
Effects of Co-flow on Jet Diffusion Flames:

Flow Field and Emissions

by

Milad Zamani

A thesis submitted in partial fulfillment of the requirements for the degree of

Doctor of Philosophy

Department of Mechanical Engineering
University of Alberta

© Milad Zamani, 2023



Abstract

Industrial flaring is a notable global contributor to carbon dioxide emissions and

other key pollutants, such as black carbon, oxides of nitrogen, and unburnt hydrocar-

bons. Introducing a separate assisting fluid near the base of these flames affects their

hydrodynamics, thermodynamics, and chemistry, which in turn affects their overall

efficiency and emissions. The extent of these three effects can differ depending on

the injection geometry, the composition of assisting fluid (inert gases, air, steam, or

atomized liquid water), and the quantity of the assisting fluid added. This study com-

prises three connected experimental investigations to address the effects on efficiency,

emissions, and stability of lab-scale co-flow jet diffusion flames in either a co-annular

burner or a slot burner.

In Investigation I, a burner was constructed of two concentric tubes allowed for

various generic burner geometries, where different fuels (methane or propane) and co-

flow assisting fluids (air, steam, or inert gases) flowed through the annular space and

the center tube, respectively. The effects of the composition and flow rate of the fuel

and assisting fluid, as well as the burner head geometry, were investigated in terms of

carbon conversion efficiency (CCE) and emission indices of black carbon and oxides

of nitrogen. Adding low flow rates of the assisting fluid co-flow significantly reduced

the black carbon emission, which was not related to the CCE collapse with the main

flame blow-off occurring at higher flow rates of assisting fluid. Moreover, any changes

that resulted in a higher/lower characteristic flame temperature increased/decreased

the emission of oxides of nitrogen. These results showed that, irrespective of the

fuel or assisting fluid composition (other than the oxygen-enriched case), there was

a range of assisting fluid flow rates, where the CCE was approximately 100%, while

the emissions of black carbon and nitrogen oxides were highly suppressed.

To focus on the effects of low flow rates of water as the assisting fluid on emissions,
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in Investigation II, a burner was constructed of a contoured nozzle with an inner

tube at the center. Different fuels (methane, propane, or methane-propane mixture)

and co-flow assisting fluids with the same chemical composition (steam or atomized

deionized water) flowed through the annular space and the center tube, respectively.

The results revealed that water addition suppressed the emission of black carbon

and nitrogen oxides more significantly compared to the same mass of steam addition,

which is due to the stronger thermal effect of water as the assisting fluid.

In order to explore the hydrodynamic effects of assisting fluid on the stability of

the diffusion flames, in Investigation III, a multi-slot burner was designed and tested.

This burner allowed for stabilizing normal and inverse diffusion flames, as well as

the coexistence of both in various configurations with 2D optical access. To finalize

the design dimensions and specifications, numerical simulations and non-reacting flow

particle image velocimetry (PIV) tests were performed on single slots to get the exit

velocity profile along their short and long side. After constructing the multi-slot

burner, the coexistence of the normal and inverse diffusion flames was investigated by

performing reacting flow PIV tests and overall emission measurements. The notable

finding is that the inner air flow rate must be high enough to lift off the inner flame

and enable fuel and air premixing to lower the total BC emissions.

Keywords

Co-flow jet diffusion flame; Assisted flare; Carbon conversion efficiency; Emission

index; Flow field; Blow-off.
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Chapter 1

Introduction and Background

An overview of the primary motivation of this study, about gas flaring and assisted

flares in both industrial and laboratory scales, the relevant jet diffusion studies in

various geometries, the problem statement and objectives, and finally, the outline of

this thesis are covered in this chapter.

1.1 Motivation: Flaring and Assisted Flares

Over the past few decades, global concerns have escalated regarding the increasing

trend in measured and anticipated temperature of Earth’s atmosphere (Solomon et al.,

2009). This increasing trend is strongly linked to the global and local changes in the

atmospheric composition, not only in the gaseous phase but also in the particulate

phase, with the most notable contributors being carbon dioxide (CO2), methane

(CH4), and black carbon (BC) (Solomon et al., 2009; Lelieveld et al., 1993; Moosmüller

et al., 2009). Despite the fact that methane is a frequently used fuel, the other

two are products of either the efficient or inefficient oxidation process of carbon- or

hydrocarbon-based compounds in diverse applications across the world. The principal
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anthropogenic contributor to our changing atmosphere across the world is admittedly

fossil fuel combustion. On a more local scale, different means of combustion can also

lead to an increase in the concentrations of other harmful compounds, such as carbon

monoxide (CO), oxides of nitrogen (NOx), volatile organic compounds, and polycyclic

aromatic hydrocarbons (Fawole et al., 2016; Shi et al., 2015).

The research presented here is motivated by the industrial practice of flaring,

which is the disposal of unwanted flammable gases or vapours by burning them in

open atmospheric flames. As demonstrated in Fig. 1.1, flares are large-scale turbu-

lent diffusion flames in an open atmosphere. Flaring is a challenging phenomenon to

investigate because there are many parameters, such as fuel composition, crosswind,

and exit geometry, to name but a few, which affect the produced noise level, radiation

Figure 1.1: Flare stack with smoking flame in a mild crosswind, source of the im-
age (GGFRP, 2022).
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field, emissions of gaseous and particulate pollutants, and the completeness of com-

bustion (Brzustowski, 1976). In 2015, for instance, the global flared gas volume was

estimated to be about 140 billion cubic meters (bcm) per year, with CH4 being the

primary fuel component being flared (Elvidge et al., 2018). Based on the trend pre-

sented in Fig. 1.2, despite the importance of reducing greenhouse gas emissions and

transitioning to cleaner energy sources over the last decade, global gas flaring volumes

have remained essentially constant, plateauing at around 144 bcm (GGFRP, 2022).

In addition, during the same time period, global oil production increased slightly

before the slight decrease in 2020 as a result of the COVID-19 pandemic, averaging

around 80 million barrels of oil per day (mln bbl/d). It is also reported that, on an

absolute volume basis, the top ten flaring countries in 2021 are responsible for 75% of

all gas flaring worldwide, while those countries only contribute to 50 % of the global

oil production (GGFRP, 2022). Taking this into account, flaring, whose emission

production is often underestimated (Stohl et al., 2013), will likely continue to signif-

icantly contribute to the global and local environmental issues mentioned above for

the foreseeable future (Cloy et al., 2017). To assess the relative importance of these

harmful emissions, one can use the global warming potential (GWP), which is defined
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Figure 1.2: Global gas flaring and oil production 1996 to 2021 (flaring only at up-
stream oil & gas and LNG plants), data adopted from (GGFRP, 2022).

3



as the cumulative radiative forcing per unit mass of emissions of a particular species

relative to the cumulative radiative forcing per unit mass of CO2. Due to a high

100-year GWP of CH4 and BC, 28–36 (Elvidge et al., 2018) and 840–1280 (Jacob-

son, 2007), respectively, it is highly preferred to maintain as efficient combustion as

possible rather than venting unburnt combustible gases or having an inefficient flame

(such as a sooting flame, fuel stripping (Johnson et al., 2001), or flame blow-off).

In order to accomplish this, for instance, the US Environmental Protection Agency

(EPA) set a 96.5 % combustion efficiency threshold and mandated that visible flare

emissions (i.e., smoking) be limited to no more than five minutes every two hours (US

Government Publishing Office, 2018).

According to their application and location, flares can be classified into three

categories: upstream flares (near oil and gas recovery sites), downstream flares (at

refineries and gas processing facilities), and industrial flares associated with the man-

ufacturing sector and, respectively, they account for 90.6%, 8.4%, and 1% of the

total volume of gas flared globally (Elvidge et al., 2018). In order to make the flares

smokeless and highly efficient, in the 1950s, the American Petroleum Institute (API,

2014) proposed the notion of injecting an additional fluid into the flared gas close to

the stack exit. This type of flare, later referred to as an assisted flare, was intended to

increase the flared gas exit velocity, which enhanced the turbulence to better mix the

fuel and air. Additionally, this efficient mixing lowers the overall sooting propensity,

luminosity, and thermal radiation of the flare (Duck, 2011). Alternatively, assisting

fluid injection can raise the manufacturing, operating, and maintenance costs (Stone

et al., 1992b) as well as produce higher noise levels, which can be eliminated by using

modified exit geometry (e.g. multiple small jets or acoustical shrouding) (Stone et al.,

1992a).

The advantages of the assisting fluid injection are not monotonic with increasing

4



the flow rate, as over-aeration or over-steaming eventually reduces the conversion of

the carbon in the hydrocarbon fuels to CO2 (i.e., carbon conversion efficiency (CCE))

and leads to significant emissions of volatile organic compounds and unburned fu-

els (Castiñeira and Edgar, 2006). From a broader perspective, the effects of adding

a separate assisting fluid close to the base of these flames on emissions can be cat-

egorized into three mechanisms, namely hydrodynamics and mixing (i.e., enhancing

atmospheric air entrainment to the combustion zone) (Johnson et al., 2001; Castiñeira

and Edgar, 2006; Devesh Singh et al., 2014), chemistry and combustion kinetics (i.e.,

inhibiting solid carbon production, reacting with intermediate combustion products,

and preventing the formation of long-chained compounds) (Castiñeira and Edgar,

2006; Devesh Singh et al., 2014; Dryer, 1977; Roberts et al., 2005), as well as ther-

modynamics (i.e., acting like a thermal energy sink and lowering the characteristic

temperature of the flame) (Duck, 2011; Castiñeira and Edgar, 2006; Dryer, 1977).

The study presented here attempts to contribute to a better general and generic

understanding of assisted flares. In industrial assisted flares, there are many different

geometries for how the flared gas and the assisting fluid are brought together (AN-

SI/API, 2008). These geometries are invariably designed such that the flared gas

emerges vertically, either with or without generated swirl, mainly from a circular

tube. The introduction of the assisting stream can take on many forms, but one stan-

dard categorization is whether the assisting fluid exits its tube or nozzles externally

or internally to the flared gas stream (EPA, 2012), schematically depicted in Fig. 1.3.

When it comes to the internal case, the assisting fluid is fully embedded in the flared

gas stream, typically close to the exit plane of the flare. In contrast, in the case of

steam-assisted flare, it can be introduced inside the flared gas stream before the exit

plane to allow for some premixing (this premixing is not done with air-assisted flares

to avoid flashback). Additionally, these internal assisting flows can be co-axial to the
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External 

nozzles

Internal 

nozzles

Figure 1.3: Schematic of external or internal nozzles in an assisted flare, figure re-
trieved from (Hong et al., 2006) and modified.

flare stream or arranged to create a swirl. On the other hand, in the external case,

the assisting fluid can either be injected into the flared gas stream externally (usually

by multiple opposed nozzles placed at angles oblique to the flare stream) or a single

assisting flow that is co-axial to the flared gas stream.

1.2 Flare Emission Studies

Generally speaking, the relevant flare studies can be classified into two categories,

namely laboratory-scale and industrial field-scale (including pilot-scale) investiga-

tions. The emission indices (EI) of various exhaust products are commonly charac-

terized as the mass of a particular species emitted in the plume per unit mass of gas

flared (Corbin and Johnson, 2014),

EIj =
ṁj,produced

ṁF

(1.1)
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where ṁj and ṁF represent the mass flow rate of particular species and the fuel or

flared gas, respectively. Emissions from field-scale flares has been measured using a

variety of methods, including collecting the entire plume by a hood (Pohl et al., 1986)

or a portion of the plume (Torres et al., 2012), sampling through stationary probes

in the plume (Strosher, 2000), and sampling through a single-point probe moving

across the plume supported by a crane (McDaniel and Tichenor, 1983) or carried by

aircraft (Weyant et al., 2016; Gvakharia et al., 2017). In all cases except the one col-

lecting the entire plume, there is a concern that the sampled emissions are not a proper

representative of the whole. Furthermore, non-intrusive imaging techniques have also

been employed, such as visible infrared (IR) imaging radiometer (Elvidge et al., 2016),

hyper-spectral imaging (Miguel et al., 2021) or multi-spectral IR imaging (Zeng et al.,

2016), and line-of-sight attenuation of the skylight (Sky-LOSA) (Johnson et al., 2011),

but they all face the challenge of converting light intensity data into concentration-

based data, which is then turned into mass flows to calculate emission factors (indices).

Air-assisted flares have become more common in the US lately (Cheremisinoff,

2013), although steam is used in the majority of industrial assisted flares (Castiñeira

and Edgar, 2006) due its to higher smoke suppression capacity. Assisting air typ-

ically supplies only 15–50 % of the stoichiometric air needed for complete combus-

tion (Baukal Jr, 2001), while the remainder comes from ambient air. For example,

in the study conducted by Torres et al. (2012), full-scale industrial flares were tested

using low lower heating value (LHV) fuels (fuels diluted by nitrogen) at low flow

conditions (0.1% to 0.65% of the flare’s design full capacity). Both an internally

air-assisted flare and an externally steam-assisted flare were included in their exper-

iments. Their findings revealed that the destruction efficiency (i.e., the fraction of

the flared gas that reacted) of steam-assisted flares dramatically decreases when the

heating value in the combustion zone becomes less than 9.3 MJ/m3. Moreover, the
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destruction efficiency of the air-assisted flares decreases linearly with the air flow

rate. Torres et al. (2012) also explored the effect of crosswind on the performance of

steam- and air-assisted flares. For both flares, the wind speed was in the range of

0− 7.2m/s, and the deviation in the destruction efficiency compared to no crosswind

case was less than 2.5%. Although these studies did not report emission indices of

emitted species, they focused on the destruction efficiency trend.

In another field-scale study, McDaniel and Tichenor (1983) determined the overall

hydrocarbon destruction efficiency and combustion efficiency (CE) for both air- and

steam-assisted smokeless flares, despite the fact that the flared gas was “crude propy-

lene” (≈ 80% propylene + 20% propane), which has a relatively high soot propensity.

Furthermore, only soot mass concentration was reported for the unassisted smoking

case, but its emission indices were not included because the dilution ratio of the sam-

ples was unknown. In a more recent study, in order to enable continuous real-time

monitoring of CE in full-scale industrial assisted flares (steam-assisted, air-assisted,

and pressure-assisted flares), a relatively new method based on hyper-spectral or

multi-spectral IR imaging was developed (Zeng et al., 2016), and the results were

validated with an extractive sampling method. In their study, CO and soot emissions

were ignored in the CE calculation, even though they can be relatively large for an

inefficient flare, specifically CO (Ismail and Umukoro, 2016). To clarify this, Pohl

et al. (1986) explained that the formation of CO can be from two alternative par-

tial oxidation pathways, namely, starting from the soot or from the hydrocarbon fuel

itself, with the latter one being the dominant pathway in the chemical mechanism.

In addition to the assisted flare studies that were discussed previously, a few

field-scale studies have been published on unassisted flares. Johnson et al. (2011)

conducted some field measurements to quantify the soot emissions from an unassisted

flare at a petrochemical plant using Sky-LOSA and image correlation velocimetry
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of the unconfined atmospheric plume. However, neither the efficiency measure nor

the composition of the flared gas was documented. Strosher (2000) investigated the

completeness of the flaring process and characterized the emissions from a field-scale

flare at an oil-field site in Alberta, Canada. It was demonstrated that the CE of

the unassisted diffusion flares was inversely proportional to the amount of liquid fuel

mixed with the flared gas, and crosswinds, in general, resulted in more unburned

fuel and pyrolytically-formed hydrocarbons that were emitted from the flare. The

quantification of the NOx and soot emission indices was not, however, a part of their

extensive field measurements.

1.3 Relevant Jet Diffusion Flame Studies

In a lab-scale flare study, the CCE of diffusion flames in a crosswind was experi-

mentally investigated in a closed-loop wind tunnel (Johnson and Kostiuk, 2000). A

tube burner was used to model an unassisted flare, burning propane, natural gas,

or propane/CO2 as the fuel. An increase in crosswind speed resulted in a reduction

in the CCE, whereas an increase in jet exit velocity mitigated the adverse effects of

crosswind. Also, the leading source of inefficiencies was fuel stripping, which is the

process by which unburned fuels escape from the flame zone as a result of local ex-

tinctions. Another recent lab-scale investigation observed an unexpected pattern of

increasing BC emissions at low assisting air flow rates that abruptly reversed itself

at slightly higher assisting air flow rates, and the cause of the observed trends in BC

emissions was not pinpointed (Zamani et al., 2021). Therefore, further investigation

is warranted on the BC emissions with increasing assisting air flow rates by zooming

into the regions of air flow rates where these unexpected trends occur to examine the

universality of such findings, which is a part of the focus of this study. This tran-

sition in BC emissions was once again attempted to be resolved in an axisymmetric
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co-annular configuration in two scaled geometries (Mobaseri, 2021). Still, that study

was unable to decouple the effects of the air-to-fuel mass flow ratio and the inner tube

wall thickness on the outcomes.

Because there aren’t many lab-scale studies on assisted flares in the literature

where the assisting fluid is internal to the fuel flow, it is advantageous to take into

account some comparable configurations in the combustion research community, such

as inverse jet diffusion flames (IDF). Numerous investigations on different types of

diffusion flames and their underlying physics have been published in the literature on

combustion science (Zhen et al., 2021). IDFs are a category of diffusion flames that

differ from normal jet diffusion flames (NDF) in that the oxidizer and fuel positions

are swapped. IDFs are composed of an annular jet of fuel, or a number of circular

jets of fuel surrounding an inner jet of air (Blevins et al., 2002; Oh et al., 2005;

Sobiesiak and Wenzell, 2005; Ying and Liu, 2018; Sidebotham and Glassman, 1992;

Zhang et al., 2012; Elbaz and Roberts, 2014, 2016; Sze et al., 2006; Zhen et al., 2011;

Kapusta et al., 2020). These air and fuel flows may be either surrounded by an inert

gas shield to isolate the flame from disturbances of the surrounding air (Blevins et al.,

2002; Oh et al., 2005; Sobiesiak and Wenzell, 2005; Ying and Liu, 2018), bounded

within rigid boundaries to prevent interactions with ambient air currents (Sidebotham

and Glassman, 1992; Zhang et al., 2012; Elbaz and Roberts, 2014, 2016), unconfined

in a quiescent atmosphere to allow ambient air entrainment (Sze et al., 2006; Zhen

et al., 2011; Kapusta et al., 2020), or confined in a controlled air flow (Lim et al.,

2017).

Regarding the internally air-assisted flares that were previously addressed, their

configuration is similar to that of the unconfined IDF in a quiescent atmosphere, but

they are different in practice. In this configuration, an outer NDF is created in the

outer mixing layer established with the quiescent air, which places an IDF and an
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NDF adjacent to each other. IDFs have the advantageous properties of both premixed

and diffusion flames in terms of application, namely, emitting less pollutants and

preventing flashback, respectively (Dong et al., 2007). The majority of the relevant

studies on this topic concentrated on the morphology or formation process of soot

particles (Blevins et al., 2002; Oh et al., 2005; Ying and Liu, 2018; Sidebotham and

Glassman, 1992), the overall flame structure and its distinct local zones, and degrees

of partial premixing in IDFs (Sobiesiak and Wenzell, 2005; Zhang et al., 2012; Elbaz

and Roberts, 2014, 2016; Zhen et al., 2011; Kapusta et al., 2020). With the exception

of Sze et al. (2006), who investigated the emission index of NOx for a range of overall

equivalence ratios in addition to the IDF structure. Also, it is important to point

out a study by Lim et al. (2017), which was primarily concerned with determining

the optical characteristics of soot particles with different organic carbon contents in

a triple co-flow burner with constant inner air flow and increasing outer air flow to

control the degree of carbonization of the emitted soot particles. Their finding is

significant because it shows that the presence of a small IDF inside the main flame

increases the temperature close to the nozzle exit and the degree of fuel pyrolysis,

both of which stimulate soot formation. One of the goals of the current study is to

address this knowledge gap because neither of these works examined the CCE trend

nor simultaneously quantified NOx and BC emissions.

Even though co-annular burner configurations have been the primary focus of

IDF research, it has been demonstrated that the dynamics, stability, flame structure,

and emissions are all impacted by the jet radius and curvature (Mansour, 2000).

Besides, the area ratio of the streams in co-annular burners can also be altered by

changing the inner or outer tube diameter. Slot burners, on the other hand, allow for

independent adjustment of the width and length of each slot (Kapusta et al., 2020).

Therefore, it is valuable to take into account the burner configurations similar to the
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Wolfhard-Parker slot burner, the idea of which was first proposed in 1949 (Wolfhard

and Parker, 1949). This burner created a 2D diffusion flame with a thicker reaction

zone that had rectangular slots for the fuel and the oxidizer that were parallel to

each other along their long side and were surrounded by a flow of inert gas. For

the purpose of measuring in-flame emissions from an NDF in slot configuration, a

modified Wolfhard-Parker slot burner was constructed that produced two symmetric

flame sheets by sandwiching the fuel slot between two air slots (Kent et al., 1981;

Smyth et al., 1985). This allowed for the analysis of the soot formation and particle

generation rates inside a 2D diffusion flame. Recently, this type of burner was modified

such that two N2 purge slots were added at the ends of the fuel slot to eliminate the

impact of end flames on the overall stability of the flame sheets (Wagner et al., 2009).

1.4 Objectives and Problem Statement

The main objective of this research is to explore a gap in the literature associated

with the quantification of key emission metrics and the efficiency of internally-assisted

jet diffusion flames as a surrogate for internally-assisted non-swirl flares. These have

the common physical processes that occur in the shear-mixing layers between fluid

streams of different compositions and velocities, chemical reactions within the layers

that involved fuels and oxidizers, and the impacts of buoyancy. The following chapters

focus on the published results of three connected investigations on co-flow jet diffusion

flames in two co-annular burners and one multi-slot burner, respectively. In two co-

annular burners, the key emission metrics considered are the overall CCE and the

emission indices for BC and NOx, and link these values to the hydrodynamics of

the flow and existing models for the importance of peak temperatures in pollutant

formation. In the slot burner investigation, changes in key emission metrics (i.e., only

BC and NOx) are related to the flow field of an unconfined IDF inside an NDF by
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studying the physical processes occurring in various 2D shear-mixing layers.

1.5 Thesis Outline

This thesis consists of six chapters, which are the results of three connected inves-

tigations on co-flow jet diffusion flames. A summary of the content of each of the

following chapters is as follows:

Chapter 2 (Investigation I) demonstrates a simplified lab-scale internally assisted

flare configuration to quantify CCE and EI of black carbon and oxides of nitrogen.

The effects of the composition and flow rate of the fuel (methane or propane) and

assisting fluid (air, steam, or inert gases), as well as the burner head geometry, were

investigated in a burner constructed of two concentric tubes allowed for various generic

burner geometries. The results showed that there was a range of assisting fluid flow

rates, where the CCE was approximately 100%, while the emission of black carbon

and nitrogen oxides were highly suppressed.

Chapter 3 (Investigation II) discusses another simplified lab-scale internally as-

sisted flare configuration focusing on low flow rates of assisting fluid (steam or at-

omized water) to compare their effectiveness in suppressing soot formation and NOx

emissions during flaring. The three fuels at constant flow rates used in this study

were 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. The results show that both liquid water and steam reduce NOx and BC mass

emissions; however, liquid water reduces NOx and BC emissions more than steam due

to a stronger thermodynamic effect.

Chapter 4 provides the details of the design of a multi-slot burner that is used

in Chapter 5. The detailed steps of designing the single slot are explained using flow

simulation and particle image velocimetry (PIV) experiments. Some of the possible
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diffusion flames that can be stabilized on this burner are also discussed.

Chapter 5 (Investigation III) was motivated by the application of internally

air-assisted flares and recent anomalous data that BC emissions changes are not

monotonic with the amount of air added inside the fuel stream, a burner was designed

(Chapter 4) to study the flow, emissions, and stability aspects of the existence of

both normal and inverse jet diffusion flames in close proximity. Since the radius of

curvature of a burner affects all aspects of combustion, such as dynamics, stability,

flame structure, and emissions, a slot burner configuration was adopted. This multi-

slot burner consists of five parallel rectangular slots, producing flame sheets at each

fuel-air mixing layer with open optical access to all the flows. The experimental

test conditions involved constant flows of outer air and propane and variable inner

air flow. Only when the inner flame finally lifted off due to the inner air flow, did

the BC emissions collapse to near zero. Phenomenological models associated with

the importance of partial premixing were proposed to explain this collapse, thereby

generalizing this finding to other combustion systems when attempting to reduce BC

emissions through secondary internal air addition.

Chapter 6 presents a summary of findings and conclusions as well as proposals

for future studies.
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Chapter 2

Investigation I: Jet Diffusion Flame

in a Co-annular Burner at Full

Range of Co-flow1, 2

2.1 Introduction

Concerns have escalated over the past few decades regarding the measured and pre-

dicted trends in the increase in the temperature of the earth’s atmosphere (Solomon

et al., 2009). This increase is associated with compositional changes in the atmosphere

of both gaseous and particulate phases, with the most notable components being car-

bon dioxide (CO2), methane (CH4), and black carbon (BC) (Solomon et al., 2009;

Lelieveld et al., 1993; Moosmüller et al., 2009). With one of these components being
1Based on a published paper: Zamani, M., Abbasi-Atibeh, E., Mobaseri, S., Ahsan, H., Ahsan,

A., Olfert, J. S., and Kostiuk, L. W. (2021). An experimental study on the carbon conversion
efficiency and emission indices of air and steam co-flow diffusion jet flames. Fuel, 287:119534.

2Based on a published paper: Miguel, R. B., Talebi-Moghaddam, S., Zamani, M., Turcotte,
C., and Daun, K. J. (2021). Assessing flare combustion efficiency using imaging Fourier transform
spectroscopy. Journal of Quantitative Spectroscopy and Radiative Transfer, 273, 107835.
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a ubiquitous fuel, and the others being products of either effective or ineffective oxi-

dation processes, combustion unsurprisingly is at the center of direct anthropogenic

contributions to our changing global atmosphere. On a more local level, combustion

is also associated with elevating the concentrations of other undesirable compounds,

such as carbon monoxide (CO), oxides of nitrogen (NOx), volatile organic compounds,

and polycyclic aromatic hydrocarbons (Fawole et al., 2016; Shi et al., 2015).

The motivation for the research presented here is the industrial practice of flaring,

which is the disposal of unwanted flammable gases or vapors by burning them in

open atmospheric flames. Flares are turbulent diffusion flames; hence, flaring is a

complicated phenomenon, in which parameters, such as fuel composition, crosswind,

and exit geometry, affect the produced noise level, radiation field, emissions of soot

and gaseous pollutants, and the completeness of combustion (Brzustowski, 1976).

With the most dominant fuel component being CH4, the quantity of globally flared

gas was estimated to be 140 billion cubic meters annually in 2015 (Elvidge et al.,

2018), and flaring is, therefore, a notable contributor to the global and local issues

mentioned above (Cloy et al., 2017). A way to quantify the relative importance of

these emissions is by global warming potential (GWP) defined as the cumulative

radiative forcing per unit mass of emissions of a particular species relative to the

cumulative radiative forcing per unit mass of CO2. Since CH4 and BC have a 100-

year GWP of 28–36 (Elvidge et al., 2018) and 840–1280 (Jacobson, 2007) respectively;

maintaining efficient combustion is highly desirable compared to venting or having an

inefficient flame (e.g., a sooting flame, fuel stripping (Johnson et al., 2001), or flame

blow-off). To this end, the United States Environmental Protection Agency (EPA)

set a threshold for the combustion efficiency at 96.5%, and restricted visible flare

emissions (i.e., smoking) to be less than five minutes in two consecutive hours (US

Government Publishing Office, 2018).
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Flares can be categorized into three groups in terms of their application; upstream

flares (near oil and gas recovery sites), downstream flares (at refinery and gas process-

ing facilities), and industrial flares associated with the manufacturing sector, and they

respectively contribute 90.6%, 8.4 %, and 1% to global volume of gas flared (Elvidge

et al., 2018). In the 1950s, the concept of injecting an additional fluid into the flared

gas near the stack exit was recommended by the American Petroleum Institute (API,

2014) to create smokeless and high-efficiency flares. The stated intent of this type

of flare was to increase the flared gas exit velocity, which enhanced the turbulence

for mixing the fuel with air and became known as an assisted flare. Furthermore,

this mixing reduces the sooting propensity, luminosity, and thermal radiation of the

flame (Duck, 2011). The positive impacts of the assisting fluid are not monotonic

with their increasing flow as over-aeration or over-steaming eventually reduces the

conversion of the carbon in the hydrocarbon fuels to CO2 (i.e., carbon conversion

efficiency (CCE)) and results in a significant emission of volatile organic compounds

and unburned fuels (Castiñeira and Edgar, 2006).

The research presented here is to contribute to a better general and generic un-

derstanding of assisted flares. Industrial assisted flares exist with a multitude of

geometries for how the flared gas and the assisting fluid are brought together (AN-

SI/API, 2008). These geometries invariably involve the flared gas emerging vertically,

either with or without induced swirl, from an overall circular conduit. The introduc-

tion of the assisting stream can take on many forms, but one common categorization

is whether the assisting fluid exits its conduit or nozzles externally or internally to

the flared gas stream (EPA, 2012). For the external case, the assisting fluid can either

be directed into the flared gas stream (usually by multiple opposed nozzles arranged

at angles oblique to the flare stream) or a single assisting flow that is co-axial to

the flared gas stream. Alternately, for the internal case, the assisting fluid is fully
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embedded in the flared gas stream, typically near the exit plane of the flare, while in

the case of steam-assist it can be introduced in the flared gas before the exit plane

to allow for some premixing (this premixing is not done with air-assist to preclude

flashback). These internal assisting flows can also be co-axial to the flare stream or

arranged to create a swirl.

The relevant literature can be divided into two parts, namely, industrial field-

scale (including pilot-scale) and laboratory-scale studies. The emission indices (EI) of

various exhaust products are defined as the mass of a specific compound emitted in the

plume per unit mass of gas flared (Corbin and Johnson, 2014), EIj = (ṁj,produced/ṁF),

where j represents a specific species and F represents the flared gas. Quantifying

the emissions of field-scale flares has been done by collecting the entire plume by

a hood (Pohl et al., 1986) or a part of the plume (Torres et al., 2012), sampling

through stationary probes in the plume (Strosher, 2000), sampling through a single-

point probe moving across the plume held by a crane (McDaniel and Tichenor, 1983)

or carried by an aircraft (Weyant et al., 2016; Gvakharia et al., 2017). In all cases

other than collecting the whole plume, there is a concern that the sampled emissions

are not representative of the whole. Non-intrusive imagining techniques, such as

visible infrared imaging radiometer (Elvidge et al., 2016), hyper-spectral or multi-

spectral infrared imaging (Zeng et al., 2016), and line-of-sight attenuation of skylight

(Sky-LOSA) (Johnson et al., 2011), have also been used but come with the challenge

of turning light intensity data into concentration-based data and then into mass flows

to create emission factors.

The majority of industrial assisted flares use steam due to their higher smoke

suppression capacity (Castiñeira and Edgar, 2006); however, air-assisted flaring has

recently increased in the US (Cheremisinoff, 2013). This assisting air usually provides

only 15–50 % of the stoichiometric air required (Baukal Jr, 2001), and the rest comes
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from the ambient. Torres et al. (2012) conducted full-scale industrial flare tests at low

flow (0.1% to 0.65% of the flare’s design full capacity) and low lower heating value

(LHV) fuels (fuels diluted by nitrogen). In their experiments, both an internally air-

assisted flare and an externally steam-assisted flare were tested. The results showed

that the destruction efficiency (i.e., the fraction of the flared gas that reacted) for

steam-assisted flares drops noticeably when the heating value in the combustion zone

falls below 9.3 MJ/m3. In addition, the destruction efficiency drops linearly with air

flow rate in air-assisted flares. Torres et al. (2012) also investigated the effect of ambi-

ent conditions (i.e., crosswind) on steam- and air-assisted flare performance. For both

flares, operated with wind speeds of 0–7.2 m/s, the deviation in the efficiency from

no crosswind was less than 2.5%. In these studies, the focus was on the destruction

efficiency trend, but the emission indices were not reported.

Among these field-scale studies, McDaniel and Tichenor (1983) calculated the to-

tal hydrocarbon destruction efficiency and combustion efficiency (CE) for both air-

and steam-assisted smokeless flares, although the flared gas was “crude propylene” (≈

80% propylene + 20% propane), having a high soot propensity. In addition, soot

mass concentration was only reported for the unassisted smoking case, but its emis-

sion indices were not included because of the unknown dilution ratio of the samples. A

relatively new method based on a hyper-spectral or multi-spectral infrared (IR) imag-

ing was developed for a real-time continuous monitoring of CE in full-scale industrial

assisted flares (steam-assisted, air-assisted, and pressure-assisted flares) (Zeng et al.,

2016), which was validated with an extractive sampling method. In their study, CO

and soot emissions were ignored in the CE calculation, even though they can be rela-

tively large for an inefficient flare, specially CO (Ismail and Umukoro, 2016). This was

explained by Pohl et al. (1986) that the production of CO can be from two different

pathways, namely, soot oxidation and direct derivation from hydrocarbons, with the
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second one being the major pathway.

There are a few field studies published on unassisted flares. Johnson et al. (2011)

conducted field measurements to quantify the soot emissions of an unassisted flare

at a petrochemical plant using Sky-LOSA and image correlation velocimetry of the

unconfined atmospheric plume. They did not report the composition of the flared

gas or measures of efficiency. Strosher (2000) investigated the completeness of the

flaring process and characterized the emissions from a field-scale flare at an oil-field

site in Alberta, Canada. It was shown that the CE of the unassisted diffusion flares

was inversely proportional to the amount of liquid fuel directed to flared gas, and

crosswinds caused more unburned fuel and pyrolytically-produced hydrocarbons to

emit from the flare, but the emission indices of NOx and soot were not considered

in their field measurements. In a lab-scale setting, the CCE of diffusion flames in

a crosswind was experimentally explored in a closed-loop wind tunnel (Johnson and

Kostiuk, 2000). A tube burner used propane, natural gas, or propane/CO2 as the

fuel to model an unassisted flare. Results revealed that the increase in crosswind

speed caused a decrease in the CCE, while the increase in jet exit velocity diminished

the negative impact of crosswind. Additionally, fuel stripping (i.e., unburned fuels

escaping from the flame zone due to the local extinctions) was the main cause of

inefficiencies.

As there are limited lab-scale studies on assisted flares, where the assisting fluid

is internal to the fuel flow, it is beneficial to consider some analogous configurations,

such as inverse jet diffusion flames (IDF). Being a category of diffusion flames in

which oxidizer and fuel positions are switched compared to normal diffusion flames,

IDFs consist of an inner jet of air surrounded by an annular jet or multiple circular

jets of fuel. These flows may be either surrounded by an inert gas shield to isolate the

flame from the surrounding air (Blevins et al., 2002; Oh et al., 2005; Sobiesiak and
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Wenzell, 2005; Ying and Liu, 2018), confined in a rigid shield to avoid interactions

with ambient air currents (Sidebotham and Glassman, 1992; Zhang et al., 2012; Elbaz

and Roberts, 2014, 2016), or unconfined in a quiescent atmosphere to allow ambient

air entrainment (Sze et al., 2006; Zhen et al., 2011; Kapusta et al., 2020). The

air-assisted cases in this paper are geometrically analogous to the latter one, but

analytically distinct. Except Sze et al. (2006) that studied not only the emission

index of NOx for a range of overall equivalence ratio, but also the IDF flame structure,

the other studies were concentrated on the morphology or formation process of soot

particles (Blevins et al., 2002; Oh et al., 2005; Ying and Liu, 2018; Sidebotham and

Glassman, 1992) or the overall flame structure and its local distinct zones as well as

degrees of partial premixing in IDFs (Sobiesiak and Wenzell, 2005; Zhang et al., 2012;

Elbaz and Roberts, 2014, 2016; Zhen et al., 2011; Kapusta et al., 2020). However,

these works neither evaluated the CCE trend nor simultaneously quantified NOx and

soot emissions.

The main objective of this research is to explore a gap in the literature associated

with the quantification of key emission metrics and efficiency of internally-assisted

jet diffusion flames as a surrogate for internally-assisted non-swirl flares. These have

the common physical processes that occur in the shear-mixing layers between fluid

streams of different compositions and velocities, chemical reactions within the layers

that involved fuels and oxidizers, and the impacts of buoyancy. The key emission

metrics considered are the overall CCE, and the emission indices for BC and NOx,

and link these values to the hydrodynamics of the flow and existing models for the

importance of peak temperatures in pollutant formation.
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2.2 Experimental Setup and Methodology

Jet diffusion flames, produced in co-axial burners constructed of two concentric tubes,

were burned in a quiescent environment. These experiments explored the effects of

fuel and assisting fluid composition and their flow rates, as well as the changes in exit

geometry, on CCE and emissions. In these experiments, methane (CH4), propane

(C3H8), and inert-diluted C3H8 were used as fuels, while steam, air, and gas mixtures

having the same density as air or steam were used as co-flow assisting streams in

various co-flow geometries. These experiments explored a wide range of parameters

to identify their importance on CCE and EIs of various products.

The experimental setup, as depicted in Fig. 2.1, was comprised of two concentric
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Figure 2.1: Schematic of the experimental setup in Investigation I.
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co-axial stainless-steel tubes. The fuel and assisting fluid flowed through the annular

space and the center tube, respectively. All combustion products were fully collected

using a square exhaust hood. To verify that all combustion products were fully

collected using a square exhaust hood, four resistance temperature detector probes

were placed around the exhaust hood to monitor the temperature, and detect any

overflowing of hot product gases outside the exhaust hood. The temperature readings

were always close to the room temperature, which ensured that all the combustion

products were collected. The exhaust hood was connected to a circular duct with a

diameter of 0.3m, where its flow rate was controlled by a Venturi valve to maintain

a turbulent flow of products. Samples of exhaust gases were extracted through a

sampling probe for species measurement. In order to get a well-mixed sample of

the combustion products, the probe was installed in the duct 6 m downstream of the

exhaust hood. Vertical mesh screens surrounding the burner provided an undisturbed

environment while allowing for the air entrainment necessary for combustion. Further

details of the setup can be found elsewhere (Ahsan et al., 2019).

Different burner geometries were created by varying the inner tube diameter and

changing the vertical offset of the assisting fluid and fuel exit planes. The details

of the experiments are presented in Table 2.1. The inner and outer diameter of the

outer tube were fixed at Di = 22.9mm and Do = 25.4mm, while the inner and

outer diameter of the inner tube were either di = 11.3mm and do = 12.7mm or

di = 5.54mm and do = 6.35mm, referred to as Geometry A and B, respectively.

In Geometry A, CH4 with assisting streams of air (CH4–Air) and steam (CH4–

Steam) were used as base cases at a fixed fuel mass flow rate (ṁf) equivalent to

20L/min at standard conditions of 25 ◦C and 101.325 kPa (denoted elsewhere as

SLPM). The effects of changing the fuel type and its flow rate were tested by us-

ing C3H8 as the fuel, or by increasing the CH4 flow rate to 40 SLPM. To explore the
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relative effects of chemistry versus hydrodynamics of the assisting fluid, various gas

compositions were used. The volume fractions of different gases in the mixture were

selected such that the density, or the molecular mass (M), was similar to either air or

steam, which are referred to as equivalent air-assisted (EqvAir) or equivalent steam-

assisted (EqvSteam) cases, respectively. The EqvAir flows were based on changing

the oxygen concentration to 0%, 10.5%, and 42% to contrast normal air with 21%

O2. The EqvSteam flows were based on reducing the steam content to 50% and 0%,

with the net effect being that the 0% O2 and the 0 % steam flows are both effec-

tively inert, but of different densities and hence different momentum fluxes. It should

be noted that the assisting co-flow mixtures had different specific heat capacities at

constant pressure (cpas); hence, replacing air or steam assisting co-flows with these

mixtures did affect the characteristic adiabatic flame temperature (Tad).

In Geometry B, the experiments focused on the effects of changing the LHV of

the fuel, and offset the height of the assisting fluid with respect to the fuel exit

plane. To decrease the volumetric LHV of the fuel (down to as much as 20% of pure

C3H8), C3H8 was diluted by nitrogen (N2), while keeping the total volumetric flow

rate constant. In steam-assisted cases, the burner inner tube was moved ±10mm and

±20mm vertically to produce offset heights. To facilitate the discussion of results,

the experiments are named in Table 2.1.

In addition, the fuel exit Reynolds numbers (Ref) are presented in Table 2.1 to

help characterize the experimental conditions. The assisting fluid Reynolds numbers

(Reas) at the tube exit ranged from zero (i.e., unassisted) to values when the flame

was blown off. Table 2.1 lists the Reas values at the onset of blow-off and rapid

decline in the CCE, referred to as the CCE collapse point. The Reas for the CCE

collapse ranged from 2,380 to 24,450 for air-assisted, and from 5,770 to 10,600 for

steam-assisted cases.
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Table 2.1: Experimental matrix of Investigation I; base cases (the first entry for each
geometry with air/steam co-flow) are shaded. Bold entries highlight a change from
base cases.

Exp. ID Fuel composition ṁf Ref Reas Assisting co-flow cpas MFR at
(% Vol.) (SLPM) (CCE collapse) composition (J/kg–K) CCE ≈ 96.5%

Geometry A

CH4–Air CH4 20 590 21470 air 1003 15.0

Different fuel
C3H8–Air C3H8 20 2280 21460 air 1003 5.3

Higher flow rate
CH4–Air–HFR CH4 40 1250 24450 air 1003 8.5

Equivalent air assist
CH4–EqvAir–1 CH4 20 590 11110 92% N2 +8% Ar 981 7.7
CH4–EqvAir–2 CH4 20 590 16390 85% N2 +10.5% O2 +4.5% Ar 992 11.4
CH4–EqvAir–3 CH4 20 590 26490 55% N2 +42% O2 +3% He 1000 18.9

CH4–Steam CH4 20 580 5770 steam 1907 3.1

Different fuel
C3H8–Steam C3H8 20 2280 10600 steam 1907 2.2

Higher flow rate
CH4–Steam–HFR CH4 40 1260 10190 steam 1908 2.8

Equivalent steam assist
CH4–EqvSteam–1 CH4 20 580 4900 58% N2 +42% He 1428 4.1
CH4–EqvSteam–2 CH4 20 580 4130 50% steam+29 % N2 +21% He 1672 2.8

Geometry B

C3H8–Air C3H8 20 2700 12400 air 1003 1.40

Different fuel
CH4–Air CH4 20 690 13220 air 1003 4.33

Fuel dilution
C3H8–Air–D60 60% C3H8 +40% N2 20 1820 11900 air 1003 1.47
C3H8–Air–D40 40% C3H8 +60% N2 20 1540 11070 air 1003 1.53
C3H8–Air–D20 20% C3H8 +80% N2 20 1370 2380 air 1003 NA

C3H8–Steam C3H8 20 2680 8950 steam 1907 0.74

Different fuel
CH4–Steam CH4 20 700 8260 steam 1907 2.03

Offset (mm)
C3H8–Steam–O(+20) C3H8 20 2700 8950 steam 1907 0.83
C3H8–Steam–O(+10) C3H8 20 2620 9300 steam 1907 0.83
C3H8–Steam–O(-10) C3H8 20 2610 6830 steam 1907 0.62
C3H8–Steam–O(-20) C3H8 20 2690 6690 steam 1907 0.60

In these experiments, the overall hydrodynamics associated with momentum and

buoyancy were non-dimensionalized by defining the overall Richardson number of the

co-flow and annular jet (Ri) calculated as:

Ri =
buoyancy forces

inertial forces
=

g(ρp − ρ∞)V

ρfu2
f (D

2 − d2) + ρasu2
as d

2
(2.1)

where subscripts p, ∞, f, and as denote products, ambient, fuel, and assisting fluid,

respectively, u is velocity, g is gravitational field intensity (9.81N/kg), V is a char-

acteristic volume of product gases, and ρ is density. To calculate Ri, V is defined as
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D2L, where L is the characteristic flame height, which is calculated from processing

the flame images. The Ri values for unassisted flames were an order of magnitude

greater than 1, where Ri >1 means that the flows are buoyancy-driven (Pohl et al.,

1986). However, by increasing the assisting fluid flow rate, Ri became very much less

than unity (Ri <<1) near blow-off, and the flow became momentum-dominated.

The steam was supplied by an steam generator and its flow measured by a cali-

brated cone flow meter (Ahsan et al., 2019) with an average absolute uncertainty of

less than 2 g/min. The superheated steam was delivered using heated hoses with a

set point temperature of 155 ◦C.

Fuels, air, and inert gases were delivered using mass flow controllers with an

uncertainty of ±1.8% at 20 SLPM. In EqvSteam cases, the temperature of inert gases

was set to 100 ◦C to match the steam temperature. The temperature of the fuel and

assisting fluids were monitored at the burner exit plane.

The concentrations of CO2, CO, and unburned hydrocarbons (HC) in the com-

bustion products, such as CH4, C2H6, and C3H8, were collected in sampling bags and

later measured using a gas chromatograph. The extracted products were also fed into

an NOx analyzer and a photoacoustic extinctiometer (PAX) for BC mass concentra-

tions. The NOx (NO + NO2) concentration was measured with an uncertainty of 1%

of the reading value. The PAX used a laser with 870 nm wavelength; thus, a black

carbon mass absorption cross-section of 4.74 m2/g was used (Bond and Bergstrom,

2006) to convert the absorption measurement to the equivalent black carbon mass

concentration.

A carbon mass balance analysis was employed to calculate CCE for each test

case (Corbin and Johnson, 2014). The CCE was defined as the ratio of the mass

of carbon in the form of CO2 produced in the course of combustion to the mass of

carbon within the fuel stream:
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CCE =
ṁC,p

ṁC,F

(2.2)

the details of this calculation can be found in (Corbin and Johnson, 2014; Ahsan et al.,

2019). In each experiment, the assisting fluid flow rate was increased from zero to a

point where flame blow-off was triggered. The assisting fluid-to-fuel mass flow ratio

(MFR) where the CCE collapsed (CCE ≈ 96.5%) was estimated by a polynomial fit

to the data in that region and reported in Table 2.1.

The uncertainty associated with CCE and species EIs was calculated by propagat-

ing the bias and precision uncertainties originating from the instruments assuming

independent measured quantities (Corbin and Johnson, 2014). These calculations

resulted in average uncertainties of ±21×10−3 g/(kg-fuel) and ±13×10−3 g/(kg-fuel)

in EINOx , and ±0.7×10−3 g/(kg-fuel) and ±0.5×10−3 g/(kg-fuel) in EIBC for air- and

steam-assisted cases, respectively, at the collapse MFR.

The discussion of the results presented will be based on the physicochemical and

qualitative radiation effects on characteristic peak temperatures, the extent of the

high-temperature region (i.e., flame zone), turbulence characteristics and residence

time, scalar dissipation rate (SDR),and their effects on BC and NOx emissions. It is

worth mentioning that the light-absorbing fraction of soot is measured, referred to as

"black carbon (BC)".

2.3 Results and Discussion

2.3.1 Visual Observations

Figure 2.2 shows three flame images for selected air- and steam-assisted cases, i.e.,

zero MFR, an intermediate MFR value, as well as an MFR close to the CCE collapse

point. At zero co-flow, the flames had their highest luminosity. By increasing the as-
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sisting fluid flow rate, there was an overall reduction in luminosity, where air-assisted

flames transitioned to be bluer, and the steam-assisted flames shifted to be redder.

The former originates from increased visibility of the chemiluminescence emission of

chemically excitepd CH radicals due to the reduced soot formation and radiation.
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Figure 2.2: Flame images for selected air- and steam-assisted cases.
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This chemiluminescence emission peaks at around 431 nm, and is responsible for the

blue color of these flames (Walsh et al., 1998; Karnani and Dunn-Rankin, 2013). While

soot emission is broadband and interferes with CH chemiluminescence observations,

it was shown that the application of filtering methods is effective for visualization of

a residual luminosity in subtracted flame images (Karnani and Dunn-Rankin, 2013).

In contrast, the latter resulted from a reduction in soot formation and temperature

by steam addition. It should be noted that the luminosity relates to the temperature

and surface area of the soot particles, which is not necessarily associated with the

measured values due to high-temperature soot oxidation immediately downstream of

the flame.

In air-assisted flames (Figs. 2.2a and 2.2b), the flame height decreased by increas-

ing the air flow rate due to an increased fuel-air mixing leading to a stoichiomet-

ric air-to-fuel ratio in a shorter time. On the other hand, in steam-assisted flames

(Figs. 2.2c–f), there was no significant change in flame height by increasing the steam

flow rate before the CCE collapse point. Furthermore, in air-assisted flames, two dif-

fusion flame layers formed around the annular fuel stream; one outer diffusion flame

between the fuel stream and the ambient air, and one inner diffusion flame between

the fuel stream and the co-flow air stream (these two flames are easily identifiable at

low flow rates of assisting air, but with increasing air flow, the inner diffusion flame

becomes indistinguishable from the outer flame). In other words, in air-assisted cases,

the outer flame surface area was generally smaller compared to steam-assisted cases

and compared to the unassisted flames. The extent of the high-temperature zone

is important in the interpretation of NOx formation as well as soot formation and

consumption.

Irrespective of assisting fluid, at some critical MFR, the main flame lifted off.

Further increases in MFR blew off the upper flame, usually leaving a small rim-
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stabilized flame in the shear-mixing layer located between the annular fuel stream

and the ambient air. In the case where the exit plane of steam co-flow was recessed

inside the outer tube (Fig. 2.2f), and steam premixed with the fuel, the rim flame

also blew off.

The flame’s stability appeared to rest on maintaining a flame in the shear-mixing

layer near the burner exit. Without assisting fluid, the strength of this shear-mixing

layer in terms of the scalar dissipation rate and mean upward velocity field was a

result of the momentum of the fuel stream (i.e., its exit velocity and density), while the

flame’s ability to remain at that location depended on its composition as characterized

by a laminar flame speed. These processes occurring in the shear-mixing layer near

the burner exit were altered (either augmented or impaired) by the momentum and

composition of the co-flow and its proximity to the initial outer shear layer (i.e., the

burner flow geometry). For example, fuel flow rates with a higher exit momentum

(either created by a higher exit velocity or density) required less momentum from the

assisting fluid to blow off, especially if the assisting flow was introduced nearer to the

outer shear-mixing layer or allowed to premixed its momentum with the fuel stream

before the exit plane.

2.3.2 Geometry A: Carbon Conversion Efficiency and Emission Indices

Figure 2.3 shows the CCE (first row), EIs for BC (second row) and NOx (third row)

for Geometry A. The first column explores the effect of fuel type, fuel flow rate, and

either air or steam as the assisting fluid, as well as two data sets from Geometry

B to provide a comparison with those experiments. The second and third columns

investigate the effects of changing the concentration of O2 and steam in the EqvAir

and EqvSteam mixtures, respectively. The CCE and NOx data all have the same

independent axis (MFR from 0 to 20), while this axis for the BC was expanded
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Table 2.2: Uncertainty analysis of CCE, EINOx , and EIBC for Geometry A. The
uncertainty range is given over the MFR values. Base cases are shaded.

Exp. ID CCE - uncertainty range EINOx- uncertainty range EIBC- uncertainty range
( |%| ) ( |%| ) ( |%| )

Geometry A

CH4–Air 3.4 – 5.9 2.9 – 14.7 7.6 – 9.9

Different fuel
C3H8–Air 1.1 – 1.2 1.6 – 2.1 2.7 – 3.4

Higher flow rate
CH4–Air–HFR 1.5 – 2.7 1.4 – 3.8 4.9 – 10.7

Equivalent air assist
CH4–EqvAir–1 3.3 – 6 2.9 – 13.9 7.6 – 9.3
CH4–EqvAir–2 3.4 – 6.1 2.9 – 14.3 8 – 10
CH4–EqvAir–3 3.8 – 5.7 2.8 – 3.5 7.5 – 8.9

CH4–Steam 3.3 – 5.5 2.9 – 13.1 9.7 – 13.4

Different fuel
C3H8–Steam 0.9 – 1.8 1.6 – 7.3 2.8 – 6.4

Higher flow rate
CH4–Steam–HFR 1.6 – 2.7 1.4 – 13.6 4.2 – 10.6

Equivalent steam assist
CH4–EqvSteam–1 3.2 – 5.4 2.8 – 10.6 9.1 – 14.9
CH4–EqvSteam–2 3.1 – 5.4 2.9 – 14 10.4 – 11.7

(MFR from 0 to 6) to provide greater resolution since the PAX readings at higher

MFR were indistinguishable from background particulate concentrations. Since the

changes in EIBC occurred over a different range of MFRs than the changes in NOx

and CCE, there is an inferred separation in the physical processes associated with

these changes.

The details of the uncertainty analysis for CCE, EINOx , and EIBC for Geometry

A are presented in Table 2.2, where the ranges of uncertainty values are given. The

lower uncertainties are attributed to unassisted flames or assisted flames at lower

MFR values, while the higher uncertainties are calculated at the highest MFR values,

where EINOx and EIBC are very low. Similar uncertainty values were calculated for

Geometry B, which is not shown in Table 2.2 for brevity. Please refer to Table 2.1

for the details of each experiment.

In considering the CCE data, the first goal is to identify patterns in the experi-

mental CCE collapse data before discussing the details of emissions of BC and NOx.
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As illustrated in Figs. 2.3a, 2.3d, and 2.3g, at zero co-flow, the CCE was essentially

100% and remained at that value by increasing assisting fluid flow rate until a crit-

ical amount when the CCE collapsed. In CH4 flames, the drop in CCE was highly

correlated with the increase in CH4 emission, with 100% of the HC emissions being

methane, while in C3H8 flames, more than 99% of the HC emissions were propane,

and the rest were ethane and methane. Collectively, this showed that fuel stripping

without combustion was the main contributor to inefficiency.

Irrespective of fuel type, the CCE collapse occurred at a significantly lower MFR

for steam, i.e., the CCE collapse required more air than steam. For the case of air,

the collapse point MFR was 5 and 2.5 times greater compared to steam cases for 20

SLPM of CH4 and C3H8 flames, respectively. From a combustion perspective, the

apparent difference between air and steam is that air is composed of 21% O2 (having

the potential to support high-temperature robust combustion) and N2 (reducing the

characteristic flame temperature), while steam is primarily a diluent.

Evidence of the role these different assisting fluids play is seen most clearly in

Fig. 2.3c where the EINOx can be used through a thermal NOx model as an indicator

of maximum characteristic flame temperature and a surrogate for the robustness of

combustion (with respect to blow-off) for interpreting the CCE collapse point. For

all air-assisted flames, the EINOx remained constant as more air was added, which

suggests that the assisting air was participating in combustion and that the maximum

characteristic flame temperature was almost constant. The EINOx only dropped when

the CCE started to drop, and less fuel was burned. Figure 2.3f, which presents the

results for EqvAir flames, solidifies this point of characteristic flame temperature and

the role of the co-flow in combustion, and how the added or reduced O2 affects the

EINOx and CCE. As shown in the figure, the addition or reduction of O2 in the co-flow

also enhanced or impaired the robustness of combustion, respectively, with respect to
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blow-off. As illustrated in Fig. 2.3d, the MFR at the CCE collapse point was almost

linearly proportional to the O2 concentration in the co-flow.

The EINOx for steam-assisted flames dropped an order of magnitude while the

CCE remained near 100 %. It is essential to recognize that steam may not be strictly

inert and could play a chemical role in the emission of NOx and soot. To examine

the relative magnitudes of these chemical and thermal effects, Fig. 2.3i presents the

results for the EqvSteam flames. There was mainly no difference between a co-flow of

steam and 50% steam, while the 0% steam case required more co-flow to both reduce

the EINOx and bring about the CCE collapse. While suggesting that this difference

may be chemical, it is worth pointing out the changing cpas (see Table 2.1), which

would suggest that steam suppressed the maximum characteristic flame temperature

more than the 0 % EqvSteam. An interesting comparison can be made between the

0% O2 EqvAir and 0 % steam EqvSteam, which had the MFR of the CCE collapse at

7.7 and 4.1, respectively. While their characteristic maximum flame temperatures due

to dilution were consistent with the CCE collapse point, their different densities and

momentum fluxes opened up the possibility of hydrodynamic effects in determining

the flame blow-off.

Hence, as shown in Eq. 2.1, this CCE collapse observation could potentially be

related to the hydrodynamics of the fuel and/or co-flow, and/or the buoyancy of

the products of combustion. Focusing on the fuels’ molecular weights, densities, and

momentum fluxes (i.e., the first term in the denominator of Eq. 2.1), equal volumetric

flow rates result in C3H8 having a momentum flux 175% higher than CH4. If the CCE

collapse were related to the total momentum flux (i.e., the denominator of Eq. 2.1),

which is synonymous with a total upward force, then as observed, the assisting flow

for C3H8 would not be required to provide as much momentum flux for the CCE

collapse as for CH4.
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Figure 2.3: CCE (first row), EIBC (second row), and EINOx (third row) for Geometry A (lines drawn only to help visually
connect data sets). The x-axes show Assist/Fuel MFR.
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An alternative hydrodynamic perspective for this same observation could be re-

lated to the upward buoyancy force of the products (i.e., the numerator of Eq. 2.1)

of an equal volume of C3H8 fuel compared to CH4. Since more air is needed for C3H8

combustion, it produces 125% more volume of products (and upward buoyant force)

as similar temperature CH4 flames. As a result, again C3H8 would require less upward

assisting momentum to create the same effect. It is, therefore, worth considering the

CCE collapse for other conditions, such as higher fuel flow rate or different geometry,

to see if any inconsistencies emerge. For the higher flow rate CH4 flames, the upward

momentum flux of the CH4 is quadrupled, while the upward buoyant force is doubled.

The upward momentum flux of the assisting air at the CCE collapse for the higher

flow rate was 0.57 of the base case, while that for the assisting steam was 0.9, which

remains consistent with either hydrodynamic perspectives described above.

Keeping the upward buoyant force constant, while changing the momentum fluxes,

results from Geometry B were added to Fig. 2.3a. By making the inner tube smaller

(Geometry B), the momentum flux of CH4 in the annular flow was reduced to 0.9 of

Geometry A. For the case of air-assisted flames, the momentum flux of Geometry B at

the CCE collapse point was approximately 50% of the Geometry A, while for steam

that value was approximately 300%, thereby highlighting the differences between

an oxidizing and a diluting assisting co-flow. While still unresolved, these results

indicate that a possible mechanism of CCE collapse (or blow-off) is related to the

events occurring at the outer shear layer. It is important to recognize that these

layers can be formed under the influence of turbulence in the fuel flow, and the SDR

is also affected by the bulk velocity gradient. It is, therefore, hard to understand

the underlying cause of blow-off, and this point is revisited in the discussion about

Geometry B.

Figure 2.3b shows the variations of EIBC versus MFR for Geometry A, where, at
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zero MFR, the flames had their highest EIBC equal to 0.08 and 2.6 g/kg-fuel for CH4

and C3H8, respectively. In general, BC emissions were greatly reduced with a small

amount of air or steam co-flow (notably smaller than the MFR at the CCE collapse

point). As illustrated in Fig. 2.3b, introducing only a small amount of steam co-flow

in C3H8 flame significantly decreased the BC emission (note the log-scale) indicating

that steam had a notably higher BC suppression capacity compared to air in C3H8

flames; whereas, air and steam had almost the same BC suppression capacity in CH4

flames. To interpret these results, chemical effects, temperature effects caused by

dilution with the co-flow, and the radiation heat loss of flames, as well as the extent

of the high-temperature region, i.e., the existence of one or two diffusion flame layers

formed around the annular fuel stream (one inner diffusion flame between the fuel

stream and the co-flow air stream, and one outer diffusion flame between the fuel

stream and the ambient air), need to be considered.

Steam addition affects soot formation through temperature and chemical effects.

In C3H8 flames with steam co-flow, the temperature effect was less pronounced due

to counterbalancing processes. The steam co-flow, concurrently, lowered the product

characteristic temperature due to dilution while reducing the radiation (see Fig. 2.2d)

leading to less energy loss by the flame, i.e., an increase in net temperature. Mean-

while, the added source of H and OH radicals by steam addition reduced BC formation

through the reaction of OH radicals with carbon particles and CO (water-gas shift

reaction) (Castiñeira and Edgar, 2006) leading to a significant decrease in BC emis-

sions (as illustrated in Fig. 2.3b). However, in C3H8 flames with air co-flow, the

characteristic flame temperature was closer to Tad due to a lower radiation heat loss;

hence, the oxidation of carbon particles was enhanced, which reduced BC emissions.

In CH4 flames with steam co-flow, the characteristic flame temperature was re-

duced due to dilution without radiation losses being strongly affected, as in general,
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the radiation losses are much smaller in CH4 flames. Therefore, the competing tem-

perature and chemical effects explain the significant change in EIBC reduction slope

in C3H8 compared to CH4 with steam co-flow. In CH4 flames with air co-flow, the

trends of EIBC reduction was similar to that of C3H8 flames with air co-flow.

The EIBC for higher fuel flow rate cases was an order of magnitude lower

(0.005 g/kg-fuel) compared to the base case (0.08 g/kg-fuel). The higher fuel flow rate

likely affected soot formation in complex ways; both the upward buoyancy and mo-

mentum forces will be higher, which strengthened the outer turbulent shear-mixing

layer, increased fuel Re, and decreased the characteristic length scales (and time

scales) of the flame for soot formation to occur before entraining more O2. Higher

fuel-air mixing at the smaller length scales enhanced the ambient air entrainment and

decreased the characteristic post-flame temperature, having counteracting effects on

soot formation. While the former tended to decrease soot emissions through better

fuel-air mixing, the latter had the potential for more agglomerated carbon particles as

soot. However, the results show that the former dominated, leading to lower overall

soot emissions.

At higher fuel flow rate CH4 flames (Fig. 2.3b), a slight increase in MFR both

for air and steam decreased the EIBC, with a higher BC suppression capacity of air

compared to steam. As illustrated in Fig. 2.3b, by adding assisting co-flow in CH4

flames, the higher characteristic flame temperature due to a lower radiation heat

loss in air-assisted flames were more effective in reducing BC emissions compared

to the steam-assisted flames, where the lower characteristic flame temperature due

to dilution and chemistry had competing effects on BC emissions. These results

also showed that the effectiveness of air or steam assisting co-flow in reducing BC

emissions in CH4 flames is likely to be dependent on fuel flow rate, geometry, and

overall hydrodynamics of fuel and the assisting co-flow.
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In CH4 and C3H8 flames with no assisting fluid, the EINOx (Fig. 2.3c) equaled 1.15

and 0.54 g/kg-fuel, respectively, was consistent with the lower characteristic product

gas temperatures of C3H8 flames due to a higher radiation heat loss. The NOx emis-

sions (assumed to be thermal NOx) is mainly controlled by the flame temperature

and the extent of the high-temperature region, i.e., flame zone. In both CH4 and

C3H8 flames, by adding more air, NOx emissions increased slightly due to a reduc-

tion in flame luminosity, which reduced the radiation heat loss, and led to a higher

characteristic temperature compared to the unassisted cases. The increase in NOx

emissions was more considerable in C3H8 compared to CH4 flames due to the sup-

pression of a larger amount of BC in C3H8 flames by adding the air co-flow as in

Fig. 2.3b; hence, leading to a more significant increase in characteristic flame tem-

perature. However, this increase continued to a point, close to the CCE collapse, at

which EINOx eventually decreased due to less fuel being burned.

In steam co-flow cases, EINOx decreased continuously with increasing co-flow, due

to steam acting as a thermal energy sink, and the NOx emissions reached values close

to zero prior to the CCE collapse. The steam Re at the exit of the inner tube was

significantly larger compared to air, due to a lower viscosity, while having higher cp.

Therefore, in steam co-flow cases, higher turbulence at the exit of the tube promoted

mixing of the fuel with the co-flow, which at the same time had higher cp, resulting

in lower temperatures and a high NOx suppression capacity. While in C3H8 flames,

steam addition had a counterbalancing effect on characteristic flame temperature, i.e.,

reducing the temperature due to dilution while increasing it due to lower radiation

heat loss, Fig. 2.3c illustrated that the characteristic flame temperature was, indeed,

reduced by steam addition leading to lower NOx emissions, and the dilution effect was

more pronounced than radiation effects. Note that the NOx suppression capacity of

the steam co-flow was similar for CH4 and C3H8 flames, unlike the air co-flow cases.
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The results in Figs. 2.3b and 2.3c also illustrated that, in CH4 and C3H8 flames with

steam co-flow, chemical effects played a significant role in reducing BC formation

while the characteristic flame temperature decreased compared to unassisted flames.

For all cases, except the O2-enriched case, the EINOx (Fig. 2.3f) remained almost

constant with increasing the co-flow and decreased prior to the CCE collapse in

correlation with the reduction of the characteristic flame temperature by increasing

the assisting co-flow flow rate. However, EINOx increased with increasing the assisting

co-flow in the O2-enriched case and reached the value of 289 g/kg-fuel at an MFR

equal to 9, due to less diluting inert gases leading to a higher characteristic flame

temperature. Note that cp is almost constant in these assisting co-flows.

2.3.3 Geometry B: Carbon Conversion Efficiency and Emission Indices

In Geometry B, the diameter of the inner tube was reduced by half, which, for the

same flow rates, lowered the momentum flux and Re of the fuel and increased the

momentum flux and Re of the co-flow. In each experiment, similar to Geometry A,

MFR was increased, keeping the fuel flow rate constant (20 SLPM). Black carbon

emissions were not measured in these cases. The first row of Fig. 2.4 focuses on

exploring the effect of fuel and assisting fluid type in Geometry B. The second and

third rows Investigate the effects of fuel dilution and various offset heights of the

assisting fluid with respect to the fuel exit plane, respectively.

Comparing plots in Figs. 2.3 and 2.4 shows that the CCE collapse was signifi-

cantly earlier for both air- and steam-assisted CH4 and C3H8 flames in Geometry B.

For air co-flow, the MFR for the CH4 collapse point equaled 15 and 4.3, for Geometry

A and B, respectively, while for C3H8 these numbers are 5.3 and 1.4. Similarly, for

steam co-flow, the MFR for the CH4 collapse point equaled 3.2 and 2, for Geometry

A and B, respectively, while for C3H8 these numbers are 2.2 and 0.74. The reasons
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for these dramatic changes involves revisiting the different perspectives for CCE col-

lapse (i.e., blow-off) discussed in Geometry A, which was the bulk hydrodynamics

(i.e., the different streams contributing to upward momentum and buoyancy, Eq. 2.1).

By keeping ṁf the same, the buoyancy was unchanged while the fuels’ characteristic

velocities and momentums were reduced by 25%, while for the same MFR the charac-

teristic momentum of the assisting fluid were 450% higher. From a bulk momentum

perspective, it was not unexpected that the CCE collapse occurred at lower MFRs.

This higher-momentum assisting flow simultaneously affects the strength of the inner

mixing layer. The location of Geometry B’s inner mixing layer was initially 3.2mm

further away from the outer mixing layer, where the onset of blow-off was observed.

Without detailed fluid velocity measurements in this region, it remains speculative
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Figure 2.4: CCE (left column) and EINOx (right column) for Geometry B (lines drawn
only to help visually connect data sets). The x-axes show Assist/Fuel MFR.
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as to the underlying cause and hence the correlating quantity associated with CCE

collapse, which will be addressed in Investigation III.

While NOx emissions were slightly higher in CH4 compared to C3H8 flames

(Fig. 2.4b) due to a higher radiation heat loss in C3H8 flames, all flames emitted

an order of magnitude lower NOx prior to the CCE collapse. In air co-flow flames,

similar to Geometry A, EINOx increased slightly by adding more air; while in steam

cases, it decreased continuously with increasing the co-flow, which was more pro-

nounced in the C3H8 flame with steam co-flow. However, unlike in Geometry A, the

NOx suppression capacity of steam was significantly higher in the C3H8 flame com-

pared to the CH4 flame in Geometry B, and EINOx was considerably smaller in the

C3H8 flame as the co-flow was increased. In other words, the mass flow rate of steam

required to reduce the NOx formation in C3H8 flame in Geometry B was smaller com-

pared to Geometry A while in CH4 flames almost the same flow rate of steam was

required to suppress NOx.

In Geometry B, flames with air co-flow were also tested using C3H8 diluted by

N2 to get volumetric LHVs (MJ/m3) equal to 60%, 40%, and 20% of pure C3H8.

The CCE results in Fig. 2.4c show that the flames collapsed at approximately the

same MFR while N2 dilution slightly retarded the CCE collapse, due to the reduced

momentum and density of the fuel stream leading to lower fuel Re. In the highly

diluted case (80% N2 by volume), the flame blew off abruptly without any transition

in its CCE.

As illustrated in Fig. 2.4d, EINOx increased with increasing the LHV of the fuel

mixture, due to a higher flame temperature and at zero co-flow, EINOx equaled 0.75,

0.61, 0.38, and 0.23 g/kg-fuel for the volumetric LHVs equal to 100 %, 60%, 40%, and

20% of C3H8, respectively. For all cases, EINOx increased slightly by adding more air,

reached its maximum, and dropped an order of magnitude before the CCE collapse.
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The CCE and EINOx results for various offset heights of ±20mm and ±10mm are

shown in Figs. 2.4e and 2.4f. In these experiments, steam-assisted C3H8 flames were

used. The CCE collapse occurred at lower MFR for negative offset cases compared

to zero offset and positive offset cases. This is presumably due to the premixing of

the fuel and the co-flow streams and the enhanced cooling of the flame nearer to the

burner exit when the co-flow was increased. The MFR at the collapse point equaled

to 0.60, 0.62, 0.74, 0.83, and 0.83 for the offsets equal to −20mm, −10mm, 0mm,

+10mm, and +20mm, respectively, and the effects of changing the offset diminished

in either the positive or negative direction.

The zero steam flow rate corresponded to the highest NOx emission with EINOx in

the range of 0.82 to 0.97g/kg-fuel, which was suppressed by adding a small amount of

steam, as shown in Fig. 2.4f. Furthermore, Fig. 2.4f illustrates that negative offsets

decreased the NOx emission at lower MFRs due to premixing before the combustion

zone, and lower characteristic flame temperature.

2.4 Concluding Remarks

Motivated by air- and steam-assisted flares, the CCE, EIBC, and EINOx were stud-

ied experimentally on lab-scale co-flow burners to understand the effects of burner

geometry, composition and flow rates of the flared gas and assisting fluids. In total,

22 cases were considered where the assisting flow was initially zero and subsequently

incrementally increased until the flame blew off. It is noteworthy that geometry and

scale play important roles in BC and NOx emissions, so care should be taken in

extending the results of this study to full-scale industrial applications.

In this study, all the CCE and EI results were presented in terms of the assisting

fluid-to-fuel MFR. This choice of an independent variable did not provide a general

and consistent correlation for any subset of the 22 cases. It is worth noting that other
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dimensionless quantities associated with the overall hydrodynamics calculated based

on the average quantities at the exit plane of each stream, such as ratios of momentum,

velocity, and momentum-to-buoyancy, did not reveal any reliable correlation.

For all cases, other than a very low LHV case (i.e., fuel stream of 20% C3H8 and

80% N2), there was a large MFR disconnect between the early onset of BC suppression

and the collapse of CCE associated with flame blow off. As a result, there was a

broad range of assisting fluid flow rates, where the CCE was almost 100%, while

the flame luminosity and BC emissions were monotonically and eventually highly

suppressed with increasing assisting fluid flow rates. The diminished flame luminosity

was associated with the flames becoming bluer for air-assisted flames and redder for

steam-assisted flames, while the EIBC was reduced by at least an order of magnitude

with an MFR of 1.5.

All settings of manipulable variables that were expected to result in a higher

characteristic flame temperature, namely, introducing more oxygen in the assisting

fluid, adding less steam or other diluents with lower specific heat capacities, and

having less radiation heat loss, increased the NOx production. Therefore, it was

concluded that a thermal mechanism consistently explained the EINOx results.

In all comparable cases, the CCE collapse required considerably more mass of

air compared to that of steam for it to occur. This observation was associated with

the notion that the mixing of oxygen, as opposed to diluents, into the fuel stream

increased the robustness of combustion. A qualitative pattern was identified as being

associated with the outer shear-mixing layer that existed between the co-annular fuel

stream and the ambient air.
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Chapter 3

Investigation II: Jet Diffusion

Flame in a Co-annular Burner at

Low Range of Co-flow1

3.1 Introduction

The combustion of waste hydrocarbons or unwanted gases from refineries, oil wells,

and petrochemical industries in an open flame is known as flaring. (Schnelle Jr et al.,

2015). This process can emit a variety of pollutants, including unburned hydrocar-

bons, carbon monoxide (CO), oxides of nitrogen (NOx), and soot, that is mainly

made up of black carbon (Baukal Jr, 2013). These pollutants (or even the prod-

ucts of their atmospheric reactions) are known to have an adverse effect on human

health and climate (Landrigan et al., 2018). Black carbon (BC) is of particular rele-
1Based on a published paper: Bello, O. W., Zamani, M., Abbasi-Atibeh, E., Kostiuk, L. W.,

and Olfert, J. S. (2021). Comparison of emissions from steam-and water-assisted lab-scale flames.
Fuel, 302, 121107.
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vance since it is thought to have a significant impact on climate change (second only

to carbon dioxide), particularly in the Arctic (Bond et al., 2013; Ramanathan and

Carmichael, 2008). Due to its direct absorption of sunlight, BC produced by gas flar-

ing that is deposited on snow and ice surfaces decreases surface albedo (Stohl et al.,

2013). According to the United States Environmental Protection Agency, NOx emis-

sions are part of a class of dangerous and highly reactive chemicals that contribute

to ground-level ozone production, which can harm ecosystems, living creatures, and

plants (Ahsan et al., 2019; Baukal, 2005). Additionally, flaring produces a significant

quantity of unsteady radiative heat and noise that is harmful to people who reside

close to flaring facilities (Leary et al., 2002).

Concerns regarding environmental protection have been increasing in recent years,

necessitating lower emissions from gas flaring. Flaring is strictly regulate in the

majority of oil-producing and developed countries (GGFRI, 2004; AER, 2016; Aye

and Wingate, 2019). Many US State regulations, in particular, require smokeless

combustion (defined as a plume opacity of less than 20%) for the majority of the

time a flare is used in pressure-relief applications at refineries and petrochemical

facilities (API, 2014). As a result, the oil and gas and petrochemical industries

have made efforts to reduce soot emissions, which is now one of the primary factors

considered in flare design for refineries and petrochemical sites (Schnelle Jr et al.,

2015; Baukal Jr, 2013). Soot emissions are typically reduced by using assisted flares,

in which air (discussed in Chapter 2), steam, or liquid water are added into the

combustion zone of the flare (API, 2014; McDaniel and Tichenor, 1983; Castiñeira

and Edgar, 2006). For steam-assisted flares, steam is introduced into the flare through

a manifold placed around the edge of the flare tip, a single pipe nozzle positioned in

the middle of the flare, or a series of steam injectors (API, 2014). Water-assisted flares

inject an atomized water spray into the flare’s combustion zone using several nozzles
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attached to the flare tip (Leary et al., 2002; Hinvest, 1964). This type of assisting

fluid is rarely used and is most likely to be used on horizontal flare applications

and in situations where excess wastewater or brine must be eliminated (API, 2014).

Although assisted flares typically reduce emissions, studies have shown that over-

steaming (McDaniel and Tichenor, 1983) or over-watering (Hinvest, 1964) the flare

can reduce flare combustion efficiency or extinguish the flare, resulting in high unburnt

hydrocarbon or aldehyde emissions and poor destruction efficiencies (Ahsan et al.,

2019; Leary et al., 2002; API, 2014; Hinvest, 1964).

The effects of steam- or water-assist on the production of NOx and soot emis-

sions in flames have been categorized into three mechanisms: chemical (Castiñeira

and Edgar, 2006; Dryer, 1977; Zhao et al., 2002; Zamani et al., 2021), hydrody-

namic (Castiñeira and Edgar, 2006; Dryer, 1977), and thermodynamic (Leary et al.,

2002; Castiñeira and Edgar, 2006; Zamani et al., 2021; Glaude et al., 2010; Müller and

Wittig, 1994). Through chemical mechanism, radicals play a significant role in flame

chemistry, and the introduction of an assisting fluid can change the concentration

of radicals in the flame, which can change soot formation pathways. Atomic hydro-

gen (H), atomic oxygen (O), hydroxyl radical (OH), methylene radical (CH), and

methyl radical (CH3) are the major radicals found in hydrocarbon flames. According

to the available data, increasing water addition raises the concentration of hydroxyl

radicals (Dryer, 1977; Roberts et al., 2005), while decreasing the concentration of

nitrogen radicals (Zhao et al., 2002). The former reduces soot formation, whereas the

latter prevents the production of NOx (Dryer, 1977; Serrano et al., 2019; Anufriev and

Kopyev, 2019). The changes to flame chemistry that occur when water is introduced

have, however, been explained in two different ways. First, when water vapour reacts

with carbon molecules, the excess radicals trigger reactions that produce CO, CO2,

and H2 (API, 2014; Castiñeira and Edgar, 2006). Second, when water molecules are
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present, polymerization and the creation of long-chained oxygenated compounds that

burn at a slower rate are inhibited (Castiñeira and Edgar, 2006).

Through the hydrodynamic mechanism, assisting fluid suppresses soot emissions

by enhancing flare gas mixing with oxygen and increasing the turbulence in the

flame (Devesh Singh et al., 2014).

Through the thermodynamic mechanism, the presence of water vapour in the

flare lowers the peak temperature, resulting in a reduction of polymerization, thermal

cracking, and NOx formation (Castiñeira and Edgar, 2006; Dryer, 1977).

There have been few research on assisted flares, despite the fact that soot reduc-

tion caused by the injection of water or steam has been extensively studied in other

combustion systems (internal combustion engines (Dryer, 1977; Anufriev and Kopyev,

2019; Kohketsu et al., 1996), gas turbines (Zhao et al., 2002), and furnaces (Escudero

et al., 2020)). In order to investigate the significance of flare performance charac-

teristics, Devesh Singh et al. (2014) parametrically studied the effect of assisting

steam and air on ethylene flares. They found that better mixing of fuel with steam

and air resulted in more complete combustion and significantly decreased the forma-

tion of soot. In an experimental study, McDaniel and Tichenor (1983) continuously

monitored flare emissions from steam- and air-assisted flares using a sample probe

placed over the flare. They investigated nitrogen-diluted propylene fuels and came to

the conclusion that when acceptable industrial operating procedures were followed,

steam- and air-assisted flares had high combustion efficiency (> 98%). When steam

and air co-flows were added to natural gas flames, Ahsan et al. (2019) found that

the emission indices for NOx and BC have become much lower compared to those for

unassisted flares. Additionally, they observed that there is a wide range of assisting

fluid flow rates (steam or air), which leads to high combustion efficiency and low

pollutant emissions. Zamani et al. (2021) examined the effects of multiple assisting
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fluids, including air, steam, and inert mixtures with the same molecular mass as air

or steam, and came to the conclusion that the production of NOx was increased by

any changes that resulted in a higher characteristic flame temperature, such as the

addition of more oxygen, the reduction of steam or other diluents with lower specific

heat capacities, or the reduction of radiation heat losses. Thus, the results of their

NOx emission indices were explained by the thermal mechanism. Additionally, they

claimed that temperature and chemical factors have a role in how steam addition

influences soot production. While adding steam to propane flames reduced radiation

and lowered the characteristic product temperature due to dilution, the increase in

NOx emissions was used to infer a net temperature increase. Meanwhile, the addition

of H and OH radicals decreased BC formation by inhibiting the reaction of OH rad-

icals with carbon particles and CO through water-gas shift reaction (Castiñeira and

Edgar, 2006), leading to a considerable reduction in BC emissions. Furthermore, wa-

ter injection into the flare was reported to lower noise and radiation levels by Bussman

and Knott (2000) and Leary et al. (2002).

The authors are not aware of any studies published in the literature that looked

into how to reduce NOx and soot emissions from flares using liquid, unheated water.

Thus, this study was motivated to fill this gap. As a result, this experimental study

aims to identify and compare the impact on NOx and soot emissions of adding un-

heated liquid water droplets and steam to a turbulent diffusion flame with fuels of

methane, propane, and a mixture of methane and propane. Since both steam and

evaporated liquid water would have the same chemical impact on the flame, the sig-

nificance of thermodynamic and hydrodynamic mechanisms would be the main topic

of discussion when analyzing the obtained data. Additionally, according to the state

of each assisting fluid, there is a substantial difference in the enthalpy of the flames.

It is crucial to compare the two assisting fluids (steam or liquid water), as water-
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assisted flares could potentially produce fewer greenhouse gases with lower operating

expenses because steam cannot be produced from liquid water without energy.

3.2 Experimental Setup & Methodology

An overview of the steam-/water-assisted flames experimental setup is schematically

shown in Fig. 3.1 along with the measurement devices used. These experiments

explored the effects of fuel composition and low flow rates of assisting fluid on BC and

NOx emissions. Two stainless-steel burners used in this study had an exit diameter

of Di = 50.8mm, and had the same outer geometry as the burner costume-designed

by Jefferson (Jefferson, 2017). The burner allowing for atomized water injection had

a nebulizer placed inside a tube (do = 25.4mm) with an offset of 25.4mm below the

exit plane of the burner, preventing the flame from damaging the vibrating membrane

of the nebulizer. A geometrically similar burner was built to allow for steam injection

through the 25.4-mm tube with the same downward offset.

The test matrix of the sets of experiments conducted is presented in Table 3.1,

three types of fuels flowing through the annular space were used, namely, 100% CH4,

90% CH4 and 10 % C3H8, and 100% C3H8 with the volumetric higher heating values

(HHVv) of 36.2, 41.6, and 90.2MJ/m3, respectively, with the second one mimicking

the average HHVv of Alberta flared gas (Trivanovic et al., 2020). The fuel flow rate

was fixed at 20 SLPM for all cases.

To atomize water, two nebulizers controlled by pulse width modulation were used,

one generating 12 ± 3 µm droplets with a flow rate of 2 − 6 g/min and the other one

generating 40 ± 3 µm droplets with a flow rate of 7 − 25 g/min. The water flow

rate was steady within the whole range, except the low range of 40-µm nebulizer

(7 − 10 g/min) which was unsteady with respect to time (i.e., pulsating). The at-

omized water flow rate was measured by placing water-dispensing bottle, connected
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to the nebulizer, on an electronic balance with data logging frequency of 2Hz and a

stopwatch. A drain line returned the extra water in the nebulizer back to the bottle.

The atomized water flow rate uncertainty was less than 0.2% of the reading.

Steam was supplied by the same electric steam generator used in Investigation I,

but, to supply low flow rates of steam, 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 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 the 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

NOx

analyzer

CO2

analyzer

Photoacoustic 

Extinctiometer

(PAX)

Differential 

Mobility 

Analyzer

(DMA)

Condensation 

Particle 

Counter

(CPC)

Scanning Mobility 

Particle Sizer

(SMPS)

S
te

a
m

/ 

W
a

te
r

Fuel

2”

1”

Figure 3.1: Schematic of the experimental setup in Investigation II.
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Table 3.1: Experimental matrix of Investigation II; base cases are shaded.

Exp. ID Fuel composition ṁf Assisting co-flow cpas
(% Vol.) (SLPM) composition (J/kg–K)

Co-annular burner with an inner tube

CH4–Steam 100% CH4 20 steam 1097

FuelMix–Steam 90% CH4 +10% C3H8 20 steam 1097

C3H8–Steam 100% C3H8 20 steam 1097

Co-annular burner with nebulizer

CH4–Water 100% CH4 20 atomized water 4187

FuelMix–Water 90 % CH4 +10% C3H8 20 atomized water 4187

C3H8–Water 100% C3H8 20 atomized water 4187

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 less than 10% of the reading.

To collect gaseous and particulate combustion products completely and feed them

to measurement devices, the same methods as explained in Investigation I were used.

Similarly, the BC mass concentration, CO2, and NOx concentrations were measured

by the same devices explained in Investigation I. In addition, a scanning mobility

particle sizer (SMPS), which is a differential mobility analyzer (DMA) and a conden-

sation particle counter (CPC) in series, was used to measure the size distribution of

the particles. The emission indices (EI) of various exhaust products were calculated

based on Eq. 1.1. For each fuel, the assisting fluid (steam or atomized water) flow

rate was initially zero (dry flame), then gradually increased, which was limited by

maximum flow rate of nebulizer or the detection limit of measurement devices.
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3.3 Results and Discussion

3.3.1 Hydrodynamic and Thermal Characterization

To characterize the flame hydrodynamics in this investigation,due to the fact that the

assisting fluid flow rates were relatively low, and fuel flow rate was constant, it turned

out that all flames were buoyancy-driven. In other words, the overall hydrodynamics

are controlled by the buoyancy of the combustion products, which is an increasing

function of the characteristic flame temperature.

To specify a characteristic temperature, adiabatic flame temperature (Tad) was

calculated by NASA’s CEA tool (McBride, 1996). The fuel and air mole fraction was

calculated by assuming that the fuel is burnt with the stoichiometric amount of air

(initially at 25 ◦C and 93.8 kPa), and the composition of the major products is only

N2, CO2, H2O. Based on the assisting fluid-to-fuel mass flow ratio (MFR) for each

case, the mole fraction of steam (at 105 ◦C) and water (at 25 ◦C) was also calculated.

The calculated Tad for three fuels and the assisting fluid used is plotted in Fig. 3.2 as

a function of the MFR.

Figure 3.2: Adiabatic flame temperature vs. Assist/Fuel MFR (MFR range differs in
each test)
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This calculation simplifies the whole turbulent diffusion combustion process as if it

occurs in a constant-pressure and constant-enthalpy reactor. Thus, it does not include

the overall hydrodynamics and radiation heat losses of the actual flame. However,

this calculation provides a reasonable estimate of the characteristic temperature of

the actual flames. Although, steam and water have identical chemical composition,

as reported in Table 3.1, cp of water is about 4 times higher than that of steam,

and water has a lower initial temperature. This justifies that, regardless of fuel

composition, water addition causes a lower actual peak temperature compared to

steam addition, which is consistent with the plots in Fig. 3.2. Based of this simplified

model, to get steam- and water-assisted flames which have the same Tad, the MFR

for steam is on average 61% more than the MFR for water for these fuels, which

means 61% more steam consumption in case of constant fuel flow rate. Based on

the visual observations, all flames experienced a reduction in radiation heat losses

(i.e., flame luminosity) due to water and steam addition. However, this reduction in

flame luminosity was more pronounced in the cases where fuel was C3H8 and/or the

assisting fluid was water, which can make the described characteristic temperature

difference between the actual steam- and water-assisted flames smaller to some extent,

specifically in C3H8 flames.

3.3.2 Emissions Comparison

Due to low flow rates of assisting fluid, resulting in low values of MFR, the carbon

conversion efficiency (CCE) was 100% for all cases, far from CCE collapse and flame

blow-off, so CCE is not plotted. The NOx and BC emissions for two assisting fluids

in these experiments (steam and atomized water) are depicted in Fig. 3.3 separately

for different fuels.

Similar to the results of Investigation I, in dry CH4 and C3H8 flames (MFR=0),
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the EINOx (Fig. 3.3a and Fig. 3.3e) equaled 4.01 and 3.07 g/kg-fuel, respectively, due

to higher radiation heat losses in the C3H8 flame. In addition, the finding of Inves-

tigation I about the NOx emissions, being thermal NOx and sensitive to the flame

temperature, can be extended to this study. For all fuel compositions, EINOx had

a decreasing trend by increasing the MFR. It was observed that water suppressed

EINOx more significantly compared to steam at the same MFR, which is due to water

addition effect on characteristic flame temperature being stronger than steam addi-

tion. As explained previously, the characteristic temperature difference between two

flames depends proportionally on the cp of the assisting fluid and inversely on the

extent of radiation heat losses. This explains the smaller characteristic temperature

difference between steam- and water-assisted C3H8 flames, which leads to a smaller

difference between their NOx emissions. In water-assisted flames (black and blue lines
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Figure 3.3: EINOx (left column) and EIBC (right column) for Investigation II (lines
drawn only to help visually connect data sets). The x-axes show Assist/Fuel MFR.
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in Fig. 3.3a and Fig. 3.3c, respectively), the different water droplet size generated by

the 12-µm and 40-µm nebulizers can be the cause for the discontinuity in the data

associated with NOx emissions.

For all fuel compositions, EIBC decreased orders of magnitude by increasing the

MFR. Firstly, the start points of BC emissions (MFR=0) increased by an order of

magnitude by changing the fuel composition from CH4 to FuelMix and from FuelMix

to C3H8. It was also observed that the BC emissions reduction in water-assisted cases

was an order of magnitude more than steam-assisted ones at the same MFR. Water

and steam has the same chemical effects on inhibiting BC production and preventing

formation of long-chained compounds. In addition, in the range of these experiments,

they seem to have similar overall hydrodynamics, which resulted in buoyancy-driven

flames. As a result, the higher BC suppression of water compared to steam is because

of the stronger thermal effect of water. In other words, flame temperature reduction

in the range of 100 to 200K reduces the thermally-induced BC and the overall sooting

propensity of the flames. In addition, the fuel HHVv has a considerable influence on

the BC emissions at MFR=0 and the rate at which they decreased.

The particle size distribution (PSD) of three different fuels (CH4, FuelMix, and

C3H8) with steam or water addition at selected values of MFR are plotted in Fig. 3.4.

For each fuel type, the markers with the same shape and color represent the MFRs,

associated with steam and water cases, which are equal or close enough for being

compared. The number concentration of the particulate combustion products, mostly

being BC, decreased by increasing the MFR, and this decrease was more severe due to

water addition compared to steam (e.g., by comparing the PSD with green hexagonal

star marker in Fig 3.4e and Fig 3.4f). The particle count median diameter also

decreased by increasing the MFR, which is demonstrated as the maximum of PSDs

shifting to the left (smaller mobility diameter) by increasing the MFR.
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Figure 3.4: Particle size distribution for steam-assisted (left column) and water-
assisted (right column) flames (for each fuel, same makers used at approximately
the same MFRs).

3.4 Concluding Remarks

At low flow rates of assisting fluid, steam- and water-assisted flames with three flared

gas composition were studied experimentally on lab-scale co-flow burners to charac-

terize to overall hydrodynamics as well as peak flame temperature and to compare

their EINOx and EIBC. In total, 6 cases were considered, each case repeated 3 times.

In this study, the emission index (EI) results were presented in terms of the assisting

fluid-to-fuel MFR.

This study focuses on hydrodynamics and thermodynamics of assisting fluid ad-
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dition, since steam and water have identical chemical effects due to having the same

chemical composition. At low flow rates of these two assisting fluid co-flows, it turned

out that the overall hydrodynamics of the flame are the same, and they are controlled

by the buoyancy of combustion products. The buoyancy depends on flame tempera-

ture, and the thermal aspects of the flames are quite different. On one hand, the fuel

composition determined the extent of radiation heat losses, which inversely impact

the actual peak temperature. On the other hand, water and steam had distinct heat

capacities and initial feeding temperatures, which resulted in a lower actual peak

temperature at the same MFR as a result of water addition.

For all fuel compositions, EINOx had a decreasing trend by increasing the MFR,

while water suppressed EINOx more significantly compared to steam at the same

MFR. This can be explained by thermal NOx production and lower characteristic

temperature due to water addition compared to steam addition.

The fuel composition (i.e., its HHVv) has a considerable influence on the BC

emissions at MFR=0 and the rate at which they decreased due to co-flow addition.

For all fuel compositions, EIBC decreased orders of magnitude by increasing the MFR.

It was observed that BC emissions reduction in water-assisted cases was an order of

magnitude more than steam-assisted ones at the same MFR.

By considering the results of these experiments, the thermal effect of the assisting

fluid is evident, but its hydrodynamic effect is to be investigated in more details. This

leads to studying assisting fluid injection in a diffusion flame, which is the objective

of Investigation III.

57



Chapter 4

Multi-slot Burner Design1

4.1 Introduction

Documented in the literature, the jet radius and curvature impact various aspects of

diffusion flames, including but not limited to dynamics, stability, flame structure, and

emissions (Mansour, 2000). Furthermore, in co-annular burner geometries, similar to

the ones covered in Chapters 2 and 3, the area ratio of the streams is inevitably

changed by altering the diameter of the inner or outer tube. The problem is that the

inner flow area cannot be altered without affecting the annulus area, which means that

the ratio of either the flow velocities or Reynolds Numbers cannot both remain fixed

in changing scale. On the other hand, slot burner geometries allow for independent

adjustment of the width and length of each slot (Kapusta et al., 2020). Therefore, in-

spired by Wolfhard-Parker slot burners (Kent et al., 1981; Smyth et al., 1985; Wagner

et al., 2009), a multi-slot burner was designed to overcome these issues, which allows
1Based on a published and presented poster: Zamani, M., Abbasi-Atibeh, E., Olfert, J. S., and

Kostiuk, L. W. (July 2022). Design and characterization of a Multi-slot Burner, 39th International
Symposium on Combustion, Vancouver, Canada.
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Figure 4.1: Schematic of the preliminary design of multi-slot burner

for assisting fluid injection in a diffusion flame. The multi-slot burner, the prelim-

inary design of which is presented schematically in Fig. 4.1, consists of five parallel

rectangular slots along the x-axis (i.e., the central slot for assisting fluid, sandwiched

by two fuel slots, and all surrounded by two air slots) as well as two rectangular slots

along the y-axis for N2 purge. The design process and limitations are discussed in

this Chapter, leading to the final design of a geometrically flexible multi-slot burner.

This configuration provides excellent optical accessibility to two symmetric diffu-

sion flames, where the effects of co-flow assisting fluid on the stability and emissions

of flames can be explored. The idea is to have the assisting fluid flow rate start at

zero and increase its flow rate until it interferes with flame stability. Accordingly, the

width of the outer air slot needs to be a few times larger than that of fuel to minimize

the difference in the exit velocities of air and fuel streams (i.e., shear stresses). In

the first version of this burner, the fuel slot’s width equals that of the assisting fluid.

To constrain the slots’ height and length, some prototypes of the single slots, similar

to the one shown in Fig. 4.2, were first simulated numerically and then built and
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tested in a non-reacting flow condition. Afterwards, the multi-slot burner was de-

signed, manufactured, and tested to produce stable co-flow diffusion flames, followed

by some reacting flow PIV tests to characterize the exit flow.

4.2 Single Slot Design

For the single slot, schematically shown in Fig. 4.2, there are specifications and di-

mensions to be determined based on the relevant literature, numerical simulations,

and experiments, namely the number and location of injection ports at the bottom,

the slot’s inner width (Ws), inner length (Ls), inner height (Hs), height of the plenum

(Hpl), height of the bead column (Hb), height above the bead column (Hab), wall ma-

terial, bead material, bead diameter (Db), and screen opening. For flow straightening,

1-mm beads were chosen.

The goal was to perform simulations and experiments within a test domain char-

acterized by a top-hat velocity profile at the exit plane of the slots to minimize the

wall effect on the flow. Therefore, a packed bed of beads was used to straighten the

H
s

H
b

H
a
b

H
p
l

Figure 4.2: Schematic of the initial design of a single slot made of plexiglass
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flow. A course metal mesh screen was placed underneath the bead column, which

was supported by a metal frame. Also, the bead column was covered by a metal

mesh screen above it to level the surface and prevent the beads from flying off. The

numerical simulation and experimental tests to set the specifications and dimensions

of the slots are discussed in the following Subsections.

4.2.1 Flow Simulation

In order to assess the flow uniformity at the slot exit, the uniformity index was

defined and calculated. The flow uniformity index is widely employed to understand

flow distribution in channel flows in the automobile industry (Guojiang and Song,

2005; Om Ariara Guhan et al., 2016) and is defined at a cross-section of a fully 3D

flow as:

γ = 1−
∫︁
|vz − vz|dS
2vzS0

vz =

∫︁
vzdS

S0

,

(4.1)

and for 2D case, this would be:

γ = 1−
∫︁
|vz − vz|dL
2vzL0

vz =

∫︁
vzdL

L0

.

(4.2)

The flow field inside and out of a wide single slot was numerically simulated using

the Flow Simulation in SolidWorks. The 3D geometry was drawn, and a fine mesh was

created in SolidWorks. The packed bed of uniform-sized spherical beads is modelled

as a porous block in favour of computational efficiency. Based on the literature,
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the minimum porosity (ϵ) of a packed bed of uniform-sized spheres is 0.36, whereas

real packings often have values in the range of ϵ = 0.36 − 0.42 (Zhang et al., 2006).

Additionally, in a separate study, the porosity of packed bed of 1.039-mm spheres

in a large cylindrical column was found to range from 0.4001 to 0.4206 (Pešić et al.,

2015).

Input as a user-defined function, the pressure drop (∆p) across the porous block

with the height of Hb was calculated based on an empirical model for a packed bed

of uniform-sized spheres known as Ergun Equation (Pešić et al., 2015; Ergun, 1952),

which is as follows:

−∆p

Hb

= 150
(1− ϵ)2

ϵ3
µ

d2b
U + 1.75

(1− ϵ)

ϵ3
ρ

db
U2 (4.3)

in which µ, ρ, U , and db are fluid viscosity, density, superficial velocity, and bead

diameter, respectively. A hypothetical flow velocity called the superficial velocity (U)

is calculated as if the provided fluid were the only one moving through a reduced

cross-sectional area due to the presence of the porous medium (void cross-sectional

area) (Kleinstreuer, 2018). In Equation 4.3, the first term describes viscous pressure

losses, and the second one describes inertial pressure losses. In the simulations, the

permeability type was chosen to be isotropic, which means there is no dependence on

the direction.

The specifications and dimensions for the cases that were numerically modelled

are listed in Table 4.1. The fluid was assigned to be N2 with its viscosity and density

at standard conditions. The flow rate of N2 was 80 SLPM and constant for this

purpose, as this was anticipated to be the highest flow rate in practice, and observing

the fact that the flow is going to be uniform for lower flow rates. In the simulations,

N2 was injected through three equally-spaced circular jets at the bottom of the slot.

The screen opening placed under the porous block was chosen to be 0.75mm (small

62



Table 4.1: Flow simulation cases for flow uniformity of wide single slot

Exp. ID Ws Ls Hs (Hpl +Hb +Hab) ϵ ṁN2 calculated v̄ ◦
e

(mm) (mm) (mm) (SLPM) (m/s)

140 (30+30+80) 0.36

Wide Single Slot 30 101.6 140 (30+60+50) 0.39 80 0.4374

140 (30+90+20) 0.42
∗ Base case shaded in gray

compared to Db). These simulations confirmed the validity of the use of a porous

block instead of a column of beads and also tested the effect of the block’s height and

porosity on the exit velocity.

As mentioned earlier, the porosity depends on the shape and size of the beads

and the container. Therefore, in order to study the porosity effect, it was changed

between 0.36 ≤ ϵ ≤ 0.42 while keeping everything else constant, including the height

of the porous block, for several simulations. As shown in Fig. 4.3, the exit velocity

profile along the long side of the wide slot is uniform, and it doesn’t deviate much

from the area-averaged velocity at different assigned porosities.

Considering these results, the mean porosity of that range (i.e. ϵ = 0.39) was

chosen for the rest of the simulations. Figure 4.4 illustrates the velocity contour

at the exit plane of the wide slot (Hb = 60mm), which also shows acceptable flow

uniformity. It is worth noting that adding a porous block (i.e. column of beads, in

Figure 4.3: Simulated exit velocity profiles of the wide slot at two different porosities
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Figure 4.4: Exit velocity contour of the wide slot (ϵ = 0.39)

practice) improves the exit flow uniformity. Quantitatively speaking, the uniformity

index reached γ = 0.966 with a porous block and a mesh screen under that, while it

was γ = 0.627 only with a mesh screen.

In another set of simulations, the height of the porous block was changed while

all other parameters were kept constant, including the porosity (ϵ = 0.39), the results

of which are shown in Fig. 4.5. Two conclusions were drawn based on this: (1)

the bead height of 60mm is more than sufficient to straighten the flow, and (2) the

height above the beads of 20mm is also adequate. Therefore, these numbers were

used for the single slot experiments to construct the geometry. Slots with shorter

overall heights are preferable regarding material consumption and assembly of beads

and meshes.

Figure 4.5: Simulated exit velocity profiles of wide slot at three different Hb (ϵ = 0.39)
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4.2.2 PIV Experiments

Using the particle image velocimetry (PIV) setup schematically shown in Fig. 4.6,

the goal is to perform experiments within a test domain to characterize the velocity

profile at the exit plane of the single slots to minimize the wall effect on the flow,

especially along the long side of the slots. Therefore, packed beads were used to

straighten the flow, covered by a metal screen to prevent the beads from flying.

For flow straightening, 1-mm 93% zirconium oxide beads were used due to their

availability and favourable material properties such as high density, ρb = 6g/cm3. A

packed bed of zirconium oxide beads and a layer of course metal mesh screens (mesh

size 20×20 and opening size 0.76mm) sandwiched between several layers of fine metal

Figure 4.6: Experimental setup for cold flow and reacting flow PIV
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mesh screens (mesh size 250×250, and opening size 0.061mm) were placed below and

above the column of beads inside each slot to straighten the flow, as schematically

drawn in Fig. 4.2. Having a gap below the lower mesh screens makes a plenum, which

proved to be essential for breaking up the momentum of the inlet jet before entering

the column of beads. As all the primary tests for single slots were non-reacting with

N2 as the working fluid, the walls were made of plexiglass due to its lightweight, good

chemical resistance, and excellent machinability. Two single slots (narrow and wide)

were constructed with one centered or three equally-spaced inlet jets at the bottom.

The exit velocity field of a single slot, both along the length and width, was mea-

sured using two-dimensional two-component particle image velocimetry (2D-2C-PIV)

within a planar laser sheet. The N2 stream was seeded by an oil atomizer (PIVpart14

with particle size ≈ 0.9 µm) using canola oil. The oil droplets were illuminated using

a thin sheet of a pulsed neodymium-doped yttrium aluminum garnet (Nd:YAG) laser

at 532 nm wavelength. The Mie scattered light from the oil droplets was captured

using a Photron FASTCAM NOVA S9 camera at frequencies associated with the time

difference (∆t) between the image pair captured, given in Table 4.2, at the resolution

of 1024×768 pixels and a pixel-to-mm ratio (p/mm) of 13.71 and 12.23 for short side

Table 4.2: PIV test matrix for flow uniformity of the single slots

Exp. ID Ws Ls Hs (Hpl +Hb +Hab) ṁN2 calculated v̄ ◦
e ∆t

(mm) (mm) (mm) (SLPM) (m/s) (µs)

Fuel or assisting fluid slot

Narrow Single Slot 9.53 76.2 101.6 (20+61.6+20) 2.5 0.057 14249

10 0.230 3562

40 0.919 891

Air slot

Wide Single Slot 38.1 76.2 101.6 (20+61.6+20) 50 0.287 2850
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and long side measurements, respectively.

The distance between independent vectors in the PIV velocity field is typically

used to define spatial resolution (RES) (Scharnowski and Kähler, 2020). Thus, the

spatial resolution of PIV (in mm) is proportional to the interrogation window size

(IW) plus the particle image (PI) diameter (DPI), and the proportionality constant is

the inverse of p/mm, which is calculated from images taken from a calibration target.

RES = (IW +DPI)
1

p/mm
(4.4)

In order to calculate the average velocity vector field within the field of view, hun-

dreds of image pairs taken were post-processed using DaVis 10.1. The interrogation

window size was 16×16 pixels with a window overlapping of 50% resulting in a spatial

resolution of 1.31mm and 1.47mm, calculated based on Equation 4.4, for short side

and long side measurements, respectively.

By considering the PIV setting, the velocity field above the slots was collected

and processed using DaVis 10.1, and the velocity profile along the short and long

sides was extracted by plotting the upward velocity along a line placed 2mm above

the burner exit. Figure 4.7a and. 4.8a show the non-reacting upward velocity profiles

2mm above the burner exit along the short side at the mid-plane (xz-plane) of the

wide and narrow slots, respectively.

(a) Along short side (b) Along long side

Figure 4.7: Exit velocity profiles at the mid planes of Wide Single Slot
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(a) Along short side (b) Along long side

Figure 4.8: Exit velocity profiles at the mid planes of Narrow Single Slot

To address the quality of the 2D assumption for the flow produced by this burner

design, Fig. 4.7b and. 4.8b show the non-reacting vz 2mm above the burner exit along

the long side (parallel to y-axis) at mid-yz-plane of the wide and narrow slots, re-

spectively. After several attempts, the top-hat velocity profiles illustrated in Fig. 4.7b

and. 4.8b show the best possible outcome considering the complexity and random-

ness of the events that can happen inside the slots. That being said, the 2D flow

field assumption is sufficiently valid at the center of slots for most of the cases shown.

These profiles along the long and short sides also justify the acceptable symmetry of

the exit velocity profiles.

4.3 Final Design

After finalizing the multi-slot burner design based on the single slot flow simulations

and non-reacting flow PIV tests, the burner was manufactured and tested to produce

stable co-flow diffusion flames. The construction of a low-carbon steel burner involved

sandwiching together relatively thin wall elements to separate the slots and open-

topped spacers to create the slots and enable the introduction of gases from the

bottom inlet through extended steel tubes, as depicted in Fig. 4.9 with the final

dimensions. Detailed drawings of individual elements, including separating walls and
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Figure 4.9: Schematic of the final design of multi-slot burner and its dimensions

open-topped spacers, are provided in Appendix D.

This burner readily allows for varying the composition and flow rate of different

streams (i.e. air, fuel, and assisting fluid). However, it might be challenging to seed

the assisting fluid stream when steam is used, similar to Chapter 2 and 3. Depending

on the flow configuration introduced into these five parallel slots, various symmetric or

asymmetric diffusion, partially-premixed, or premixed flames can be stabilized on this

multi-slot burner while providing optical access to the flames. However, in this study,

only symmetric normal and inverse diffusion flames were tested and studied, which are

characterized by defining the global equivalence ratio (GER). Although the concept

of GER was first introduced in fire research (Pitts, 1995), for measuring the level of

ventilation, GER has been widely used in diffusion flame research (Tolocka et al.,

1999; Ouf et al., 2008; Elbaz and Roberts, 2016), which is basically the normalized

fuel-to-air mass flow ratio and is defined as:
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GER =

(︂
ṁF

ṁA

)︂
experiment(︂

ṁF

ṁA

)︂
stoichiometry

(4.5)

Table. 4.3 shows the experimental matrix for symmetric diffusion flames, namely

two cases of a normal diffusion flame (NDF), four cases of an inverse diffusion flame

(IDF), and three cases of an IDF in a NDF. The flow configuration (i.e. composition

and flow rate) out of the five numbered slots in Fig. 4.9 is also given in Table. 4.3, and

all flames are shielded from surrounding air by N2 shields at both ends. The GER in

these cases was limited by the onset of flame instability and lift-off.

Taken with the same aperture, ISO speed, and shutter speed, the SLR images of

all of these optically accessible 2D flames are shown in Fig. 4.10. For two cases of a

NDF that are closed-tip, GER was doubled by doubling the fuel flow rate. The case

Table 4.3: Flow configuration of each slot for different diffusion flames in the multi-
slot burner (the flow rates of separate streams are given in SLPM).

Exp. ID
Slot # 1 2 3 4 5

Normal Diffusion Flame

NDF (GER=0.3) 45 N2 40Air 2.5CH4 40Air 45 N2

NDF (GER=0.6) 45 N2 40Air 5CH4 40Air 45 N2

Inverse Diffusion Flame

IDF (GER=1.9) 45N2 2.5CH4 25Air 2.5CH4 45N2

IDF (GER=3.8) 45N2 2.5CH4 12.5Air 2.5CH4 45N2

IDF (GER=1.3) 45N2 1.25CH4 +1.25N2 18Air 1.25CH4 +1.25N2 45N2

IDF (GER=1.9) 45N2 2.5CH4 +2.5N2 25Air 2.5CH4 +2.5N2 45N2

IDF in NDF

Non-interacting 100Air 2.5CH4 5Air 2.5CH4 100Air

Interacting 100Air 2.5CH4 20Air 2.5CH4 100Air

Merged 100 Air 2.5CH4 35Air 2.5CH4 100Air
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Figure 4.10: SLR images of different methane diffusion flames stabilized in the de-
signed multi-slot burner.
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of a NDF (GER=0.3) is a candle-like flame, while a NDF (GER=0.6) was more than

two times longer in height. The high luminosity corresponds to the soot formation in

the flame zone. For the first two IDF cases, GER was doubled by halving the air flow

rate, and the flame height was almost halved correspondingly. IDFs are less luminous

and have thinner luminous flame compared to NDFs. For the other two IDF cases,

the fuel stream was diluted by N2 to expand the operating range by increasing its

exit velocity. By N2 dilution, the luminosity of the flames was significantly reduced,

and the light orange flames tended to be darker and redder. Lastly, three cases of an

IDF in a NDF were stabilized, which resemble the flow configuration of an internally

air-assisted flare in 2D, and they are categorized based on the interaction of four

formed flame bases. GER calculated based on the inner air or summation of inner

and outer air is not a well-defined parameter to categorize these flames. Air available

for the fuel’s combustion can come from three sources: (1) the quiescent surrounding

air, (2) the outer air flows of the burner, and (3) the inner air flow of the burner.

Two of these sources (the surrounding air and outer air flows) are always in contact

with each other and inseparable as a source of air. The case of an IDF in a NDF is

studied more thoroughly in Chapter 5.

Another distinct feature of this multi-slot burner is that the separating wall thick-

ness can be changed without changing the dimensions of the individual slots. If the

separating wall is between two slots from which fuel and oxidizer are injected, the

flame base will be anchored to the edge of the separating wall. Therefore, the thick-

ness of the separating wall impacts the flame aerodynamics, stability, and onset of

liftoff. After stabilizing the flames in the multi-slot burner, a possible future work

would be studying the effect of wall thickness on the stability of the flame while

keeping all other dimensions of the slots fixed.
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4.3.1 Sample Reacting flow PIV

The velocity field upstream of the flames can be measured by using the reacting flow

PIV tests, which is schematically illustrated in Fig. 4.6, which is the same as the cold

flow PIV. These results would help in understanding the effects of co-flow assisting

fluid on hydrodynamics and stability of this type of diffusion flame. For the reacting

flow cases, time-resolved PIV was done to determine if small changes in velocity were

the result of the natural periodic oscillations or actually present in the flow field.

The streams (inner air, fuel, and outer air) were seeded with titanium dioxide (TiO2)

particles (150−250 nm when agglomerated) using three separate solid seeders (Dantec

PS10, LaVision Particle Blaster 110, and PIVTEC PivSolid3, respectively). The

seeding particles were illuminated by a thin sheet of a dual cavity neodymium-doped

yttrium lithium fluoride (Nd:YLF) laser at 527 nm wavelength (Litron LD30-527).

The Mie scattered light from the particles was captured using a Photron FASTCAM

NOVA S9 camera with a narrow bandpass filter (527/20 nm) mounted on the camera

lens. Figure 4.11 illustrates a raw PIV image for the case of an interacting IDF in

a NFD. As mentioned earlier, several cases for the coexistence of normal and inverse

Figure 4.11: Raw PIV image of an interacting IDF in a NFD case.
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diffusion flames, including a case similar to Fig. 4.11, will be processed to reveal the

mean velocity field in the following Chapter.

4.4 Concluding Remarks

The designed multi-slot burner shows a promising ability to stabilize normal and

inverse diffusion flames, as well as the coexistence of both in various configurations.

The geometric flexibility allows independently changing any slot width (length scale

associated with reacting layers) and wall thickness (length scale associated with initial

mixing/shear layers). Reacting flow PIV is to quantify the flow field in fuel-oxidant

shear/mixing layers. It is worth noting the seeding density reduction close to the

flame due to heat release is challenging.
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Chapter 5

Investigation III: Co-flow Jet Diffu-

sion Flame in a Multi-slot Burner1

5.1 Introduction

The rising trend in the Earth’s atmospheric temperature is a global concern (Solomon

et al., 2009), which is associated with changing atmospheric composition in both

gaseous and particulate phases (Solomon et al., 2009; Lelieveld et al., 1993; Moos-

müller et al., 2009). Unsurprisingly, fossil fuel combustion emissions are considered a

key anthropogenic contributor to these changes. Notwithstanding the increasing con-

tribution of renewables, fossil fuel combustion will continue to provide a significant

share of global energy demand over the next decades (IEA, 2019).

Among the different means of gaseous fuel combustion, forced convection-diffusion

flames are at the heart of many devices as dissimilar as furnaces, gas turbines, or the
1Based on a published paper: Zamani, M., Abbasi-Atibeh, E., Olfert, J. S., and Kostiuk, L. W.

(2022). Co-flow jet diffusion flames in a multi-slot burner: Flow field and emissions. Process Safety
and Environmental Protection, 167, 686-694.
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deceptively straightforward industrial flares in which unwanted flammable gases or

vapours are burned in the open atmosphere. In all these flames, the fuel flow is forced

while the oxidant (i.e., air) is either sourced from the quiescent surroundings (e.g., a

simple jet flame (Sunderland et al., 1999)), or the air’s initial movement is dominated

by its own momentum (e.g., when a separate stream of air is forced into the fuel

being flared, thereby creating an air-assisted flare (Torres et al., 2012)). The flow

field, which establishes the mixing and interactions between the fuel and air streams,

as well as the products of combustion, can dramatically affect the quantity of unde-

sired emissions (Duck, 2011). For instance, flares operating as standard jet diffusion

flames (Brzustowski, 1976) are often scrutinized for their emissions to assess if the

emissions are in an acceptable range (Johnson and Kostiuk, 2000; Strosher, 2000). In

an attempt to reduce such emissions, an air-assisted flare could be used (McDaniel

and Tichenor, 1983; Torres et al., 2012; Alhameedi et al., 2022). However, in a recent

study (Zamani et al., 2021), an unexpected increasing trend in black carbon (BC)

emissions was observed at low flow rates of assisting air that suddenly reversed itself

at slightly higher flow rates of assisting air. The reason for the observed trends in

BC emissions was not identified. Therefore, further investigation is warranted on the

BC emissions with increasing assisting air flow rates by zooming into the regions of

air flow rates where these unexpected trends occur to examine the universality of

such results, which is a part of the focus of this study. Another attempt was made

to resolve this transition in BC emissions in axisymmetric configuration (Mobaseri,

2021), in two scaled geometries, but was unable to decouple the effects of air-to-fuel

mass flow ratio and the inner tube wall thickness on the results.

Diffusion flames can either be configured as a normal jet diffusion flame (NDF) or

an inverse jet diffusion flame (IDF). In NDFs, a fuel jet is surrounded by an oxidizer

flow (Wang et al., 2012), while in IDFs, the oxidizer and fuel positions are switched.
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IDFs consist of an inner jet of oxidizer surrounded by an annular jet or multiple cir-

cular jets of fuel (Blevins et al., 2002; Oh et al., 2005; Sobiesiak and Wenzell, 2005;

Ying and Liu, 2018; Sidebotham and Glassman, 1992; Zhang et al., 2012; Elbaz and

Roberts, 2014, 2016; Sze et al., 2006; Zhen et al., 2011; Kapusta et al., 2020). These

air and fuel flows may be either surrounded by an inert gas shield to isolate the flame

from the surrounding air (Blevins et al., 2002; Oh et al., 2005; Sobiesiak and Wen-

zell, 2005; Ying and Liu, 2018), confined in a rigid shield to avoid interactions with

ambient air currents (Sidebotham and Glassman, 1992; Zhang et al., 2012; Elbaz and

Roberts, 2014, 2016), unconfined in a quiescent atmosphere to allow ambient air en-

trainment (Sze et al., 2006; Zhen et al., 2011; Kapusta et al., 2020), or confined in a

controlled air flow (Lim et al., 2017). Reflecting upon the air-assisted flares discussed

earlier, their structure is most like the unconfined in a quiescent atmosphere where

this outer mixing layer establishes an outer NDF, which puts an IDF and an NDF in

close proximity to each other. In terms of application, IDFs have the desirable char-

acteristics of both premixed and diffusion flames, namely, emitting less pollutants

and avoiding flashback, respectively (Dong et al., 2007). Except for Sze et al. (2006)

who studied not only the emission index of oxides of nitrogen (NOx) for a range of

overall equivalence ratio, but also the IDF structure, the other studies were concen-

trated on the morphology or formation process of soot particles (Blevins et al., 2002;

Oh et al., 2005; Ying and Liu, 2018; Sidebotham and Glassman, 1992) or the overall

flame structure and its local distinct zones as well as degrees of partial premixing

in IDFs (Sobiesiak and Wenzell, 2005; Zhang et al., 2012; Elbaz and Roberts, 2014,

2016; Zhen et al., 2011; Kapusta et al., 2020). It is worth noting that Lim et al.

(2017) used a triple co-flow burner with constant inner air flow and increasing outer

air flow to control the degree of carbonization of the emitted soot particles, which

was mainly focused on measuring the optical properties of soot particles with various
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organic carbon contents. Their relevant discovery is that the presence of a small IDF

inside the main flame raises the temperature near the nozzle exit and increases the

degree of fuel pyrolysis, both of which promote soot formation. However, the works

mentioned above neither evaluated the interactions of an IDF inside an NDF by vary-

ing the inner air flow nor simultaneously quantified NOx and BC emissions, and the

present study is intended to fill this knowledge gap.

Although IDFs have been mostly established in co-annular burner geometries, it

has also been shown that the jet radius and curvature affect the dynamics, stability,

flame structure, and emissions (Mansour, 2000). In addition, changing the diameter

of the inner or outer tube in co-annular burners varies the area ratio of the streams.

In contrast, in slot burners, the width and length of each slot can be changed in-

dependently (Kapusta et al., 2020). Therefore, it is beneficial to consider a burner

geometry similar to the Wolfhard-Parker slot burner, the idea of which was first intro-

duced in 1949 (Wolfhard and Parker, 1949). The burner produced a two-dimensional

(2D) diffusion flame with a thicker reaction zone with one fuel and one oxidizer rect-

angular slots parallel to each other along the long side and surrounded by a flow of

inert gas. To study the soot formation and particle generation rates inside a diffusion

flame, a modified Wolfhard-Parker slot burner was redesigned with the fuel slot being

sandwiched between two air slots, which produced two symmetric flame sheets (i.e.

NDF in slot configuration) (Kent et al., 1981; Smyth et al., 1985). Another recent

variation to this type of burner was to add two N2 purge slots at the ends of the fuel

slot in order to diminish the end-flame effects (Wagner et al., 2009).

Mimicking the flow configuration of internally air-assisted flares (Torres et al.,

2012; Zamani et al., 2021), the data and analysis presented here are principally about

the coexistence of IDFs and NDFs in close proximity and their interaction in a multi-

slot burner, which was used to create 2D flames with unobstructed line-of-sight access
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to the flows adjacent to the flame sheets. In other words, the IDF is unconfined but

with a prescribed outer air flow through two outer slots forming a separate outer

NDF. A novel feature of this multi-slot burner compared to co-annular burners is

that the thickness of the wall separating fuel and air and the width of each slot

can be changed while keeping the area ratio (or the velocity ratio) of the streams

constant, which resolves the problem described earlier about decoupling the air-to-

fuel mass flow ratio and the wall thickness in an axisymmetric geometry (Mobaseri,

2021).

The main objective of this research is to quantify changes in key emission metrics

(i.e., BC and NOx) and relate them to the flow field of an unconfined IDF inside

an NDF by investigating the physical processes occurring in various 2D shear-mixing

layers created in a relatively novel multi-slot burner.

5.2 Experimental setup and methodology

An overview of the experimental setup of this study is presented in Fig. 5.1, and its el-

ements, namely, the multi-slot burner, velocity field measurement setup, and emission

measurement devices are described with more details in the following subsections.

5.2.1 Multi-slot Burner Design

Inspired by Wolfhard-Parker slot burner (Kent et al., 1981; Smyth et al., 1985; Wagner

et al., 2009), a multi-slot burner was designed that allows for co-flow injection of fuels

and oxidants. This multi-slot burner, which is presented schematically in Fig. 5.2,

consists of five parallel rectangular slots (i.e., the central slot for the inner air in

between two fuel slots, and two outer air slots) and two rectangular end slots for

helium (He) shields to dampen end effects. The burner, made of low-carbon steel,

was constructed by sandwiching together open-topped spacers to create the slots and
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Figure 5.1: Schematic of the experimental setup (point "O" represents the origin of
the coordinate system).

allow gases to be introduced from the bottom through steel tubes, and relatively thin

wall elements to create the separate slots. In this design, the minimum thickness

of the open-topped spacers for three central slots (i.e., the width of fuel slots and

inner air slot) was a constraint to accommodate inlet steel tubes. In this burner

configuration, the fuel slots and inner air slot had widths of w = 9.53mm, while

the outer air slots were four times wider (4w). All five slots were 8w long. The walls

separating the slots had a thickness of 0.91mm. The other dimensions of the slots are

given in Fig. 5.2. When viewed along the y-axis, this configuration provides optical

access to the symmetric diffusion flames, where the effects of inner air on the stability

and emissions of flames can be explored.

In these experiments, 3 standard liters per minute (SLPM) of propane (C3H8) were
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Figure 5.2: Multi-slot burner and its sectional view.

split into two equal streams feeding the two fuel slots, where standard conditions are

25 ◦C and 101.325 kPa. The flow rate of air through the outer slots (100SLPM)

was adjusted to be more than the required stoichiometric amount (i.e., globally lean

mixture). Accordingly, the width of the outer air slots was larger than that of the

fuel to minimize the exit velocity difference between the air and fuel streams (i.e., low

shear stresses). The inner air flow rate was manipulated from zero to a point where

it interfered with the inner flame’s stability (greater than 45 SLPM). In addition,

40 SLPM of He was divided into two equal streams feeding the two shield slots.

Satisfying the 2D assumption required having uniform upward velocity (vz ) along

the long side (y-axis) of the slots and minimizing the effects of the end walls. To aid in

creating this uniform flow, a packed bed of zirconium oxide beads (1mm in diameter)

and a layer of course metal mesh screens (mesh size 20×20 and opening size 0.76mm)

sandwiched between several layers of fine metal mesh screens (mesh size 250×250 and
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opening size 0.061mm) were placed below and above the column of beads inside each

slot to straighten the flow, as schematically drawn in Fig. 5.2. Having a gap below

the lower mesh screens makes a plenum, which proved to be essential for settling the

momentum of the inlet jet before entering the column of beads.

5.2.2 Near-exit Velocity Field Measurements and Flame Visualization

The velocities were measured using two-dimensional two-component particle image ve-

locimetry (2D-2C-PIV). The inner air was seeded with canola oil droplets (≈ 0.9 µm)

using an oil seeder (PIVTEC PIVpart14), while the fuel and outer air streams were

seeded with titanium dioxide (TiO2) particles (150 − 250 nm when agglomerated)

using separate solid seeders (LaVision Particle Blaster 110 and PIVTEC PivSolid3,

respectively). The seeding particles were illuminated by a thin sheet of a dual cav-

ity neodymium-doped yttrium lithium fluoride (Nd:YLF) laser at 527 nm wavelength

(Litron LD30-527). The Mie scattered light from the particles was captured using

a Photron FASTCAM NOVA S9 camera with a narrow bandpass filter (527/20 nm)

mounted on the camera lens.

For the reacting flow cases, time-resolved PIV was done at an imaging rate of

3.124 kHz, an exposure time of 1.1 µs, a resolution of 1024×768 pixels, and a pixel-to-

mm ratio of 14.53. In order to calculate the velocity vector field within the imaged

plane with a height of about 50mm above the burner exit, captured images were

post-processed using DaVis 10.2. The interrogation window size was 12×12 pixels

with window overlapping of 75% resulting in a spatial resolution of 0.826mm.

To address the quality of the 2D assumption for the flow produced by this burner

design, Fig. 5.3 shows the non-reacting vz 2mm above the burner exit along the

long side (parallel to y-axis) at mid-yz-plane of the inner air, outer air, and fuel

slots. The top-hat velocity profiles illustrated in Fig. 5.3 show that the 2D flow field
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Figure 5.3: Upward exit velocity profiles at z = 2mm and x = mid plane of each slot.
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Figure 5.4: Upward exit velocity profiles at z = 2mm and y = 0mm.

assumption is sufficiently valid at the center of slots. Figure 5.4 shows the non-

reacting upward velocity profiles for the five parallel slots 2mm above the burner

exit along the short side at the mid-plane (xz-plane). These velocity profiles justify

the symmetry between the slots’ exit velocity profiles. The presented velocities were

normalized by the area-averaged fuel velocity, v̄o
F, where the superscript o represents

that the data is calculated based on mass flow controller (MFC) readings.

Lastly, a single-lens reflex (SLR) camera was also used to image the whole flame

for estimating the visible flame height, as well as to image the same field of view as the

PIV images thereby allowing the visible flame to be mapped onto the PIV images and

the velocity fields. Flame surface tracking methods (Abbasi-Atibeh and Bergthorson,
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2019) were used to track the 2D projection of the flame surface in each frame within

the planar laser sheet by tracking the regions of maximum intensity gradients at

luminous flame regions. This data was used to determine a characteristic average

overall flame height using 50 images.

5.2.3 Emission Measurements

For global emission measurements, all combustion products were collected using an

exhaust hood. Samples of exhaust gases were extracted through a sampling probe for

species measurement. More details of sample collection can be found elsewhere (Za-

mani et al., 2021). The extracted products were directed to a NOx analyzer for NOx

measurements, a photoacoustic extinctiometer (PAX) for BC mass concentrations,

and a CO2 analyzer to monitor any changes in overall combustion efficiency, i.e., con-

version of fuel-based carbon to CO2, with further details in Section 5.3. The PAX used

a laser with 870 nm wavelength; thus, a black carbon mass absorption cross-section of

4.74m2/g was used (Bond and Bergstrom, 2006) to convert the absorption measure-

ment to the equivalent BC mass concentration. The NOx (NO + NO2) concentration

was measured with an uncertainty of 1% of the reading value.

5.2.4 Data Analysis and Presentation

The emission index (EI) of an exhaust product is calculated as the mass flow rate

of an exhaust species produced by the flame (ṁj,produced) per mass flow rate of fuel

(ṁF) (Corbin and Johnson, 2014),

EIj =
ṁj,produced

ṁF

. (5.1)

where j represents a specific species and F represents the fuel or flared gas, and

ṁj,produced is calculated based on the overall mass balance in a defined control volume.
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The ratio of the area-averaged velocity of inner air (v̄o
AI

) to the area-averaged

velocity of fuel (v̄o
F) is defined as the average velocity ratio (V r). This ratio of up-

ward velocities was used to characterize different cases in this study. It should be

emphasized that the emission measurements were done for unseeded flows. There-

fore, emission measurements are not affected by oil seeding. However, the authors

quantified the maximum oil consumption rate, occurring at the highest inner air flow

rate (55 SLPM), through gravimetric analysis using polytetrafluoroethylene (PTFE)

filters. The mass flow ratio of oil to fuel used in PIV measurements is 0.00016.

5.3 Results and discussion

Table 5.1 shows the area-averaged velocities for outer air, fuel, and inner air slots for

all the cases investigated, where V r ranges between 0 and 37. The Reynolds numbers,

calculated based on the characteristic velocity being the area-averaged velocity and

the characteristic length being the hydraulic diameter of the rectangular slots, are

ReF = 134 and ReAO
= 968 for the fuel and outer air slot, respectively. The values

for the inner air (ReAI
) are reported in the sixth column of Table. 5.1.

The visual appearance of the flames close to the burner exit is laminar and sta-

tionary, but as a result of increasing buoyancy over the flame height, they become

weakly turbulent flames. Similar to candles, these flames develop noticeable natural

periodic oscillations higher up in the flame. On the left side of Fig. 5.5, whole flame

images are shown at four test conditions. In these images, the visible 2D projection of

the flame surface was drawn (blue lines), which were used to determine a characteris-

tic average overall flame height. The flame heights normalized by w are listed in the

seventh column of Table. 5.1, and show the flame height decreases monotonically by

increasing V r, i.e., adding more inner air, as the required air for propane combustion

is more readily available.
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Table 5.1: Area-averaged velocities and measured characteristics at different V r.

v̄o
AO

(m/s)
v̄o
F

(m/s)
v̄o
AI

(m/s)

v̄o
AO

v̄o
F

V r

=
v̄o
AI

v̄o
F

ReAI

heights normalized by w

overall
flame

oil droplets
isotherm

0.00 0.00 0 36.1 0.0
0.09 2.67 103 35.1 0.1
0.18 5.33 207 33.7 0.8
0.27 8.00 310 32.4 1.3
0.34 10.00 387 32.1 1.9

0.29 0.034 0.45 8.53 13.33 516 29.9 2.6
0.57 16.67 645 27.7 3.5
0.79 23.33 904 26.5 5.4
1.02 30.00 1162 24.9 NA
1.13 33.33 1291 24.4 NA
1.25 36.67 1420 23.3 NA

As illustrated in Fig. 5.5, when no inner air was provided (V r = 0), only two

flame bases existed and formed an NDF. These two flame bases are referred to as the

outer flame because once the inner air was introduced, two more flame bases appeared

inside these outer flames and formed an IDF (referred to as the inner flame). Based

on the inner flame shape and its interaction with the outer flame, the cases in this

study can be categorized as:

(i) 0 < V r ≤ 5.33, a closed-tip inner flame visually separate from the outer flame

(ii) 5.33 < V r ≤ 13.33, an open-tip inner flame, but at higher heights becoming

indistinguishable from outer flame

(iii) 13.33 < V r ≤ 30, an open-tip inner flame with an air jet essentially partitioning

the right and left flames

(iv) V r > 30, a lifted inner flame interacting with the outer flame.
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Figure 5.5: Far-field and near-field flame images by SLR and PIV cameras. Left side:
whole flame images at four test conditions. The blue lines are 2D projection of the
flame surface. Right side: PIV and corresponding SLR images.
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As the readings of the CO2 analyzer for cases with V r > 0 were almost equal

to that of V r = 0, the overall combustion efficiency was essentially unchanged by

adding inner air. The concentrations of CO2, CO, and unburned hydrocarbons in

the gaseous combustion products, which were also collected in sampling bags, were

measured using a gas chromatograph to confirm the completeness of combustion with

an efficiency greater than 98% for all cases.

The right side of Fig. 5.5 displays a left-right split collage of the raw PIV field

of view (right side) and the corresponding geometrically matched SLR flame image

(left side). For all flames that were attached to the burner (i.e., categories (i) to

(iii)) the attaching flames were blue up to the height of approximately one w before

transitioning into much brighter yellow-orange flames. In the raw PIV images, there

are regions of the flame that remain bright despite using a narrow bandpass filter

and setting a relatively short exposure time. These locations are associated with the

high soot concentration within the laser sheet and are attributed to a combination

of laser-induced incandescence and Mie scattering from soot particles. These bright

regions are stationary features, which are incorrectly interpreted as regions of zero

flow velocity by the PIV correlation. Therefore, those soot-generating regions are

subtracted for post-processing and shown as blank regions. As illustrated in Fig. 5.6,

these blank regions start at −14 ≤ x ≤ −11.2mm and 17.5 ≤ z ≤ 22.2mm in the

velocity field.

By focusing on the oil seeded inner air shown in Fig. 5.5, the raw PIV images

also mark the isotherms at ≈ 600K (red dashed curves) inside the inner flame, as the

oil evaporated. For attached inner flames (i.e., categories (i) to (iii)), the heights of

these isotherms grow almost linearly by increasing V r as the inner air flow momen-

tum increases. The normalized isotherm heights are reported in the last column of

Table. 5.1. In each case, the region above this isotherm does not have any seeding

88



particles to calculate the velocity. Therefore, this region is also shown as blank in the

velocity fields (Fig. 5.6). Also evident in the raw PIV images are the variations in

the number density of the solid seed particles in the fuel and outer air streams. This

diminished number density close to the flame fronts was due to the high heat release

and lower density of products.

Figure 5.6 is a collage of the processed raw PIV images for the same four flow

conditions shown in Fig. 5.5. Elements of importance in this set of figures are the

magnitude of instantaneous velocities (left side), and the instantaneous streamlines

(right side) selected to represent outer regions of the inner IDF (red dashed stream-

lines), inner regions of the outer NDF (green dash-dot streamlines), and outer regions

of the outer NDF (blue dotted streamlines) within the shear-mixing layers.

With respect to the magnitude of instantaneous velocities, it is important to note

that all the figures use the same color bar (dark blue to dark red is 0.0 to 1.8m/s) so

that quantitative comparisons between flow conditions can be made. The burner exit

flows (or the flow field’s inlet boundary conditions) for the fuel and outer air are the

same for all conditions. Recall that the outer air flows extend to x = −55mm and

x = +55mm, and it is used to help establish more consistent side (i.e., x-z) boundary

conditions.

When the inner air flow is non-existent (V r = 0), there is a large region extending

over the fuel and inner air slots where the velocity is almost zero, as shown in Fig. 5.6

(left side), which can be seen to be a gently recirculating standing vortex pairs by

viewing sequential PIV images. The upward acceleration in the flow was due to flame

induced buoyancy almost immediately above the burner at the interface between the

fuel and outer air (note the small black squares at z = 0 for wall locations at the

bottom of Fig. 5.6 images). Typical of NDFs in normal gravity, despite the dilatation

of gases associated with temperature rise, the flow acceleration was strong enough
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Figure 5.6: Instantaneous velocity field and streamlines at selected velocity ratios
(note the description of bold streamlines in the text); the black blocks at z = 0
represent burner walls.
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to induce the outer air to flow inward further downstream in support of combustion.

The two streamlines depicted on the right side of Fig. 5.6 show the extent of this

inward bending of the outer air. The first streamline (shown by a green dashed-

dotted line) begins just on the air side of the wall separating the fuel and outer air

(i.e., x = 15.1mm) and bends to end up on the inner side of the NDF’s highly

luminous zone (blanked out, as discussed previously) and leaves the field of view at

x = 1.9, 5.2, 6.3, and 11.1mm, respectively for the four cases depicted in Fig. 5.6. The

second streamline (shown by a blue dotted line) begins at x = 21.3mm, and leaves

the field of view on the outside of the NDF’s highly luminous zone (x = 6.2, 10.4, 11.9,

and 14.5mm, respectively).

Observations of the inner air flow field (seeded by canola oil) can be made up to

the point where the oil reaches its evaporation temperature. Increasing the inner air

velocity causes the outer air to bend less inward. Referring to Fig. 5.5, these flows

formed four flame bases (two associated with NDF and two being IDF), so in that re-

gion, the rate of heat release, dilatation of gases, and subsequent upward acceleration

of the flow would all be expected to be higher. This expectation for increased accel-

eration is supported through the appearance of higher velocity magnitudes occurring

in that region, which is also a result of a higher momentum inner air jet.

For flames with the inner air, three streamlines were identified to be of interest,

which are colored in Fig. 5.6 (right side). The first two (green dash-dot streamlines

and blue dotted streamlines) have the same point of origin as the case of no inner air,

and they end up going through a flow pattern of ending up either on the inside or the

outside of the NDF. The third streamline (shown by a red dashed line) was selected

from the fuel flow because its trajectory remained just on the fuel side of the IDF at

the upper edge of the field of view. As a result, this third streamline invariably ends

up very near and parallel to the green dash-dot streamline. As the inner air velocity
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increased, the starting x-wise position of the third streamline moved progressively

closer to the inner air flow. The conclusion being that as the inner air flow velocity

increased a smaller portion of the fuel stream was consumed by the IDF in the field

of view.

Figure 5.7: Average velocity magnitude of the streamlines indicated in Fig. 4 as a
function of height above the burner with 95% confidence bands
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Figure 5.7 further explores the averaged velocity magnitudes along the representa-

tive streamlines (shown on the right side of Fig. 5.6), which start at the same location,

as a function of height above the burner exit by considering 300 processed PIV image

pairs for three of the inner air flow rates. The lines represent the averaged velocity

magnitudes along the streamlines, while the shaded areas show the 95% confidence

interval of all the velocity magnitudes. Starting with the outermost streamline (i.e.,

furthest from the inner air flow), on the outer side of the outer flame, there is only

modest impact as the inner air is increased. There is essentially no difference between

the case of no inner air and the case of V r = 5.33. The impact of the V r = 23.33

is almost undetectable up to z ≈ 25mm, and at higher heights the difference in the

magnitude of velocity is limited to 0.2m/s.

Turning our attention to the streamline on the inner side of the outer flame, there

is a modest difference in the velocities after z ≈ 5mm, but the velocities diverge

considerably after z ≈ 15mm. When the inner flame exists, this portion of the

flow (z > 15mm) appears to experience an increased acceleration due to inner air

momentum and the buoyancy associated with the inner flame. Despite the higher

inner jet flow velocity being more than four times greater than the lower one (i.e.,

V r = 23.33 compared to V r = 5.33), their velocities remain mostly parallel and

separated by around 0.25m/s. Lastly, the innermost streamline that is on the outside

of the inner flame (this region does not exist for the zero inner air flow case) has

similar trends but the averaged velocity magnitudes along the streamlines in the

case of V r = 23.33 are always larger over their measured range. It is also worth

mentioning that the velocity magnitude over streamlines inside the outer flame and

outside the inner flame for V r = 23.33 are almost identical, which is in agreement

with partitioning to two symmetric left and right flames in category (iii) with minimal

inward bending.
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Figure 5.8 shows the trends of EIBC and EINOx at different inner air-to-fuel velocity

ratios, while the ranges of V r associated with the previously defined flame categories

are drawn above it. While the EINOx showed only modest trends of increasing and

decreasing magnitude with increasing amounts of inner air, BC emissions underwent

a dramatic non-monotonic change. With no inner air flow, the NDF emits BC with

an emission index of approximately 3 g/kg-fuel. By adding ever-increasing amounts

of inner air, there was an unexpected order of magnitude increase in EIBC while

progressing through the previously defined category (i) and (ii) cases. Then, for all

of the category (iii) cases, the EIBC remained constant at approximately 30 g/kg-fuel,

which shows an order of magnitude higher BC emissions compared to the NFD case

with no internal air flow. Similar trends in BC emissions were observed in a previous

work (Zamani et al., 2021) where air flow was increased in air-assisted diffusion flames

in a co-annular burner. Once the inner flame became lifted (category (iv)), which

resulted in either one or two vertically unstable blue-colored edge-flame(s), the EIBC

dropped below the detection limit of the PAX.

Figure 5.8: Emission indices at different velocity ratios annotated by the defined flame
categories (i) to (iv).
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An important conclusion is that adding more air into a diffusion flame does not

necessarily have a positive effect on BC emissions. Initial thoughts have qualitatively

focused on the role of products of combustion from the inner flame becoming part

of the fuel flow to explain why the emission of BC responds so negatively to the

introduction of air into the fuel. It is proposed that, in categories (i) and (ii), flames

produce increasing amounts of hot products, intermediate species, and soot particles

with increasing amounts of inner air. These intermediate species and particles, which

do not have enough locally available oxygen to fully react to form CO2, are then

entirely surrounded by a carbon-based fuel and thereby produce considerable more

soot. Higher soot formation in the case of a closed-tip IDF inside an NDF (category

(i)) compared to the case of zero inner air (V r = 0) is aligned with the findings in the

literatureLim et al. (2017). Currently, no conceptual models are proposed for why

the category (iii) cases remain high. The conjectural proposal for why lifting the IDF

through increased inner air flow rates causes a near-zero emission of BC is associated

with the partial premixing of fuel and air prior to combustion.

5.4 Concluding Remarks

In this study, the emissions of black carbon (BC) and oxides of nitrogen (NOx), as

well as detailed flow fields, were quantified in unconfined jet diffusion flames that had

elements similar to both normal and inverse diffusion flames. A relatively novel multi-

slot burner was designed to produce two-dimensional planar flames. Its geometry

was a symmetric arrangement of five slots, with the outer two acting mainly as a

well-defined outer boundary of air flow. Progressing inward, the next pair of slots

carried the fuel while the central slot carried a flow of inner air. Reflecting upon the

internally air-assisted flares, where a normal jet diffusion flame (NDF) and an inverse

jet diffusion flame (IDF) coexist in close proximity, the main goal was to understand
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how changes in the central air flow rate impacted the overall flow field in the vicinity

of the flames and the subsequent impacts on the emissions and flame stability.

Experiments were conducted with constant fuel and outer air flow rates, while the

central air flow rate was increased from zero to a magnitude that caused instabilities

and flame lift-off. In all cases, two flame bases were attached to the wall in the mixing

layer between the fuel stream and the outer air flow. These flames had the charac-

teristic of an NDF and were referred to as the outer flames. With the introduction of

inner air flow, two more flame bases appeared with the characteristics of an IDF and

were referred to as inner flames. As the inner air flow rate was increased, the inner

flame transitioned from being closed-tip, to open-tip, to partitioning the flames from

the two fuel slots, to the inner flame being lifted. These transitions in the shape of

the inner flame and its interactions with the outer flame were closely correlated with

the emission of BC, while NOx emissions were insensitive to the interaction of the

flames caused by the inner air addition. The flame shape and inner air effects were

identified in terms of the burner exit velocity ratio between the inner air and the fuel.

The BC emissions significantly changed non-monotonically from the case of no

inner air to the case of inner flame lift-off. Using zero inner air as a starting point,

the addition of a small amount of inner air caused a modest increase in BC emissions

while being a closed tip IDF. Adding more inner air to create an open tip IDF caused

the BC emissions to increase and eventually become an order of magnitude greater

than the case of no inner air case. Adding more inner air to partition the inner

and outer flame structure into two NDFs had no impact on the BC emission, which

remained at their maximum. Finally, with yet more inner air flow, one or both of the

inner flames would lift off, allowing the fuel and inner air to be partially premixed,

and the BC emission dropped to values close to zero. Therefore, air addition can

dramatically reduce BC emissions in an internally air-assisted flare only when partial
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premixing occurs due to the inner flame lift-off. All in all, in order to reduce the

overall BC emissions, the inner air flow rate needs to be high enough to lift off the

inner flame and allow for fuel and air premixing. In the case of having a flame

inside of a fuel stream (i.e. preheating fuel by the inner flame products), it is valid

in general that the BC emissions represent an increasing trend at low flow rates of

internal assisting air, and that the BC emissions drop significantly at higher assisting

air flow rates. However, the onset of reduction in BC emissions depends on the burner

geometry and test conditions.
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Chapter 6

Conclusion and Future Work

6.1 Concluding Remarks

The scientific discussions and experimental results presented in this thesis focus on

improving and deepening the current understanding of assisted flares and co-flow dif-

fusion flames. Three connected investigations used three experimental setups with two

co-annular burners and one multi-slot burner to quantify the key emissions, mainly

the emission index (EI) of black carbon (BC) and oxides of nitrogen (NOx), and the

carbon conversion efficiency (CCE) of lab-scale flares and relate them to the flow

field. A summary of the main concluding remarks is listed as follows.

• In co-annular burners, setting the controllable variables so that they supposedly

result in a higher characteristic flame temperature, namely, introducing more

oxygen in the assisting fluid, reducing the amount of steam or other diluents

with lower specific heat capacities, substituting atomized water with steam, and

having less radiation heat loss, increased the production of NOx. Thus, it was

concluded that a thermal mechanism adequately described the EINOx results.
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• For the cases with assisting fluid flow rate ranges from zero to that which caused

flame blow-off, there was a significant disconnect between the mass flow ratio

(MFR) at which the early BC suppression occurs and the one at which the

CCE collapses, linked to the flame blow-off. As a result, there was a broad

range of assisting fluid flow rates, where the CCE was almost 100%, while the

flame luminosity and BC emissions were monotonically and ultimately being

severely suppressed with increasing assisting fluid flow rates. The diminished

flame luminosity was related to the flames becoming bluer for air-assisted flames

and redder for steam-assisted flames; at the same time, at least an order of

magnitude reduced the EIBC.

• The fuel composition (i.e., its heating value) has a great impact on the BC

emissions at MFR=0 (no assisting fluid) and the rate at which they decreased

due to co-flow addition. By increasing the MFR, EIBC dropped orders of mag-

nitude for all fuel compositions. At the same MFR, it was demonstrated that

BC emissions were reduced by an order of magnitude more in water-assisted

cases than in steam-assisted ones.

• As a result of the same chemical composition of steam and water, this study

focused on the hydrodynamics and thermodynamics of assisting fluid addition.

The results were that the overall hydrodynamics of the flame were essentially

the same at low flow rates of these two assisting fluid co-flows and are gov-

erned by the buoyancy of combustion products. The buoyancy is a function of

flame temperature, and the characteristic temperature of the flames was quite

different. On the one hand, the fuel composition was a primary determinant

of radiation heat losses, which impacted the actual peak temperature. On the

other hand, due to the difference in the heat required to evaporate the liquid

water and the initial feeding temperatures of water and steam, the actual peak

99



temperature at the same MFR was lower in the case of water addition.

• The multi-slot burner’s design demonstrates a promising capacity for flame

stabilization of both normal and inverse diffusion flames and their coexistence

in various configurations. The slot width (length scale linked to reacting layers)

and wall thickness (length scale related to initial mixing/shear layers) can be

independently changed thanks to geometric flexibility.

• In the multi-slot burner, two flame bases were anchored to the wall in the mixing

layer between the fuel stream and the outer air flow. The term outer flames was

used to describe these flames, which had the characteristics of a normal diffusion

flame (NDF). Two more flame bases with features of an inverse diffusion flame

(IDF) formed with the addition of inner air flow and were referred to as inner

flames. By adding more inner air, the inner flame changed from being closed-

tip, to being open-tip, to partitioning the flames from the two fuel slots, to

being a lifted flame. The BC emissions were closely connected to these changes

in the inner flame’s shape and its interaction with the outer flame. However,

NOx emissions were unaffected by the interaction of the flames brought on by

the injection of inner air.

• To explain the non-monotonic trend in BC emissions in the cases of no inner air

to inner flame lift-off, adding a small amount of inner air resulted in a moderate

rise in BC emissions while being a closed tip IDF. More inner air made the

IDF open tip, causing the BC emissions to increase and eventually exceed an

order of magnitude compared to no the inner air case. Adding more inner

air split the inner and outer flame structure into two NDFs, by which the BC

emission remained unchanged and at its maximum. Once even more inner air

was added, one or both of the inner flames lifted off, enabling the fuel and inner
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air to be partially premixed, and the BC emission dropped to values below the

detection limit. Therefore, air addition can dramatically reduce BC emissions in

an internally air-assisted flare only when partial premixing happens as a result

of the inner flame lift-off. In the case of having a flame inside a fuel stream (i.e.

preheating fuel by inner flame products), it is generally true that BC emissions

increase at low internal assisting air flow rates and decrease significantly at

higher assisting air flow rates. The burner geometry and test conditions do,

however, affect when BC emissions start to decline.

6.2 Future Work

Based on the investigations included in this thesis, the following is a selection of

potential possibilities for future work.

• Geometry and scale play essential roles in BC and NOx emissions; therefore, a

comprehensive set of experiments needs to be conducted to extend the results

of this study to full-scale industrial applications.

• By particle extraction sampling from the 2D flames on the multi-slot burner, a

2D field of particle evolution can be mapped in laminar flame sheets. Two of

the extraction sampling techniques, namely probe sampling and jet-entrainment

sampling, and their implications are described thoroughly in (Kazemimanesh

et al., 2017; Michelsen et al., 2022), respectively. This can be achieved by taking

measurements of the size distributions of the soot particles at various points on

the fuel side of the flame sheets at different heights above the burner. The

2D map of soot particles, along with the 2D mean velocity field measured by

particle image velocimetry (PIV), will help understand the transport of soot

particles.
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• Another possibility would be a non-intrusive measurement of soot volume frac-

tions and primary particle diameters using the laser-induced incandescence (LII)

diagnostic technique, which needs extra excitation and detection devices. LII

is a widely-used and robust measurement technique in soot generating diffusion

(non-premixed) flames (Chatterjee and Gülder, 2018; Zhang et al., 2019). If

PIV and LII measurements are done simultaneously, soot volume fraction and

velocity fields will be obtained.

• The geometrically flexible multi-slot burner can stabilize one to four 2D diffusion

flames, which can be used to study the opacity of one to four parallel flames

attached to the divider plates along the long side. This can determine if the

flames are optically thin or thick as well as the contribution of each flame.

• Adding steam instead of the inner air in the multi-slot burner, while the whole

burner needs to be preheated to avoid steam condensation in the slot. In this

case, only fuel and outer air can be seeded, preferably with solid particles, to

perform PIV measurements to study steam and fuel mixing layers. This will

mimic the flow configuration of internally steam-assisted flares.
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Appendix A

Uncertainty Calculation

A.1 Definition

This appendix will describe how to calculate the uncertainty in an experimental mea-

surement based on ASME measurement uncertainty (Abernethy et al., 1985), but

first a few terms must be defined. The difference between the true and measured

values is defined as the error. Knowing the true value of a quantity is not possible,

so its measurement error cannot be known. Instead, the goal is to determine the

uncertainty in a measured value estimating the true value. The uncertainty refers

to the error estimate with a specific confidence interval (Cohen, 1998) expressed as

a probability. Two types of uncertainty are defined by the International Standards

Organization (ISO):

(1) Precision uncertainty (Px): the uncertainty estimated from the data, associ-

ated with the repeatability of the recorded quantity, is known as precision or

repeatability uncertainty.

(2) Bias uncertainty (Bx): the uncertainty that can’t be inferred from the data

120



and is inherent to the measurement device or technique, which is known as

systematic or bias uncertainty.

The total uncertainty (Ux) in a measurement is calculated from:

Ux =
√︁

P 2
x +B2

x (A.1)

A.1.1 Precision Uncertainty (Px)

By doing multiple repetitions of the same measurement and using statistical analysis,

precision uncertainty can be calculated. For instance, in this study, the output data

from emission measurement devices was recorded for 2 to 3min with a logging fre-

quency of 1Hz, generating 120 to 180 data points for each measured quantity in each

test case. Given the sample size in this study, precision uncertainty can be calculated

based on the central limit theorem (Abernethy et al., 1985) as follows:

Px = zc/2
σ√
n

(A.2)

where zc/2 is the z-score of the normal distribution with c% confidence, σ is the

standard deviation of the measurements, and n is the number of data points. A

confidence interval of 95% is used throughout this study, as it is almost a universal

convention. The standard deviation (σ) is calculated from:

σ =

⌜⃓⃓⃓
⎷ n∑︁

i=1

(xi − x)2

n− 1
(A.3)

where xi is the result of the ith measurement, and x is the arithmetic mean of the n

data points considered.
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A.1.2 Bias Uncertainty (Bx)

Bias uncertainty will continually add error to the measurements, and due to being

systematic, it is impossible to be determined by doing multiple repetitions. As a

result, it is commonly estimated by using the accuracy found in the manufacturer’s

specification or the accuracy obtained by the instrument’s calibration. Regardless of

the estimation source, the estimated bias uncertainty must have the same confidence

interval as the precision uncertainty, which is mostly unattainable.

A.1.3 Uncertainty Propagation

Once the total uncertainty for individually measured quantities is known using the

mentioned methods, the uncertainty in the parameters, which are a function of those

measured quantities, can be calculated by considering the propagation of uncertainty.

In other words, the uncertainty in that parameter is estimated from the known un-

certainties in other quantities. If parameter y is a function of m measured quantities,

namely, x1, x2, ..., xm, i.e. y = y(x1, x2, ..., xm), the derivative of the function based

on the chain rule is:

dy =
∂y

∂x1

dx1 +
∂y

∂x2

dx2 + ...+
∂y

∂xm

dxm (A.4)

where ∂y/∂xi is partial derivative of the functional form of parameter y with respect to

the ith variable (xi). By substituting the variation in y (dy) and variation in xi (dxi)

with ∆y and ∆xi, associated with uncertainty in y and xi, respectively, Equation A.4

gets the following form:

∆y =
∂y

∂x1

∆x1 +
∂y

∂x2

∆x2 + ...+
∂y

∂xm

∆xm (A.5)

By squaring both sides and neglecting the higher order term, in case that the measured
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quantities (xi) are statistically independent of each other, Equation A.5 becomes:

∆y2 =
m∑︂
i=1

(︃
∂y

∂xm

∆xm

)︃2

(A.6)

∆y =

⌜⃓⃓⎷ m∑︂
i=1

(︃
∂y

∂xm

∆xm

)︃2

(A.7)

In case that the functional form of parameter y in terms of the independent vari-

ables (xi) is purely multiplicative, i.e., y = cxα1
1 xα2

2 ...xαm
m , where c and αi are arbitrary

constants, the relative uncertainty (∆y/y) can be calculated in a more straightforward

way by following four steps: take natural logarithm (ln) of the function, differentiate,

replace differentials as uncertainties, then square each term to get:

(︃
∆y

y

)︃2

= α1
2

(︃
∆x1

x1

)︃2

+ α2
2

(︃
∆x2

x2

)︃2

+ ...+ αm
2

(︃
∆xm

xm

)︃2

(A.8)

⃓⃓⃓⃓
∆y

y

⃓⃓⃓⃓
=

√︄
α1

2

(︃
∆x1

x1

)︃2

+ α2
2

(︃
∆x2

x2

)︃2

+ ...+ αm
2

(︃
∆xm

xm

)︃2

(A.9)

⃓⃓⃓⃓
∆y

y

⃓⃓⃓⃓
=

⌜⃓⃓⎷ m∑︂
i=1

(︃
αm

∆xm

xm

)︃2

(A.10)

which shows that the square of relative uncertainty in each variable is weighted by the

square of its exponent. By implementing the mentioned method for the dependent

variables such as carbon conversion efficiency (CCE) and emission index (EI), their

uncertainties can be calculated, the derivation of the latter one is explaoned in the

following Section.

123



A.2 Uncertainty Analysis (Emission Index)

Based on Equation 1.1, emission index of gaseous or particulate species (i.e., CO, CO2,

Unburned HC, NOx, and BC) was calculated in this study. The mass production rate

of the gaseous species was:

ṁj,produced = Mj

(︃
(Xj,plume −Xj,∞) ṅplume − (Xj,FṅF)inert +Xj,∞ṅF

MF

M∞

)︃
, (A.11)

where Mj, MF, and M∞ are molecular mass of species j, fuel gas, and ambient air,

respectively. Xj and ṅ are mole fraction of species j, and the molar flow rate, respec-

tively. By substituting Equation A.11 into Equation 1.1, the uncertainty of emission

index of gaseous species (∆EIj) was calculated as follows by using propagation of

uncertainties for all measured quantities, assuming that these quantities were inde-

pendent of one another:

(∆EIj)
2 =

(︃
∂EIj

∂Xj,plume

∆Xj,plume

)︃2

+

(︃
∂EIj
∂Xj,∞

∆Xj,∞

)︃2

+

(︃
∂EIj
∂ṅF

∆ṅF

)︃2

+(︃
∂EIj

∂ṅplume

)︃2
[︄∑︂

k

(︃
∂ṅplume

∂Xk,∞
∆Xk,∞

)︃2

+
∑︂
k

(︃
∂ṅplume

∂Xk,plume

∆Xk,plume

)︃2

+

(︃
∂ṅplume

∂ṅF

∆ṅF

)︃2
]︄

(A.12)

Considering the fact that BC concentration was negligible in the ambient, and

PAX measured mass fraction of BC (Ymeasured) at its cell temperature (Tcell), the

mass production rate of the particulate species (BC), corrected for the temperature,

was:

ṁBC, produced = Ymeasured
RuTcell

pplume

ṅplume. (A.13)

where Ru is the universal gas constant, and pplume is the static pressure in the duct
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recorded by a pressure transducer. Therefore, the uncertainty of emission index of

BC (∆EIBC) was calculated as follows:

(∆EIBC)
2 =

(︃
∂EIBC

∂Ymeasured

∆Ymeasured

)︃2

+

(︃
∂EIBC

∂Tcell

∆Tcell

)︃2

+

(︃
∂EIBC

∂pplume

∆pplume

)︃2

+(︃
∂EIBC

∂ṅplume

)︃2
[︄∑︂

k

(︃
∂ṅplume

∂Xk,∞
∆Xk,∞

)︃2

+
∑︂
k

(︃
∂ṅplume

∂Xk,plume

∆Xk,plume

)︃2

+

(︃
∂ṅplume

∂ṅF

∆ṅF

)︃2
]︄

(A.14)
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Appendix B

Steam Supply System

B.1 Steam Generator

For the experiments discussed in Chapter 2 and 3, steam was supplied by an 18-

kW electric steam generator (Sussman, MBA18) with a maximum steam supply of

408 g/min, which is shown in Fig. B.1. To control the total flow rate of steam, the

steam generator’s outlet was directly attached to a manually adjustable pressure reg-

Figure B.1: Electric steam generator and its components (Sussman, 2017)
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ulator. The flow was measured by a calibrated cone flow meter (Cameron NUFLO

cone Series 3000), designed specifically to measure steam flow rates, which consists of

a pipe with an interior cone obstructing the flow of steam and creating a differential

pressure across the high- and low-pressure ports. The flow meter was coupled with

a differential pressure transmitter (ABB, 2600 T) with a full scale of 16 kPa. Addi-

tionally, an absolute pressure transducer (Omega, PX409-100AI) with a full scale of

689 kPa was attached to the flow meter’s high-pressure port. The temperature of the

steam entering the flow meter was determined by a resistance temperature detector

(RTD) probe (Spirax Sarco, EL2270) with a full scale of 500 ◦C.

The steam temperature, absolute pressure, and differential pressure measurements

were recorded by the data acquisition modules (National Instruments, NI-9216 and

NI-9203), and steam mass flow rate was calculated using LabVIEW virtual instrument

(VI) file. The equation to calculate the steam flow rate and further information are

outlined in the study by Ahsan et al. (2019). For a range of 20–200 g/min, the cone

flow meter was calibrated. The higher limit was found to be sufficient for this study,

whereas the lower limit was connected to the instability and unsteady effects at low

flow rates. That being said, this steam generator and flow meter do not have large

dynamic ranges for steady and low uncertainty operation; as a result, two flow systems

were used, depending on whether the flow rates were high or low.

B.2 High Flow Rates to Burner

A further series of experiments using a heat exchanger for condensing and measuring

the steam condensate were carried out to calibrate the cone flow metre, which pro-

duced a calibration range of 20–100 g/min and validated the calculated steam mass

flow rates. A piping and instrumentation diagram (P&ID) of the setup to deliver

high flow rates of steam is schematically shown in Fig. B.2.
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Water

To Burner

OR

To Heat Exchanger

Ball Valve

Plug Valve

Figure B.2: P&ID of the system supplying high flow rates of steam

B.3 Low Flow Rates to Burner

To supply low flow rates of steam, the steam line was divided into two lines by a tee,

as depicted in Fig. B.3. 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 hose (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 the 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 flow meter) and the measured flow

rates of the excess steam line (measured by the electronic balance). The flow rate

Water

To Burner

Plug Valve

To Heat Exchanger

Ball Valve 3-Way Valve

Precision Valve

Figure B.3: P&ID of the system supplying low flow rates of steam
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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 less than 10% of the reading.
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Appendix C

Particle Image Velocimetry in Com-

bustion Systems

Particle Image Velocimetry (PIV) has been established as a standard measurement

tool in the 2C-2D approaches, also used in this study. PIV effectively identifies flow

structures in the measurement plane and estimates local gas velocity through cor-

relating particle displacement over a predetermined time interval. Although there

are always challenges in capturing and converting images into velocity fields for non-

combusting systems, there are some special considerations for reacting flows, espe-

cially close to flames. The implications of particle image velocimetry (PIV) in reacting

flows are as follows:

• A significant increase in fluid temperature results from heat release due to com-

bustion. For the combustion of hydrocarbons, the highest temperature can

exceed 2000K and is attained at the reaction front (Turns et al., 2000).

• Flame radiation takes place due to the high temperature, and a wide range

of wavelengths of light are emitted, particularly soot radiation in diffusion

130



flames (Chomiak, 1990). Since soot has similar radiative characteristics to a

black body, the flame appears yellow and the light it emits can be quite intense.

• Temperature, density, and velocity have a high spatial gradient in the vicinity of

the flame front, while pressure is considered to be constant in free flames (Turns

et al., 2000).

• The refractive index, an optical property of the fluid medium, locally changes

because of the spatial variations in the density and composition of the gaseous

mixture (Stella et al., 2001).

• In reacting flows with a non-uniform temperature field, small particles (micron-

size solid seed particles) suspended in the gas are subjected to thermophoretic

forces that drive them to drift away from hot regions of the gas (flame zone)

with a velocity proportional to the local temperature gradient (Chelliah et al.,

1991; Muntean and Higuera, 2016).

The basic assumption in PIV is that the seeding particles follow the flow. The

Stokes number, characterized as the ratio of particle relaxation time over character-

istic flow time, is a measure of particles’ capability to follow the flow. According to

the literature (Tropea et al., 2007), the particle response time is found to be sufficient

for Stokes numbers less than 0.1, which was much less than this for the PIV tests in

this study.

Despite the limitations of PIV in laminar and turbulent reacting flows in the past,

PIV first proved to be a successful measurement tool in diffusion flames in the study

conducted by Driscoll et al. (1994). 2D-PIV is capable of quantifying the structures in

the flow through measurements of planar velocity fields and also provides some infor-

mation about the flame topology by observing the seeding density distribution (Stella

et al., 2001). These features allow researchers to study the interaction between flow
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and combustion.

Solid refractory particles, such as titanium dioxide (TiO2), which was first used

in diffusion flames by Lewis et al. (1987), are commonly used because of their high

melting temperature (≈ 2120K) and less tendency to agglomerate.

Oil droplets can also be used to seed the reacting flows with the aim to mark a

specific isotherm in proximity of the flame showing the evaporation temperature of

the oil. Canola oil with evaporation temperature of about 600K was used in this

study. Oil seeding (i.e., olive or canola) is commonly employed in PIV studies on

different combustion systems (Hargrave et al., 2002; Abbasi-Atibeh and Bergthorson,

2019).
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Appendix D

Multi-slot Burner Drawings

The technical drawings of the assembled multi-slot burner is illustrated in Fig. D.1.

Additionally, its individual parts, which are sandwiched together in make this burner,

are shown in the following figures (Fig. D.2 to D.8), from the outermost part to the

innermost one, skipping the duplicates. The plates that divide the slots are called the

dividers, and the the ones that make the space within the slots are called the spacers.
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Figure D.1: Assembled multi-slot burner with detailed dimensions (in inches).
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Figure D.2: End plates (dimensions in inches).
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Figure D.3: Outer part of the 1.5-in spacer (dimensions in inches).
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Figure D.4: Middle part of the 1.5-in spacer (dimensions in inches).

137



.750 .125 .125 .750

.257

.375.375
3.000

4.000

1.500
1.750

1.500

2.000

2.000

.375.375

.375

4.750

5.500
.500

A A

B B

C C

D D

4

4

3

3

2

2

1

1

DO NOT SCALE DRAWING

0.5in inner of 1.5in spacer plate
SHEET 1 OF 1

UNLESS OTHERWISE SPECIFIED:

SCALE: 1:1 WEIGHT: 

REVDWG.  NO.

C
SIZE

TITLE:

NAME DATE

COMMENTS:

Q.A.

MFG APPR.

ENG APPR.

CHECKED

DRAWN

FINISH

MATERIAL

INTERPRET GEOMETRIC
TOLERANCING PER:

DIMENSIONS ARE IN INCHES
TOLERANCES:
FRACTIONAL
ANGULAR: MACH      BEND 
TWO PLACE DECIMAL    
THREE PLACE DECIMAL  

APPLICATION

USED ONNEXT ASSY

PROPRIETARY AND CONFIDENTIAL
THE INFORMATION CONTAINED IN THIS
DRAWING IS THE SOLE PROPERTY OF
<INSERT COMPANY NAME HERE>.  ANY 
REPRODUCTION IN PART OR AS A WHOLE
WITHOUT THE WRITTEN PERMISSION OF
<INSERT COMPANY NAME HERE> IS 
PROHIBITED.

SOLIDWORKS Educational Product. For Instructional Use Only.

Figure D.5: Inner part of the 1.5-in spacer (dimensions in inches).
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Figure D.6: divider (dimensions in inches).
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Figure D.7: 0.375-in spacer (dimensions in inches).
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Figure D.8: 0.375-in middle spacer (dimensions in inches).
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