the atomized water droplets from the 40 um nebulizer was measured using

Particle Image Velocimetry (PIV) within the plane of a laser sheet (setup not shown here). The

PIV was done to quantify the characteristics of the atomized water, i.e., the velocity of water

droplets being introduced to the flame. The velocity of the atomized water is used to calculate the

momentum and buoyancy of the injected water. For these tests, the nebulizer was removed from

the burner and run without the flame at flow rates of 7, 10, 15, 20, and 25 g/min. The 40 pm water

droplets were illuminated using a thin sheet of a pulsed YAG laser at 532 nm wavelength. The
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Mie scattered light from the water droplets was captured using a Photron FASTCAM NOVA S9
camera at a frequency of 10 Hz at a resolution of 1024x1024 pixels, with a pixel-to-mm ratio of
19.15 with each image pair captured at df = 400 ps. In order to calculate the two-component
velocity vector field within the imaged plane, as well as to estimate the momentum flux of water
droplets in water-assisted flares, 600 image pairs taken over 60 seconds were post-processed using
DaVis software (version 10.1). The interrogation window size was 32 x 32 pixels with a window

overlapping of 75 % resulting in a spatial resolution of 1.67 mm.

The instantaneous and mean upward velocity profiles (v) of water droplets are illustrated in Fig.
2.2 for water flow rates ranging from 7 g/min to 25 g/min. In Fig. 2.2, the instantaneous velocity
of water droplets was calculated as the average of the upward component of velocity vectors
measured within a 3 mm thick spatial window centered at 25.4 mm above the nebulizer exit plane
within the plane of the laser sheet. This window corresponds to the burner exit location in the
water-assisted flare experiments. The radial boundaries of this spatial window were between -0.16
< (r/d) < 0.16, where the origin of the 2D coordinate system was located on the centerline of the
burner, and d is the diameter of the inner tube (i.e., 2.54 cm). As illustrated in Fig. 2.2, the mean
velocity of water droplets from the 40 um nebulizer was in the range of 1.44 m/s < v < 2.65 m/s.
As expected, the velocity of the droplets does not strongly depend on the water flow rate as the
vibration mesh nebulizer produces more droplets per unit time at higher water flow rates rather
than higher velocity droplets. PIV analysis also determined that the shape of the injected water

spray was cone-like with a cone angle of approximately 22 degrees.
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Figure 2.2: The instantaneous and mean upward velocity profiles (v) of water droplets exiting the

40 um nebulizer for water flow rates ranging from 7 g/min to 25 g/min. The lines show the mean

velocity () over 60 seconds and uncertainties represent a 95% confidence interval in the mean.

2.2.3 Steam-assisted flare

An overview of the steam-assisted flare experimental setup is shown in Figure 2.3. The burner was

geometrically similar to that of the water-assisted burner, with the exception that steam flowed

through a 2.54 cm diameter tube. The downward offset of the steam tube exit was also the same
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as the atomizer (2.54 cm). Steam was supplied by a laboratory electric steam generator (Sussman,
MBA18), and its total flow rate was measured by a calibrated cone flowmeter (Cameron NUFLO
cone differential pressure flowmeter Series 3000). In order to supply the low flow rates of steam
needed for these experiments, the steam line was divided into two lines by a tee. One line had a
plug valve and a precision valve to control the low flow rates of steam to the burner through a 6 m
heated line (Dekoron Unitherm, Series 200) with a temperature set point of 150 °C. The other line
carried the excess steam through an identical heated hose with a temperature set point of 115 °C
and was directed to a heat exchanger to condense the steam, where that water flow rate was
measured with an electronic balance and a stopwatch. The steam flow rate to the burner was
determined to be the difference between the total flow rate out of the electric steam generator
(measured by the cone flowmeter) and the measured flow rates of the excess steam line (measured
by the electronic balance). The flow rate of steam used in this study varied from 3.5 to 32 g/min.
Due to the limited range of the precision valve, for the flow rates below 20 g/min, the total flow
rate was set at 100 g/min, and for the flow rates between 20 to 35 g/min, the total flow rate was set
at 200 g/min. The steam supply system was able to bypass the precision valve to calibrate the total
flow rate out of the electric steam generator. The steam flow rate uncertainty was calculated at

each flow rate and was found to be less than 10% of the reading.
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Figure 2.3: Schematic of the lab-scale test facility for steam-assisted flare.

2.2.4 Sampling system and Instruments
The exhaust gases were collected by an exhaust hood with square sides at the height of 157 cm
above the tip of the burner. The perimeter of the exhaust hood to the floor of the lab was enclosed
by vinyl-coated polyester mesh (McMaster Carr, part number: 7871T66) to reduce flame

instability from the air currents in the lab and to allow entrainment of combustion air. The exhaust

products were diluted with the room air as they entered into the exhaust hood, and the dilution
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ratio of the exhaust products ranged from ~16 for the propane test condition to ~42 for the methane
test condition. The dilution ratio was calculated using the carbon-balance method adopted from

[166].

A stainless-steel sampling probe was connected to the exhaust duct 6 meters downstream of the
exhaust hood to collect well-mixed exhaust samples. A copper tube 2 meters long connected the
sample probe to a stainless-steel manifold, and then drawn to the various instruments by each of
their internal vacuum pumps. The instruments were used to measure both gaseous and particulate
exhaust products. A photoacoustic extinctiometer (Droplet Measurement Technologies, PAX) was
used to measure the absorption of the exhaust using a wavelength of 870 nm. The mass of black
carbon was found by assuming that the absorption was due to black carbon alone and that the black
carbon mass absorption cross-section has a value of 4.74 m%*/g as recommended by the

manufacturer [167].

A NOy analyzer (Thermo-scientific, 42i1QLS) was used to measure the exhaust product NOx
concentration using a chemiluminescence technique. A non-dispersive infrared gas analyzer (LI-
COR Biosciences, LI-850) uses absorbance to measure the CO» concentration. The CO, was

measured to calculate the dilution ratio of the exhaust products.

In addition, a scanning mobility particle sizer (SMPS), which is the combination of a differential
mobility analyzer (DMA; TSI Model 3080) and an ultrafine condensation particle counter (UCPC;
TSI Model 3776), was used to measure the size distribution of the particles in the exhaust. The
DMA is a device that uses an electrostatic classifier to separate particles based on their electrical
mobility, and the UCPC uses an optical detector to count particles that have undergone particle

growth through the condensation of butanol vapor.
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Emission indices were calculated via carbon balance using the method described by Ahsan et al.
[28]. During testing, all fuel flows were set to the same flow rate (20 standard L/min), and the
system was allowed to warm up for 30 minutes to reach steady operation. Then, the diluted
combustion products were sampled, and CO», NO,, black carbon concentration, and particle size
distribution were measured. The assist fluid (either liquid water or steam) was introduced into the
flame at the lowest flow rate, the system was allowed to stabilize, and the same measurements
were taken. This process was repeated while incrementally increasing the assisting flow until the

maximum flow was reached.

2.3  Results and Discussion

In interpreting the results of the data collected, reference will be made to different parameters used
to characterize the flow as it emerges from the burner exit. These parameters were manipulated
experimentally, and the flame response was observed in terms of the emission indices for NOy,
black carbon concentrations, and particle size distribution. The most primitive of these parameters
is the ratio of the mass flow rate of assist fluid to the fixed mass flow rate of the fuel stream. The
experimental results will show that the same mass flow rate of liquid water and steam does not
result in the same outcomes; therefore, it is necessary to consider other parameters to characterize

the flow.
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2.3.1 Characterizing parameters of the flows

The other parameters needed to characterize the flow were:

1) the rate of the vertical momentum of the combined fuel and assist mixture flowing out the
burner, which is expressed as a force (in Newtons) into the quiescent room air,

2) the rate that the body force (in N/s) associated with gravity (referred to here as a buoyancy
force, even though this is not the common term used for water droplets) of the combined fuel
and assist flows in their reactant state, and the flow of the products of combustion, into the
room air,

3) the adiabatic flame temperature calculated from a stoichiometric mixture of the fuel, assist,
and room air that is fully oxidized (Note: these flame temperatures are used in estimating the

rate of the buoyancy force of the products formed within the room air)

The rate of momentum of the flow emerging from the burner was seen as a parameter of interest
as its magnitude is important in driving the initial mixing of fuel and air that is needed to support
the combustion processes. The upward rate of momentum of the fuel-assist mixture (F-) was
approximated as the sum of the products of mass flow rates and characteristic velocities of flows

in the z-direction at the burner exit,
FZ == mfﬁf+ma 173 (21)

where mg, m,, Vg, and v, are the fuel mass flow rate, assist mass flow rate, average fuel exit
velocity, and average assist exit velocity all in the z-direction, respectively. In the case of gases

and vapors, the average exit velocity is defined as,
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G 2.2)

where p is the fluid density, and 4 is the cross-sectional area of the steam tube or annulus between
the burner and steam tube. For this calculation, the temperature and pressure of the fuel at the
burner exit were at laboratory conditions (25 °C and 93.8 kPa). The steam temperature at the burner
exit was measured to be 105 °C, and it was assumed to be at ambient pressure (93.8 kPa). For the
atomizer, the cross-sectional area of the atomizer holes (and the number of holes) is unknown.
However, based on the PIV measurements shown in Figure 2.2 above, the mean velocity of the
entrained liquid water droplet was 1.98 + 0.6 m/s (the precision uncertainty was calculated using
95% confidence interval). So, an approximate value of 2 m/s was used to calculate the rate of

momentum of the injected liquid water for this work.

Figure 2.4 presents the rate of upward momentum of the fuel-assist mixture exiting the burner for
the three fuels and both of the assists. The figure shows that propane has a higher initial momentum
than the other fuels because it has a higher density. Also, the water assist has a higher initial
momentum than steam because it has a higher exit velocity. The key observation being that there

can be an order of magnitude difference between the no assist case to the maximum assist case.

While Figure 2.4 shows the rate of momentum at the exit of the burner, it does not remain constant
as the fluid progresses downstream because there are external gravitational body forces (buoyancy
forces) on the fluids even before the reaction occurs. This external force can either be additive or
subtractive of the upward momentum depending on the density of the different fuel and assist
components relative to the density of the surrounding air. As a result, the different fuels and assist

fluids can either enhance or reduce mixing as the flow progresses downstream. Based on a control-

30



surface analysis, the initial upward rate of the buoyancy force (B) of the fuel and assist fluid

mixture (reactants) as it leaves the burner is:
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Figure 2.4: The rate of upward momentum of the fuel-assist mixture with respect to their

corresponding assist-to-fuel mass flow ratio.

Breactants = [(pair - pf) I./f g] + [(pair - pa) Va g]- (2-3)
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Assuming an adiabatic stoichiometric reaction, the rate of the buoyancy force for the combustion

products crossing a control surface above the flame is:

Bproducts = [(pair - pproduct) Vproduct g] (2-4>

where pair, P, Pa> Pproducts Ve, Vi, meduct, and g are the ambient air density, fuel density, assisting
fluid density, combustion exhaust product density, fuel volume flow rate, assisting fluid volume
flow rate, combustion products volume flow rate and the gravitational constant (9.81 m/s?),
respectively. The rate of the buoyancy force is shown in Figures 2.5a and 2.5b as a function of
assist-to-fuel mass flow ratio for the different fuel and assist fluids and combustion exhaust

product.

The initial upward buoyancy force of the methane and its mixture with 10 % propane are positive
because they are less dense than ambient air, but the initial upward buoyancy force of propane is
negative because it is denser than ambient air. Since the steam is less dense than air, its initial
upward buoyancy force is positive and increases with increasing assist mass flow. However, liquid
water is much denser than air, so its initial upward buoyancy force is negative and increasingly
negative with increasing assist mass flow. Figure 2.5a shows all the potential combinations of fuels
and assist streams, and how they can either be additive or subtractive from the initial rate of
momentum exiting the burner (Figure 2.4). Comparing the range of magnitudes of these rates of
buoyancy forces relative to those of the rates of momentum results on a time scale (i.e.,
Treactants = Fy/Breactants) that has the potential to profoundly affect the reactant flow before
combustion is complete (defining the characteristic combustion time as the ratio of flame length

to the exit fuel velocity).
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Figure 2.5b shows that the rate of the buoyancy force of the products created by combustion is
always positive, and one to two orders of magnitude greater than buoyancy associated with the
reactants. It is also important to note that the rate of buoyancy created for the propane flames are
more than twice that of the other fuels. There appears to be very little impact of adding either steam
or water, in the amounts used in these experiments, on this upward force of a particular fuel. The
average change in the characteristic rate of product buoyancy from no assist to maximum assist is
0.82 and 0.50 mN/s for the water and steam assist cases, respectively, which is notably smaller
than the buoyancy changes seen on the reactants side. Therefore, the overall hydrodynamics are

controlled by the buoyancy of the products.
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Figure 2.5: Upward rate of the gravitational body force as a function of assist-to-fuel mass flow

ratio for (a) reactants and (b) products.
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The characteristic adiabatic flame temperature (AFT) was computed using the NASA CEA
(Chemical Equilibrium with Applications) program. For this calculation the temperature selected
was 25 °C, and the pressure was 93.8 kPa. Figure 2.6 shows the adiabatic flame temperature of the
fuel-assist mixture when burned with a stoichiometric amount of air, and the composition of the
products is only N>, CO», H>O. As shown in the figure, at 1.6 assist-to-fuel mass flow ratio for the
fuel mixture case, liquid water can be seen to reduce the flame temperature by approximately 150
K more than steam. Since liquid water reduces the flame temperature more than steam, the
expectation is that this will correspond with liquid water reducing more emissions compared to
steam as flame temperature has a significant effect on emissions [156] as discussed in the sections
below. It should be emphasized that these estimated flame temperatures do not include radiation
heat losses. The highest radiation is for the highly luminous yellow propane flame, but all flames
have reduced radiation once water is added. As a result, the actual peak flame temperature is lower
than the AFT with no assist and does not drop as dramatically when assist is added (especially for

the propane flame since the lower radiation compensates for the dilution with inert components).
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Figure 2.6: Adiabatic flame temperature with the corresponding assist-to-fuel mass flow ratio.

2.3.2 NO, emission indices

Figure 2.7 shows the NO, emission indices for the three fuels as a function of the ratio of the assist
(water or steam) mass flow rate to the fuel mass flow rate. The three graphs show a decreasing
trend of NO, emission indices as the steam and water flow rate was increased. Generally, the rate
of decrease in NO, was linear except for the data associated with the 40-um droplet nebulizer
operating in an unsteady pulsating mode, as described earlier. It was observed that liquid water
suppressed more NO, emissions compared to steam at the same flow rate. At an assist-to-fuel MFR

of 0.8, with methane fuel (Figure 2.7a), methane-propane fuel mixture (Figure 2.7b), and propane
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fuel (Figure 2.7c), liquid water reduces Elnox by ~3.0 times, ~2.5 times and, ~40% more than
steam, respectively. Other studies have shown that steam-assist reduces NO, emission [28, 156,
168]. As well, Ahsan et al. [169] flared methane fuel in a lab-scale burner (flow rate of 20 standard
L/min with a 1-inch diameter burner with an internal tube of "4-inch for the coflow of steam) and
found the Elnox reduced by ~30% at an MFR of 0.8, which is identical to the result presented in

this work for the methane case.
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Figure 2.7: NO, emission indices of flames with steam and liquid water addition: (a) methane fuel,

(b) fuel mixture (90% methane + 10% propane) (c) propane fuel.

To test whether NO, emissions are linked to their thermal formation mechanism, Figure 2.8 shows
the NO, emission indices as a function of the adiabatic flame temperature. The results show that
NO. emissions reduce approximately linear with a decrease in the adiabatic flame temperature,
except for the methane fuel and fuel mixture (Figure 2.8a and b) cases associated with the pulsating
low flow rate of the 40-um droplet nebulizer between 7 g/min and 10 g/min. The entire flow range
of the 12-um droplet nebulizer and the higher flow rate range (between 11 g/min and 25 g/min) of
the non-pulsating 40-pum droplet nebulizer (used for the propane flame) was linear and independent
of the phase of the water. When steam was injected into the flame, the E/nox was reduced by ~50%
between the adiabatic flame temperatures of 2100 K and 2270 K for all three fuel cases. As
discussed in Section 2.3.1, the hydrodynamics of the flames with the two assist fluids are very
similar (c¢f. Figure 2.5b), while the adiabatic flame temperature of the water-assist is much smaller
than the steam-assist (cf. Figure 2.6). Thus, these results support the idea that thermal effects
(adiabatic flame temperature), rather than hydrodynamic effects, are the prime determinant of NO,

emissions [154, 170].
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Figure 2.8: Adiabatic flame temperature with the corresponding NO, emission indices for steam

and liquid water addition: (a) methane fuel (b) fuel mixture (90% methane + 10% propane) (c)

propane fuel.

39



2.3.3 Particle emissions

2.3.3.1 Black carbon emission indices

Figure 2.9 shows that BC emission indices decreased with an increase in the assist-to-fuel MFR.
The figure shows that liquid water reduces soot emissions more than steam at the same assist-to-
fuel-mass ratio. For all three fuels at 0.8 assist-to-fuel MFR, liquid water assist reduces black
carbon emissions (E/gc) by approximately an order of magnitude more than steam assist. Studies
have revealed that flame temperature [72, 154, 155], assist momentum [23, 169], and the chemical
[23, 125] mechanisms are the ways BC formation can be mitigated when steam or water is added
to the flame. The presented results show that the temperature plays a significant role in the BC
production because with an increase in assist-to-fuel mass flow ratio, a corresponding decrease in
BC emission indices was experienced, and this also corresponds to a decrease in flame
temperature. This means that the different temperature fields between liquid water and steam
injection had a significant effect on the BC emissions. Liquid water cools the flame greater than
the steam, and consequently drops the E/gc more than steam. The chemical effect on the flame
was not seen as the reason for the difference because these assists have the same chemical
composition. Similarly, the global hydrodynamics (dominated by the buoyancy of the products)

were expected to be similar, thereby leaving temperature as the impacting parameter.
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2.3.3.2 Particle size distribution of steam- and water-assisted flares

Figure 2.10 shows the particle size distributions of pure methane, the fuel mixture, and pure
propane for both liquid water and steam addition experiments. For the methane fuel case (Figure
2.11a and b), an increase in assisting fluid flow rate caused a corresponding decrease in particle
number concentration, and liquid water decreased particle concentration more than steam. For the
fuel mixture case, at a very similar assist-to-fuel MFR (0.83 for water (Figure 2.11c) and 0.85 for
steam (Figure 2.11d)), water reduces particle number concentration by ~1 order of magnitude more
than steam. Also, for propane fuel, at 0.85 assist-to-fuel MFR, liquid water reduces the particle
number concentration by 2 orders of magnitude more than steam. Figure 2.11 shows the particle-
count median diameter (CMD) of the same distributions as a function of assist-to-fuel MFR. The
figure shows that the CMD decreases with an increase in the assist-to-fuel MFR. Also, as shown
in Appendix A, the geometric standard deviation (GSD) of all size distributions is relatively similar

with an approximate value of 1.9.

The trends in particle concentration and median particle size are similar to those shown in other
works. Trivanovic et al. [165] tested thirteen different fuel of volumetric higher heating value
ranging from 35.8 MJ/m® to 75.17 MJ/m? with a constant fuel flow rate of 156 standard L/min.
They used a similar burner geometry as used in this work and confirmed that liquid water reduces
particle number concentration and the median soot diameter. They also showed that the rise in the
number concentration and CMD (but with a similar GSD) corresponds to an increase in HHVy,

which is also seen in this study. Sipkens et al. [88] using the same burner and atomization system
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with propane fuel, also observed that the addition of liquid water resulted in soot size distributions
with lower CMDs and number concentrations but similar GSDs.

The size distribution of particles emitted from the flame is a function of soot formation processes
occurring within the flame. The soot formation process involves the nucleation of condensed-phase
materials, surface growth, coagulation into fractal structures, and oxidation [76]. A reduction in
particle nucleation and surface growth, or an increase in oxidation, will result in lower mass
concentrations, smaller median particle sizes and lower number concentrations as observed here.
The width of the distribution is mostly driven by coagulation within the flame and in the post-
flame region, and as such, most soot size distributions tend to reach similar distribution widths
(i.e. 'self-preserving size distribution' [105]), and the distributions tend to be log-normal with
similar GSDs [171] as was also observed here. The fact that the CMD decreases with water
addition but the distributions have a similar GSD, results in cases where the concentration of small
particles is higher than cases with no water addition (see Figure 2.10f, for example) even though

the total number concentration decreases.
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2.4 Conclusion

This paper investigated several fundamental emission parameters related to water- and steam-
assisted flaring and included emission indices for black carbon (BC), particle-number, and NO,,
as well as particle-count mean diameter and particle-size distribution. These quantities were
computed for three different hydrocarbon fuels, and the effect of adding liquid water or steam to
the fuel side of these non-premixed turbulent jet flames. The importance of thermodynamic and
hydrodynamic mechanisms was interpreted based on the collected data, as chemical mechanisms

were not expected to play a role since both assists used in this study are chemically identical (H20).

It was concluded that with an equal mass ratio of steam and liquid water to fuel, water suppressed
soot and NOx more effectively than steam. The NOj, soot, and particle-number emissions indices
for the three fuel cases (propane, methane, and 10 % propane and 90 % methane) decrease as the

assist-to-mass flow ratio increases, irrespective of the assist type.

The flared gases (propane, methane, and 10 % propane and 90 % methane) had a significant effect
on the quantity and trends of BC and NO, emissions, as well as particle size distribution for either
assist and were readily relatable to the adiabatic flame temperature. Liquid water-assist flare had
a slightly smaller particle-count median diameter compare to the steam-assist flare. In general, the
thermodynamic mechanism (i.e., the adiabatic flame temperature) appears to play the major role
in controlling emissions, while in this study the hydrodynamic mechanisms associated with the
upward momentum and buoyancy at the burner exit, or the buoyancy of the hot products were not

seen as being as important.

The emissions of assisted flares in the oil and gas industry will depend on many factors, including

fuel composition, flare geometry, crosswinds, assist momentum, and others. This study showed
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that the thermodynamic mechanism has an important effect on emissions. Hence, water-assisted
flares in the oil and gas industries would likely produce lower emissions than steam-assisted flares
if other factors remained the same. This could have a cost-benefit to industry as water-assisted
flares have a lower operating cost compared to steam-assisted flares (i.e., less water is required to
get an equivalent reduction in emissions, and it costs less to treat water than it does to produce an
equivalent amount of steam). In this study, the hydrodynamics of the flames was quite similar for
a given fuel, irrespective of the assist fluid, and the initial momentum of the assist fluids was quite
low. It is well known that higher assist momentum increases the mixing of the reactants and
reduces emissions [133]. Thus, future work could focus on examining the role of the initial
momentum of water injection on flare emissions (i.e., high momentum water injection compared

to low momentum water injection).
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Chapter 3

Effects of External Injection of Deionized Water and Water with Impurities

on Water-assisted Flares?

3.1 Overview

A recent study by Bello et al. [24] investigated the chemical, thermodynamic, and hydrodynamic
effects on emissions in water- and steam-assisted flares. The efficacy of using internally-injected
atomized water (water injected on the fuel side of the flame front) to suppress NOx and black
carbon (BC) emissions was demonstrated in turbulent non-premixed flames. It was also shown
that liquid water-assisted flares suppressed NO, and BC emissions more effectively than air- and
steam-assisted flares [24, 28].

This study aims to investigate the gap in the literature related to the quantification of emission
parameters and flow visualization of liquid water injection into turbulent non-premixed flames.
The focus is to quantify emissions of non-premixed flames with water added externally, i.e., to the
air side of the non-premixed flame. This work builds on our previous work [24, 28, 133], where
the water was added from the fuel side and mitigates the design and safety challenges presented

by internally-injected flares. Therefore, common water sources, such as the boiler feedwater used

2 This chapter is based on the underlisted published journal article:

W. O. Bello, E. Abbasi-Atibeh, W. L. Kostiuk and S. J. Olfert, " Effects of external injection of
deionized water and water with impurities on Water-assisted flares.," Fuel, vol. 340, p. 127602,
2023. https://doi.org/10.1016/j.fuel.2023.127602.
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at downstream oil and gas facilities and the seawater used at offshore oil and gas platforms [15,
25], can be injected externally to reduce flare emissions without a need for costly boiler operation.
Research has been done to measure noise and radiation from flares with externally injected
seawater [25], but no work has been done on the emission characterization of turbulent non-
premixed flames with externally injected liquid water. This work also investigates the effects of
external injection of water with impurities, such as NaCl, the most significant impurity in common
water sources, on flare emissions. For this purpose, a range of NaCl concentrations was injected
into the flame. Two-dimensional, two-component particle image velocimetry was employed to
quantify the 2D projection of the velocity vector field of the atomized liquid water within the laser

plane.

3.2 Experimental method

Experiments were conducted using a setup that consisted of a two-inch turbulent non-premixed jet
flame burner, atomizers, emission measuring instruments, and a PIV system. An earlier version of
this setup is described in detail elsewhere [24]. Compared to the previous version of the
experimental setup, two major modifications were made in the present study. First, the burner was
modified to allow the external injection of atomized liquid water using four atomizers instead of
internal injection using only one atomizer. Second, PIV was used, which allowed time-resolved
velocity field measurements of the atomized liquid water droplets for momentum and buoyancy
analysis. A single-lens reflex (SLR) camera was also used to capture the flame and the laser-
illuminated liquid water spray simultaneously to visually explore the flame and water spray

interactions close to the flame.
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3.2.1 Burner setup with four atomizers

Figure 3.1 shows a 2D projection view of the burner assembly. The burner exit has an inner
diameter of 50.8 mm and an outer diameter of 57.1 mm, which corresponds to the ASTM standard
(internal to external diameter ratio of 0.89) for a schedule 40 pipe used typically for flares. This
burner configuration has been used extensively by various researchers, including Bello et al. [24],
Roth [115], Sipkens et al. [88], Jefferson [50], and Kazemimanesh et al. [172]. The fuel used was
propane (C3Hg) with a purity of 99.5% (Praxair, PR 2.5IS-FX). A mass flow controller (Alicat,
MCR 50 SLPM) was used to maintain a constant fuel flow rate of 20 standard L/min (SLPM) (at

a reference temperature and pressure of 25°C and 101.325 kPa).

In the new configuration of the burner, water is injected radially into the turbulent non-premixed
flame by four atomizers distributed evenly around the flame at an angle, 8, which is defined as the
angle between the atomizer centerline and the vertical line in the laboratory coordinate system, as
shown in Fig. 3.1. The four atomizers (P&S-360-M12, Tekceleo) injected water with a droplet
diameter of 12 + 3 um, with the flow rate of each atomizer ranging from 2.1 + 0.2 g/min to 8.1 £
0.1 g/min, leading to the highest assist-to-fuel mass flow ratio (MFR) of 0.91. While the water-to-
fuel MFR values in flames under study were not close to MFR values causing extinction as
measured by Padilla et al. [20], it should be noted that in turbulent flames with an external injection
of liquid water, the extinction might still occur in a spatially inhomogeneous way throughout the
flame; therefore, chemical effects also play an important role. The mass flow rate of injected water
was measured using an electronic balance and a timer (OHAUS Scout, model H-5854, with an
uncertainty of = 0.1 g). The atomizers were positioned radially and produced cone-like sprays

expanding with a cone angle of ~22 degrees. The atomizer angles studied were 6 = 20°, § = 40°,
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and €= 60°. A direction normal to the atomizer plane for 8 =20°, 8 =40°, and § = 60° are denoted
as z1-, Z2-, and zz-direction, respectively. A range of 6 was chosen to allow all the injected water
to be consumed by the flame. For reference, the injection angles can also be expressed as a range
of heights above the burner (HAB) at which the injected water would intercept the centerline of
the burner. The ranges of dimensionless HAB, normalized by the inner diameter of the burner
(50.8 mm), covered for 8 = 20°, = 40°, and € = 60° injection angles are approximately 3 to 12,
1.5t0 3.5, and 0.5 to 1.5, respectively. The horizontal distance from the exit center of the atomizer

to the center of the burner varied from 95 mm to 135 mm (i.e., 95, 105, 115, 125, and 135 mm).

The emission measurements were performed with all four atomizers running at average total water
flow rates ranging from approximately 8 to 33 g/min. However, during PIV, only the two atomizers
within the laser sheet were running at the same individual atomizer flow rate as in emission
measurements, i.e., half the total flow rate, to eliminate the interference of the spray field from the
other two atomizers located within the vertical plane to the laser sheet with the spray field within

the laser plane.

An overview of the experimental conditions is presented in Table 3.1. The first row in Table 3.1
represents the adiabatic flame temperature of a stoichiometric C3Hg and air mixture at 1 atm with
a reactant temperature of 298.15 K, which is used as the reference temperature. Each experiment
was repeated three times to ensure repeatability, and average values are reported in the data

analysis.
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Table 3.1: Experimental conditions for emission measurements at a constant propane flow rate of

20 SLPM.
Radial location of
atomizer exit center  Total liquid flow Adiabatic

from the center of rate flame

0! the burner 2 (H20 + NaCl) NaCl temperature
mm g/min % mass ratio K

NA NA 0.00 0.000 2265
60° 95 8.09 0.000 2219
60° 95 12.12 0.000 2196
60° 95 17.63 0.000 2165
60° 95 23.79 0.000 2130
60° 95 32.09 0.000 2082
40° 95 9.12 0.000 2213
40° 95 13.85 0.000 2186
40° 95 20.49 0.000 2149
40° 95 26.19 0.000 2116
40° 95 31.52 0.000 2087
20° 95 9.69 0.000 2210
20° 95 14.50 0.000 2182
20° 95 21.40 0.000 2142
20° 95 27.95 0.000 2106
20° 95 33.11 0.000 2078
60° 105 30.06 0.000 2094
60° 115 30.77 0.000 2089
60° 125 32.87 0.000 2079
60° 135 32.68 0.000 2079
60° 95 31.49 0.005 2086
60° 95 32.08 0.050 2083
60° 95 32.94 0.350 2078
60° 95 29.41 3.500 2101
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' @is the angular displacement of atomizers with 0° in the z-direction

2 Burner radius is 25.4 mm

3.2.2 Emission measurements

Figure 3.2 shows the fuel, water injection, and emission measurement systems of the flame test
facility. The emission measurement instruments used in this work are a photoacoustic
extinctiometer (Droplet Measurement Technologies, PAX) for BC mass concentration
measurements, a NO, analyzer (Thermo Scientific, 42iQLS) for NOx concentration measurements.
The concentrations of CO and unburned hydrocarbons (UHC) were measured in our previous
works by Ahsan et al. [28] and Milad et al. [133] at similar MFR values using gas chromatography.
These species were not detected in these tests (i.e., they were below the detection limit of our gas
chromatograph), and carbon conversion efficiency [28, 133] remained near 100%. A scanning
mobility particle sizer (SMPS), comprising of a differential mobility analyzer (TSI model 3080)
and ultrafine condensation particle counter (TSI model 3776), was used to measure the particle
size distribution of the soot. The result section of this work contains the size distributions of the
particle emissions measured by the SMPS for all operating conditions; however, the discussion of
the particle emissions will focus on the BC mass concentration measurements made by the PAX.
The details of the emission measurement equipment, measurement techniques, and experimental

setup can be found in the previous work [24].
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Figure 3.2: Schematic of the test facility for water-assisted flares and emission measurements.

3.2.3 Particle image velocimetry setup

A two-dimensional, two-component particle image velocimetry (PIV) was used in this study to
quantify the 2D projection of the velocity vector field of the atomized water droplets within the
plane of the laser sheet. Figure 3.3 illustrates the PIV system, which consists of a visible dual

cavity neodymium-doped yttrium lithium fluoride (Nd:YLF) laser at 527 nm wavelength (Litron
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LD30-527), Photron FASTCAM NOVA S9 camera with a narrow bandpass filter (527/20 nm)
mounted on the camera lens, and programmable timing unit. The spray of atomized water droplets
from the two atomizers facing each other was illuminated by a thin sheet (~ 1.5 mm thick) of laser
light crossing the plume of water droplets. This diagnostic is non-intrusive and does not affect the
streamlines of spray droplets. The light scattered from the water droplets was captured using the
high-speed camera at a resolution of 1024 x 1024 pixels. A programmable timing unit was used

to synchronize the laser and the camera.

Time-resolved PIV image pairs were then post-processed using DaVis 10 software to calculate the
velocity field of atomized water droplets. In post-processing, a larger interrogation window of 64
x 64 pixels is refined using a grid-refinement cross-correlation technique to a 16 x 16 pixel grid
in 5 passes with a window over-lap of 75% for the smallest interrogation window. The pixel-to-
mm calibration ratio was 10.735 mm™' calculated using calibration images corresponding to a
measurement area of approximately 95 x 95 mm?. Due to the window overlapping of 75%, velocity
vectors were calculated at the grid spacing of 373 um. However, independent velocity vectors
were achieved at the size of the smallest interrogation window resulting in a spatial resolution of
1.49 mm. A Fast Fourier Transform (FFT) algorithm was used to calculate the droplet velocity
through cross-correlation. Based on the time delay, the FFT algorithm was used to compute the

displacements of the detected droplets and, therefore, the velocity components.

A major challenge in using the atomized water droplets as tracer particles in PIV was that the
spatial density of droplets (number of droplets per unit volume) could not be controlled
independently from the water flow rate of the atomizers; hence, it could not be optimized for PIV,
1.e., 8-10 droplets in each interrogation window [173]. The significant overlap of water droplets

resulted in saturated spots within the PIV images causing correlation errors in PIV processing in
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these regions. In each PIV test, 4000 time-resolved PIV images were captured at an imaging speed
of 4 kfps to freeze the motion of the water droplets. These series of images were used to generate
time-resolved PIV images at a reduced imaging frequency by skipping between images. Finally,
400 image pairs were post-processed at the reduced frequency of 2 kfps in each experiment to

minimize correlation errors and ensure statistical accuracy.

The PIV images were post-processed to generate the velocity vector field of the water spray from
an atomizer, as well as the averaged water droplet velocities at various heights above the atomizer
exit in the zp-direction (i.e., analysis only performed at €= 40°). The PIV test window of
approximately 95 x 95 mm? was manually divided into cells of 169 squares of 7 x 7 mm and 26
rectangles of 4 x 7 mm and 1 square of 4 X 4 mm, giving 196 cells. The velocity vectors used to
generate velocity distributions for each subsection using 400 image pairs were 144,400 for each
velocity component. To eliminate spurious velocity vectors caused by correlation errors in PIV
processing due to the high density of water droplets, the velocity vector fields were post-processed
by fitting multimodal Gaussian distributions to the data using the Gaussian Mixture Models
(GMM) filtering algorithm in MATLAB. This work uses three or four-mode Gaussian
distributions to fit the PIV velocity vector fields. Velocity vector distributions with a mean
magnitude of 0 to 0.1 m/s were removed from the data since these were an artifact of saturation in
the images (i.e., particles appear to be motionless because the PIV algorithm mistakenly correlates
the wrong droplet pair in the images). The mean value of the filtered velocity vector distribution
was then used to report the mean velocity for liquid water droplets in each cell. Examples of the
multimodal Gaussian distributions for the velocity vector fields over three cells are shown in

Appendix B for the angled water injection with a flow rate of 2.1 g/min.
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The SLR images were taken in manual mode in similar lighting (i.e., dark) with no post-processing
and no filtering. The settings are identical for all images and are as follows: shutter speed (exposure
time) of 1/3200 s, camera aperture of F6.3, and ISO of 6400. Therefore, the color change between

images can be recognized.
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Figure 3.3: Schematic of the test facility for water-assisted flares and PIV.
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3.3 Results and discussion

Figure 3.4 shows SLR images when pure liquid water and NaCl solutions are injected into the
flame. The colors and luminosity of flames are influenced by the concentrations of the generated
soot and the NaCl introduced into the flame. The flames' yellow colors are mostly due to
incandescence from soot particles at the wavelength range of 340 — 600 nm [174]. In contrast, the
orange color is attributed to the excited Na' radicals at around 589 nm at flame temperature [116].
Figure 3.4a shows that the luminosity of the flame at the base is reduced as 0 increases and the
water is injected closer to the base of the flame. In Fig. 3.4b, it can be seen that as the atomizers
moved closer to the burner, i.e., as the distance between the center of the atomizers and the burner
decreased from 135 mm to 95 mm, the flame luminosity and width at the base decreased. The
flames in Fig. 3.4c show a change in color from yellow to gold to orange as the NaCl concentration

increases.
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Figure 3.4: Flame images: (a) angular and (b) and horizontal displacement of the atomizers, (c)

injection of NaCl solutions at various concentrations.

3.3.1 PIV analysis of the liquid water spray velocity field

The PIV was carried out on a turbulent flow carrying water droplets injected into the flame, as
shown in Figure 3.5. Figures 3.5a and 3.5c¢ illustrate sample SLR images of the flame and water
spray, as well as the PIV test window. By examining the SLR images (on the order of 100 images),
it was observed that almost all water droplets traveled well into the flame before evaporation,
although the number density of the droplets decreased after penetrating the flame. The fact that
water droplets pass through the flame front suggests that the flame was locally quenched, and the
droplets affect the local flame temperature, reaction kinetics, and emissions. Furthermore, as the
droplets pass through the high-temperature zone and follow the upward flow of the bulk gas, the
evaporating water droplets participate in chemical reactions. Therefore, the chemical effects of
water on soot and NO, suppression occur at higher locations in the flame compared to internal
injection. For more images on water spray and flame interactions, please see Appendix B.

Figures 3.5b and 3.5d show the velocity vector field for one angled atomizer at 8 = 40° in z- and
r-coordinates with a dashed line representing the z>-direction (the angle of the atomizers). Figure
3.6 also illustrates the mean water droplet velocity magnitude along the centerline of the atomizer
spray at § = 40° in the z>-direction calculated using 2D linear interpolation over the velocity data.
PIV analysis to calculate the velocity field illustrated in these figures was only performed for the
lowest (2.1 = 0.2 g/min) and the highest flow rates (8.1 = 0.1 g/min) when the atomizers were

located at » = 95 mm and 6 = 40°. The PIV analysis was done with a single atomizer to increase
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the spatial resolution of the PIV analysis, assuming that the velocity field at the exit of all four
atomizers was similar. The red box indicates the analysis window in each figure. Figures 3.5b and
3.5d show that the water droplets exited the atomizer at an angle 8 = 40° and continued their path
at the same angle until they passed through the reaction zone, where they were deflected upward
and lost their radial momentum (by drag) by a flow with increasing buoyancy (due to increased
temperature) and decreasing droplet mass (due to evaporation). Eventually, the droplets were
converted to vapor as they followed the upward flow of fuel and exhaust gas mixture. As illustrated
in Fig. 3.5b, the upward deflection of the droplets with the lower momentum (i.e., the lower water
flow rate) started about 55 mm away from the center of the burner (» = 55 mm), while the droplet
spray with a higher momentum (i.e., the higher water flow rate) started deflecting upward at » =
40 mm (Fig. 3.5d). The upward deflection became more significant at about » = 25 mm for both
flow rates, and eventually, the droplets were fully following the bulk gas flow upward with almost
no radial momentum (top left corner of the red boxes in Figs. 3.5b and 3.5d). Furthermore, as
illustrated in Fig. 3.6, the water droplets at the higher and the lower flow rates exited the atomizer
at around 1.4 m/s and 0.8 m/s, respectively, which was orders of magnitude larger than the droplet
settling velocity. However, at both flow rates, the droplet velocities appear to be converging
towards 1 m/s, i.e., the upward velocity of the bulk gas at z> larger than 100 mm, which showed
that these water jet momentum fluxes caused an indistinguishable difference in the gas flows on
the fuel side of the flame, minimizing the air entrained into the flame. Hence, the experiments

focus on the extent that the water interacts with the flame earlier or later in the process.
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Figure 3.5: Single atomizer SLR images and PIV velocity vector fields at atomizer angle, 8 = 40°

(z2 - indicated as a dashed line), and displacement of 95 mm from the center of the burner: (a) and

(b) sample SLR image and PIV results for a water flow rate of 2.1 g/min, respectively, (c¢) and (d)

sample SLR image and PIV results for a water flow rate of 8.1 g/min, respectively.
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Figure 3.6: Mean water droplet velocity magnitude (i.e., speed) as observed along the centerline

of the atomizer spray (6 = 40°) at the lowest (2.1 g/min) and the highest (8.1 g/min) flow rates in

zp-direction.
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3.3.2 Effect of atomizers’ angular displacement on emissions

This study explores how the location of water injected into the flame affects NO, and BC
emissions. Figure 3.7 shows the BC emission indices (Elgc) plotted against the corresponding
assist-to-fuel mass flow ratio (‘assist' refers to the fluid, i.e., water, steam, or NaCl solution, added
to the flame) for the external injection of liquid water with atomizers positioned at 95 mm away
from the center of the burner at angles of 20°, 40°, and 60°. Figure 3.7 also presents the internal
injection of steam and liquid water from Bello et al. [24] using the same burner for comparison.
At the MFR range of 0 to 0.25, the external injection of liquid water showed similar E/gc results
compared to the internal injection of liquid water and steam. However, at MFR values above 0.25,
the internal injection of liquid water is more effective in suppressing BC, followed by internal
steam addition, which showed almost the same E/gc as in the external injection of liquid water at
6=60°. It is also illustrated that by decreasing 6, the external water injection into the flame became
less effective in suppressing BC at higher MFRs. While external water injection at 8 = 20° and 6
= 40° produced the same Elgc as the internal injection of steam at MFRs in the range of 0 to 0.4,
at MFR values higher than 0.85, internal injection of steam suppressed E/sc more significantly by

approximately one order of magnitude.

Figure 3.7 illustrates two contributing effects in suppressing BC from the flames under study. First
is the temperature effect, where adding assisting fluid, i.e., liquid water or steam, into the flame
reduces the flame temperature, thereby decreasing the rate of fuel pyrolysis and BC formation. It
is discernible that the addition of liquid water would reduce the flame temperature more than
steam, as water has lower enthalpy compared to steam by both the sensible enthalpy and the

enthalpy of evaporation. Second is the spatial-temporal scale of flame interactions with the
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assisting flow of water or steam (i.e., the location of introducing the assisting flow into the flame
is defined as spatial, and how early on the assisting flow is added into the flame is defined as
temporal effects). In internal injection, the mixing of the assisting water or steam with fuel occurs
before or near the burner exit, and the thermal and chemical effects are involved at the very early
stages of combustion, i.e., a part of the fuel is already premixed with the assisting fluid before
combustion. In external injection, on the other hand, the liquid water spray is added to the flame
well above the burner exit, where the chemical reactions involved in BC generation have already
started, and therefore, the effects of water injection do not participate in those early stages. As
illustrated in Fig. 3.7, in external water injection, by decreasing the angle of the atomizers, i.e.,
tilting the atomizers towards the upright position, the water entrainment into the flame is higher
above the burner exit plane, and therefore, more BC is produced. Based on these results, it can be
concluded that external liquid water injection into turbulent non-premixed flames and potentially
industrial flares can effectively reduce BC or soot, but the reduction in BC emissions is more
significant if the water is injected as close as possible to the base of the flame where soot formation
is just beginning. One main advantage of external liquid water injection is that it can be
implemented into the existing systems without a need for significant structural modifications to

the flare stack.
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Figure 3.7: BC emission indices (E/sc) of propane flame with steam and liquid water addition.

Figure 3.8 shows the NO, emission indices (EIno,), plotted against the corresponding assist-to-fuel
mass flow ratio for the external injection of liquid water with atomizers positioned at 95 mm away
from the center of the burner at angles of 20°, 40°, and 60°. The figure also presents Elno, plotted
against the corresponding MFR values for internal water and steam injection from the work of
Bello et al. [24]. It should be noted that Elno, for the propane flame without assisting fluid for this
present study differs from the previous work of Bello et al. [24] by approximately 6%, which
creates a small offset between the data sets. Figure 3.8 shows that Elno, for the angles of 20° and

40° are similar to each other and steam injection, while in the case of external injection of water at
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6 = 60°and within the MFR range of 0.2 to 0.65, Elno, was approximately 80% and 25% lower
compared to the internal injection of steam and liquid water, respectively. Since all cases with
liquid water injection (internal or external) have the same global adiabatic flame temperature (see
Table 3.1) at the same MFR, the differences in Elno, are due to local effects of the water on the
combustion process. These results demonstrate that adding liquid water directly into the base of
the flame (i.e., the liquid water injection at 8 = 60°) reduces NO, even more than the internal
injection of liquid water. The addition of liquid water directly into the flame front, compared to
internal injection, which is more evenly distributed in the fuel, causes the spatially inhomogeneous
low-temperature flame zone, i.e., the locally quenched flame zone, to coincide with the NO,
production zone of the flame downstream of the burner base leading to a reduction in Elno..
However, by further decreasing the atomizer angles to 40° and 20° (i.e., delaying the water
entrainment even further), Elno, increased almost two times at high MFR values, which was more
than both the water injection at 8 = 60° and internal water injection and had almost the same Elno,
as the internal steam injection. These results highlight the spatial-temporal effects of water addition
into flames on NO, emissions and suggest that both time and space play important roles when

adding assisting fluid to non-premixed flames to reduce NO, emissions.
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Figure 3.8: NO, emission indices (Elno,) of the propane flame with their corresponding assist-to-

fuel mass flow ratio.

3.3.3 Effect of atomizers’ horizontal displacement on emissions

Figure 3.9 presents Elgc and Elno, plotted against the horizontal displacement of the atomizer's
exit from the center of the burner. As the atomizers’ horizontal displacement varies between r =
135 mm and » = 95 mm, the extent of the atomizer exit centerline at & = 60° crosses the outer

burner diameter (i.e., » = 28.6 mm) between z = 61.5 mm and z = 38.4 mm, respectively, thereby
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introducing the water lower in the flame. The results show that E/gc decreased by almost an order
of magnitude as the atomizers moved closer to the center of the burner, which can be attributed to
the chemical and thermodynamic effects of water addition being injected closer to the base of the
flame at the early stages of combustion. It can be assumed that the closer the atomizers are to the
center of the burner, the earlier in the combustion process water reacts with the polycyclic aromatic
hydrocarbons (PAHs) created immediately after fuel pyrolysis. This early interaction might hinder
the formation of soot precursors. Also, the rate at which fuel undergoes thermal cracking reduces
because of the water injection, and this thermal effect decreases the formation of soot. In addition,
the increase in OH radicals due to water injection [122, 123, 124] leads to the oxidation of soot
precursors reducing soot emissions, as shown by Lee et al. [127] that the mole fraction of soot
precursors (i.e., acetylene) reduced in water-assisted non-premixed flames. Figure 3.9 also shows

no significant change in Elno, for the various distances of the atomizers, mainly due to a limited
change in the horizontal distance of the atomizers. The slight differences in Elno, noticed might

be due to the uncertainty in the total water flow rate of the four atomizers in various experiments.
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Figure 3.9: Elgc and Elno, plotted against the ratio of the atomizers' exit distance from the center

of the burner to the burner exit radius at MFR= 0.9 and 6 = 60°.

3.3.4 Effect of NaCl solution on emissions

Figure 3.10 shows Elgc and Elno, plotted against NaCl concentration at a constant MFR = 0.9, 6
=60°, and the atomizers center exit positioned at » = 95 mm. It should be noted that NaCl solutions
with various concentrations contained the same flow rate of water. It can be seen that the injection

of deionized water had approximately the same E/gc and Elno, as in the cases of NaCl addition to
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the flame with concentrations of 0.005% and 0.05%. This shows that small concentrations of NaCl
did not have a significant effect on BC and NO, emissions. However, higher concentrations of
NaCl, i.e., 0.35% and 3.5% injected at the same water flow rate and angle as in the case of

deionized water, decreased Elno, by about 20% and 40%, respectively, compared to the deionized

water while Elpc was increased by approximately 2 and 7 times, respectively.

Note that the reduction in Elno, is not due to a reduction in the adiabatic flame temperature: the
total liquid flow rate (H2O + NaCl) is almost constant in these experiments, and the addition of
NaCl causes a small increase in the theoretical adiabatic flame temperature (19 K for the 3.5%
NaCl solution, see Table 3.1). The significant change in NOx and BC emissions at almost constant
adiabatic flame temperature highlights the chemical effects of adding NaCl to the flames on NO,
suppression and soot increase. According to Lissianski et al. [89], when NaCl is added to the flame,
it reduces the concentrations of radicals, such as H, O, and OH. Specifically, Na is known to play
a direct role in removing OH and H radicals through the reactions Na + OH + M <> NaOH + M
and NaOH + H <> Na + H;O, where M is an energy-removing collision partner [175]. Also,
chlorine plays an indirect role in reducing OH radical concentrations. Hydroperoxyl (HO>) radicals
can produce more OH when reacted with hydrogen through: H + HO> - OH + OH. But the HO»
radical can be scavenged by Cl through the reaction: HO, + Cl - HCI + O», preventing the
formation of OH [175]. Furthermore, since O radicals are produced by the reaction: H + O2 <>
OH + O, a reduction in the H radical concentration due to Na will also result in a reduction in O
radicals, as also stated by Lissianski et al. [89]. The reductions in these three radicals profoundly
affect NO, and soot emissions, as observed in Figure 3.10. According to the Zeldovich mechanism

and the reaction: O + N3 ¢<> NO + N, a reduction in O radicals results in reduced NO, emissions
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[151]. However, the reduction in the OH radical reduces the oxidation of soot (C) + OH — CO +

Y Hs [176]).
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Figure 3.10: Elgc and Elno, as a function of NaCl concentration at a constant MFR = 0.9 and 6 =

60°.

3.3.5 Particle size distributions (PSDs)

Figure 3.11a shows the particle size distribution of the turbulent non-premixed propane flame
with internal liquid water injection at the different assist-to-fuel mass flow ratios (MFRs) presented
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in Bello et al. [24]. Figure 3.11b, 3.11c, and 3.11d show the particle size distribution for external
liquid water injection at different atomizer's angles (i.e., 8 = 20°, 8 = 40°, and 6 = 60°) and at
the same horizontal displacement from the center of the burner (i.e., » = 95 mm). Figures 3.11a to
3.11d reveal that increasing water injection reduces the soot particle number concentration. Also,
the internal injection of liquid water reduces the particle number concentration more significantly
compared to external water injection at the same assist-to-fuel mass flow ratio. Comparing the
different angles of external water injection, it is observed that injecting water closer to the base of
the burner is more effective in suppressing the number concentration of particles (and by proxy,
the mass concentration as explained above). Figure 3.11e shows the particle size distribution at the
same flow rate but different horizontal displacement of the atomizer from the center of the burner
(i.e., 7=95 r=105,r=115,r =125 and » = 135 mm). As the atomizers moved closer to the
center of the burner (i.e., introducing the water lower in the flame), the soot particles were more
effectively suppressed.

Figure 3.11f shows the particle size distribution at various concentrations of NaCl solution at the
same liquid flow rate, atomizer's angle, and horizontal displacement from the center of the burner.
It is illustrated that adding pure deionized liquid water (i.e., 0% NaCl concentration) decreased the
soot particle number concentration compared to the dry propane flame. However, the addition of
higher concentrations of NaCl increased the particle number concentration. Note that the total
liquid flow rate (i.e., H.O + NaCl) is almost constant while changing NaCl concentration in all
experiments. As illustrated in Fig. 3.11f, by introducing water into the propane flame, the soot was
suppressed, and therefore, the number of particles decreased compared to the dry propane flame.

However, NaCl addition resulted in a significant increase in particle concentration, as illustrated
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in Fig. 3.11f, mainly due to the emission of NaCl particles formed by the nucleation of evaporated

NaCl as observed in several other studies [34, 88, 172].
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Figure 3.11: Particle size distribution: (a) Internal injection of water (Bello et al. [24]), (b-f)

external water injection at = 20° and » = 95 mm, # = 40° and » = 95 mm, and 8 = 60° and r

= 95 mm, different horizontal displacement from the center of the burner and 8 = 60°, and

various NaCl concentrations and 6 = 60°, respectively.
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Figure 3.12 illustrates the count median diameter of the particles shown in Figs. 3.11a to 3.11d
with their corresponding MFR for internal water injection, internal steam injection, and external
water injection at » = 95 mm and 6 = 20°, 8 = 40°, and 8 = 60°. Figure 3.12 illustrates that the
particle count median diameter (CMD) was reduced with increasing MFR. In this study, the CMD
for the propane flame without assisting fluid differs from the previous work of Bello et al. [24] by
approximately 6%, which creates a small offset between the data sets. It can be assumed that
without the offset, for MFR ranging from 0 to 0.4, the internal injection of liquid water and steam
and the external injection of liquid water have approximately the same reduction in CMD. But,
between MFR ranging from 0.4 to 0.6, internal injection of liquid water resulted in smaller particle
sizes than others. The reduction of CMD could be linked to the increased soot oxidizing effect of

OH, which was due to the injection of water into the flame.
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Figure 3.12: CMD with the corresponding MFR values.

Figure 3.13 shows the CMD against atomizers' horizontal displacement from the center of the
burner. The figure reveals that the particle size increased almost linearly as the atomizer was

moved farther away from the center of the burner.
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Figure 3.13: CMD with the corresponding atomizer's horizontal displacement.

Figure 3.14 shows the CMD as a function of NaCl concentration at the same liquid flow rate,
atomizer angle, and horizontal displacement (MFR = 0.9, 8 = 20°, and » = 95 mm). As seen in
Fig. 3.14, CMD was larger in the case of deionized water compared to the smallest concentration
of NaCl, showing that adding low NaCl concentration reduced particle sizes compared to adding
only deionized water at the same flow rate. According to Sipkens et al. [88] and Kazemimanesh et

al. [172], NaCl appears as distinct particles from soot aggregates, and an increase in NaCl
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concentration will result in an increased number concentration of isolated NaCl particles. Sipkens
et al. [88] also showed that introducing a small NaCl concentration (note that the lowest NaCl
concentration in this work is smaller than the lowest NaCl concentration in Sikpens et al. [88])
created a bimodal particle size distribution. The first mode is the salt with a small CMD but higher
concentration, while the second mode is the soot with a lower concentration but a larger CMD.
This work presents a single CMD for the bimodal distribution because the second mode is not
visible. Therefore, the count median diameter is around the mode of the higher concentration NaCl

particles. It is also illustrated in Fig. 3.14 that CMD increased as the NaCl concentration increased.
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Figure 3.14: CMD with their corresponding NaCl concentration.
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3.4 Conclusion

The SLR images of the flame and water spray, in conjunction with PIV analysis, showed that
almost all water droplets traveled well into the flame before evaporation by locally quenching the
flame leading to spatial-temporal effects on local flame temperature, reaction kinetics, and
emissions. Furthermore, the water jet momentum fluxes caused an indistinguishable difference in
the gas flows on the fuel side of the flame, minimizing the amount of air entrained into the flame

by the injectors.

The BC emission measurements revealed the importance of the spatial-temporal scale of flame
interactions with the assisting flow of water in suppressing BC emissions. It was shown that the
earlier the water was involved in the combustion process (higher angle), the more effective the
water addition would be in suppressing BC emissions. Although externally injected water (i.e.,
water on the air side of the non-premixed flame) is less effective at suppressing BC emissions than
internally injected water (i.e., water on the fuel side of the non-premixed flame), it was found that
external injection can be as effective as steam injection if the water is injected close to the base of
the flame. Therefore, it can be concluded that external water injection into turbulent non-premixed
flames can effectively reduce BC without a need for costly boiler operation to produce steam. One
main advantage of external water injection is that it can be implemented into the existing systems

without a need for significant structural modifications to the flare stack.

The NOy emission measurements showed that water addition into flames effectively reduces NOx
through thermal, i.e., Zeldovich mechanism, and chemical effects, i.e., producing more active
radicals such as OH and H. It was also illustrated that the thermal effects of water addition are

more significant in reducing NO, emissions, as the addition of liquid water at the later stages of
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combustion causes the lower-temperature flame zone, i.e., the locally quenched flame zone, to
coincide with the NO, production zone of the flame leading to an effective reduction of NO..
Therefore, it was concluded that the external water injection close to the base of the flame is the
most effective in reducing NO, emissions. It should be noted the spatial-temporal scale needs to
be investigated based on operational parameters and the geometry of flames to satisfy both the

thermal and chemical effects of water addition in favor of NO, reduction.

The results of NaCl solution addition to flames at the same liquid flow rate and spatial-temporal
scales as in the case of deionized liquid water showed that small concentrations of NaCl did not
affect BC and NO, emissions. However, higher concentrations of NaCl, i.e., 3.5%, decreased NOx
and increased BC emissions by 40% and 700%, respectively, compared to the deionized liquid
water. This significant change in emissions at almost constant adiabatic flame temperature
highlights the chemical effects of adding NacCl to the flames on NO, suppression and soot increase,
as NaCl removes active combustion radicals, such as H, O, and OH, retarding the Zeldovich and
soot oxidation mechanisms. Therefore, adding high concentrations of NaCl solution as assisting
fluid into flames has opposite effects on NO, and BC emissions, i.e., reducing the former and
increasing the latter. However, applying typical boiler feedwater used for steam-assisted flares at
downstream oil and gas facilities as assisting fluid is feasible in suppressing both NO, and BC
emissions, as the NaCl concentration is generally lower than 500 ppm, and therefore, its capability

to suppress emissions is similar to pure water.
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Chapter 4

The Effect of Sodium Chloride on the Charge State of Soot Particles in a

Laminar Diffusion Flame?

4.1 Overview

This study investigates the effect of sodium chloride on charge state of soot nanoparticles evolved
in a laminar diffusion flame by measuring the soot particle size distribution (PSD), average charge
per particle and charge fraction at various locations within the flame. The well-studied Santoro
burner with methane as the fuel (at 0.35 L/min) and co-flow (at 70 L/min) was used, which
produced a stable laminar diffusion flame with flame height of 61 mm. Samples of soot
nanoparticles were extracted via a tiny orifice in a tubular 3-mm probe at various heights above
the burner (HAB) and were immediately diluted by a factor of a few thousands. Following
sampling, a scanning mobility particle sizer (SMPS), with lower measurement limit of 1 nm, was
used to determine the size distribution of particles. The combination of a differential mobility
analyzer (used as an electrostatic precipitator), a condensation particle counter and an electrometer
were used to determine the fraction of charged particles and the average charge per particle. And,
to further gain an in-depth understanding of the coagulation rate of soot particles, this study used
an existing charged monodispersed coagulation model to understand the rate at which soot

particles total concentration and median particle diameter are changing with time. Also, there has

3 This chapter is based on the underlisted unpublished manuscript:

W. O. Bello, Mohsen Kazemimanesh, W. L. Kostiuk and S. J. Olfert, " The Effect of Sodium
Chloride on the Charge State of Soot Particles in a Laminar Diffusion Flame," Yet unpublished,
University of Alberta, 2023.
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been a lot of work put into studying how neutral aerosols coagulate, but much less is known about
how charged particles and how quickly they coagulate in flames with and without salt. However,
aerosol particles are often intentionally or unintentionally charged, necessitating an investigation

of their coagulation behaviour.

4.2  Experimental setup

Two different experimental setups were used in this work. Figure 4.1 Arrangement A is the
schematic for the first experimental setup used to determine the particle size distribution (PSD)
at different heights above the burner (HAB) in the flame, while Fig. 4.1 Arrangement B shows
the second experimental setup which was used to measure the charge state of particles in the
flame. The experimental equipment in this investigation included a co-flow burner, a sampling
and dilution system, a device for producing NaCl particles, and instruments for measuring the
size distribution and charge of the particles as shown in Figure 4.1. The arrangement for the
experimental setup is similar to that of Moallemi et al. [84] and Kazemimanesh et al. [83] but

with additional measurement equipment.

A co-annular Santoro burner [79] was used in the produce a steady laminar diffusion flame at
atmospheric pressure. A quartz tube shield with a diameter of 115 mm was erected around the
burner, and a ceramic honeycomb was placed on top of the shield to prevent ambient air
entrainment and reduce the impact of room air currents. Two longitudinal thin slits in the shield
permitted vertical translation of a sample probe, while the burner was positioned on two motor-
driven translation stages that could move with an accuracy of 0.03 mm in the vertical direction.

Methane was selected as the fuel because it is main component of natural gas and it has a lower
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propensity to soot (to avoid clogging the probe to quickly). Two mass flow controllers were
used (Omega, Model FMA-774A and Cole-Parmer, Model 32907-71, respectively) to control
the fuel and air flow rates at 0.35 and 70.0 SLPM (standard liters per minute at 25 °C and 1

atm), respectively. The resulting flame had a visual height of 61 mm.

4.2.1 NaCl entrainment setup

Sodium chloride solution droplets were produced by nebulizing a 25% aqueous solution of sodium
chloride using an Aerogen Solo Nebulizer. The sodium chloride solution was nebulized and passed
through a diffusion dryer (TSI Inc., Model 3062), producing crystalline particles with a median
diameter of about 130 nm, and the mass concentration of the sodium chloride particles at the fuel
tube outlet before combustion was previously calculated to be approximately 45 ng/cm? [84]. The
NaCl particles changed the colour of the flame when they were added, and they also produced a
strong yellow-orange colour at the outer cone of the flame. Moallemi et al. [84], performed a prior
investigation on a similar flame using the same quantity of NaCl and discovered that the addition
of NaCl had the lowest and the highest temperature difference of 13 K and 40 K when compared
with flame without NaCl addition. This temperature difference reveals that there is no significant

difference between the temperature of flame with and without NaCl addition.

4.2.2 Particle sampling and dilution setup

The sampling system used in this study is similar to that used in previous studies [83, 84, 177].
The sample probe was a horizontal stainless-steel tube of 3.175 mm outer diameter and 125 pm

wall thickness with a pinhole of 0.3 mm in diameter, facing downward on the centerline of the
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flame. Nitrogen was directed through the upstream side of the probe and downstream of the probe
was connected to a vacuum pump, while the flow rates were adjusted to extract the sample through
the pinhole. Particles extracted from the pinhole for measurement were rapidly quenched and
diluted to minimize chemical reactions and particle coagulation during transit to ensure the
integrity of the sample collected. A mass flow controller (Omega, Model FMA-5540) was used to
adjust the flow rate of the diluent nitrogen upstream of the pinhole to 19.7 SLPM. The flow rate
of the vacuum pump (GAST, Model DAA-P501) was approximately 23 SLPM to keep the
sampling system under negative pressure. The pressure was monitored at the pinhole position
using a digital manometer (Dwyer, Model 475-1-FM) to control the gauge pressure within the
range of 149.5 to 373.7 Pa to confirm flow was going into the sample probe. From the main
sampling and dilution line, a subsample is extracted using an eductor pump (AIR-VAC, Model
AVRO093H) and routed to a non-dispersive infrared CO; gas analyzer (LICOR, Model 840-A) and
to other particle measuring devices described below. The dilution ratio was then obtained from the
concentration of CO> in the undiluted sample was divided by the concentration of CO: in the
diluted sample. The concentration of the undiluted CO; at various HABs in the flame measured by
Moallemi et al. [84] and Kasemimanesh et al. [83] and was used in this study. As with previous
studies [83, 84, 177], the dilution ratio was set to be sufficiently high that the particle size
distribution was independent of the dilution ratio (i.e., coagulation in the sample probe was
sufficiently low that further dilution did not skew the size distribution). Based on the particle size
distribution at each HAB and the stability of the flame, the dilution ratio utilized in this
investigation was between 9000 and 11000, and dilution ratios higher than these made the flame

unstable or caused it to blow off.
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4.2.3 Particle size distribution measurement instruments

Figure 4.1 Arrangement A shows the schematic for the particle size distribution instruments. A
scanning mobility particle sizer (SMPS; TSI Inc., Model 3938E57) was used to measure the size
distribution of particles using the manufacturer’s software (TSI Inc., Aerosol Instrument
Management version 11.0.1). The SMPS comprises of a bipolar diffusion charge neutralizer (TSI
Inc., Model 3088), a differential mobility analyzer (DMA; TSI Inc., Model 3086), a nano-enhancer
(TSI Inc., Model 3757), and a condensation particle counter (CPC; TSI Inc., Model 3750). The
aerosol and sheath air flow rates for SMPS were set at 1.0 L/min and 10 L/min, respectively, which
offered a 1-50 nm particle size measurement range. The scan time for each sample in this study
was 50 s and five SMPS measurements were taken at each HAB. A constant dilution was
maintained during each measurement. After accounting for dilution, the average of the five SMPS

data was used to create the particle size distribution plots.
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Figure 4.1: Experimental setup schematic for particle size distribution and charged particle
measurement including co-flow burner, NaCl entrainment setup, particle sampling and dilution
setup and measuring devices.
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4.2.4 Particle charge state measurement

To determine the average charge per particle and the fraction of charged particles, the following
instruments in Fig. 4.1 Arrangement B were used: a DMA (TSI Inc., Model 3081) was used as an
electrostatic precipitator, a CPC (TSI Inc., Model 3776), an aerosol electrometer (TSI Inc., Model
3068B), and a particle diluter (Dekati eDiluter Pro) operating with particle-free dry compressed
air. The polydisperse particles extracted from the flame were directed to the DMA while its sheath
flow was turned off such that the aerosol flow is the only flow in the electric field. The aerosol
was split into two flows at the exit of the DMA: one flow went to the electrometer, while the other
flow went to the CPC through a particle diluter with a dilution factor of 25. The additional diluter
was used to prevent CPC from saturating due to the high particle concentrations. Within 60 seconds
of sampling, the DMA voltage was turned off for 30 seconds to measure the total concentration of
all particles (positively- and negatively-charged particles as well as uncharged particles) and the
average charge on each particle, then the DMA voltage is turned on and set to the highest voltage
(10 kV) for the remaining 30 seconds to measure the total concentration of uncharged particles

and to confirm they indeed carry zero charges. The number fraction of charged particles (F;) and

the average charge per particle (q) were calculated as.

_ (Ntotal - Nuncharged)

F (4.1)
1 Ntotal
I
q= — (4.2)
Ntotal e Q

where Nigq) 18 the CPC concentration when the DMA voltage is turned off, Nyncharged 18 the

CPC concentration when the DMA voltage is turned on to the highest voltage, I is the
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electrometer current, e is the electron charge (1.602 X 1071° C), and Q is the electrometer

volumetric flow rate.

4.3 Monodispersed coagulation model

A coagulation model accounting for particle electric charge was used to compare experimental
results to determine the significance of particle charge in the coagulation of the particles in the
flame with NaCl. The model was based on the work of Adachi et al. [110] and Vemury et al.
[178] and is summarized here. For simplicity (and lower computation time) the model assumes

monodisperse spherical particles. The rate of change in the number concentration of particles

with charge p is,
q=oo q=OO q=00
dn, 1 e?
=5 Bap-q Np-q Ng — BapNp Ng —B—p Ny q Ng (4.3)
dt 2 o
g=— q=— q=—

where N, on the left side of equation (4.3) gives the number concentration of particles carrying p
clementary charges. B, ;-4 represents the coagulation coefficient between two particles, and one
carrying a charge of p while the other carries p—q charge. The first term on the right-hand side of
the equation describes the generation of new particles with p charge through the collision between
particles bearing g and p—¢q charges. The second term is the reduction in the number of particles
with p charge as a result of their coagulation with other particles. The third term on the right-hand
side describes the loss of particles from the volume due to electrostatic dispersion. If the positive
and negative charges in a given volume of gas are not perfectly balanced, then the mutual

electrostatic repulsion between the particles causes them to be transported out of the volume. In
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Equation (4.3), e is the elementary charge, € is the permittivity of free space, and B = C./3mud,
is the mobility of a particle of size d|, [179] where C is the Cunningham slip correction factor and

u is the viscosity of the gas. Equation (4.3) assumes that no charges (ions) are created, which
means that once the initial condition is defined, the total charge stays the same. As described later,
the ion concentration is estimated from the particle charge measurements and Fuchs’s charging
theory. It is important to note that ions can also induce electrostatic dispersion in the coagulation
model. However, as will be demonstrated later, the ion concentration is significantly lower than

that of charged particles, rendering its effect negligible.

The Brownian coagulation coefficient of uncharged monodisperse particles () transitioning from
the free-molecular to the continuum regime was calculated using Zebel’s expression [180] with

Fuchs correction factor (G) [181],

8k, TC,
=P (4.4)
3u
where,
1
G = N . i (4.5)
dy +V268' V24,
and,
1
8 = —— [(dp +1,)* = (d% +22)3?] - d, (4.6)

3d,,
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where kj, is Boltzmann’s constant, T is the absolute temperature, d, is particle median diameter,
and A, is particle mean free path. According to Moallemi et al. [84], the centerline flame

temperature from the exit of the fuel tube to the peak height of the flame was between 450—1950

K, these temperature measurements were used in the coagulation model calculations of this study.

The coagulation coefficient between charged particles (8, 4) is

Bpa =B Wpgq (4.7)

where W, , for the repulsive electrostatic force is

a
Wpq = ——— (4.8)

ea—1"

and for the attractive electrostatic force is

W lapl

P — 1— ol%pal’ (4.9)

Here, ay, 4 is the Fuchs stability function [178, 181], defined as the ratio of electrostatic energy to

thermal energy of colliding particles,

B 2pge?
PA4 " 4reok,T(dy +dg)’

a (4.10)

In Appendix C, the coagulation model in this study was validated by reproducing the Fuchs
stability functions in the work of Adachi et al. [110] and the monodisperse coagulation result in

Vemury et al. work [178].
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The model requires the initial condition of the particle number concentration for each charge state.
Since the particle size of the soot is relatively small (< 50 nm) it is assumed that the particle can
only have charge states of —1, +1, and 0 charges. The number concentration of each charge state

is determined by the measurements at each HAB by,

1

N_; = E Ntotal(Fq - C_I) (4-11)
1 _

Ny = E Ntotal(Fq + CI) (4-12)

Ny = Neotar(1 = F) (4.13)

where N_;, N,; and N, are the number concentration of particles with —1, +1, and O charges,

respectively, and Ny, 1S the total particle number concentration.

To calculate the ion concentration between HABs, we employed the numerical implementation of
Fuchs's bipolar charging model, as written by Woo et al. [182]. The approach used to determine
the positive and negative ion concentrations involved adjusting the concentrations of positive and
negative ions while keeping their ion mobilities constant in order to attain the measured charge

fraction and average charge per particle.

Since the measurements were made at different HABs, a relationship is needed to compute the
time between HAB measurements. In the proposed model of Roper [183] and Santoro et al. [184],
the reacting flow acceleration due to buoyancy, a, is assumed to be constant (25 m/s?) and the axial

velocity (U:) and residence time (¢), are given as

U, = VZaz (4.14)
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t=+2z/a (4.15)

where z is the height above burner.

4.4 Results and discussion

4.4.1 Particle size distribution

The particle size distribution (PSD) of the soot particles for methane and methane-NaCl flames
from HABs of 30 to 60 mm is shown in Fig. 4.2a and b (each data point represents the average of
five measurements). The figure illustrates the evolution of the soot particles from inception to
oxidation with increasing height above the exit of the burner. It is observed that the particle size
distribution for HAB of 30 to 40 mm for both cases are unimodal. It also shows that at these HABs,
the particles with a median diameter less than 7 nm are more abundant and related to incipient soot
particles (first mode) which also undergo surface growth [84, 177]. A bimodal distribution appears
at HAB of 45 mm and becomes more distinct at 46 mm, where the first mode is the nucleation
mode with median diameters near 4 nm, and the second mode is the agglomeration mode with
median diameters near 25 nm. The median diameter for the first mode reduces as the height above
the burner increases. Additionally, the second mode exhibits an increase in median diameter and
a decrease in concentration as the height above the burner increases. The existence of the first
mode in almost all the HABs suggests continuous nucleation throughout the measurement range
(HAB 30 to 60 mm). The trends in the particle size distributions observed here are in general
agreement with previous studies on laminar methane flames, which also identified modes related

to soot inception, surface growth, coagulation, and oxidation [83, 84, 177].
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Figure 4.2: Particle size distribution with their corresponding HAB ranging from 30 to 60 mm for

(a) methane-only flame (b) methane-NaCl flame.

4.4.2 Total concentration, count median diameter, average charge per particle

and fraction of charged particles

Figure 4.3 summarizes the total number concentration, count median diameter (only considering
particles within the SMPS measurement range), average charge per particle, and the fraction of
charged particles from HAB = 30 mm to 60 mm for methane-only and methane-NaCl flames. The
average charge per particle and charge fraction presented represents the average of six to fourteen
measurement repeats, and the associated error bars indicate the uncertainty in the mean, with a

95% confidence interval.

Between HAB 30 mm and HAB 40 mm, for both flames, there is no significant difference in total
concentration between the two cases (Fig. 4.3a), although the total concentration decreases by a
factor of 5. Furthermore, within this same HAB range, the count median diameter of the methane-
only and methane-NaCl flame are nearly the same, with a diameter of approximately 5 nm or less
(Fig. 4.3b). This observation suggests that the presence of NaCl does not have a noticeable impact
within this region of the flame where nucleation is the dominant particle formation mechanism.
The average charge per particle and charge fraction are both close to zero within this HAB range,
indicating that the majority of particles, specifically nascent soot, are uncharged (Fig. 4.3c and
4.3d). This finding aligns with the assertion made by Homann [185], who suggested that a greater
number of soot particles are initially uncharged in hydrocarbon flames. Moreover, the results are

consistent with prior measurements conducted by Maricq et al. [186] and comparisons of measured
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particle size distributions with TEM findings by Oktem et al. [75] which indicated that a median

particle diameter of less than 5 nm corresponds to incipient soot particles. Maricq et al. [186]

further established that these incipient soot particles are uncharged.
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Figure 4.3: Total concentration, count median diameter, average charge per particle and charge
fraction, for methane-only and methane-NaCl flames with their corresponding HABs ranging

from 30 to 60 mm.

Between HAB 45 mm and 55 mm, there is a significant decrease in total number concentration
attributable to coagulation, accompanied by a corresponding increase in count median diameter
due to the combined effects of coagulation and surface growth. The influence of NaCl on both the
total number concentration and count median diameter becomes increasingly noticeable, starting
at HAB 46 mm, where soot coagulation is presumably more dominant. The introduction of NaCl
into the methane flame results in a higher particle number concentration and a lower count median
diameter within the HAB range of 46 mm to 55 mm. This suggests that NaCl mitigates the
coagulation of soot particles, leading to the generation of smaller soot sizes and higher
concentrations compared to methane-only cases. Notably, for the methane-only case at HAB 45
mm, the average charge per particle is zero. In contrast, for the methane-NaCl case, the average
charge per particle is approximately +0.05, likely due to the higher concentration of positive ions,

as will be discussed below.

Furthermore, the average charge per particle for HABs ranging from 46 mm to 55 mm in methane-
only cases is negative; however, with the addition of NaCl, the average charge per particle is
slightly positive. Interestingly, a sudden change in charge fraction becomes evident at HAB 46
mm, which is the region where coagulation begins to have a more pronounced impact. Between

HAB 46 mm and 55 mm, for the methane-only case, approximately 20% to 58% of the particles
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are either negatively or positively charged, while for the methane-NaCl case, this range is about

14% to 33%. This indicates that more uncharged particles are present when NaCl is added.

In the HAB range of 57.5 mm to 60 mm, both the total number concentration and median diameter
decrease, likely due to soot oxidation near the flame front. In this region, the total concentration
of soot particles is lower for the methane-only case compared to the methane-NacCl case, reflecting
larger particle sizes in the methane-only flame. This finding suggests that despite some coagulation
potentially occurring in this region, the predominant process is the oxidation of soot particles. The
particles in the methane-only case at HABs of 57.5 mm to 60 mm are highly negatively charged,
with an average charge per particle ranging from approximately -0.15 to -0.225; even with NaCl
addition, the average charge per particle remains negative in this HAB range. Moreover, within
this region, the addition of NaCl leads to a reduction in the fraction of charged particles, with the

charge fraction being approximately two times lower compared to the methane-only flame.

The findings of this study are consistent with one of the two opposing hypotheses about the effect
of alkali metals in flames, the first hypothesis [114] says that the introduction of alkali metals into
flames neutralizes soot precursors and thereby inhibits soot nucleation, reducing the number of
soot particles produced. It is clear that the result obtained in this study does not support this
hypothesis because NaCl addition did not prevent soot nucleation. In the soot nucleation region of
our flame, the particle number concentrations, and the median particle sizes for both methane-only
and methane-NaCl cases are similar. Also, with the addition of NaCl, soot number concentration
was not reduced but rather increased with a reduction in soot particle size. However, all the results
in this study are in agreement with the findings of Kazemimanesh et al. [83] and Moallemi et al.
[84]. These authors supported their findings with the second hypothesis [85], which stated that the

addition of alkali metals to premixed diffusion flames does not have a significant effect on the

98



number concentration of particles in the soot nucleation region of the flame but has a great impact
subsequent to that region. In the post-nucleation region of the flame, a smaller particle size and a
higher particle number concentration were observed when compared to the case where no alkali
metal was added to the flame indicating a decrease in the coagulation rate of soot particles. Similar
results were found by Boncyzk [86] for alkali chloride additives while studying the impact of a
series of alkali chlorides on soot formation in a propane diffusion flame. The result also support
the findings of Wang et al. [187] who investigated the effect of potassium chloride (KCl) addition
on soot formation during ethylene pyrolysis in a flow reactor and discovered that particle size
distributions evaluated with a scanning mobility particle sizer revealed that the addition of KCl
did not impact soot nucleation but did restrict soot size growth via coagulation. They noted that
KCl neutralized the charged particles (lowered the fraction of multi-charged particles), which may
have resulted in slower coagulation rates and smaller particles. Based on all these findings, it is
important to note that researchers have yet to confirm the charge state of soot and with alkali-

metals in flames.

4.4.3 Concentration of ions in flames

The Hoppel and Frick bipolar diffusion charging model [188], as presented in an open-source
format by Woo et al. [182] was utilized to determine the total ion concentration, and both positively
and negatively charged ions in the flame. The primary objective was to explore the impact of NaCl
on charging; specifically within the height above the burner (HAB) range of 45 to 55 mm where
the particles become charged. Key parameters affecting particle charging include positive and

negative ion concentration, particle concentration, flame temperature, ion mobility, particle
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diameter, and ion mass. The experimentally measured particle concentration, particle diameter,
average charge per particle, and charge fraction in this work, and the measured temperature as
recorded by Moallemi et al. [84], were incorporated into the bipolar charging model. Within this
model, adjustments to ion concentration (both positive and negative) or ion mobilities can be made
to achieve the experimental values for average charge per particle and charge fraction. The
physical properties employed in simulating the bipolar diffusion charging model can be found in

Appendix C.

We considered two scenarios to attain the experimentally-measured charge fraction and an average
charge per particle with the model: 1) changing ion electrical mobility values while attempting to
keep the ratio between positive and negative ion concentrations constant or ii) adjusting the relative
population of negative and positive ions while keeping the ion electrical mobilities constant. As
shown in Appendix C, attempting to manipulate the ion electrical mobilities to attain the measured
average charge per particle resulted in unrealistic mobility values (electrical mobilities would have
to be orders of magnitude higher or lower than typical values). On the other hand, the latter method
yielded physically plausible values for the total ion concentration to achieve the measured average

charge per particle and charge fraction while using typical ion electrical mobilities.

Figures 4.4 depicts the total ion concentration, positive ion concentration, and negative ion
concentration for both the methane-only and methane-NaCl flames, corresponding to HABs
ranging from 45 mm to 55 mm. The figure reveals that the total ion concentration for methane-
only and methane-NaCl flames are approximately 3 orders of magnitude lower than the soot
particle concentration. The figure unveils that the total ion concentration at HABs 45 mm and 46
mm is approximately the same for both flames. This suggests that NaCl's influence on ion

generation within this HAB range is minimal. However, for HABs ranging from 47 mm to 55 mm,
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the total ion concentration in the methane-only flame is much higher than the ion concentration in

the methane-NaCl flame, except at HAB 50 mm, where both flames exhibit similar ion

concentrations.
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Figure 4.4: Ion concentration for methane-only and methane-NaCl flames with their corresponding
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HABs ranging from 45 to 55 mm.

This can be further elucidated by considering that in a high-temperature flame numerous species
undergo ionization and interact with each other. When NaCl is introduced into the flame, it can be
inferred that the NaCl dissociates into sodium and chloride ions with equal concentrations. These
ionized Na" and CI" ions rapidly react with other ions, forming new ion clusters. Hayhurst and
Jones [189] show that ion recombination is a major process that take place in flames. Also,
researchers have shown that the presence of alkali metal can enhance the concentration of
hydrocarbon ions through a charge transfer process from alkali metal ions to hydrocarbon species
[190, 191]. Conversely, this ion concentration decreases due to an increased ion recombination
rate, resulting in an overall reduction in ion concentration [190]. Goodings and co-workers [192,
193] have also confirmed that the introduction of halogen elements (such as chloride in the form
of HCl) into flames scavenge free electrons in a simple reaction of HCl + e~ & ClI™ + H. All
these could explain the observed reduction in ion concentration upon the addition of NaCl. The
studies above have individually examined the influence of sodium or chloride on in-flame ion
concentration. However, to the author's knowledge, this is the only study which shows that adding

NaCl reduces the in-flame ion concentration.

4.4.4 Comparison of the coagulation model with experimental results

The monodisperse coagulation model simulation was conducted in a piecewise manner, starting at
HAB 45 mm. This model exclusively considers coagulation and utilizes the following
experimental data for initial conditions: total particle concentration, median diameter, average

charge per particle, and charge fraction. At the end of each step, new values for particle
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concentration, median diameter, average charge per particle, and charge fraction are determined.
However, it's worth noting that the model's predictions for the average charge per particle and
charge fraction did not align with the experimentally measured values (presented in Appendix C)
because the coagulation model did not include particle charging due to the ions present. Linear
interpolation of the average charge per particle and charge fraction was used to constrain the model
at each step in the coagulation model. This ensures that particle charging is included in the
coagulation model without the computational cost of running the charging model at each time step.
It's important to also note that higher charge states (i.e., within the range of —2 to +2) were taken
into account in the coagulation model. After each iteration, the interpolated average charge per
particle and charge fraction were utilized to redistribute the sum of the number concentration of
all charges obtained in the initial iteration to +1, —1, and 0 charged particles at each time step as

the initial values for each subsequent iteration.

Figure 4.5 illustrates a comparison between the model predictions and the experimental
measurements regarding the changes in particle number concentration and median diameter from
HAB 45 mm to 57.5 mm, which mostly constitutes the region where coagulation is expected to
dominate. The figure also presents the model's predictions for charged particles and the median
diameter of the second mode of the particle size distribution (PSD) for HAB 45 to 60 mm. The
figure shows that the model greatly underpredicts the particle concentration for HABs 45 to 47
mm. The higher concentration noticed in the experimental result compared to the model result can
be attributed to the continuous production of new particles (nucleation mode) for both methane-

only and methane-NaCl flames as shown in Figure 4.2a and 4.2b.

The model under-predicts particle concentration for the methane-NaCl flame and over-predicts it

for the methane-only flame within the HAB range of 47 mm to 48 mm. This observation can be
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elucidated by analyzing the first (nucleation) and second (agglomeration) modes of the PSD for
this range. In the case of the methane-only flame, the first mode experiences a significant decrease
in number concentration and count median diameter (CMD) between HAB 47 mm and HAB 48
mm. Simultaneously, the second mode sees a decrease in number concentration and an increase in
CMD. This analysis for the methane-only flame suggests that coagulation is substantial, while
nucleation is less significant. Moreover, oxidation is assumed to be occurring because the median
diameter of particles in the first mode is decreasing. For the methane-NaCl flame, the first mode
also witnesses a substantial decrease in number concentration and CMD between HAB 47 mm and
HAB 48 mm. Conversely, the second mode remains nearly constant in terms of number
concentration and CMD. The model clearly shows that coagulation will be significant for the
methane-NaCl flame, however, since the CMD of the second mode remains constant for the HAB
range, oxidation must also be taking place. The decrease in CMD of the first mode for this HAB

range is further proof that oxidation is also significant for this HAB range.
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The coagulation model underestimates the measured results for both flames within the HAB range
of 48 mm and 49 mm. In both cases, there is a reduction in number concentration and CMD for
the first mode within this range. However, for the methane-only flame, there is an increase in CMD
and a decrease in number concentration for the second mode within this range. In contrast, for the

methane-NaCl flame, the number concentration and CMD remain unchanged for the second mode.

Consequently, the observed differences in particle size and number concentration between HAB
47 mm and 49 mm are likely attributed to variations in oxidation processes. Additionally, the
fraction of charged particles in this range for the methane-NaCl flame is approximately half that
of the methane-only flame. This suggests that there might be difference in the coagulation rate of
particles between the two flames, however, the model clearly indicates that the fraction of charged
particles has an insignificant effect on the coagulation rate. As shown in Appendix C, even using

a coagulation model with no particle charge, results in nearly the same coagulation rate.

There is a significant drop in particle number concentration in the transition from HAB 49 mm to
50 mm for both flames. The model tends to overestimate both the particle concentration and size
for both flames, with the number concentration of particles in both flames decreasing by a factor
of approximately 5. The substantial reduction in measured particle number concentration within
this range for both flames may be attributed to a significant decrease in the number concentration
of the second mode of the PSD. This decline in number concentration could potentially result from
either particle oxidation, electrostatic dispersion-induced losses, or a combination of both
processes occurring concurrently. However, the model indicates that losses due to electrostatic

dispersion are minimal.

In the HAB range between 50 mm and 57.5 mm, the model reasonably predicts the number

concentration within the measurement uncertainty. When we examine the median diameter of the
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second modes for all HABs in this range (i.e., the coagulation mode of the PSD), we can draw the
conclusion that particle oxidation becomes significant at HAB 57.5 mm for the methane-NaCl
flame and HAB 60 mm for the methane-only flame. However, it's noteworthy that the model seems
to overestimate the particle size for the methane-NaCl flame at HAB 55 mm but begins to over-
predict the size at HAB 57.5 mm for the methane-only flame. Hence, in this region of the flame,

particles in both flames oxidize.

Researchers have previously proposed that the smaller particle size observed in methane-NaCl
flames (i.e., non-sooting flames) is a result of NaCl reducing the coagulation rate of particles
through its effect on particle charge [194, 83, 84]. However, this study demonstrates that, despite
differences in particle charge, the coagulation rate remains the same. Therefore, the disparity
between methane-only and methane-NaCl flames is attributed to oxidation. Notably, NaCl
enhances oxidation in the specific region of the flame (i.e., HAB 45 mm to 57.5 mm). It is
important to note that Kazemimanesh et al. [83] have also provided clear evidence that NaCl has
an opposite effect at higher HABs in sooting flames. Additionally, numerous authors [50, 87, 88]

have also demonstrated that the addition of NaCl to flames leads to increased soot emissions.

4.5 Conclusion

This This work presented a detailed analysis of particle size distribution (PSD) and particle
charging behavior in methane and methane-NaCl flames at different heights above the burner

(HABs). The key findings and their implications can be summarized as follows:
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This study investigated particle charging behavior and found that a significant percentage of
particles in the nucleation region were uncharged, supporting previous research. The effect of NaCl
addition in the coagulation-dominated region (HAB 45-55 mm) was attributed to NaCl enhancing
particle oxidation, contrary to the common belief that it solely affects particle charging. Average
charge per particle shifted from negative to positive with NaCl addition in the coagulation region,
indicating a change in ion behavior. The fraction of charged particles decreased with NaCl
addition, highlighting its role in neutralizing charged particles. The study provides insights into
the complex interplay between ions and soot particles in flames, highlighting the role of NaCl in
altering ion concentration and particle charging behavior. It was found that NaCl reduced in-flame
ion concentration, which is attributed to ion recombination processes and charge transfer between
alkali metals and hydrocarbon species. The coagulation model provided insights into particle
behavior, but the noticed model's overestimations and underestimations of the measured results
were attributed to oxidation, surface growth and nucleation not captured in the model.
Interestingly, the model results were similar when considering both charged and uncharged
particles in coagulation processes. This study reveals that the smaller particle size in methane-
NaCl flames is primarily a result of oxidation rather than a reduction in particle charge. NaCl
promotes oxidation in specific regions of the flame, leading to differences between methane-only

and methane-NaCl flames.
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Chapter 5

Conclusions and Future Work Recommendation

5.1 Summary and Conclusions

The entrainment of flowback water during well completion process at the upstream oil and gas
facilities and the injection of water at the downstream oil and gas to suppress emissions has been
found to contain some impurities which the surrogate species is NaCl. The combustion of NaCl
with the flared gases has been found to increase soot emissions, decrease the size of soot, and also
affect NOx emission. These effects have made it important to carry out the investigations in

Chapter 2, 3 and 4 of this work.

The second chapter of this work aimed to characterize various flare emission parameters,
specifically focusing on the impact of assist fluids (liquid water and steam) on the combustion
processes. Several key findings and implications emerged from the research: the study examined
multiple parameters to characterize the flow, including momentum rates, buoyancy forces, and
adiabatic flame temperatures. These parameters were essential in understanding the behavior of
flare combustion process. The rate of upward momentum of the fuel-assist mixture was crucial for
initiating fuel-air mixing necessary for combustion. Different fuels and assists had varying initial
momenta, significantly impacting the combustion process. The buoyancy forces further influenced
momentum as the flow progressed downstream and it played a critical role in combustion. The

initial upward buoyancy force varied depending on the density of the fuel and assist components
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relative to the surrounding air. The buoyancy forces on reactants could either enhance or reduce
mixing as the flow progressed, affecting combustion efficiency. The adiabatic flame temperature
(AFT), calculated for stoichiometric mixtures of fuel, assist, and air, demonstrated that liquid water
reduced flame temperatures more than steam. This reduction in temperature had implications for
emissions, particularly NO,. NO, emissions decreased as the ratio of assist-to-fuel mass flow rate
increased, with liquid water being more effective at reducing NO, compared to steam. These
results were consistent with the decrease in adiabatic flame temperature, suggesting a strong
thermal influence on NO, formation. The black carbon (BC) emissions also decreased with an
increase in the assist-to-fuel mass flow ratio. Liquid water proved more effective at reducing BC
emissions compared to steam. Temperature was identified as a significant factor influencing BC
production, as it correlated with changes in flame temperature. The addition of assist fluids
influenced particle size distribution, with liquid water reducing particle number concentration
more effectively than steam. The decrease in the count median diameter (CMD) indicated a
reduction in particle nucleation and surface growth, likely related to temperature effects. In
summary, this research demonstrated that assist fluids, particularly liquid water, could have a
significant impact on combustion processes, including NO, and BC emissions. The findings
suggest that controlling temperature through the choice of assist fluid can be a valuable strategy
for optimizing combustion efficiency and reducing emissions in practical applications.
Additionally, the study emphasized the importance of considering multiple parameters in

characterizing flows to gain a comprehensive understanding of combustion behavior.

The purpose of the second research, which is in Chapter 3 of this thesis is to fill a current
knowledge gap by examining how liquid water injection into turbulent non-premixed flames

affects emission parameter quantification and flow visualization. Emissions from non-premixed
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flames in which water is introduced from outside (i.e., the air side of the flame) are the primary
emphasis. The study in Chapter 3 is an expansion on our earlier efforts in Chapter 2, in which
water was introduced to the fuel side of the flare, and it helps to address some of the design and
safety concerns associated with internally-injected flares. To learn more about how water flow rate
and position of water entrainment into the flare affect emissions, a variety of externally injected
water configurations were tested at varying atomizer angles and radial displacements from the
burner's centre. In order to simulate the presence of contaminants in the water used in offshore and
downstream oil and gas facilities, a variety of sodium chloride (NaCl) concentrations were
examined. The water droplet velocity field was utilized in the discussion of the flow visualization
analysis to show how the water droplets' motion changed from being dominated by their
momentum to being dominated by the buoyancy of the combustion products. This study used
atmospheric turbulent non-premixed flames on a two-inch circular burner at a constant propane
flow rate of 20 standard L/min, which is the same burner used in Chapter 2’s study. It was
discovered that the injection of external fluids, such as liquid water and NaCl solutions, influenced
the flame's color and luminosity due to their impact on soot and excited species in the flame. This
observation underscores the potential for controlling flame characteristics through external fluid
injection. PIV analysis revealed that water droplets injected externally pass through the flame
before evaporating, locally quenching the flame and affecting local temperature, reaction kinetics,
and emissions. This suggests that the chemical effects of water on soot and NO, suppression occur
at higher locations in the flame compared to internal injection. The location and angle of atomizers
for external water injection had a significant impact on emissions. Injecting water closer to the
base of the flame was more effective in suppressing BC, as it affected the early stages of

combustion. Additionally, the angle of injection influenced BC and NOy emissions, emphasizing
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the importance of both time and space when adding assisting fluid to reduce emissions. The
addition of NaCl solutions to the flame exhibited a concentration-dependent effect on emissions.
Low concentrations had minimal impact, but higher concentrations of NaCl reduced NO,
emissions while significantly increasing BC emissions. This outcome can be attributed to the
chemical effects of Na and Cl radicals on the flame's chemistry, reducing OH, H, and O radicals,
which in turn affect NO, and soot emissions. External injection of fluids, especially liquid water,
can be a viable strategy for reducing BC emissions in industrial flares without requiring significant
structural modifications. This approach allows for fine-tuning of emission control based on
atomizer placement and fluid composition. Hence, this research highlights the potential for
external fluid injection to control emissions in non-premixed flames and provides insights into the
spatiotemporal and chemical effects of fluid injection on flame behavior. These findings have
implications for emission reduction strategies in various industrial and combustion processes,
where the manipulation of external fluid injection parameters can be used to optimize emission

control while considering the specific combustion conditions and objectives.

Since the addition of NaCl to flare in Chapter 3 of this work shows that black carbon (BC) which
is the light-absorbing portion of emitted soot particles increases, then the Chapter 4 of this work
seeks to understand the reason why NaCl causes more BC to be generated. Moallemi et al. [84]
and Kashimemanesh et al. [34] try to find this reason but could not get to investigate the charge
state and the coagulation rate of soot particle in flames. The influence of sodium chloride on the
charge state and coagulation rate of soot nanoparticles developed in a laminar diffusion flame is
investigated in the Chapter 4 of this work by measuring the PSD, average charge per particle, and
charge fraction at different locations within the flame. With a 0.35 L/min methane fuel flow and a

70 L/min co-flow, the well-studied Santoro burner generated a 61 mm high, steady laminar
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diffusion flame. At different heights above the burner (HAB), soot nanoparticle samples were
collected via a small aperture in a tubular 3-mm probe and then quickly diluted by a factor of a
few thousand. The sampled particles were first directed to a scanning mobility particle sizer
(SMPS) with a lower measurement limit of 1 nm to obtain the particle size distribution of the soot
particles. Finally, the fraction of charged particles and the average charge per particle were
calculated using the measurements from a differential mobility analyzer (DMA) as an electrostatic
precipitator, a condensation particle counter, and a Faraday cup electrometer. The experimental
readings were verified by using a charged monodisperse coagulation model. This study
investigated the particle size distribution and charging behavior of soot particles in methane and
methane-NacCl flames at various heights above the burner (HABs). The PSD analysis revealed that
the soot particles exhibited distinct modes related to soot inception, surface growth, coagulation,
and oxidation. The presence of NaCl did not prevent soot nucleation and, in fact, led to smaller
soot sizes and higher concentrations, particularly in the coagulation-dominated region. The
charging behavior of soot particles showed that, in the nucleation-dominated region (HAB 30-40
mm), the majority of particles were uncharged. As coagulation became more pronounced (HAB
45-55 mm), the addition of NaCl led to a slightly positive charge on average, likely due to the
higher concentration of positive ions. However, a significant fraction of particles remained
uncharged when NaCl was added. The effect of NaCl addition in the coagulation-dominated region
(HAB 45-55 mm) was attributed to NaCl enhancing particle oxidation, contrary to the common
belief that it solely affects particle charging. The research offers a deeper understanding of the
complex relationship between ions and soot particles within flames, emphasizing how NaCl can
influence ion concentrations and the charging of particles. The study revealed that NaCl led to a

decrease in ion concentration within the flame, a phenomenon attributed to ion recombination
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processes and the transfer of charges between alkali metals and hydrocarbon species. A
coagulation model was used to simulate particle behavior, and the noticed model's overestimations
and underestimations of the measured results are attributed to oxidation, surface growth, and
nucleation processes not considered in the model. The presence of charged particles had a minimal
effect on the coagulation rate, highlighting the significance of uncharged particles in coagulation

processes.

5.2 Recommendations for future work

Despite the tremendous progress in understanding the impacts of aerosolized liquids on flare
emissions, there are still questions that need to be answered. Hence, recommendations for future

studies are presented.

Fuel composition, flare geometry, crosswinds, assist velocity, and other variables influence the
emissions from assisted flares in the oil and gas industry. Future work on the effects of liquid water
addition on flare emissions should be carried out on a typical flare site, where all the variables that

affect flare emissions will be considered.

To satisfy both the thermal and chemical effects of the external liquid water addition (i.e., water
on the air side of the non-premixed flame) in favour of NO, reduction, it is necessary to further
investigate the spatial-temporal scale of the externally injected liquid water into flames based on

operational parameters and the geometry of flames.

Produce or flowback water contains various elements, with chloride, sodium, calcium,

bicarbonate, sulfate, potassium, and magnesium being the most prevalent in its composition. This
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study, however, focused solely on the first two elements, namely sodium and chloride (NaCl).
Previous research has shown that potassium (the third most prevalent element) can significantly
affect the formation of soot particles. Even though the concentrations of other elements, such as
calcium (Ca), bicarbonate (HCO3), sulfate (SOs), potassium (K), and magnesium (Mg), are notably
lower than sodium and chloride in typical flowback/produced water, it remains valuable to
investigate the impact of these elements alongside sodium chloride in non-sooting flames,
specifically laminar diffusion flames. Experimental findings from prior studies suggest that
potassium may exert a more substantial influence on soot particle formation in flames compared
to sodium. Therefore, it would be interesting to compare the effects of each of these elements on

soot particle formation.

The combustion of methane used in the laminar diffusion flame study represents the oil and gas
industries flared gas in its most basic form. Possible future research might use a mixture of methane
and propane like the one used in Chapter 2 of this study in order to make it more closely mimic a
typical flared gas in Alberta. In contrast, ethylene was used as fuel in earlier studies on the
evolution of soot in premixed flames. These fuels can also be used to study the evolution and

charge state of soot in flames, and the results can be compared to existing results.
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Appendix A.

The information provided in this appendix are for the project in Chapter 2 titled “Comparison of
emissions from steam- and water-assisted lab-scale flames.”

Al. Experimental data

The fuel used in the work has a constant flow rate for the three fuel cases, and the fuel flow rate

s 20 + 0.3 SLPM.

Table A.l: Experimental test conditions for the water- and steam-assisted lab-scale flare for

propane fuel.

Water-assist

Particle G t
Adiabatic NO. Black Carbon article  Lreometry

Water Flow . . . . Count  Standard
Date Rate Flame Emission Emission Median Deviation
Sampled Temperature Indices Indices Diameter  for PSD
g/min K g/kg fuel g/kg fuel nm
13-Mar-20 0 2260 3.08 +£0.04 5.8+0.6 165 1.73
13-Mar-20 2.469 £+ 0.001 2247 2.99+ 0.04 41+04 157 1.73
13-Mar-20 4.459 £ 0.002 2235 2.94+0.04 34+04 148 1.75
13-Mar-20 6.386 £ 0.004 2226 2.85+0.03 23+0.2 138 1.77
13-Mar-20 13.47 £0.02 2187 2.56+0.03 0.27+0.03 102 1.88
13-Mar-20 17.64 £0.02 2163 2.11+0.03 0.11 +£0.01 94.3 1.94
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13-Mar-20

13-Mar-20

14-Mar-20

14-Mar-20

14-Mar-20

14-Mar-20

14-Mar-20

14-Mar-20

14-Mar-20

14-Mar-20

15-Mar-20

15-Mar-20

15-Mar-20

15-Mar-20

15-Mar-20

15-Mar-20

15-Mar-20

15-Mar-20

23.47+0.02

30.44+0.01

0

2.555+£0.002

4.479 +0.001

6.42 +0.01

15.19£0.01

19.16 £ 0.01

23.51+£0.01

30.328 = 0.006

0

2.466 + 0.002

4.259 £ 0.003

6.765 = 0.002

14.34+0.01

17.21 £0.03

21.56 £ 0.02

25.69 £ 0.04

2132

2094

2260

2246

2236

2225

2177

2155

2131

2094

2260

2247

2237

2223

2182

2166

2142

2120

1.62+0.02

1.35+£0.02

3.06 £ 0.04

3.01 £0.04

2.93 £0.04

2.85+0.03

2.31+£0.03

2.20+0.03

1.78 £0.03

1.23+0.02

3.07+0.04

2.99 £ 0.04

2.93+£0.04

2.85+£0.03

2.34+0.03

2.31+£0.03

1.91+£0.03

1.62 +0.03

0.0067 + 0.0008

0.0032 + 0.0004

57+0.6

41+04

32+0.3

24+£03

0.29 £0.03

0.10+0.01

0.0063 £ 0.0008

0.0022 + 0.0003

55+0.6

444+0.5

34+0.4

224+0.2

0.28 £0.03

0.15+0.02

0.0070 + 0.0007

0.0024 + 0.0003

77.2

70.7

164

157

149

143

103

76.5

70.0

66.4

164

156

148

131

108

88.4

69.2

64.7

2.04

2.12

1.73

1.72

1.74

1.76

1.86

1.93

2.16

1.90

1.73

1.73

1.74

1.79

1.85

1.91

1.91

1.98
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Steam-assist

tam  Adabatie N0 ZEC LR ndard
Date Flow Rate Flame Emls.s10n Emission Median  Deviation
Sampled Temperature — Indices Indices Diameter  for PSD
g/min K g/kg fuel g/kg fuel nm
21-Nov-19 0 2260 3.0+£0.1 5.8+0.6 151 1.79
21-Nov-19 5.6+1.2 2240 2.8+0.1 40+04 145 1.80
21-Nov-19  10.7+1.1 2222 2.7+0.1 1.8+0.2 135 1.82
21-Nov-19  16.6 £1.6 2202 2.5+0.1 1.1+0.1 98.5 2.02
21-Nov-19 213 +2.6 2185 2.36 £0.04 0.41+0.04 91.8 1.99
21-Nov-19  232+£23 2178 2.24+0.04 0.20 £ 0.02 72.8 2.07
21-Nov-19  27.0+£2.1 2166 2.02+0.04 0.07 £0.01 60.6 2.07
9-Dec-19 0 2260 3.0+0.1 6.0+0.6 154 1.77
9-Dec-19 58+13 2239 3.0+0.1 39+04 139 1.80
9-Dec-19 10,6 £1.1 2223 2.8+0.1 1.7+£0.2 124 1.89
9-Dec-19 14.0+1.3 2211 2.6+0.1 1.2+0.1 116 1.91
9-Dec-19 20.6+2.5 2187 2.35+0.04 0.5+0.1 88.5 1.98
9-Dec-19 245+2.4 2174 2.22+0.04 0.22 +£0.02 77.5 2.05
9-Dec-19 27.6 £2.2 2163 2.11£0.04 0.12+0.01 60.2 2.06
9-Dec-19  31.0£2.2 2151 1.99+£0.04  0.06+0.01 58.6 2.04
10-Dec-19 0 2260 3.1+£0.1 5.8+0.6 153 1.77
10-Dec-19 54+13 2241 3.1+0.1 3704 140 1.79
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10-Dec-19

10-Dec-19

10-Dec-19

10-Dec-19

10-Dec-19

10-Dec-19

103+ 1.1

153+1.1

23.1+£2.7

264 +2.8

30.5+2.6

324+24

2224

2206

2179

2167

2153

2146

2.5+0.1

2.33£0.04

2.16 £ 0.04

2.02 £ 0.04

2.9+0.1

2.7+0.1

1.8+0.2 124 1.88
1.2+0.1 113 1.91
0.48 £0.05 90.5 2.01
0.21+£0.02 73.7 2.03
0.11 £0.01 60.6 2.06
0.05+0.01 55.5 2.07

Table A.2: Experimental test conditions for the water- and steam-assisted lab-scale flare for

methane fuel.

Water-assist

Adiabatic NOx Black Carbon Particle  Geometry
Water Flow L. .. Count Standard
Date Flame Emission Emission . ..
Rate Temperature Indices Indices Median  Deviation
Sampled P Diameter  for PSD
g/min K g/kg fuel g/kg fuel nm
18-Feb-20 0 2220 4.0+0.2 0.08 £0.01 80.6 2.01
18-Feb-20 3.6196 + 0.0004 2168 34+0.1 0.0017 +£0.0002 44.9 1.88
18-Feb-20 7.804 £ 0.001 2110 25+0.1 0.0008 £ 0.0001 447 1.82
18-Feb-20 8.523 +£0.001 2101 1.5+0.1 0.0005 <+ 0.0001 41.8 1.90
18-Feb-20 10.825 +0.001 2066 09+0.1 0.0005=+0.0001 33.6 2.00
21-Feb-20 0 2220 40+0.2 0.09+0.01 79.4 2.00
21-Feb-20 2.705 £ 0.001 2182 3.6+0.1 0.0046 £ 0.0006 51.3 1.94
21-Feb-20 4.776 +0.003 2152 33+0.1 0.0013 £ 0.0002 40.1 1.96
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21-Feb-20 7.634 £ 0.001 2112 27£0.1 0.0014 £ 0.0002 38.2 1.95
21-Feb-20 9.261 +0.002 2089 1.4+0.1 0.0010+0.0001 33.0 1.99
22-Feb-20 0 2220 4.0+0.2 0.09 +0.01 77.3 2.00
22-Feb-20 2.813+£0.001 2180 3.6 +0.1 0.005 + 0.001 50.6 1.91
22-Feb-20 4.946 £ 0.001 2150 32+0.1 0.0014 +0.0002 36.4 1.92
22-Feb-20 7.671 £0.001 2112 2.6+£0.1 0.0014 £0.0002 34.1 1.99
22-Feb-20 12.40 £ 0.01 2045 0.7+£0.1  0.0010+0.0001 333 2.05
Steam-assist
Steam Adiabatic NOx Black .Cz}rbon Pg;:lilcllte (S;f;ﬁ;?rlg
Date Flow Rate Flame Emls.smn Emls.swn Median Deviation
Sampled Temperature Indices Indices Diameter  for PSD
g/min K g/kg fuel g/kg fuel nm
21-Mar-20 0 2220 4.0+0.2 0.08 £0.01 72.7 2.08
20-Feb-20 3.7£1.2 2186 3.5+0.1 0.016 £0.003 473 2.07
20-Feb-20 105=+1.3 2127 2.9+0.1 0.011 £0.002 43.9 2.08
20-Feb-20 16.1+1.3 2079 22+0.1 0.0024 +0.0003 38.6 2.03
20-Feb-20  18.6+ 1.2 2057 1.8£0.1 0.0009 +0.0001 29.7 2.01
20-Feb-20 0 2219 42+0.2 0.09 +0.01 62.7 2.09
20-Feb-20 56+1.3 2171 3.7£0.2 0.022 £0.003 48.6 2.10
20-Feb-20 9.7+1.3 2134 2.9+0.1 0.011 £0.002 449 2.16
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20-Feb-20 150+ 1.4 2088 2.1£0.1 0.005 £ 0.001 41.4 2.04

20-Feb-20 18.6+1.4 2057 1.8+0.1 0.0010 + 0.0002 40.5 1.99
21-Mar-20 0 2219 4.0+£0.2 0.09 +0.01 69.8 1.99
21-Feb-20 3.6+1.3 2188 3.8+0.2 0.020 £ 0.003 47.8 2.08
21-Feb-20 104+1.3 2128 29+0.1 0.011 £0.002 37.3 2.02
21-Feb-20 133+1.3 2103 2.1£0.1 0.005 £ 0.001 32.8 2.00
21-Feb-20 183+1.3 2059 1.7+£0.1  0.0025 + 0.0004 30.1 1.88

Table A.3: Experimental test conditions for the water- and steam-assisted lab-scale flare for fuel

mixture case.

Water-assist

Particle  Geometry

i i x Black
Water Flow Adiabatic N,O, ac .Cz?rbon Count Standard
Date Flame Emission Emission . ..
Rate Temperature Indices Indices Median Deviation
Sampled peratu Diameter  for PSD
g/min K g/kg fuel g/kg fuel nm
12-Mar-20 0 2229 3.6+0.1 0.68 £ 0.09 107.7 1.86
12-Mar-20 2.705 £ 0.001 2197 34+0.1 0.19+0.02 87.1 1.89
12-Mar-20 3.9268 + 0.0003 2181 33+0.1 0.06 +0.01 75.4 1.87
12-Mar-20 4.882 +0.001 2170 3.1+0.1 0.027 £0.004 66.3 1.88
12-Mar-20 10.515 £ 0.003 2100 1.0+0.1 0.007 £ 0.001 57.6 2.06
12-Mar-20 13.67 £ 0.01 2061 0.7+0.1 0.0022 £+ 0.0003 36.8 2.38
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13-Mar-20 0 2230 3.6£0.1 0.7+0.1 104 1.88
13-Mar-20 2.707 £0.001 2196 33+0.1 0.16 +=0.02 86.7 1.88
13-Mar-20 3.727 £ 0.001 2184 32+0.1 0.07 +£0.01 77.0 1.88
13-Mar-20 4.786 = 0.002 2171 3.1+£0.1 0.021 £0.003 68.1 1.86
13-Mar-20 9.26 +£0.02 2116 2.0+£0.1 0.005 £ 0.001 49.1 1.91
13-Mar-20 13.09 £0.02 2068 1.3+0.1 0.0014 £ 0.0002 40.1 2.21
14-Mar-20 0 2230 3.6£0.1 0.6+0.1 104 1.87
14-Mar-20  2.8771 £0.0004 2194 3.3+0.1 0.15+0.02 84.1 1.90
14-Mar-20 3.922 £0.001 2181 32+0.1 0.05+0.01 77.1 1.88
14-Mar-20 5.094 + 0.001 2167 3.1+0.1 0.025 +£0.003 68.6 1.85
14-Mar-20 10.715 £ 0.002 2098 1.1+£0.1  0.0030+0.0004 63.1 2.07
14-Mar-20 13.15+£0.02 2068 1.0+£0.1  0.0006 +0.0001 33.8 1.87
Steam-assist
Steam Adiabatic NOx Black Carbon szf:lcllte (S;te;):cllzt:g
Date Flow Rate Flame Emls.smn Emission Indices = Median Deviation
Sampled Temperature Indices Diameter for PSD
g/min K g/kg fuel g/kg fuel nm

21-Mar-20 0 2226 3.7£0.2 0.63 +0.08 95.2 1.95

21-Mar-20 6.6+1.0 2177 3.0+0.1 0.40+0.05 85.6 2.00

21-Mar-20 10.7+1.2 2147 2.8+£0.1 0.10+0.01 72.8 2.03
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21-Mar-20

21-Mar-20

21-Mar-20

21-Mar-20

21-Mar-20

21-Mar-20

21-Mar-20

21-Mar-20

21-Mar-20

21-Mar-20

21-Mar-20

21-Mar-20

21-Mar-20

21-Mar-20

21-Mar-20

132+1.2

17.3+1.2

26.7+£2.9

0

6.5+1.2

10.0+£1.2

145+1.3

18.1+1.4

259+3.1

0

6.5+1.2

104+1.3

156+£1.3

17.5+1.2

27.5+£2.8

2128

2098

2027

2229

2177

2150

2117

2091

2036

2226

2178

2149

2110

2096

2021

22+0.1

1.9+0.1

1.1+0.1

3.7+£0.2

3.2+0.1

2.6+£0.1

2.3+£0.1

2.1+£0.1

1.0+0.1

3.7+£0.2

3.0+0.1

2.7+0.1

2.3+0.1

2.0£0.1

1.1+0.1

0.026 £ 0.004

0.004 = 0.001

0.0016 = 0.0002

0.6 +0.1

0.24 £0.03

0.04 +0.01

0.013 +£0.002

0.008 £ 0.001

0.0010 £ 0.0001

0.7+0.1

0.32+0.04

0.052 +0.007

0.013 £0.002

0.007 = 0.001

0.0009 + 0.0001

70.0

50.5

31.6

95.4

83.8

65.2

51.9

453

32.0

96.5

85.8

67.4

52.9

53.0

31.0

2.04

2.01

1.93

1.94

2.02

2.01

2.01

1.93

1.82

1.92

2.00

2.02

1.96

2.01

1.82
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A2. Liquid Water Droplet Evaporation in Flames

Here we estimate the time for the water droplets produced by the atomizer to evaporate within the
flame and approximately how far they travel before evaporation. Based on a simple evaporation
model from Hinds [195], the time required for large water droplets (d, > 1.0 mm) to completely

evaporate is:

2
= —RPpdp (A1)

P4 Pwo
SDVM(ﬂ‘m)

where R is the universal gas constant (8.314 J/mol K), p, is the density of the water droplet
(1000 kg/m>), d, is the diameter of the water droplets (12 mm or 40 mm), Dy is the diffusion
coefficient of water vapour (24.2 x 10 m?%/s), M is the molar mass of water (18 x 10~ kg/mol), Pq
is the droplet partial pressure (equal to the saturation vapour pressure at temperature, 7q), Py, is the
partial pressure of the gas , 74 is the droplet temperature, and T,, is the temperature of the gas
(assumed to be constant). The environment of the liquid water droplet (which is inside the flame)

is dry fuel gas, thus P, = 0.

Also, using the first law of thermodynamics, the liquid water droplet temperature (74) can be

determined [195] by,

_ 7 = DvMbhtg (P Pg
Ta— Tew = R kg (Too Td) (A2)

where hg, is the latent heat of evaporation (2.260 x 10% J/kg), and k, is the gas thermal

conductivity.The temperature at the exit of the burner (on the center line) for methane and propane
were 113 °C and 84 °C, respectively, as measured by a thermocouple. As an approximation, it is

assumed that the gas temperature remains at these temperatures during the evaporation process.
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Using Equation A2, the droplet temperature is found through iteration, and then Equation Al is
used to calculate the time for the droplet to evaporate. Table A4 summarizes the input values and
evaporation times for the four cases of interest (methane and propane fuels with droplet sizes of

12 um and 40 pm).

Table A.4: Summary of the input values for liquid water droplet evaporation calculation used in

this study and their corresponding evaporation time.

Evaporation

Fuel Droplet Size g (ﬁ) To (K) Tq(K) Time (ms)
Methane 12 um 0.0475  386.15 316.65 12.3
Methane 40 um 0.0475  386.15 316.65 136.4
Propane 12 um 0.0253  357.15 300.65 28.0
Propane 40 um 0.0253  357.15 300.65 313.0

As shown in the Table, the time it takes for the 12 um and 40 um water droplets to evaporate in
the methane flame is approximately 12.3 ms and 136.4 ms, respectively, while for the propane
flame, it takes approximately 28 ms and 313 ms for 12 um and 40 pm water droplets, respectively.
These evaporation times are based on the assumption that the gas temperature remains constant
during the evaporation process. However, the gas temperature becomes much hotter as the droplets
move higher within the flame or as they approach the flame front (reaching temperatures near
2000 K). Thus, the actual evaporation time will be much lower than the approximate values

calculated here.
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The relaxation time for the 12 um and 40 um droplets are about 1.35 ms and 15 ms, respectively.
Thus, it takes approximately 4 ms (i.e., ~ 3 times the relaxation time) for the 12 um droplets and
45 ms for 40 um droplets to reach the velocity of the gas, which has an average velocity of
0.66 m/s. Thus, in the methane flame, the distance travelled by the droplets will approximately be
8 mm and 90 mm for 12 um and 40 um droplets, respectively. While in the case of the propane
flame, the distance travelled by the droplets will approximately be 19 mm and 207 mm for 12 um
and 40 um droplets, respectively. Again, these estimates will be much higher than the actual
distance travelled as the actual evaporation time will be shorter. In any case, the evaporation time
of the droplets is short, and the droplets will evaporate before reaching the flame front. Thus, it is
not expected that the initial droplet diameter would have much effect on the emissions from the

flames, nor do we expect any unevaporated droplets to escape the flame.
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Appendix B.

The information provided in this appendix are for the project in Chapter 3 titled “Effects of

External Injection of Deionized Water and Water with Impurities on Water-assisted Flares.”

B1. Single-lens reflex (SLR) images

Figure B.1 shows the view of two atomizers injecting liquid water droplets into a turbulent non-
premixed propane flame at the same flow rate. The image visually illustrates the symmetry in
water injection into the flame front. In Fig. B.2, the SLR images are shown for three atomizer
angles (i.e., 8 = 20°, 8 = 40°, and 8 = 60°) and the total water flow rates for four atomizers
ranging from approximately 8 to 33 g/min with individual atomizer flow rates of ~2.1, 3.1, 4.4,
6.0, and 8.1 g/min. However, during PIV measurements, only the two atomizers within the laser
sheet were running at the same individual atomizer flow rate as in emission measurements, i.e.,
half the total flow rate, to eliminate the interference of the spray field from the other two atomizers
located within the vertical plane to the laser sheet with the spray field within the laser plane. The
SLR images in Fig. B.2 reveal that almost all water droplets traveled well into the flame before
evaporation, although the number density of the droplets decreased after penetrating the flame.
The fact that water droplets pass through the flame front suggests that the flame was locally
quenched, and the droplets have spatial-temporal effects on local flame temperature, reaction

kinetics, and emissions.
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Figure B.1: An SLR image showing two atomizers for the symmetry view of liquid water injection.
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Water flow rates (g/min)

Figure B.2: SLR images for the angled external liquid water injection for various water flow rates.
Only one atomizer is shown in PIV images to increase the spatial resolution of the PIV analysis.
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B2. Experimental data for different test conditions

The experiments were conducted on three different days to ensure repeatability. The results of
these experiments are presented in Tables B.1 to B.5. The average of the three repeats are reported
in the plots. The theoretical adiabatic flame temperature (AFT) values are also presented in the
tables. Tables B.1, B.2, and B.3 show the experimental test conditions for externally-injected liquid
water into the flame with a water flow rate range from 8.2 g/min to 32 g/min at a constant atomizer
angle of 8 = 60°, 8 =40°, and 8 = 20°, respectively. Table B.4 shows the experimental conditions
for flames with a constant MFR = 0.9 and at 8 = 60° for various radial displacements of the
atomizer's exit from the center of the burner. Table B.5 shows the experimental conditions for
water injection with various NaCl concentrations at MFR = 0.9 and 8 = 60°. Table B.5 also shows

the corresponding total liquid flow rates (H20 + % NaCl) for each test condition.

154



Table B.1: Experimental test conditions and results at 8 = 60° water flow rates ranging from 8.2

g/min to 32.6 g/min.

Repeats H:0 flow
AFT ElNox Elgc CMD
rate

g/min K g/kg fuel g/kg fuel nm

1 0.00 2265 3.49+0.04 5.23 +£0.55 150.9
82+0.6 2219 2.32+0.03 1.43+£0.15 111.0
122+£03 2196 2.11+0.03 0.94+£0.10 108.3
174+£03 2166 1.76+0.03 0.59 £ 0.06 102.4
239+03 2129 1.36+0.02 0.37 £0.04 90.7
326+0.2 2080 1.16+0.02 0.08 £0.01 84.5

2 0.00 2265 2.91+0.04 4.76 £ 0.50 147.5
79+0.5 2219 2.36+0.03 1.37+£0.14 116.7
122+04 2196 2.15+0.03 0.97+£0.10 110.3

176 £0.4 2166 1.80+0.03 0.65 +0.07 104.3
23.8+£0.2 2129 1.41+0.02 0.35+0.04 103.8

31.9+ 0.5 2084 1.18+0.02 0.14£0.02 88.5

3 0.00 2265 3.41+0.04 4.57+0.48 143.8
8.1+£04 2219 2.31+0.03 1.33+£0.14 117.8
120£04 2196 2.15+0.03 0.94+£0.10 116.3
179+£02 2163 1.75+0.03 0.59 £0.07 106.0
23.6+15 2132 1.44+0.02 0.39+£0.04 99.4
31.8+£0.7 2084 1.17+0.02 0.11£0.01 87.4
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Table B.2: Experimental test conditions and results at § = 40° for water flow rates ranging from

8.2 g/min to 32.6 g/min.

Repeats H-0 flow rate AFT Elnox Elgc CMD

g/min K g/kg fuel g/kg fuel nm
1 0.00 2265 349+0.04 523+£0.55 1509
9.1+0.9 2213 3.13+£0.04 195+020 1184
14.0+0.7 2186 289+0.03 1.19+£0.12 1147

21.2+0.2 2146 236+0.03 0.80+0.08 985

26.7+0.5 2111 2.124+0.03 0.59+0.06 96.0

314+ 04 2087 1.93+£0.03 047005 97.1
2 0.00 2265 291+0.04 476+0.50 1475
9.1+£0.2 2213 3.09+0.04 1.86+0.19 1133
14.0£0.3 2186 283+0.03 130+0.14 109.7

20.0+0.4 2153 248+0.03 099=+0.10 98.7

259+04 2118 2.18+0.03 0.72+£0.08 955
31.5+£0.6 2087 1.91+£0.03 0.53+0.06 1014
3 0.00 2265 341+£0.04 457+048 143.8
9.2+0.1 2213 3.11+£0.04 1.84+£0.19 1169
13.6+0.1 2186 290+£0.04 1.32+0.14 1169
20.3+0.3 2149 2524+0.03 1.00+0.11 1109

26.0+0.2 2118 2.13+0.03 0.71£0.08 104.1

31.6 £ 0.3 2087 2.00+£0.03 052+£0.06 963
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Table B.3: Experimental test conditions and results at § = 20° for water flow rates ranging from

8.2 g/min to 32.6 g/min.

Repeats H-0 flow rate AFT Elnox Elsc CMD
g/min K g/kg fuel g/kg fuel nm

1 0.00 2265 3.49+0.04 523 +£0.55 150.9
9.8+0.2 2210 3.11+0.04 2.85+0.30 124.6

147+0.2 2180 2.79 £ 0.04 1.89+£0.20 112.2

21.4+0.3 2142 2.59+0.03 1.53£0.16 115.6
28.6+0.2 2101 2.19+0.03 1.28 £0.14 112.2
33.2+04 2077 1.73 +£0.03 1.16 £0.12 108.1

2 0.00 2265 2.91+0.04 4.76 £0.50 147.5
9.6+0.3 2210 2.93 +£0.04 248 £0.26 126.8

143+£0.2 2183 2.95+0.04 1.88+0.20 123.9

21.3+£0.2 2142 2.64 +0.04 1.52+£0.16 118.9
27.6+0.6 2108 2.09 +0.04 1.36 £0.15 105.6

329+04 2080 1.96 £ 0.03 097 +£0.11 115.9

3 0.00 2265 3.41+£0.04 4.57+0.48 143.8
9.7+£0.2 2210 2.97+0.03 2.53+0.26 132.9

14.4+0.1 2183 2.79£0.03 1.79£0.19 130.5

21.5+0.1 2142 2.49+0.03 1.39+0.15 125.4
27.7+0.6 2108 2.12+£0.03 1.28 £0.14 112.9

333+£04 2077 1.92+0.03 0.90£0.10 110.0
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Table B.4: Experimental test conditions and results at MFR = 0.9, § = 60°, and for varying r

location of the atomizers' exit from the center of the burner.

Repeat Atomizer r location H-O flow rate ~ AFT Elnox Elsc CMD
] mm g/min K g/kg fuel g/kg fuel nm
1 95 32.6+0.2 2080 1.16+0.02 0.08 £0.01 84.5

105 299+0.2 2094 1.16+0.02 0.18+0.02 849
115 30.8+0.4 2091  092+0.02 042+0.04 918
125 32.8+0.4 2080 0.92+0.02 048+0.05 944
135 33.1+04 2077 1.02+0.02 0.86+0.09 999
2 95 31.9+0.5 2084 1.18+0.02 0.14+0.02  88.5
105 30.1+0.8 2094 1.16+0.02 0.25+£0.03 914
115 31.0+0.5 2087 0.90+0.02 0.39+0.04 918
125 33.4+2.0 2077 095+0.02 048+0.05 95.1
135 32.5+£0.2 2080 0.98+0.02 0.70+£0.08 102.0
3 95 31.8+0.7 2084 1.17+0.02 0.11+£0.01 87.4
105 30.1+£0.3 2094 1.14+0.02 0.28=+0.03 91.9
115 30.5+0.2 2091 0.88+0.02 039+0.04 958
125 32.5+0.3 2080 091+0.02 0.52+£0.06 105.8
135 32.5+0.3 2080 1.02+0.02 0.74+0.08 108.3
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Table B.5: Experimental test conditions and results at MFR = 0.9, § = 60°, » = 95 mm and various

NaCl concentrations.

NaCl Total flow rate
AFT ElNox Elsc CMD
Repeats Concentration (H20 + % of NaCl)

(%) g/min K g/kg fuel g/kg fuel nm

1 0.000 32.6+0.2 2080 1.16+0.02 0.08+0.01 84.5
0.005 31.5+0.4 2086 1.10+0.02 0.10£0.01 179

0.050 323+0.2 2082 1.18+0.02 0.12+0.02 304

0.350 329403 2079 1.06+0.02 0.23+£0.03 529

3.500 29.3+0.7 2102 0.86+0.02 0.87+0.09 95.0

2 0.000 31.9+0.5 2084 1.18+0.02 0.14+£0.02 88.5
0.005 31.6+0.2 2086 1.14+0.02 0.12+0.01 19.8

0.050 31.9+0.4 2084 1.19+0.02 0.12+0.01 359

0.350 325+0.2 2081 1.03+0.02 0.23+£0.03 67.5
3.500 29.2+0.2 2103 0.85+0.02 0.75+0.08 1184

3 0.000 31.8+0.7 2084 1.17+0.02 0.11+0.01 874
0.005 314+£0.2 2087 1.15+0.02 0.12+£0.01 21.2

0.050 32.1+£0.2 2083 1.21+0.02 0.12+0.01  40.0

0.350 334+1.5 2076  1.04+0.02 0.21+0.02 64.2

3.500 29.8+0.4 2099 0.82+0.02 0.68+0.07 119.1

B3. PIV processing and velocity field data

The PIV images were post-processed to calculate the velocity vector field of the atomizer water
spray, as well as the averaged water droplet velocities at various distances from the atomizer exit
at 8= 40° in the z>-direction. The high density and significant overlap of water droplets in PIV
images resulted in saturated spots within the PIV images causing correlation errors in PIV

processing in these regions. To eliminate spurious velocity vectors caused by correlation errors in
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PIV processing, the velocity vector fields were post-processed by fitting multimodal Gaussian
distributions to the data. The PIV test window of approximately 95 x 95 mm? was manually
divided into 196 cells. The velocity data of water droplets for each PIV image pair was extracted
from DaVis 10 software, and the velocity data for 400 image pairs were converted to MAT files.
Each PIV image contained 256 x 256 interrogation windows, i.e., the size of each interrogation
window of 16 x 16 pixels, window over-lap of 75%, and the camera resolution of 1024 x 1024
pixels. Figure B.3 shows how the PIV test window was divided into 196 cells i.e., a 14 x 14 matrix.
The figure also shows the axis of the PIV image pair and the direction of water injection (i.e., z2-
direction). For each cell, 144,400 velocity data points for each component of  and v were extracted

over 400 image pairs, and the histograms of u and v were plotted.

The histograms of velocity components were fitted and filtered. Firstly, the histogram plot of the
velocity distributions was fitted with a multimodal Gaussian distribution using the Gaussian
mixture models (GMM) filtering algorithm in MATLAB. This work uses three or four-mode

Gaussian distributions to fit the histograms depending on the number of visible modes.

Secondly, the velocity vectors with a mean magnitude of 0 to 0.1 m/s were removed from the
distributions using the same GMM filtering algorithm by reducing the number of modes of the
Gaussian distribution from three-mode to two-mode distributions or from four-mode to three-mode
distribution. This range of velocities was supposed to be an artifact of saturation in the images (i.e.,
particles appear to be motionless or traveling at very low velocities because the PIV algorithm
mistakenly correlates the wrong droplet pair in the images). The mean, standard deviation, and
mixing proportion for each mode of the multimodal distributions were generated from the gaussian
mixture distribution fit. The mean value of the filtered velocity vector distribution was then used

as the mean velocity for water droplets in each cell.
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The processing of the average velocity field over the red highlighted 3™, 5", and 6™ cells in Fig.

B.3 (vi3 & w13, vis & uis, and vie & uie) are presented for the water flow rate of 2.1 g/min as

examples (Figs. B.4 and B.5). Figure B.4 and B.5 show the Gaussian mixture distributions for u-

and v-components of the velocity, with the left showing the fitted distributions for the extracted

data from 400 image pairs and the right showing the filtered distributions.
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Figure B.3: PIV test window cells and the direction of the atomizer injection.
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Figure B.4: u-component of the velocity for the three cells illustrated in Fig. B.3.
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Figure B.5: v-component of the velocity for the three cells illustrated in Fig. B.3.
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Tables B.6 and B.7 list the average velocities in r-direction (u#) and z-direction (v) calculated using
400 PIV image pairs for a single atomizer running at 2.1 g/min and 8.1 g/min water flow rates at
6 = 40°. Tables B.6 and B.7 show the coordinates of the cell centers and average u- and v-

components of the velocity vectors.

164



Table B.6: Average velocity field over the PIV test window of 95 x 95 mm? for a single atomizer

flow rate of 2.1 g/min.

r (mm)
Average

z velocity 4.5 11.5 185 255 325 395 465 535 605 675 74.5 81.5 885 925

(mm) (m/s)
105.5 0.00 0.00 066 069 074 0.74 028 0.12 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 -0.11 -0.13 -0.11 -0.03 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
985 v 0.00 0.00 072 073 082 084 032 0.16 0.00 0.00 0.00 0.00 0.00 0.00
u 0.00 0.00 -0.10 -0.13 -0.15 -0.06 -0.02 -0.02 0.00 0.00 0.00 0.00 0.00 0.00
915 v 0.00 0.00 0.77 073 086 059 041 022 0.00 0.00 0.00 0.00 0.00 0.00
u 0.00 0.00 -0.09 -0.14 -0.19 -0.12 -0.07 -0.08 0.00 0.00 0.00 0.00 0.00 0.00
845 v 0.00 0.00 0.80 0.75 0.85 0.62 047 029 0.00 0.00 0.00 0.00 0.00 0.00
u 0.00 0.00 -0.09 -0.15 -0.19 -0.20 -0.11 -0.11 0.00 0.00 0.00 0.00 0.00 0.00
775 v 0.00 0.00 0.79 078 083 0.61 072 074 020 0.00 0.00 0.00 0.00 0.00
u 0.00 0.00 -0.10 -0.15 -0.18 -0.21 -0.17 -0.14 -0.06 0.00 0.00 0.00 0.00 0.00
705 v 0.00 0.00 0.78 0.80 0.80 0.61 0.68 0.76 032 0.00 0.00 0.00 0.00 0.00
u 0.00 0.00 -0.11 -0.16 -0.20 -0.23 -0.20 -0.17 -0.08 0.00 0.00 0.00 0.00 0.00
635 v 0.00 0.00 070 079 082 060 080 049 041 0.25 0.00 0.00 0.00 0.00
u 0.00 0.00 -0.08 -0.16 -0.19 -0.22 -0.26 -0.24 -0.18 -0.10 0.00 0.00 0.00 0.00
565 v 0.00 0.00 028 034 047 053 051 071 049 035 0.24 0.00 0.00 0.00
u 0.00 0.00 -0.10 -0.13 -0.19 -0.27 -0.28 -0.34 -0.23 -0.15 -0.06 0.00 0.00 0.00
49 5 v 0.00 0.00 049 024 037 042 043 060 0.62 046 0.33 0.00 0.00 0.00
u 0.00 0.00 -0.10 -0.10 -0.15 -0.25 -0.28 -0.33 -0.36 -0.25 -0.10 0.00 0.00 0.00
475 v 0.00 0.00 0.00 021 023 027 029 047 0.69 0.62 0.41 0.25 0.00 0.00
u 0.00 0.00 0.00 -0.06 -0.07 -0.15 -0.22 -0.31 -040 -035 -0.19 -0.07 0.00 0.00
355 v 0.00 0.00 0.00 0.00 0.00 0.00 0.00 029 058 073 0.50 0.24  0.00 0.00
u 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -023 -038 -044 -031 -0.11 0.00 0.00
285 v 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 035 0.66 0.72 0.34 0.00 0.00
u 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 -023 -042 -049 -0.24 0.00 0.00
215 v 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.34 0.82 0.63 021 0.00
u 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -025 -056 -042 -0.14 0.00
175 v 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
u 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table B.7: Average velocity field over the PIV test window of 95 x 95 mm? for a single atomizer

flow rate of 8.1 g/min.

7 (mm)
Average

z velocity 4.5 11.5 185 255 325 395 465 535 605 675 745 815 885 925

(mm) (m/s)
105.5 0.00 0.00 121 124 125 09 052 031 0.00 0.00 000 0.00 0.00 0.00
0.00 0.00 -0.18 -0.34 -0.35 -0.30 -0.15 -0.07 0.00 0.00 0.00 0.00 0.00 0.00
985 v 0.00 0.00 1.18 122 123 1.07 061 034 0.00 0.00 000 0.00 0.00 0.00
u 0.00 0.00 -0.19 -0.29 -043 -036 -023 -0.13 0.00 0.00 0.00 0.00 0.00 0.00
915 v 0.00 0.00 1.06 116 121 116 081 037 0.00 0.00 0.00 0.00 0.00 0.00
u 0.00 0.00 -0.16 -0.36 -044 -046 -034 -0.18 0.00 0.00 0.00 0.00 0.00 0.00
R4.5 v 0.00 000 092 1.00 116 122 099 054 000 0.00 0.00 0.00 0.00 0.00
u 0.00 0.00 -0.13 -0.26 -044 -0.52 -044 -0.28 0.00 0.00 0.00 0.00 0.00 0.00
775 v 0.00 000 093 090 098 124 116 082 032 0.00 0.00 0.00 0.00 0.00
u 0.00 0.00 -0.11 -0.19 -042 -0.56 -0.52 -0.38 -0.19 0.00 0.00 0.00 0.00 0.00
705 v 0.00 0.00 083 080 089 1.18 123 101 074 0.00 000 0.00 0.00 0.00
u 0.00 0.00 -0.08 -0.16 -0.34 -0.62 -0.64 -0.51 -0.30 0.00 0.00 0.00 0.00 0.00
635 v 0.00 0.00 074 070 083 098 121 119 083 048 000 0.00 0.00 0.00
u 0.00 0.00 -0.03 -0.11 -0.29 -0.58 -0.69 -0.67 -0.46 -0.21 0.00 0.00 0.00 0.00
565 v 0.00 0.00 031 029 034 089 101 119 1.11 0.60 000 0.00 0.00 0.00
u 0.00 0.00 0.00 -0.05 -0.19 -045 -0.63 -0.71 -0.63 -0.38 0.00 0.00 0.00 0.00
49 5 v 0.00 0.00 0.00 0.00 000 066 094 105 122 093 039 0.00 0.00 0.00
u 0.00 0.00 0.00 0.00 0.00 -022 -047 -0.67 -0.70 -0.50 -0.22 0.00 0.00 0.00
475 v 0.00 0.00 0.00 0.00 0.00 000 037 072 109 123 068 0.00 0.00 0.00
u 0.00 0.00 0.00 0.00 0.00 0.00 -023 -047 -0.66 -0.62 -0.36 0.00 0.00 0.00
355 v 0.00 0.00 0.00 0.00 0.00 000 000 046 093 128 1.05 041 0.00 0.00
u 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -028 -0.50 -0.70 -0.52 -0.26 0.00 0.00
285 v 0.00 0.00 0.00 0.00 0.00 000 000 050 045 094 139 0.79 0.00 0.00
u 0.00 0.00 0.00 000 0.00 0.00 000 -0.12 -0.29 -0.64 -0.68 -0.39 0.00 0.00
215 v 0.00 0.00 0.00 000 0.00 0.00 000 000 0.00 041 118 1.25 0.51 0.00
u 0.00 0.00 0.00 0.00 0.00 0.00 000 000 000 -032 -0.77 -0.55 -0.24 0.00
175 v 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 000 000 000 0.00 0.00 0.00
u 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Appendix C.

C1. Bipolar charging parameter and results

The bipolar diffusion charging model, as presented in an open-source format by Woo et al. [182],
was employed using the parameters provided in the Tables C.1 to C.4 below to determine the
positive and negative ion concentrations for HABs ranging from 45 mm to 55 mm, which lead to
the measured average charge per particle and charge fraction for both flames. In the charging
model, the parameter for ion generation was neglected in order have proper modeling of the
experimental result of this study. The proposed model by Roper [183] and Santoro et al. [184] was
utilized to calculate the residence time (t) of flame-reacting flow between HABs. The average
particle concentration and radius were determined by taking the average of the total particle
concentration and particle radius obtained between each pair of adjacent HABs (for example,
averaging the total particle concentration and radius between HAB 46 mm and HAB 47 mm, HAB
47 mm and HAB 48 mm, HAB 48 mm and HAB 49 mm, etc.). The temperature used in this work
was measured by Moallemi et al. [84]. The initial ion mobility used in this study corresponds to
the measured ion mobility in a methane flame by Wang et al. [196]. The positive and negative
ions, with approximate mass values of 140 amu and 70 amu, respectively, as presented by Fialkov
[190] and also utilized in Wang et al.'s [196] simulations of ion-particle and particle-particle
combination coefficients, were employed in this study. The positive and negative ion
concentrations obtained in this study were the assumed ion concentrations that resulted in the

measured average charge per particle and charge fraction.
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Two methods were explored to determine the average charge per particle, whether it is negative or
positive, as presented in Tables C.1 to C.4. In the first method, the relative populations of negative
and positive ions were adjusted while maintaining constant positive and negative ion mobilities to
achieve the experimentally measured average charge per particle and charge fraction. This method
is outlined in Tables C.1 and C.2 for methane-only and methane-NaCl flames. The assumed
positive and negative ion concentrations for this method are physically realistic. In the second
method, the positive and negative ion mobilities were continuously changed while preserving the
ratio of positive and negative ion concentrations but altering the total ion concentration. The
second method generates unrealistic mobility values to achieve the measured average charge per
particle and charge fraction, as presented in Tables C.3 and C.4 for both flames. Figure C.1
illustrates the total ion concentration and ion mobility ratio for methane-only and methane-NaCl

flames across their HABs.
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Table C.1: Parameters used to determine the ion concentration for methane-only case within the

range of HABs 45 to 55 mm. Positive and negative ion mobilities were kept constant and the

positive and negative ion concentrations were changed.

HABs 45 46 47 48 49 50 52.5 55
lculated Time bet
Calculated Time between ) 11566 000066 0.00065  0.00064 000064 0.00156 0.00153  0.00149
Values HAB:S (s)
Average Particle
Concentration 1.73E+18 1.32E+18 6.26E+17 2.17E+17 1.24E+17 395E+16 2.90E+16 1.81E+16
(m™)
Temperature (K) ~ 1708.83 171933 175827 178847 181047 183631 186848  1892.79
Measured :
A d
Values (n‘r’;’;age racis 4.57 5.0 7.32 9.75 1085 1198 1334 11.36
Charge Fraction 0.04 0.21 0.32 0.43 0.49 0.51 0.55 0.58
A h
verage chatee 0.0l 001  —0.01 0,01 ~002  -004  —-003  —0.07
per particle
Na (m) 490E+14 138E+15 851E+14 6.98E+14  5.68E+14 5.90E+13 1.48E+14 1.52E+14
N () 2.10E+14 122E+15 5.99E+14 5.02E+14  432E+14 6.10E+13 1.03E+14 1.58E+14
; o
ion mObItY (F) ) 54k 04 1.54E-04 1.54E-04 1.54E-04  L.S4E-04 154E-04 1.54E-04 1.54E-04
(m2/V/s)
Assumed ) bilit
Values zonz/ri‘](/’ )“Y(_) 1.97E-04 1.97E-04 197E-04 1.97E-04  1.97E-04 197E-04 1.97E-04 1.97E-04
m S
Ratio of ion
. 1.28 1.28 1.28 1.28 1.28 1.28 1.28 1.28
mobility z—/z+
ion M +
ion Mass (+) 140 140 140 140 140 140 140 140
Known (amu)
Val i -
ames ion Mass (=) 70 70 70 70 70 70 70 70
(amu)
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Table C.2: Parameters used to determine the ion concentration for methane-NaCl case within the
range of HABs 45 to 55 mm. Positive and negative ion mobilities were kept constant and the

positive and negative ion concentrations were changed.

HABs 45 46 47 48 49 50 52.5 55
Calculated Time between
0.00066  0.00066  0.00065  0.00064  0.00064 0.00156  0.00153  0.00149
Values HAB:s (s)
Average Particle
Concentration 1.86E+18 1.59E+18 9.78E+17 5.66E+17 2.84E+17 7.44E+16 6.68E+16 5.77E+16
(/m®)
Measured Temperature (K) 1708.83 1719.33 1758.27  1788.47  1810.47  1836.31 1868.48  1892.79
Values Average radius
4.15 4.46 6.16 8.56 9.84 10.71 11.28 9.52
(nm)
Charge Fraction 0.04 0.14 0.17 0.20 0.22 0.27 0.30 0.33
Average charge
0.04 0.04 0.04 0.05 0.04 0.04 0.03 0.03
per particle
Nii (/m?) 8.31E+14 1.08E+15 2.67E+14 1.32E+14 7.99E+13 6.76E+13 3.28E+13 7.08E+13
N5 (/m?) 438E+13 7.56E+14 1.44E+14 6.76E+13 7.01E+13 5.24E+13 3.22E+13 4.72E+13

ion mobility (+)
1.54E-04 1.54E-04 1.54E-04 1.54E-04 1.54E-04 1.54E-04 1.54E-04 1.54E-04
Assumed (m?/V/s)
Values ion mobility ()

(m?/V/s)

1.97E-04 1.97E-04 197E-04 1.97E-04 197E-04 1.97E-04 197E-04 1.97E-04

Ratio of ion
1.28 1.28 1.28 1.28 1.28 1.28 1.28 1.28
mobility z—/z+

ion Mass (+)
140 140 140 140 140 140 140 140
Known (amu)

Values ion Mass (—)
70 70 70 70 70 70 70 70
(amu)
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Table C.3: Parameters used to determine the ion concentration for methane-only case within the
range of HABs 45 to 55 mm. Positive and negative ion concentrations were kept constant for each

HAB and the positive and negative ion mobilities were changed.

HABs 45 46 47 48 49 50 52.5 55
Calculated Time between
0.00066  0.00066 0.00065  0.00064  0.00064 0.00156  0.00153  0.00149
Values HAB:S (s)
Average Particle
Concentration 1.73E+18 1.32E+18  6.26E+17 2.17E+17 1.24E+17 3.95E+16 290E+16 1.81E+16
(/m?)
Temperature (K) 1708.83  1719.33 175827  1788.47  1810.47  1836.31 1868.48  1892.79
Measured Average radius
4.57 5.09 7.32 9.75 10.85 11.98 13.34 11.35
Values (nm)
Charge Fraction 0.03 0.21 0.32 0.43 0.49 0.51 0.55 0.58
Average charge
] 0.01 —-0.01 -0.01 -0.01 —-0.02 —-0.04 —-0.03 —-0.07
per particle
Nii (/m?) 3.47E+14 1.52E+15 9.50E+14 7.50E+14 7.00E+14 2.50E+13 1.40E+14 1.45E+14
N (/m®) 3.47E+14 1.52E+15 9.50E+14 7.50E+14 7.00E+14 2.50E+13 1.40E+14 1.45E+14
ion mobility (+)
1.54E-04 1.54E-04  1.54E-04 1.54E-04 1.54E-04 1.54E-04 1.54E-04 1.54E-04
Assumed  (m?V/s)
Values ion mobility (-)
6.70E-06  2.70E-05  2.20E-05 3.00E-05 3.40E-05 2.50E-02 3.65E-05 1.45E-02
(m?/V/s)
Ratio of ion
0.04 0.18 0.14 0.19 0.22 162.34 0.24 94.16
mobility z—/z+
ion Mass (+)
140 140 140 140 140 140 140 140
Known (amu)
Values ion Mass ()
70 70 70 70 70 70 70 70
(amu)
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Table C.4: Parameters used to determine the ion concentration for methane-NaCl case within the

range of HABs 45 to 55 mm. Positive and negative ion concentrations were kept constant for each

HAB and the positive and negative ion mobilities were changed.

HABs 45 46 47 48 49 50 52.5 55
Calculated  Time between
0.00066 0.00066 0.00065 0.00064 0.00064 0.00156 0.00153 0.00149
Values HABs (s)
Average Particle
Concentration 1.86E+18  1.59E+18 9.78E+17 5.66E+17 2.84E+17 7.44E+16 6.68E+16 5.77E+16
(/m?)
Measured Temperature (K) 1708.83 1719.33 1758.27 1788.47 1810.47 1836.31 1868.48 1892.79
Values Average radius
4.15 4.46 6.16 8.56 9.84 10.71 11.28 9.52
(nm)
Charge Fraction 0.04 0.14 0.17 0.20 0.22 0.27 0.30 0.33
Average charge
. 0.04 0.04 0.04 0.05 0.04 0.04 0.03 0.03
per particle
N:i (/m?) 2.50E+14 6.00E+14 1.25E+14 6.00E+13 7.00E+13 5.00E+13 3.00E+13 4.50E+13
N4 (/m?) 2.50E+14 6.00E+14 1.25E+14 6.00E+13 7.00E+13 5.00E+13 3.00E+13 4.50E+13
Ion mobility (+)
2.94E-02 1.84E-02 2.24E-02 3.02E-02 1.72E-02 2.22E-02  8.20E-03  2.12E-02
Assumed (m?/V/s)
Values Ion mobility (-)
1.70E-06  1.17E-02 1.17E-02 1.07E-02 1.07E-02  1.07E-02 1.07E-02  1.07E-02
(m%V/s)
Ratio of ion
0.000058 0.64 0.52 0.35 0.62 0.48 1.30 0.50
mobility z—/z+
Ion Mass (+)
140 140 140 140 140 140 140 140
Known (amu)
Values Ion Mass (-)
70 70 70 70 70 70 70 70
(amu)

172



Total ion concentration (cm™)

Ratio of ion mobility (z7/z")

Figure C.1 shows the total ion concentration and ion mobility ratio for both methane-only and

methane-NaCl flames, spanning from HABs of 45 mm to 55 mm. The figure highlights that the

ion population in the methane-only flame is greater than that in the methane-NaCl flame for HABs

48 mm, 49 mm, and 55 mm. However, the reverse is true for all the other HABs. Additionally, it's

noteworthy that for both flames, the concentration of positive ions exceeds that of negative ions.

Nevertheless, it should be noted that these results may not be accurate due to the unrealistic values

of ion mobility for the HABs. This discrepancy, in conjunction with the data presented in Tables

C.3 and C.4 above, underscores the challenge of maintaining consistent positive and negative ion

concentrations solely by adjusting ion mobility to achieve the desired average charge per particle.
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Figure C.1: The total ion concentration and ion mobility ratio for methane-only and methane-NaCl

flames with their corresponding HABs

C2. Validation of Fuchs stability function

Figure C.2 shows the digitized result of Fig. 1 in Adachi et al. [110] which is the effect of coulomb
force on the ratio coagulation function of charged particles to Brownian coagulation function of
uncharged particles (f, ;). The colliding particles are of the same size and have different charge
states. The result was digitized by using GetData Graph Digitizer software (version 2.26.0.20).
The reason for digitizing the result is so that it can be compared with the one generated using the
model used in this work. Reproducing this result proved to us that the Fuchs stability function
(Bp,q) 1s properly modeled, that is, the collision of particles is modeled well. Figure C.3 shows the
reproduced Adachi et al.’s [110] result and Figure C.4 reveals the comparison between the

digitized and the reproduced figures.
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Figure C.2: The digitized result of Adachi et al. [110] for the influence of the Fuchs stability

function under various charge conditions, between two particles of equal size.
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Figure C.3: The reproduced result of Adachi et al. [110] for the influence of the Fuchs stability

function under various charge conditions, between two particles of equal size.

Figure C.4: Reproduced and digitized results for the influence of the Fuchs stability function under

various charge conditions, between two particles of equal size.
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Figure C.5 shows the effect of electrostatic to thermal energy ratio on colliding aerosol particles.
The colliding particles are of the same size and have different charge states. The bottom section of
the figure reveals the coagulation of charged particles with the same sign (repulsive electric force),
which results in a reduction in particle coagulation rate. The top section of the figure, on the other
hand, shows the coagulation of charged particles with the opposite sign (attractive electric force),
leading to increased particle coagulation rate. The figure also reveals a conflicting relationship

between particle size and the number of charges carried by a particle. A particle of 0.1 um size

and g = —1, for example, has higher mobility and coagulation rate than a particle of 1 um size
and g = —10. This demonstrates that size has a substantial impact on the coagulation of charged
particles.
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Figure C.5: The influence of the Fuchs stability function under various charge conditions, between

two particles of equal size.

C3. Brownian coagulation coefficient

Figure C.6 shows the coagulation coefficient of a Brownian coagulation of two charged particles
of same size but different or same elementary charge. The plot for the Fuchs stability function for
the same range of particle sizes is presented in main body of this work. The coagulation coefficient
for the collision of opposite charge particles increase with charges but decreases with increase in

the size of the particle. But, the coagulation coefficient for the collision of same charge particles
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decreases with increase in number of charges on particles. And the coagulation coefficient of
particles of same charge decrease faster with size i.e. the coagulation coefficient of smaller particle

sizes decreases faster than bigger particles.
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Figure C.6: Brownian coagulation coefficient of charged particles.

C4. Validation of coagulation rate result

In order to be sure that the model used in this work follows an existing model, the Fig. 6a result of
Vemury et al. [178] was digitized using GetData Graph Digitizer software (version 2.26.0.20) and

the digitized result is presented in Fig. C.7 below. The model used in this work as discussed in the
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body of this work was used to reproduce the Vemury et al.’s [178] result and it is presented in Fig.

C.8. However, the reproduced result was placed on the digitized result, and it is shown in Fig. C.9.
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Figure C.7: Digitized result for the rate of change of particle number concentration with time [178].
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Figure C.8: Reproduced result for the rate of change of particle number concentration with time

(adopted from [178])
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C5. Comparison between the model and experimental results

Figure C.10 presents a comparison between the model predictions and the experimental
measurements regarding changes in particle number concentrations, particle median diameter,
average charge per particle, and charge fraction at their respective HABs. When calculating the
changes in number concentration and median diameter, the distribution of charges for each
iteration was not forced to mimic the experimental trend; rather, the experimental values were
employed as the initial conditions for each HAB. The manner in which the model distributes
charged particles for each iteration based on the particle charge fraction and average charge per
particle is illustrated in Figs. C.10c and C.10d. The outcomes concerning changes in number
concentration and median diameter with spatial points are consistent with those presented in the
main body of this work (Figs. 4.5), where the charge state of the particles for each iteration was

forced to emulate the experimental results.

However, the model's ability to predict the change in average charge per particle with spatial point
did not align well with the experimental results for the methane-only cases. Nevertheless, it seemed
to reasonably predict the experimental results for the methane-NaCl cases only from HAB 50 to
55 mm (Fig.C.10c). Similarly, the model's prediction for the change in charge fraction was in good
agreement with the experimental results for methane-NaCl cases within the range, while for the
methane-only cases, the model successfully matched the experimental results (Fig. C.10d). Hence,
the resemblance of results observed between Figs. 4.5 and Figs. C.10a & C.10b suggests that the
charge state of the particles did not significantly impact the coagulation rate of the particles. This
lack of impact can be attributed to the initial elementary charge on particles considered in this

work, which includes +1, —1, and 0 charges.
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Figure C.10: (a) Change of particle number concentration, (b) change of particle median diameter,

(c) change of average charge per particle, and (d) change of charge fraction, for methane-only and
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methane-NaCl flames with their corresponding HABs ranging from 30 to 60 mm. This is for the
case whereby the charge distribution for each model iteration is not adjusted to suit the

experimental result

Figure C.11 shows the change of each elementary charge number concentration (i.e., N-1, N+1, and
No) with respect to their corresponding HABs. The reason why this is shown is because of all our
results of change in total particle number concentration with space. This is to see the rate at which
each elementary charged particles are decreasing with space. Figure C.11a shows the change of
each elementary charge number concentration with space for methane-only cases. The result
reveals that the coagulation rate of neutrally charged particles are faster than other charges from
HAB 45 to 50 mm and from HAB 50 to 55 mm all particles seem to be coagulating at the same
rate while from HAB 55 to 57.5 mm which is start of oxidation region, the coagulation rate of
positively charged particles become more faster than the negatively and the neutrally charged ones.
In addition, the result shows that there are more neutrally charged particles than positively and
negatively charged particles for all HABs. It can also be seen from the result that negatively
charged particles are more than positively charged particles for all HABs. The model results
predict the experimental results well except for HAB 49 to 50 mm where the law of conservation

of mass seem not to hold.

Figure C.11b shows the change of each elementary charge number concentration with spatial point
for methane-NaCl cases. The result explained for the methane-only cases is also applicable here
only that in this case the positively charged particles are more than the negatively charged particles
ones because it seems that the sodium ion of the injected NaCl particle is fast neutralizing the

negatively charged particles. Also, model results for HAB 47 to 50 mm fail to properly predict the
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experimental results. The model results consistently overestimated the experimental results for
these ranges. This could be assumed that NaCl in the system dissociates at high temperature to
form sodiu and chloride ions which might quickly react with charged soot particles thereby

preventing coagulation as presented by the model.
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Figure C.11: The comparison between the experimental and model results for the change of each
elementary charge number concentration with spatial points for (a) methane-only and (b) methane-
NaCl cases. This is for the case whereby the charge distribution for each model iteration is adjusted

to suit the experimental result
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Figure C.12 shows the comparison between the model prediction and the experimental
measurements of change in particle number concentrations and particle median diameter with their
corresponding HABs. In this scenario, the initial conditions (Particle number concentration) for
each HABs were neutral, that is, the total concentrations for each HABs were considered to be
neutral. The results in Fig C.12 were much similar to the one in Fig. 4.5 of the main body of this
work, and this shows that neutrally charged particles play a significant role in the coagulation rate

of particles.
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C6. Experimental data

The total concentration was obtained using the 1-nm SMPS experimental setup, while the charge
fraction and the average charge per particle were obtained using the charged state experimental

setup as indicated in the body of this work. All the experimental data are presented in tables below.

Table C.5: Experimental test conditions of total concentration for methane-only and methane-

NaCl case within the range of HAB 30 to 60 mm.

Total Conc. Total Conc.
HAB CH4 CH4-NaCl
(mm) (ecm™d) Error (cm?d) Error
30 1.30E+13 5.12E+12 6.87E+12 2.29E+12
35 6.47E+12 2.52E+12 5.50E+12 395E+11
40 2.58E+12 3.63E+11 2.36E+12 4.50E+11
45 1.85E+12 1.38E+11 2.12E+12 4.06E+11
46 1.56E+12 3.19E+11 1.64E+12 1.67E+11
47 7.92E+11 2.01E+11 1.24E+12 2.18E+11
48 3.29E+11 1.37E+11 6.30E+11 1.31E+11
49 2.20E+11 9.49E+10 4.67E+11 7.97E+10
50 4.23E+10 7.13E+09 8.86E+10 1.78E+10
52.5 3.63E+10 7.04E+09 7.58E+10 1.80E+10
55 2.45E+10 5.03E+09 6.99E+10 1.50E+10
57.5 1.48E+10 2.69E+09 5.22E+10 9.29E+09
60 9.76E+09 2.28E+09 3.79E+10 5.99E+09
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Table C.6: Experimental test conditions of count median diameter for methane-only and

methane-NaCl case within the range of HAB 30 to 60 mm.

CMD CMD

HAB CH4 CH4-NaCl

(mm) (nm) Error (nm) Error
30 2.1446 0.1054 2.9187 0.2572
35 2.8128 0.3116 3.5587 1.0007
40 5.9753 0.4684 6.2767 0.6465
45 8.8727 0.5281 8.7013 0.7876
46 9.0697 1.4492 9.0058 1.0665
47 11.1202 0.3646 9.1729 0.3191
48 17.0619 1.9890 14.9934 0.2394
49 19.0337 2.4582 18.4312 1.7569
50 22.0358 0.9186 19.8210 0.4009
52.5 24.5688 0.9768 21.0147 0.8150
55 28.0832 0.1889 22.2466 0.0936
57.5 18.8164 0.8233 15.2751 0.5637
60 12.5372 1.1404 8.1161 0.8669
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Table C.7: Model initial conditions of charged particle number concentration for methane-only

and methane-NaCl case within the coagulation and the start of oxidation region being from HAB

47 to 57.5 mm.
HAB CH4 CH4 CH4 CHs-NaCl CHs-NaCl CHs-NaCl Total Conc. Total Conc.
No N1 N+ No N-1 N+ CH4 CH4-NaCl
(mm) (cm?) (cmd) (cm) (cmd) (cmd) (cmd) (cm?) (cm?d)
45 1.75E+12 3.44E+10 4.69E+10 1.77E+12 5.30E+09 7.61E+10 1.83E+12 1.85E+12
46 1.29E+12 1.76E+11  1.59E+11 1.60E+12 9.88E+10 1.65E+11 1.62E+12 1.86E+12
47  6.92E+11 1.71E+11  1.60E+11 1.08E+12 8.71E+10 1.41E+11 1.02E+12 1.31E+12
48 1.31E+11 5.00E+10 4.68E+10 5.18E+11 4.81E+10 7.75E+10 2.28E+11 6.44E+11
49 1.05E+11 5.30E+10 4.89E+10 3.79E+11 4.41E+10 6.41E+10 2.07E+11 4.87E+11
50 2.06E+10 1.14E+10  1.02E+10 5.89E+10 9.59E+09 1.25E+10 4.22E+10 8.09E+10
52.5 1.64E+10 1.08E+10  9.60E+09 4.77E+10 9.18E+09 1.10E+10 3.68E+10 6.78E+10
55 8.88E+09 6.97E+09  5.38E+09 4.42E+10 9.89E+09 1.17E+10 2.12E+10 6.58E+10
57.5 6.84E+09 5.14E+09  2.92E+09 3.72E+10 7.84E+09 4.60E+09 1.49E+10 4.97E+10
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Table C.8: Experimental test conditions of average charge per particle for methane-only and

methane-NaCl case within the range of HAB 30 to 60 mm.

CH4-only CH4-NaCl
Average
Charge Average
per Charge per
HAB Particle Error Particle Error
30 0.0391 0.0019 0.0299 0.0040
35 0.0141 0.0010 0.0316 0.0008
40 0.0115 0.0005 0.0214 0.0034
45 0.0068 0.0012 0.0482 0.0092
46 -0.0104 0.0017 0.0354 0.0059
47 -0.0107 0.0017 0.0434 0.0036
48 -0.0140 0.0025 0.0456 0.0025
49 -0.0197 0.0032 0.0410 0.0072
50 -0.0385 0.0055 0.0354 0.0019
52.5 -0.0329 0.0024 0.0267 0.0057
55 -0.0750 0.0037 0.0279 0.0059
57.5 -0.1495 0.0068 -0.0652 0.0093
60 -0.2251 0.0107 -0.1749 0.0180
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Table C.9: Experimental test conditions of charge fraction for methane-only and methane-NaCl

case within the range of HAB 30 to 60 mm.

CH4-only CH4-NaCl
Charge Charge
HAB Fraction Error Fraction Error
30 0.0172 0.0166 0.0348  0.0380
35 0.0289 0.0393 0.0169  0.0172
40 0.0119 0.0157 0.0094  0.0321
45 0.0344 0.0279 0.0439  0.0417
46 0.2057 0.0578 0.1416  0.0617
47 0.3235 0.0357 0.1732  0.0267
48 0.4251 0.0177 0.1950  0.0087
49 0.4935 0.0318 0.2220  0.0461
50 0.5103 0.0531 0.2725 0.0163
52.5 0.5539 0.0261 0.2973  0.0136
55 0.5819 0.0322 0.3285  0.0321
57.5 0.5412 0.0204 0.2504  0.0214
60 0.5051 0.0152 0.2028  0.0327

C7. Experimental data used for calculating average charge per particle and charge fraction.

The experimental data presented in each row of the tables below are the average of 60 seconds
scan of particle current, number concentration of particles when the DMA voltage is turned off
and the number concentration of particles when the DMA voltage is turned on to 10000 V. Then,
from these generated data, the average charge per particle and charge fraction were calculated

using the equations provided in the main body of this work.
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Table C.10: HAB 30 mm experimental test conditions for charge state for CH4-only case

. on Average
Current N3ma DMA Charge per  Charge
Particle Fraction
18.87 2.15E+05 2.09E+05 0.033 0.03
21.87 2.17E+05 2.18E+05 0.038 0.00
23.07 2.45E+05 2.27E+05 0.036 0.07
24.93 2.39E+05 2.35E+05 0.040 0.02
24.84 2.36E+05 2.35E+05 0.040 0.01
27.48 2.51E+05 2.48E+05 0.042 0.02
27.33 2.48E+05 2.51E+05 0.042 -0.01
27.49 2.55E+05 2.54E+05 0.041 0.01
28.38 2.68E+05 2.64E+05 0.040 0.02
28.85 2.77E+05 2.70E+05 0.040 0.03
Mean Value 0.0391 0.0172
Error 0.0019 0.0166
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Table C.11: HAB 35 mm experimental test conditions for charge state for CH4-only case

Average
Current NOIE . DMA Charge per  Charge
Particle Fraction
73.47 2.32E+06 2.12E+06 0.012 0.08
77.70 2.36E+06 2.14E+06 0.012 0.10
72.27 2.11E+06 2.31E+06 0.013 -0.09
81.28 2.28E+06 2.21E+06 0.014 0.03
85.42 2.22E+06 2.12E+06 0.015 0.05
78.33 2.15E+06 2.02E+06 0.014 0.06
86.28 2.26E+06 2.17E+06 0.015 0.04
86.32 2.14E+06 2.18E+06 0.015 -0.02
90.42 2.25E+06 2.15E+06 0.015 0.04
92.85 2.18E+06 2.17E+06 0.016 0.01
Mean Value 0.0141 0.0289
Error 0.0010 0.0393
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Table C.12: HAB 40 mm experimental test conditions for charge state for CH4-only case

Current NODfI{[A Bhaa Cﬁ:lf;: gpcer Charge
Particle Fraction
144.96 5.69E+06 5.60E+06 0.010 0.02
160.38 5.84E+06 5.77E+06 0.010 0.01
174.14 5.79E+06 5.61E+06 0.011 0.03
173.73 5.74E+06 5.67E+06 0.012 0.01
186.54 5.75E+06 5.71E+06 0.012 0.01
182.56 5.75E+06 5.73E+06 0.012 0.00
194.26 5.68E+06 5.90E+06 0.013 -0.04
188.05 5.63E+06 5.78E+06 0.013 -0.03
181.45 5.64E+06 5.56E+06 0.012 0.01
173.17 5.66E+06 5.41E+06 0.012 0.04
168.22 5.50E+06 5.49E+06 0.012 0.00
157.85 5.53E+06 5.12E+06 0.011 0.07
157.34 5.28E+06 5.28E+06 0.011 0.00
146.32 5.13E+06 5.04E+06 0.011 0.02
Mean Value 0.0115 0.0119
Error 0.0005 0.0157
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Table C.13: HAB 45 mm experimental test conditions for charge state for CH4-only case

Average
Current NG, Dia Charge per Charge
Particle Fraction
163.39 7.77E+06 7.38E+06 0.008 0.05
187.83 6.81E+06 6.71E+06 0.010 0.01
121.20 7.81E+06 7.51E+06 0.006 0.04
138.89 6.96E+06 7.24E+06 0.008 -0.04
112.39 7.55E+06 7.45E+06 0.006 0.01
126.75 6.87E+06 6.77E+06 0.007 0.01
138.39 7.74E+06 7.01E+06 0.007 0.09
109.95 7.52E+06 7.36E+06 0.006 0.02
130.45 7.42E+06 6.99E+06 0.007 0.06
91.65 7.86E+06 7.23E+06 0.004 0.08
Mean Value 0.0068 0.0344
Error 0.0012 0.0279
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Table C.14: HAB 46 mm experimental test conditions for charge state for CH4-only case

Current Nvia on Average
DMA Charge per Charge
Particle Fraction
-313.84 9.65E+06 6.83E+06 -0.012 0.29
-309.61 1.25E+07 1.11E+07 -0.009 0.12
-311.51 9.39E+06 7.10E+06 -0.013 0.24
-267.72 1.33E+07 1.12E+07 -0.008 0.15
-323.09 1.07E+07 9.48E+06 -0.011 0.11
-248.64 7.29E+06 5.01E+06 -0.013 0.31
-307.93 1.03E+07 8.72E+06 -0.011 0.15
-206.07 1.37E+07 1.08E+07 -0.006 0.21
-305.45 1.02E+07 6.96E+06 -0.011 0.32
-306.16 1.24E+07 1.06E+07 -0.009 0.14
Mean Value -0.0104 0.2057
Error 0.0017 0.0578

199



Table C.15: HAB 47 mm experimental test conditions for charge state for CH4-only case

Current ba biva Cﬁ::;: gpeer Charge
Particle Fraction
-309.12  9.50E+06 6.90E+06 -0.012 0.27
-240.29  1.16E+07 7.28E+06 -0.008 0.37
-315.52  8.98E+06 5.91E+06 -0.013 0.34
-259.42  1.12E+07 8.23E+06 -0.009 0.27
-308.65  8.57E+06 5.01E+06 -0.014 0.42
-289.37  1.09E+07 7.71E+06 -0.010 0.29
-318.70  1.01E+07 7.29E+06 -0.012 0.28
-227.33  1.13E+07 7.19E+06 -0.008 0.37
-304.97  9.03E+06 6.08E+06 -0.013 0.33
-253.59  1.12E+07 7.87E+06 -0.009 0.30
Mean Value -0.0107 0.3235
Error 0.0017 0.0357
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Table C.16: HAB 48 mm experimental test conditions for charge state for CH4-only case

Current NonI&[A biua CﬁZ:;2 gi)eer Charge
Particle Fraction
-355.53 8.00E+06 4.69E+06 -0.017 0.41
-284.74 9.94E+06 5.74E+06 -0.011 0.42
-326.76 9.60E+06 5.13E+06 -0.013 0.47
-284.98 1.01E+07 5.58E+06 -0.011 0.45
-369.91 7.21E+06 3.93E+06 -0.019 0.45
-312.89 1.00E+07 6.04E+06 -0.012 0.40
-242.18 8.40E+06 4.85E+06 -0.011 0.42
-348.12 6.77E+06 4.09E+06 -0.020 0.40
-360.13 9.48E+06 5.71E+06 -0.014 0.40
-285.11 9.13E+06 5.18E+06 -0.012 0.43
Mean Value -0.0140 0.4251
Error 0.0025 0.0177
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Table C.17: HAB 49 mm experimental test conditions for charge state for CH4-only case

Average
Current NG, DMA Charge per Charge
Particle Fraction
-401.47  6.15E+06 3.31E+06 -0.025 0.46
-398.65  8.33E+06 4.53E+06 -0.018 0.46
-360.37  9.16E+06 4.28E+06 -0.015 0.53
-430.05  6.38E+06 3.40E+06 -0.026 0.47
-390.95  8.23E+06 4.56E+06 -0.018 0.45
-345.36  9.23E+06 4.07E+06 -0.014 0.56
-424.86  6.61E+06 3.48E+06 -0.024 0.47
-405.44  8.15E+06 4.31E+06 -0.019 0.47
-357.88  8.95E+06 3.86E+06 -0.015 0.57
-401.54  6.55E+06 3.25E+06 -0.023 0.50
-395.20  7.99E+06 4.09E+06 -0.019 0.49
Mean Value -0.0197 0.4935
Error 0.0032 0.0318
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Table C.18: HAB 50 mm experimental test conditions for charge state for CHs-only case

Average

Current NS, DMA Charge per  Charge
Particle Fraction
-239.76  2.34E+06 1.29E+06 -0.039 0.45
-251.85  3.80E+06 1.93E+06 -0.025 0.49
-279.28  2.47E+06 1.05E+06 -0.043 0.57
-221.51 2.08E+06 8.98E+05 -0.041 0.57
-232.36  2.14E+06 1.12E+06 -0.041 0.48
-265.17  3.56E+06 1.95E+06 -0.028 0.45
-259.03 1.87E+06 1.05E+06 -0.053 0.44
-295.93 3.11E+06 1.69E+06 -0.036 0.46
-272.07  2.12E+06 9.94E+05 -0.049 0.53
-299.53 3.44E+06 1.83E+06 -0.033 0.47
-204.78  2.18E+06 6.48E+05 -0.036 0.70
Mean Value -0.0385 0.5103
Error 0.0055 0.0531
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Table C.19: HAB 52.5 mm experimental test conditions for charge state for CHs-only case

Current of f on Average
Npma DMA Charge per Charge
Particle Fraction
-419.85 4.64E+06 2.07E+06 -0.034 0.55
-341.31 4.47E+06 1.86E+06 -0.029 0.58
-539.31 6.38E+06 2.68E+06 -0.032 0.58
-411.92 4.30E+06 1.98E+06 -0.036 0.54
-487.50 4.81E+06 2.27E+06 -0.038 0.53
-529.53 6.09E+06 2.63E+06 -0.033 0.57
-495.11 6.30E+06 2.27E+06 -0.030 0.64
-397.74 4.45E+06 1.98E+06 -0.034 0.56
-468.10 4.73E+06 2.11E+06 -0.038 0.55
-532.99 5.37E+06 2.67E+06 -0.038 0.50
-395.20 7.99E+06 4.09E+06 -0.019 0.49
Mean Value -0.0329 0.5539
Error 0.0024 0.0261
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Table C.20: HAB 55 mm experimental test conditions for charge state for CH4-only case

Average
Current Nia DMA Charge per Charge
Particle Fraction
-171.94  8.67E+05 3.77E+05 -0.075 0.57
-208.35  1.01E+06 4.76E+05 -0.078 0.53
-238.13  1.24E+06 4.91E+05 -0.073 0.60
-236.09  1.32E+06 6.09E+05 -0.068 0.54
-340.87  1.78E+06 7.42E+05 -0.073 0.58
-330.40  1.49E+06 4.87E+05 -0.084 0.67
-198.93  1.15E+06 5.28E+05 -0.066 0.54
-274.68  1.35E+06 5.25E+05 -0.077 0.61
-287.15  1.44E+06 6.41E+05 -0.076 0.56
-343.03  1.81E+06 8.18E+05 -0.072 0.55
-401.87  1.86E+06 6.49E+05 -0.082 0.65
Mean Value -0.0750 0.5819
Error 0.0037 0.0322
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Table C.21: HAB 57.5 mm experimental test conditions for charge state for CHs-only case

Average
Current NA DMA Charge per Charge
Particle Fraction
-573.97  1.50E+06 7.04E+05 -0.145 0.53
-599.44  1.51E+06 6.82E+05 -0.150 0.55
-620.99  1.47E+06 7.72E+05 -0.161 0.47
-617.39  1.47E+06 6.43E+05 -0.159 0.56
-623.43  1.50E+06 6.91E+05 -0.158 0.54
-553.28  1.62E+06 7.11E+05 -0.130 0.56
-597.33  1.63E+06 6.97E+05 -0.139 0.57
-605.03  1.56E+06 7.24E+05 -0.148 0.53
-606.52  1.53E+06 6.70E+05 -0.151 0.56
-598.80  1.51E+06 7.23E+05 -0.151 0.52
-615.86  1.54E+06 6.99E+05 -0.152 0.54
Mean Value -0.1495 0.5412
Error 0.0068 0.0204
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Table C.22: HAB 60 mm experimental test conditions for charge state for CH4-only case

Current Nt DMA Average
Charge per Charge
Particle Fraction
-193.64 3.74E+05 1.97E+05 -0.197 0.47
-210.21 3.67E+05 1.79E+05 -0.218 0.51
-201.48 3.64E+05 1.90E+05 -0.211 0.48
-209.43 3.57E+05 1.83E+05 -0.223 0.49
-200.47 3.68E+05 1.70E+05 -0.207 0.54
-188.72 3.22E+05 1.58E+05 -0.223 0.51
-207.67 3.43E+05 1.69E+05 -0.230 0.51
-193.41 3.05E+05 1.41E+05 -0.241 0.54
-190.15 3.36E+05 1.73E+05 -0.215 0.48
-192.93 3.04E+05 1.42E+05 -0.241 0.53
-217.46 3.40E+05 1.63E+05 -0.243 0.52
-225.11 3.38E+05 1.76E+05 -0.253 0.48
Mean Value -0.2251 0.5051
Error 0.0107 0.0152
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Table C.23: HAB 30 mm experimental test conditions for charge state for CH4-NaCl case

Average
Current N DMA Charge per  Charge
Particle Fraction
103.23 2.14E+06 2.24E+06 0.018 -0.05
117.49 2.00E+06 1.90E+06 0.022 0.05
132.16 1.77E+06 1.70E+06 0.028 0.04
132.26 1.73E+06 1.67E+06 0.029 0.04
129.22 1.56E+06 1.40E+06 0.032 0.10
125.93 1.48E+06 1.38E+06 0.032 0.07
120.65 1.33E+06 1.33E+06 0.034 0.00
110.93 1.22E+06 1.08E+06 0.034 0.12
112.71 1.20E+06 1.22E+06 0.036 -0.02
97.13 1.13E+06 1.13E+06 0.033 0.00
Mean Value 0.0299 0.0348
Error 0.0040 0.0380
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Table C.24: HAB 35 mm experimental test conditions for charge state for CH4-NaCl case

Current NonI&[A DMA Cﬁ::;j g;)eer Charge
Particle Fraction
355.28 4.35E+06 4.25E+06 0.031 0.02
355.87 4.45E+06 4.27E+06 0.030 0.04
350.73 4.30E+06 4.43E+06 0.031 -0.03
342.17 4.29E+06 4.11E+06 0.030 0.04
337.73 4.04E+06 4.05E+06 0.032 0.00
334.77 4.10E+06 4.09E+06 0.031 0.00
334.20 3.94E+06 3.81E+06 0.032 0.03
329.02 3.87E+06 3.81E+06 0.032 0.01
330.41 3.82E+06 3.83E+06 0.033 0.00
327.39 3.72E+06 3.56E+06 0.033 0.04
Mean Value 0.0316 0.0169
Error 0.0008 0.0172
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Table C.25: HAB 40 mm experimental test conditions for charge state for CH4-NaCl case

Average
Current N A Npma Charge per Charge
Particle Fraction
447.43 6.02E+06 5.95E+06 0.028 0.01
354.73 6.84E+06 6.46E+06 0.020 0.06
319.45 7.40E+06 7.79E+06 0.016 -0.05
425.22 5.95E+06 5.54E+06 0.027 0.07
321.21 6.32E+06 6.12E+06 0.019 0.03
317.99 7.15E+06 7.35E+06 0.017 -0.03
395.04 5.88E+06 5.58E+06 0.026 0.05
306.07 6.41E+06 6.81E+06 0.018 -0.06
303.19 7.07E+06 7.06E+06 0.016 0.00
390.03 5.70E+06 5.61E+06 0.026 0.02
303.70 6.29E+06 6.38E+06 0.018 -0.01
Mean Value 0.0214 0.0094
Error 0.0034 0.0321
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Table C.26: HAB 45 mm experimental test conditions for charge state for CH4-NaCl case

Average

Current Nt A Npma Charge per  Charge
Particle Fraction
687.86 3.77E+06 3.33E+06 0.069 0.12
645.35 4.83E+06 4.69E+06 0.051 0.03
625.76 3.98E+06 3.71E+06 0.060 0.07
630.05 4.57E+06 4.80E+06 0.052 -0.05
561.15 5.68E+06 5.74E+06 0.038 -0.01
620.85 5.98E+06 5.51E+06 0.039 0.08
641.20 5.84E+06 5.87E+06 0.042 -0.01
721.10 4.74E+06 4.51E+06 0.058 0.05
655.28 1.02E+07 8.80E+06 0.024 0.14
749.96 5.87E+06 5.71E+06 0.049 0.03
Mean Value 0.0482 0.0439
Error 0.0092 0.0417
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Table C.27: HAB 46 mm experimental test conditions for charge state for CH4-NaCl case

f on Average
Current NDma DMA Charge per Charge
Particle Fraction
750.69 1.17E+07 9.90E+06 0.024 0.16
848.57 9.12E+06 7.79E+06 0.035 0.15
901.51 9.87E+06 7.60E+06 0.035 0.23
865.14 9.93E+06 8.24E+06 0.033 0.17
912.91 9.97E+06 8.12E+06 0.035 0.19
853.24 7.23E+06 6.91E+06 0.045 0.04
973.19 9.11E+06 8.55E+06 0.041 0.06
Mean Value 0.0354 0.1416
Error 0.0059 0.0617
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Table C.28: HAB 47 mm experimental test conditions for charge state for CH4-NaCl case

Current NODf]&A DMA Cﬁ;’:;: gi)eer Charge
Particle Fraction
915.30 9.73E+06 8.26E+06 0.036 0.15
1008.10 9.07E+06 7.44E+06 0.042 0.18
1024.07 9.53E+06 8.00E+06 0.041 0.16
953.69 7.92E+06 6.98E+06 0.046 0.12
1060.15 9.63E+06 7.15E+06 0.042 0.26
1166.17 9.49E+06 7.96E+06 0.047 0.16
1272.18 1.14E+07 9.73E+06 0.042 0.15
932.93 9.17E+06 7.45E+06 0.039 0.19
1081.35 7.64E+06 6.11E+06 0.054 0.20
979.58 8.08E+06 6.73E+06 0.046 0.17
Mean Value 0.0434 0.1732
Error 0.0036 0.0267
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Table C.29:

HAB 48 mm experimental test conditions for charge state for CH4-NaCl case

" on Average
Current N3ma DMA Charge per  Charge
Particle Fraction
1077.32 9.34E+06 7.52E+06 0.044 0.20
960.33 8.13E+06 6.45E+06 0.045 0.21
943.33  7.92E+06 6.35E+06 0.045 0.20
1087.39 9.32E+06 7.64E+06 0.044 0.18
1042.71 7.87E+06 6.34E+06 0.050 0.19
1071.49 9.02E+06 7.24E+06 0.045 0.20
Mean Value 0.0456 0.1950
Error 0.0025 0.0087
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Table C.30: HAB 49 mm experimental test conditions for charge state for CH4-NaCl case

" on Average
Current N3ma DMA Charge per  Charge
Particle Fraction
996.12  8.27E+06 6.43E+06 0.046 0.22
666.91 1.02E+07 7.62E+06 0.025 0.25
955.60 8.26E+06 6.80E+06 0.044 0.18
088.98  7.85E+06 6.75E+06 0.048 0.14
913.93  9.07E+06 6.47E+06 0.038 0.29
1010.85 8.53E+06 6.65E+06 0.045 0.22
1024.27 9.40E+06 6.99E+06 0.041 0.26
Mean Value 0.0410 0.2220
Error 0.0072 0.0461
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Table C.31: HAB 50 mm experimental test conditions for charge state for CH4-NaCl case

Current NOD%[A biua Cﬁ;:gcl gi)ecr Charge
Particle Fraction
738.24 1.36E+07 9.88E+06 0.021 0.27
827.74 1.26E+07 8.82E+06 0.025 0.30
647.96 1.16E+07 8.44E+06 0.021 0.27
913.84 1.13E+07 7.96E+06 0.031 0.29
741.38 1.17E+07 8.38E+06 0.024 0.29
675.67 1.05E+07 8.00E+06 0.024 0.24
802.81 1.16E+07 8.73E+06 0.026 0.25
803.15 1.20E+07 9.04E+06 0.025 0.25
874.92 1.21E+07 8.91E+06 0.028 0.26
865.61 1.24E+07 8.47E+06 0.027 0.32
827.94 1.16E+07 8.57TE+06 0.027 0.26
Mean Value 0.0254 0.2725
Error 0.0019 0.0163
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Table C.32: HAB 52.5 mm experimental test conditions for charge state for CHs-NaCl case

Current NS, DMA Average
Charge per Charge
Particle Fraction
668.71 8.01E+06 5.66E+06 0.032 0.29
392.86 9.75E+06 6.66E+06 0.015 0.32
676.68 8.22E+06 5.79E+06 0.031 0.30
630.29 7.32E+06 5.29E+06 0.033 0.28
588.07 8.29E+06 5.87E+06 0.027 0.29
530.40 8.70E+06 6.18E+06 0.023 0.29
559.56 8.34E+06 5.70E+06 0.025 0.32
Mean Value 0.0267 0.2973
Error 0.0057 0.0136

217



Table C.33: HAB 55 mm experimental test conditions for charge state for CH4-NaCl case

Current NG, DMA Average
Charge per Charge
Particle Fraction
301.29  2.96E+06 2.01E+06 0.039 0.32
195.35 3.73E+06 2.21E+06 0.020 0.41
22797  3.05E+06 2.16E+06 0.028 0.29
128.41 3.55E+06 2.43E+06 0.014 0.32
290.11 3.05E+06 2.21E+06 0.036 0.27
161.08  3.55E+06 2.46E+06 0.017 0.31
259.66  2.98E+06 2.08E+06 0.033 0.30
25294  3.06E+06 2.12E+06 0.031 0.31
227.62  3.06E+06 2.00E+06 0.028 0.35
277.11 3.31E+06 1.97E+06 0.032 0.40
Mean Value 0.0279 0.3285
Error 0.0059 0.0321
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Table C.34: HAB 57.5 mm experimental test conditions for charge state for CHs-NaCl case

Current off DMA Average
Charge per  Charge
Particle Fraction
-557.85  4.33E+06 3.11E+06 -0.049 0.28
-772.58  4.44E+06 3.45E+06 -0.066 0.22
-872.65  4.36E+06 3.24E+06 -0.076 0.26
-636.49  4.26E+06 2.97E+06 -0.057 0.30
-806.46  4.14E+06 3.14E+06 -0.074 0.24
-872.49  4.07E+06 3.07E+06 -0.082 0.24
-556.56  4.46E+06 3.34E+06 -0.047 0.25
-744.88  4.43E+06 3.37E+06 -0.064 0.24
-848.19  4.47E+06 3.52E+06 -0.072 0.21
Mean Value -0.0652 0.2504
Error 0.0093 0.0214
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Table C.35: HAB 60 mm experimental test conditions for charge state for CH4-NaCl case

Current NonI&[A DMA Cﬁ::;g gi)eer Charge
Particle Fraction
-562.50  1.47E+06 1.12E+06 -0.146 0.24
-543.94  1.47E+06 1.15E+06 -0.141 0.22
-596.05  1.54E+06 1.16E+06 -0.147 0.25
-649.11  1.55E+06 1.26E+06 -0.159 0.18
-653.81  1.55E+06 1.19E+06 -0.160 0.23
-737.57  1.67E+06 1.47E+06 -0.168 0.12
-816.67  1.70E+06 1.52E+06 -0.183 0.10
-928.05  1.83E+06 1.46E+06 -0.192 0.21
-1057.22  1.87E+06 1.48E+06 -0.214 0.21
-1115.17  2.04E+06 1.57E+06 -0.207 0.23
-1155.25  2.14E+06 1.62E+06 -0.205 0.24
Mean Value -0.1749 0.2028
Error 0.0180 0.0327
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