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Abstract
A lab-scale flaring facility was established to study the carbon conversion efficiency (CCE)
and emission indices (EIs) of total unburned hydrocarbons (THC), carbon dioxide (CO2),
carbon monoxide (CO), nitrogen oxides (NOx), and black carbon (BC) for a
25.4 mm diameter steam-assisted flare. Diagnostic equipment including a photoacoustic
extinctiometer, NO, analyzer, and gas chromatograph were used to measure the
concentration of the plume species generated by 20 or 40 standard liters per minute
(SLPM) methane or propane flames with inner or outer coflows of steam. A carbon mass
balance was applied to the flare to account for the carbon-based species produced by
combustion and allow for estimates to be made of combustion efficiency and species
emission rates of THC, CO2, CO, NOx, and BC. Seven unique experimental sets were
performed in which the reference case was defined as a 20 SLPM methane jet diffusion
flame with an inner coflow of steam through a 12.7 mm diameter tube. The remaining six
sets branched off from the reference case with each set featuring a single experimental
design difference. Each experimental set was based on a fixed fuel flow rate in which
increasing amounts of assist fluid were injected into the flame until a CCE of < 10% was
achieved. The steam-to-fuel gas mass flow rate ratios which provoked the onset of the
collapse in CCE at 96.5% had a range of 1.0 — 4.1 for the various experimental sets. Els
for NOx and BC were found to be at a maximum when the flame was unassisted, but
decreased by approximately two orders of magnitude with increasing steam assist. Els for
CO2 remained at a maximum value until the onset in the CCE collapse at which point they
began to drop by an order of magnitude. The reverse trend occurred for THC emissions as

a result of fuel stripping. During the CCE collapse phase, some of the experimental sets
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generated CO emissions as a result of poor fuel-air mixing. The hydrodynamic conditions
at the burner exit plane were investigated to provide insight into the discrepancy in

behaviour between the different experimental sets.

il



Preface

The research performed for this thesis was completed in a lab-scale flare facility whose
design was done as a collaborative effort with Hamza Ahsan. This includes the design and
construction of the burner apparatus and procurement of diagnostic equipment. Parts of

Chapter 2 of this thesis have been published in the following paper:

A. Ahsan, H. Ahsan, J.S. Olfert, L.W. Kostiuk, Quantifying the carbon conversion
efficiency and emission indices of a lab-scale natural gas flare with internal coflows of air
or steam, Experimental Thermal and Fluid Science. 103 (2019) 133-142.
doi:10.1016/j.expthermflusci.2019.01.013.

For this paper, I shared equal responsibility with Hamza Ahsan in regards to the
experimentation, data collection and processing, analysis, and writing of the manuscript.

Dr. Larry Kostiuk and Dr. Jason Olfert provided manuscript edits.

v



Acknowledgments

The research I have accomplished and the work involved in completing this thesis has been
a highly rewarding experience filled with learning and growth. I would like to express my
gratitude to Dr. Larry Kostiuk who presented this research opportunity to me and whose
passion for flaring inspired me to investigate the topic for myself. I deeply appreciate the
countless discussions we’ve had where you offered mentorship, research guidance and
advice, proposals that were sometimes far too difficult to implement, and a wealth of
knowledge in the engineering sciences. I would also like to thank Dr. Jason Olfert who
initially introduced me to the world of flaring as an undergraduate co-op student and
continued to motivate me as a graduate student. Dr. Olfert’s keen insight and practical
know-how were indispensable in the design and performance of our experiments. The lab
space and diagnostic equipment were pretty helpful too.

I would like to extend my thanks to all the members of the FlareNet research group
who I have collaborated with in the course of my graduate studies. They have been a source
of help and encouragement throughout my research work. I enjoyed their company and the
many conversations we’ve had on flaring and otherwise.

I would also like to offer my sincere thanks to my family who continued to support
and motivate me throughout all my studies. Their encouragement helped me dedicate
myself to pursuing and completing graduate studies. Lastly, I would like to thank by
brother Hamza for being by my side, literally, throughout the course of my research. I think

we’ve had a pretty good run.



Table of Contents

1. INtrOAUCTION ..ottt 1
| R o a1 TSRS PR 1
1.1.1 Flaring Emissions and their Environmental Impacts...........cccccoeceeveennennee. 2

1.2 ASSIStEd FIATNg..cc.eiiiiiiiieiie ettt et 5
1.3 Industry- and Government-Led Studies on Steam-Assisted Flaring.................. 10
L4 ODJECIIVES .ttt ettt sttt et 23

2. EXperimental SETUP ........cocvieiiiiiieieeieee et 25
2.1 Lab-Scale F1are DeSIZN ........ccccuieriiiiiieiieeiieiieeieeieeeee ettt 25
2.2 Lab-Scale Flare Test FACIlity ......ccccccieriiiiiiiiiiiiiieiiesie e 27

2.3 Methodology for Calculating Carbon Conversion Efficiency and Emission

INAICES. .ttt 35
3. Results and DISCUSSION .....c...oouiiiiiiiniiiiiiiciiecnceeece e 40
3.1  Experimental Test MatriX.......ccceeeviiieiiieeiiieeiiieceeecieeesiee e e eeee e s 40
3.2 Steady State Burner Temperatures and Exit Plane Conditions.............cccccueee. 41

3.3 Experimental Set 1: Reference Set with 20 SLPM CHa4 Flame and Inner Steam

Coflow through 12.7 mm OD Inner Tube ..........ccoecuieriiiiiiiiieeiieieceeeeeee e 47
3.4  Experimental Set 2: Doubling the Fuel Flow Rate ...........ccccoocvviiiniiiininnnnen. 52
3.5  Experimental Set 3: Reducing Burner Inner Tube Diameter by Half................ 54

3.6  Experimental Set 4: Steam-Equivalent Gas Mixture with 58% N2 and 42% He56

3.7  Experimental Set 5: Steam-Equivalent Gas Mixture with 50% Steam, 29% N2,

ANA 219 HE oo 58
3.8  Experimental Set 6: Burning 20 SLPM of C3HS .....cooviiiiiiiiiiiiiiiiiceee, 60
3.9  Experimental Set 7: 40 SLPM CHa4 Flame with Steam Outer Coflow............... 63
3.10 Analysis of Hydrodynamic Conditions at Burner Exit Plane ..............c........... 66

vi



3.11 Comparing Experimental Results to Industry- and Government-Led Studies... 69

4. Conclusions and Recommendations for Future Work...........ccccoceeiviiiincncncnnnn. 74
4.1 CONCIUSIONS ...ttt ettt st sae e 74
4.2 Recommendations for Future Work...........ccccoiiiiiiinininiiniecneccens 78

L33 10) B L0 a2 0] 1) 20U 80

Appendix A Uncertainty Analysis Methodology .........ccccecevieniiiiniininiinicnieienne 85

Appendix B Gas Mass Flow Controller Calibration...........ccoceeeeevierveineenieniicneeniennens 87

Appendix C  Steam Production and Distribution System Calibration ...........ccccccecee. 89

Appendix D Gas Chromatograph Calibration Standards and Uncertainties................ 92

Appendix E  Uncertainty Analysis for CCE and El..........cccccccoooiiiiiiininniniiniiice 94

Appendix F Adiabatic Flame Temperature..........c.cecueeveeeiiienieeieeeniieeieeee e esiee e 98

Vil



List of Tables

Table 1.1: Reynolds and Richardson number operating regimes for pilot-scale and
commercial flare stacks based on Pohl and Soelberg [45]. ....cooovieiiiiiiiiieiiieeeee 19
Table 1.2: Maximum pollutant emission indices for steam-assisted flares based on a
combustion efficiency of > 96.5% from studies by McDaniel [40], Pohl and Soelberg [45],
and Allen and TOITeS [A7]. c.uuueii e et e e et a e e neeas 23
Table 3.1: Lab-scale steam-assisted flaring experimental test matrix. ........cccccceeveeenennne. 41
Table 3.2: Range of temperature measurements taken at various z values in the annular and
center SPACE Of the DUIMET. ......ccuiiiiiiiiiiiicecce e 41
Table 3.3: Steam-to-fuel gas MFRs with corresponding exit velocities, momentums, and
Reynolds number for fuel and steam. Calculated range in parameters for steam assist
correspond to the range in the minimum to maximum steam flow rates, excluding the
UNASSISTEA CASE. 1..veuvieutiiiieiiete ettt et ettt sttt et et et et e s bt enbeeaeesaeebeeneesteenseeneens 45

Table 3.4: 100-year GWP values for various pollutant species and their respective

uncertainties obtained from the IPCC [6,54]. .....ooouiiiiiiiiieieeeeee et 47
Table 3.5: Steam-fuel gas MFR at CCE of 96.5% and maximum EIs for CCE > 96.5%. 69
Table D.1: GC calibration standards...........c..cooeeierieienienenieneceereee e 92
Table D.2: Uncertainties for gases measured by GC..........ccceeviiiiieniienieniieeieeieeeene 93

Table E.1: Repeatability in BC, NOx, and CO2 emission indices for unassisted flame tests

for experimental sets 1, 4, and 5. .....ccooiiiiiiiii e 97

viil



List of Figures

Figure 1.1: Average CO:2 concentrations measured at Mauna Loa Observatory, Hawaii
frOmM 1958 = 2018 [7,8 ] ueeieeieeiieitieie ettt ettt ettt ettt ste e b e enaesseeseesaesseenseennens 3
Figure 1.2: Typical design of a steam-assisted flare head with the (a) top view and (b) front
view showing the configuration of lower, center, and upper steam nozzles. ..................... 7
Figure 1.3: Combustion efficiency of a steam-assisted flare burning (a) crude propylene
with an LHV of 81.3 MJ/m?® and (b) nitrogen-diluted crude propylene with an average LHV
of 12.0 MJ/m? from a study by McDaniel [40].........oovrurrireieeeeeeeeeececeesneeanens 12
Figure 1.4: Emission indices of a steam-assisted flare burning flare gas with an LHV of
81.3 MJ/m? and 12.0 MJ/m? from a study by McDaniel [40].........ccocovvrveeereeeeeeeennnnn. 14
Figure 1.5: Combustion efficiency of a steam-assisted flare burning a propane and nitrogen
mixture with an LHV of 49.3 MJ/m® from a study by Pohl et al. [43]....c.cccoceverereererenne. 16
Figure 1.6: Combustion efficiency of a Coanda steam-assisted flare burning a propane and
nitrogen mixture with an LHV of 13.6 MJ/m? from a study by Pohl and Soelberg [45]. 18
Figure 1.7: Combustion efficiency of an industrial flare with center and upper steam-assist

burning high and low flare gas flow rates and LHVs from a study by Allen and Torres [47].

Figure 1.8: THC emission indices and corresponding combustion efficiencies for steam-
assisted flare tests performed by Allen and Torres [47]. c..oveeveeeeieeeniieeieeeeeee e 22
Figure 1.9: NOx emission indices and corresponding combustion efficiencies for steam-
assisted flare tests performed by Allen and Torres [47]. ..c.oovveeeiienieniiieiieeieeeeeie e 22
Figure 2.1: Front view of the burner along with a section view showing the inner and outer
flow inlets and pathways. A close-up of the tip of the burner is presented to show the
locations of the thermocouples placed inside the inner tube and in the annular space
between the inner and outer tubes. A coordinate axis is shown above the tip of the burner,
with z pointing in the upward axial direction and 7 pointing in the radial direction......... 26
Figure 2.2: Flare test facility for conducting experiments with the lab-scale steam-assisted

T, e e e e et ——————aeaea ettt ————————aaaaeeeuan—————————aaaeee 28

1X



Figure 2.3: Establishing a closed carbon mass balance around the combustion reaction with
the mole fractions of carbon-based gas species and the soot mass concentration
characterized by Xi and fin, reSPeCtiVely. ...cc.covviriiiiiiiiiiiiieiccece e 36
Figure 3.1: Temperature measurements of fuel and steam taken at thermocouple positions
located up to 40 mm below the exit plane in the annular space and in the center of the inner

tube exit plane for experimental sets (a) 1 and (b) 7. Steam saturation temperatures at local

pressure are shown in red dashed [INes. ..........c.coeoiiiiiiiiiniiiiiee e 43
Figure 3.2: Adiabatic flame temperatures for experimental sets 1 — 7. ......cccceecvevveneennnene 46
Figure 3.3: Experimental set 1 CCE plot (bottom) and EI plot (top). ......cceeevvevveecreennnnnns 50

Figure 3.4: Near-field flow structure of inner and annular jets issuing from a nozzle with
exit velocities of vi and vo, respectively. The heights of the inner and outer potential cores
are labeled as Apc,i and Ape,o, TESPECLIVELY. t.uvveviiiiiiieiieiie e 51

Figure 3.5: Photos of experimental set 1 flame taken at increasing steam-to-fuel gas MFRs.

........................................................................................................................................... 51
Figure 3.6: Experimental set 2 CCE plot (bottom) and EI plot (top). .....ccceeveervenereennnene 53
Figure 3.7: Experimental set 3 CCE plot (bottom) and EI plot (top). ......cceeevvevveeiiiennnnns 56
Figure 3.8: Experimental set 4 CCE plot (bottom) and EI plot (top). .....ccceevvvevvierieennnnnns 58
Figure 3.9: Experimental set 5 CCE plot (bottom) and EI plot (top). .....cccceevevveervreennenn. 60
Figure 3.10: Experimental set 6 CCE plot (bottom) and EI plot (top). .....cccceevvvevcvveennenn. 62
Figure 3.11: Photos of experimental set 6 flame taken at increasing steam-to-fuel gas
IMIFRS .ttt st ettt e h e bt et ae e bt et bt be et i 63
Figure 3.12: Experimental set 7 CCE plot (bottom) and EI plot (top). ....ccccccveeverrvrennnnnns 65

Figure 3.13: Photos of experimental set 7 flame taken at increasing steam-to-fuel gas

Figure 3.14: The response of CCE to increasing mass flow rates of assist fluid for
EXPEIIMENTAL SELS 1 — 7.oieuiiiiiiiiiiecie ettt ettt s aeebe e s e eneesraeesneeene 66
Figure 3.15: Response of CCE to increasing steam-to-fuel gas velocity ratio for
EXPEITMENTAL SELS 1 — O.eeeiiiiiiiiieeie ettt ettt e 67
Figure 3.16: Response of CCE to increasing steam-to-fuel gas momentum ratio for

EXPEIIMENTAL SELS 1 — O.evviiiiiiiiecieeiiecee ettt sae b e e sbeeraeseaeeneeenee 68



Figure 3.17: Recommended steam-to-fuel gas MFR operating ranges for experimental sets

Figure B.1:
Figure B.2:
Figure C.1:
Figure C.2:
Figure C.3:
Figure C.4:
Figure D.1:
Figure F.1

........................................................................................................................ 70
Mass flow controller calibration SEtUP. .......ccceevieriiiiiiniiieieieeeeeeee 87
Calibration curve for 50 SLPM mass flow controller running methane. ...... 88
Steam production and delivery system calibration setup. ...........cccceeruvennenne 89
Theoretical mass flow rate of steam. .........ccceeiiiiiniiiiiiniieeeee, 90
Experimental mass flow rate of steam............cccceevieriiieiiiniiinieniceeeee, 90
Steam mass flow rate calibration Curve. .........c.ccecevvereriinieneenciicneeeene 91
Calibration curve for CHa.......coooiiiiiiiiiiiiieee e 92

. Steady-flow combustion process for determining the adiabatic flame

EEIMIPETATULE. ..uetieiiiieeiiee ettt ettt ettt e ettt e ettt e e bt e e e bt e e eabteesabbeeeabbeesabbeesabeeesabeeenabeeas 98

X1



Chapter 1

1. Introduction

1.1 Flaring

In the development of hydrocarbon resources, flaring is a common practice by which
unwanted flammable gases are burned off in a controlled fashion. Flaring can occur
in a wide variety of settings: from inland oil fields and refineries to offshore drilling
platforms. The combustion of the flare gas can take place a few meters above the
ground in the case of ground flares, or up to 150 m above the ground at the tip of an
elevated vertical stack [1]. This combustion process occurs predominantly in the
upstream oil and gas industry, but also downstream. Generally, flaring can be divided
into three categories: production, process, and emergency flaring [2]. Production
flaring is concerned with the disposal of the natural gas that is associated with the
extraction of crude oil in the upstream oil and gas industry. Process and emergency
flaring takes place in the downstream oil and gas industry. In oil refineries and
petrochemical plants, process flares operate continuously to dispose of hydrocarbon
gases that leak from relief valves. Emergency flares eliminate large volumes of gases
in the event of a plant shutdown or major equipment failure. According to data
released by the Global Gas Flaring Reduction (GGFR) partnership, the total volume
of natural gas flared upstream in 2017 was 141 billion cubic meters [3]. A study by
Elvidge et al. [4] revealed that upstream flaring was responsible for 90.6% of total
global flaring, with the remainder taking place downstream and on industrial sites. In

any case, flaring is considered the safest method of disposing of undesired



hydrocarbon gases due to the severe environmental implications of simply venting the

gases into the atmosphere.

1.1.1 Flaring Emissions and their Environmental Impacts

According to the Intergovernmental Panel on Climate Change (IPCC), Earth's mean
surface temperature—an average of air temperatures measured approximately 1.5 m
above the land surface and ocean water temperatures measured 1 to 15 m below the
ocean surface [S]—has increased since 1880 with the last few decades being the
warmest since then [6]. From 1880 to 2012, Earth's land and ocean surface
experienced an average combined warming of 0.85 °C with a 90% confidence interval
of (0.65, 1.06) °C [6]. This persistent transition in the Earth's climate over a span of
time as a result of natural factors or human activity is termed climate change. The
IPCC has made near- and long-term projections of the effects of climate change which
include the increased likelihood of changes to patterns in the water cycle and
atmospheric circulation, higher ocean temperatures, and shrinkage of Arctic sea ice
[6]. In their Fifth Assessment Report, the IPCC indicated that it is extremely likely
(i.e., 95 — 100% probability) that the rising global temperatures, referred to as global
warming, was mostly caused by anthropogenic forcings, such as greenhouse gas
emissions, since 1951 [6]. The effect by which anthropogenic agents lead to a shift in
global temperatures is called radiative forcing and is defined by the IPCC as the
change in the overall radiative flux towards the Earth's surface based on the energy
balance between inbound solar radiation and outbound infrared radiation [6].
Radiative forcing is expressed in Watts per square meter (W/m?) at the tropopause,
which is the boundary between Earth’s first and second atmospheric layers: the
troposphere and stratosphere [6]. The greater the concentration of greenhouse gases
in the atmosphere, which absorb Earth's outgoing infrared radiation thereby leading
to higher global temperatures, the more positive the radiative forcing. Using the start
of the industrial era as a baseline (i.e., 1750 onwards), the increase in the atmospheric
concentration of the greenhouse gas carbon dioxide (COz2) has had the largest impact
in driving radiative forcing to becoming more positive [6]. Over the past 60 years, the

average CO2 concentration in the atmosphere has increased by 30% from 315 ppm



(parts per million) to 409 ppm [7,8], as shown in Figure 1.1. As a result, the global
radiative forcing for CO:z in the industrial era has recently been estimated to be
2.01 W/m? [9]. The rise in the atmospheric CO2 concentration is believed to be
anthropogenic in nature and primarily caused by the combustion of fossil fuels such
as coal, natural gas, and petroleum [10]. A significant contributor to increased global
CO:z emissions is flaring, which Elvidge et al. estimated to have been 285 347 kt in
2015 [4].
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Figure 1.1: Average CO:2 concentrations measured at Mauna Loa Observatory, Hawaii
from 1958 — 2018 [7,8].

Despite the severity of the problem that exists with elevated CO: levels, flaring
is still a necessary measure for preventing methane (CH4)—a major component of
natural gas—from accumulating in the atmosphere through venting. This is due to
CHa4’s global radiative forcing of 0.51 W/m? [9], which is the highest of all greenhouse
gases after CO2. On a mass basis, the [IPCC confirmed that CH4 is a much more potent
greenhouse gas than CO2, with a global warming potential (GWP) based on a 100-

year time horizon of 28 [6]. This means that over this time period, one tonne of



methane traps 28 times more heat than one tonne of COz. Although flaring provides
a chemical pathway for the oxidation of hydrocarbon gases into CO2 and water
vapour, it is not a perfectly efficient process. The performance of a flare can be
assessed by its combustion efficiency (also referred to as carbon conversion
efficiency), which is based on the degree to which carbon in fuel components of the
flare gas is converted to COz. Factors such as the flare gas composition and ambient
conditions can reduce the combustion efficiency, leading to the release of unburned
hydrocarbon gases from the flare [11].

Another significant pollutant emitted by flaring is soot, which is categorized
as particulate matter with a diameter equal to or less than 2.5 pm (PM2s) [12]. Among
the typical products of hydrocarbon combustion, this class of particles is the most
hazardous to human health due to its small size which can penetrate into the lungs and
cause respiratory illnesses [13]. Soot is an aggregation of nanoscale spherules forming
a fractal-like geometry, in which Black Carbon (BC) is the carbonaceous component
[14]. BC has recently been implicated as having serious effects on human health and
environmental welfare. In fact, BC has been specifically linked to the negative health
effects associated with PM25 [15,16]. In terms of climate forcing, BC is the second
most potent emission after CO2 and ahead of CHs, with an industrial era radiative
forcing value of 1.1 W/m? and 90% uncertainty limits of (0.17,2.1) W/m? [17]. BC
therefore has a climate warming effect, which is accomplished by its direct absorption
of sunlight in the atmosphere and reduction of ice and snow surface albedo when
deposited on those surfaces [18]. According to Stohl ef al. [19], gas flaring is the
prevailing source of BC emissions in the Arctic and is responsible for 42% of the
annual mean accumulation of BC on arctic surfaces. Unlike greenhouse gases,
however, BC has a shorter atmospheric lifetime measured in days and weeks [18].
Therefore, reducing BC emissions has the potential to bring rapid improvements to
air quality and reduce climate forcing.

Furthermore, flaring may yield other harmful pollutants such as volatile
organic compounds (VOCs), carbon monoxide (CO), sulphur dioxide (SOz),
polycyclic aromatic hydrocarbons (PAHs), and nitrogen oxides (NOx = NO + NO2)
[20]. According to Allen [21], VOCs and NOx emissions in the United States from



2002 to 2011 have increased by 400% and 94% respectively from the oil and gas
supply chain, of which flaring is a key component. In sunlight, photochemistry
involving VOCs and NOx leads to the formation of ground-level ozone (O3), which is
a critical ingredient of smog [22]. A test performed by Torres et al. [23] on a full-scale
industrial flare showed that incomplete combustion produced CO emissions as high
as 80% of the total emissions on a carbon basis. On top of being poisonous for human
health and one of the leading causes of accidental poisoning in the United States [24],
carbon monoxide has an indirect climate forcing effect due to its link to methane
concentrations in the atmosphere [25]. Although anthropogenic emissions of SO2
have declined significantly over the past two decades in North America, they are still
increasing or remaining constant in developing nations [26]. A major source of SOz
emissions is sour gas well test flaring and hydrogen sulfide (H2S) flaring in oil
refineries, especially in the Middle East where measures to strip H2S from the flare
gas stream to convert to sulphur are not always present [26]. The United States
Environmental Protection Agency (EPA) states that flaring H2S can cause high
concentrations of SOz in the ambient air and can cause respiratory illnesses to those
who are exposed to it [27]. SO2 emissions are also known to be a precursor to acid
rain and fine particulate matter [28]. According to Slaski et al. [29], ground level
concentrations of certain PAHs near sweet and sour gas flares were similar to the
levels found in large industrialized cities. Although PAHs are not major contributors
to O3 depletion in the stratosphere, climate forcing, or ground-level O3 formation,

some PAHs have been classified as toxic and probably carcinogenic to humans [30].

1.2 Assisted Flaring

With the rise in popularity of flaring as a means of disposing of natural gas associated
with oil extraction in the early 20" century United States, anti-smoke legislation also
became prevalent due to the nuisance that smoke produced by the flare caused the
local populace. Furthermore, some refineries endured damage to their flare stacks as
a result of windy conditions causing the flame to bend in the direction of the wind and
get drawn into the low pressure zone on the downwind side of the stack. Over time,

the flare stack structure would deteriorate and fall apart due to prolonged contact with



the flame. In an attempt to resolve these issues, several petrochemical companies in
the late 1940s and early 1950s in the United States introduced the concept of a
smokeless flare [31-33]. This invention—Iater known as an assisted flare—called for
the injection of an additional substance, such as air or steam, into the flare stack to
improve combustion efficiency and increase the flare gas flow velocity. The practice
of improving the flare performance by introducing an assist medium became an
industry standard and is recommended by the American Petroleum Institute (API) for
smokeless operation [34]. The most common form of assisted flaring today according
to the API is steam-assisted flaring, in which steam delivered at a gauge pressure of
up to 1 034 kPa is injected in a variety of ways through a series of nozzles in the flare
stack. As depicted in Figure 1.2, there are generally three nozzle configurations that
are employed in industry: upper, center, and lower steam. Typically, steam-assisted
flares will have center steam delivered from a single nozzle located coaxially within
the flare but with its tip below the flare exit plane. Steam discharged from this nozzle
is expected to augment the momentum of the flare gas thereby increasing the flare gas
exit velocity and improving combustion efficiency. Another common placement for
steam nozzles, which deliver upper steam, is on a ring-shaped manifold around the
circumference of the flare tip with the nozzles pointing towards the combustion zone
to create turbulence by which more air is entrained in the combustion reaction. Flare
stack manufacturers usually stipulate a minimum required steam flow rate through
these two categories of nozzles. The third, less common, nozzle configuration
provides the same benefit as the ring manifold nozzles and is comprised of an array
of tubes interspersed within the stack structure with their tips flush with the flare stack
exit plane. Although these nozzles deliver steam at the flare tip, this steam is termed
lower steam. The API states that the added benefit of steam over air is that steam
further promotes complete combustion through the water-gas shift reaction where the

addition of water reacts with CO to form CO:z and hydrogen (H>).
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Figure 1.2: Typical design of a steam-assisted flare head with the (a) top view and (b)
front view showing the configuration of lower, center, and upper steam nozzles.



Although steam-assisted flaring is the prevailing mode of smokeless flaring in
the United States, it is less common in subarctic or desert climates, where there is a
risk of steam lines freezing up or where access to water is limited. The next most
common form of assisted flaring is air-assisted flaring using high pressure compressed
air (i.e., > 689 kPa gauge pressure). The methods by which air is injected into the flare
stack is similar to that of steam-assisted flares except that air is usually not injected
below the flare tip in order to avoid premixing of the air and flare gas. This is to
prevent the upstream propagation of the flame into the flare stack which has the
potential to damage the stack structure. Since compressed air is considered the most
expensive utility in industrial operations [35], low pressure air (i.e., up to 5 kPa gauge
pressure) is sometimes opted for instead. An air blower is used to generate the low
pressure air for injection at the flare tip. Another type of assisted flaring is gas-assisted
flaring, in which a hydrocarbon gas such as natural gas with a supply gauge pressure
of up to 1034 kPa is injected into the flare stack using similar nozzles as for steam-
assisted flaring. This assist method is usually implemented for the disposal of heavier
hydrocarbon flare gases, in which the injection of a secondary combustible gas is
intended to improve combustion efficiency by decreasing the flare gas energy density
while increasing flare gas momentum and turbulence in the combustion zone. The
least common form of assisted flaring is with the use of high pressure water (i.e., up
to gauge pressure of 689 kPa) that is sprayed into the combustion zone of the flare.
The water is sourced from wastewater or brine reserves which are by-products of the
industrial processes, or seawater in the case of offshore flares.

While air-assisted flaring is prevalent in both the upstream and downstream
oil and gas industry, steam-assisted flaring is only found downstream due to the
requirement for a steam-generating facility. Regardless of the choice for assisted
flaring, flare operators are required to meet federal and local regulations pertaining to
flare emissions. A major piece of federal regulation that flare operators must adhere
to in the United States is Title 40 of the Code of Federal Regulations Section 60.18
(i.e., 40 CFR § 60.18) [36] on the performance of standards for stationary sources of
air pollution, which stipulates a number of requirements for the operation of flares.

Besides the basic requirement that flares must be operated such that a flame is always



present, the only injunction in the statute that places a restriction on flare emissions
states that flares are only permitted to release visible emissions for up to 5 minutes in
any 2 consecutive hours of operation. Most of the remaining statute pertaining to
flaring aims at specifying the minimum required flare gas lower heating value (LHV)
and the range of allowable flare gas exit velocities. For air- and steam-assisted flares,
the minimum required LHV is 11.2 MJ/m?. The maximum permitted exit velocity in

meters per second for steam-assisted and unassisted flares is defined as follows:

LHVEg+28.8

Vinax
where LHV5g is the LHV of the flare gas in MJ/m®. However, the above equation is
only to be used for an LHV of up to 37.3 MJ/m® which yields a maximum exit velocity
of 122 m/s. Flares with LHV's greater than 37.3 MJ/m? must still maintain a maximum
exit velocity of 122 m/s. For air-assisted flares, the minimum required flare gas LHV
is also stated as 11.2 MJ/m3, however no upper LHV limited is provided. The
maximum permitted exit velocity in meters per second is defined with the following

equation (where LHVgg has units of MJ/m®):

Voax = 8.706 + 0.7084 X LHVc (1.2)

According to 40 CFR § 60.18, the compliance of flare operators to the 5
minute limitation on visible emissions is to be evaluated based on Method 22 of the
United States Environmental Protection Agency (EPA) collection of test methods.
Method 22 is a qualitative test procedure for the visual determination of fugitive
emissions from stationary sources and smoke emissions from flares [37]. The purpose
of this test method is to determine the duration of time in which visible emissions
from the flare stack are present in an observation period of 2 hours. It is important to
note that the severity of the flare emissions in terms of opacity levels is not recorded
during this observation period. Over the past few decades, the EPA has taken a
prominent role in enforcing regulatory compliance of flare operations. Through their

inspection programs, such as the utilization of Method 22, the EPA have encountered
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many cases of over-assisted flaring where operators have completely extinguished the
flare with the excessive injection of air or steam in their attempt to eliminate visible
emissions [38]. As a result of over-aeration and over-steaming of the flare, significant
amounts of flare gas including hazardous VOCs have been inadvertently released into
the atmosphere. The EPA has urged flare operators to abide by the flare
manufacturer's guidelines on the steam to flare gas ratio, which typically ranges
between 0.05 and 5 kg of steam per kg of flare gas [38]. Flare operators who are found
violating federal flare requirements are liable to penalties of up to $37,500 per day for
each violation [38].

Another important piece of federal regulation that concerns assisted flaring is
40 CFR § 63.670 on flare requirements in the context of refinery-based air pollution
[39]. According to this statute, a flare operator must demonstrate that the flare,
whether assisted or non-assisted, operates at a combustion efficiency of > 96.5%. To
prove compliance of this threshold, the flare operator is required to prepare and
complete a site-specific flare performance evaluation test that includes taking
emission samples, analyzing the samples for pollutant species, and calculating
combustion efficiencies. No specific test protocol is suggested by the statute, and
instead, the flare operator is to rely on their discretion. Based on the test results, flare-
specific operating limits in regards to flare gas and assist flow rates are to be

developed to meet the minimum allowed combustion efficiency of 96.5%.

1.3 Industry- and Government-Led Studies on Steam-Assisted

Flaring

Ever since its inception in 1970, the EPA has been involved in studying the
effectiveness of flaring in safely disposing of waste hydrocarbon gases. They
published a number of reports addressing the reliability of assisted-flaring and its role
in ensuring acceptable flare performance. A landmark study for the EPA was
performed in 1983 by McDaniel [40], which looked at the effect of steam-assist on
combustion efficiency and the emissions of COz, CO, total unburned hydrocarbons
(THC), NOx, and soot, using crude propylene as the flare gas (i.e., 80% propylene and
20% propane). The study was instrumental in providing the EPA with a benchmark

10



for emission indices (i.e., the mass of a chemical species produced per unit mass,
energy, or volume of flare gas sent to the flare) of CO, THC, NOs, and soot. Based on
McDaniel’s results, the EPA released its latest elevated flare emission indices for
these species in its recent update of the industrial flares chapter as part of the fifth
edition of its AP-42 publication on air pollutant emissions [41]. McDaniel performed
the tests at the John Zink flare test facility in Tulsa, Oklahoma using an industrial flare
stack with height and inner diameter (ID) of 3.75 m and 0.22 m, respectively. The exit
area for the steam jet was 12.4 cm?® while the exit area for the flare gas was 174.2 cm?,
A probe was suspended above the flare stack for taking samples of the exhaust. The
aim of McDaniel’s study was to establish a comprehensive set of emissions data by
varying the operating conditions to better represent a realistic steam-assisted flaring
scenario. Therefore, McDaniel collected samples of the exhaust while varying the
LHYV of the flare gas, which was done by diluting the crude propylene gas mixture
with nitrogen, the flare gas flow rates, and the steam flow rates. The primary
categorization of the experiments was based on the flare gas LHV: 81.3 MJ/m® for the
experiments utilizing only crude propylene as the flare gas and an average of
12.0 MJ/m?® for those in which crude propylene was diluted with nitrogen. For the
high LHV cases, which are shown in Figure 1.3a, McDaniel [40] recommended
steam-to-flare gas mass flow ratios (MFR) ranging between 0.4 and 1.5 for optimal
combustion efficiencies of > 99.8% and up to 3.6 for acceptable combustion
efficiencies of > 96.5%. For the experiments utilizing nitrogen-diluted crude
propylene, as shown in Figure 1.3b, McDaniel’s experiments were not conclusive in
terms of what an acceptable steam-to-flare gas MFR would be. From the limited data
provided, however, a steam-to-flare gas MFR of up to 0.17 appeared to provide a

combustion efficiency greater than 96.5%.
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Figure 1.3: Combustion efficiency of a steam-assisted flare burning (a) crude
propylene with an LHV of 81.3 MJ/m? and (b) nitrogen-diluted crude propylene with
an average LHV of 12.0 MJ/m? from a study by McDaniel [40].
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For each of the test points shown in Figure 1.3, McDaniel measured volume
concentrations of THC, CO2, CO, and NO.. Emission indices for these species,
denoted as Elryc, Elcp,, Elgg, and Elyo , respectively, were calculated and are
shown in Figure 1.4 (note the change in scale needed for the two LHV flare gases).
The maximum emission indices for these species for the two LHV regimes with a
combustion efficiency of >96.5% were calculated and are shown in Table 1.2.
McDaniel also took samples of the flare exhaust products to analyze the soot content
at varying levels of smoke visibility. Due to inconsistencies in the tracer method used
to determine the dilution ratio of the sampling system, McDaniel represented the soot
yields in terms of mass of soot per volume of exhaust products, rather than per volume
of flare gas burned. Flares producing light, average, and heavy amounts of smoke
resulted in soot emission concentrations of 40, 177, and 274 pg/L, respectively. In
attempting to convert these soot concentrations into emission indices, McEwen and
Johnson [42] made the assumption that the soot samples were undiluted and used
simple stoichiometry to generate indices of 0.9, 4.2, and 6.4 g soot/m> flare gas for

the increasing levels of smoke, respectively.
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Figure 1.4: Emission indices of a steam-assisted flare burning flare gas with an LHV
of 81.3 MJ/m? and 12.0 MJ/m? from a study by McDaniel [40].

As a result of the uncertainty in some of the results presented by McDaniel
[40] related to the challenges McDaniel faced in closing the carbon mass balance of
the flare plume with a tracer method and the scarcity in soot measurements, the EPA
pursued further experimental work to better understand assisted flaring. In 1984, Pohl
et al. [43] conducted a series of tests at the EPA’s flare test facility in El Toro,
California, which featured an exhaust capture hood for sampling the entire flare plume
and screens to protect the flame from the effects of crosswinds. Experiments were
performed on 8.9, 16.8, and 32.5 cm outer diameter (OD) pilot-scale flares using
nitrogen-diluted propane as the flare gas with and without steam-assist. The flares
were of basic design, consisting of a simple pipe with flare gas exit areas of 47.4,
201.3, and 766.5 cm?, respectively. Four, eight, and sixteen steam injection nozzles

were utilized with the increasing flare stack diameter, having 1.0, 1.3, and 1.6 cm
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ODs, respectively. The steam nozzles were positioned outside of the pipe but with tips
pointing at an angle of 60° above the exit plane of the flare and into the base of the
flame. A wide range in the flow conditions were tested, including flare gas LHVs
ranging from 10.1 — 87.6 MJ/m?, flare gas exit velocities varying from 0.06 —
130.5 m/s, Reynolds numbers between 337 — 217 000, Richardson numbers between
2.9 x 105 — 8 x 102, and steam-to-flare gas MFRs ranging from 0 — 1. The Reynolds
number is defined as the ratio of characteristic inertial to viscous forces of the flare
gas at the flare exit, whereas the Richardson number is the ratio of buoyant to inertial
forces. Although the flares were outfitted with steam nozzles, few tests were actually
performed with steam injection. The most comprehensive steam-assist experiments
were performed on the 8.9 cm OD flare burning a mixture of 56% propane and 44%
nitrogen with an LHV of 49.3 MJ/m’, in which Pohl et al. [43] found that for a
combustion efficiency > 96.5% the optimal steam-to-flare gas MFR range was 0 — 1.
Pohl et al. [43] further stated that steam-to-flare gas MFRs greater than 0.5 constituted
an over-steaming scenario, even though the maximum steam-to-flare gas MFR of 1
tested on the 8.9 cm flare yielded a combustion efficiency of 98.9%. This revealed the
inconsistency between McDaniel [40] and Pohl et al. [43] in defining over-steaming
scenarios with respect to combustion efficiency. The combustion efficiency values for

the 8.9 cm OD steam-assisted flare experiments are shown in Figure 1.5.
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Figure 1.5: Combustion efficiency of a steam-assisted flare burning a propane and
nitrogen mixture with an LHV of 49.3 MJ/m? from a study by Pohl et al. [43].

With regards to emissions, Pohl et al. [43] found that the injection of steam
was highly effective in suppressing soot production. Unfortunately, Pohl et al. did not
provide pollutant emission indices. Rather, the primary aim of the study was to
correlate the combustion efficiency of the flame with parameters such as flame length,
lift-off height, and stability in order to investigate the possibility of scaling up pilot-
scale flare results to commercial flares. Overall, Pohl et al. [43] found that the
combustion efficiency of the flare did not depend on the flare diameter and that results
from the pilot-scale flares were comparable to commercial flares. An important
parameter that was studied by Pohl ef al. and is relevant to the current study is flame
stability, which is defined as the ability of a flame to remain ignited over a range of
fuel and oxidant flow conditions [44]. Pohl et al. [43] established the flame stability
limits for each flare head—the point at which the flame becomes extinct—by
dropping the LHV of the flare gas for a set gas exit velocity until the flame went out.

This was accomplished by increasing the nitrogen-to-propane ratio of the flare gas.
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Combustion efficiencies were determined near the flame stability limit and it was
found that an increased proximity to this limit correlated to lower efficiencies.

Pohl and Soelberg [45] extended the work started by Pohl ez al. [43] on a new
array of pilot-scale and industrial flares. A steam-assisted industrial Coanda flare was
tested, which purportedly used the Coanda effect to draw more air towards the flare
gas for better combustion [46]. The Coanda flare head was tulip-shaped with an
equivalent diameter of 30.5 cm, an open flare gas exit area of 729 cm?, and had steam
injection ports equipped. As with Pohl ef al., the stability limit was determined using
a propane and nitrogen flare gas mixture. Combustion efficiencies were determined
at flare gas exit velocities between 0.06 — 3.02 m/s, with the nitrogen-diluted flare gas
containing an average of 15.5% propane and having an average LHV of 13.6 MJ/m’.
Although the tests were performed close to the established stability limit of the flare,
the range in steam-to-flare gas MFR of 0 — 3.3 did not encompass an over-steaming
scenario, as is evident from Figure 1.6, where combustion efficiencies remained above

96.5%.
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Figure 1.6: Combustion efficiency of a Coanda steam-assisted flare burning a propane
and nitrogen mixture with an LHV of 13.6 MJ/m?® from a study by Pohl and Soelberg
[45].

As shown in Table 1.2, the only emissions data provided by Pohl and Soelberg
[45] were for NO.. However, this data was only provided for three test cases having
an average flare gas propane content of 18%, LHV of 15.8 MJ/m?, and combustion
efficiency of 99.7%. The maximum NOx emission index for these tests was
0.03 g NOx/kg flare gas, which can also be represented as 0.14 g NOx/kg C3Hs. The
main conclusions from Pohl and Soelberg [45] were in regards to the differences in
the aerodynamics of pilot- and industrial-scale flares. As the diameter of the flare
stack decreased, the exit Reynolds and Richardson numbers were found to decrease
as well. Based on the findings of Pohl and Soelberg [45], pilot-scale flares with
diameters of 2.54 cm and 3.81 cm and commercial flare stacks with diameters of
30.5 cm and 61 — 122 cm operated in a Reynolds and Richardson number regime as

shown in Table 1.1.
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Table 1.1: Reynolds and Richardson number operating regimes for pilot-scale and
commercial flare stacks based on Pohl and Soelberg [45].

Flare stack Reynolds number | Richardson number
diameter (cm) regime regime
2.54,3.81 10* - 10° 106-107"
30.5 10° - 10° 1071 -10°
61-122 10° — 107 107° - 10*

The most recent major study on steam-assisted industrial flares was conducted
by Allen and Torres [47] in 2010 for the Texas Commission on Environmental Quality
(TCEQ). Due to the concern regarding the violation of flaring regulations with over-
steaming and over-aeration, the TCEQ was interested in performing field tests in
conditions comparable to the offending flares. In view of this, Allen and Torres [47]
completed a project at the John Zink flare test facility in Tulsa, Oklahoma with the
aim of assessing the impact of steam-assist on the combustion efficiency of an
industrial flare operating at low flare gas flow rates and LHVs. The full-scale tests
were performed outdoors with ambient conditions being an uncontrolled variable. For
the steam-assisted flare tests, a single steam flare design was selected that was
representative of those found in the field. The steam-assisted flare stack had a tip
diameter of 91.4 cm with a height of 4 m above the ground and with both center and
upper steam nozzles equipped. The flare gas mixture was composed of a 1:4 natural
gas to propylene ratio by volume, with nitrogen added as a diluent to achieve a specific
LHV. To simulate a flaring scenario susceptible to over-steaming, most of the tests
were performed with an LHV of 13.0 MJ/m®, being close to the minimum value
recommended by 40 CFR § 60.18 of 11.2 MJ/m?. For comparison purposes, some
tests were also performed with an LHV of 22.4 MJ/m°. Flare gas flow rates were also
kept at the low end of the flare design capacity of 425 020 kg/hr and were set to either
425 kg/hr or 1062 kg/hr, corresponding to 0.1% and 0.25% of total capacity,
respectively. These low flare gas LHV and flow rate settings posed a higher risk of
over-steaming due to the flare manufacturer's minimum recommended steam assist
quantity of 567 kg/hr (i.e., 227 kg/hr center steam and 340 kg/hr upper steam), which

corresponded to minimum steam-to-flare gas MFRs of 1.3 and 0.5 for the low and
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high flare gas flow rate test cases, respectively. To comply with the 40 CFR § 60.18
restriction on visible emissions, Allen and Torres [47] bracketed the low end of the
steam assist flow rate range by the incipient smoke point and the higher end by flame
extinction. The incipient smoke point was defined as the operating condition at which
the minimum steam flow rate yielded a flare with no visible smoke emissions at a
distance of two flame lengths from the flare tip [47]. For the test cases where the flare
gas composition was set to an LHV of 13.0 MJ/m’, the recommended steam-to-flare
gas MFRs for a combustion efficiency > 96.5% was 0.25 and 0.32 for the low and
high flare gas flow rates, respectively. These values were considerably lower than the
steam-to-flare gas MFRs of 1.3 and 0.5 suggested by the flare manufacturer. The only
test condition that satisfied the minimum recommended flare manufacturer steam flow
rate was at the high flare gas flow rate and LHV settings of 1083 kg/hr and
22.8 MJ/m?, in which a combustion efficiency of > 96.5% was sustained beyond an
MEFR of 0.5 and up to 0.84. This substantiates the concerns that the EPA [38] and
Allen and Torres [47] stated regarding the potential for over-steaming in industry,
particularly when the flare gas approaches the minimum allowable LHV as per 40
CFR § 60.18. The combustion efficiency trends for the low and high LHV tests are
shown in Figure 1.7. In comparing the difference in effects of center and upper steam
on flare performance, Allen and Torres [47] found that combustion efficiency was
more sensitive to center steam as a result of it diluting the flare gas prior to
combustion. Allen and Torres [47] also provided THC emission indices for five test
conditions with combustion efficiencies ranging from 88% to 100% as shown in
Figure 1.8. The maximum THC emissions for a combustion efficiency > 96.5% was
5.29 g THC/kg flare gas as listed in Table 1.2. A separate series of tests burning a
propane, natural gas, and nitrogen mixture were conducted for measuring NOx
emissions. The average flare gas LHV for these tests was 13.4 MJ/m> with NOx
emissions generally decreasing as the steam-to-flare gas MFR increased, as shown in
Figure 1.9. The maximum NOx emissions generated for a combustion efficiency
>96.5% was 0.17 g NOxv/kg flare gas. Although Allen and Torres measured BC mass
concentrations during some of the steam-assisted tests, they did not specify a BC

emission index. Based on the data they collected, however, Fortner et al. [48]
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estimated a BC emission index of 0.016 g BC/kg flare gas at a combustion efficiency

0f 96.5%.
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Figure 1.7: Combustion efficiency of an industrial flare with center and upper steam-
assist burning high and low flare gas flow rates and LHVs from a study by Allen and
Torres [47].
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Figure 1.9: NOx emission indices and corresponding combustion efficiencies for
steam-assisted flare tests performed by Allen and Torres [47].
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Table 1.2: Maximum pollutant emission indices for steam-assisted flares based on a
combustion efficiency of > 96.5% from studies by McDaniel [40], Pohl and Soelberg
[45], and Allen and Torres [47].

Average Flare Gas | Species Emission Indices (g/kg flare gas)
Study Authors | Ly (M¥m) [ THC | CO: | €O | NO. | BC
McDaniel 81.3 1.76 | 3103 | 2344 | 1.88 -
12.0 0.96 869 4.03 0.23 -
Pohl and Soelberg 15.8 - - - 0.03 -
13.1 5.29 - - - -
Allen and Torres 13.9 - - - 0.17 -
22.1 - - - - 0.016

1.4 Objectives

Due to the lack of reliable quantitative guidelines for achieving steam-assisted flaring
operation at an acceptable combustion efficiency and reduced soot emissions, as well
as the uncertainty regarding the potential pollutant emissions that can result from an
improperly operated steam-assisted flare, a comprehensive and in-depth analysis of
the relation between steam and combustion is required. The main goal of the current
study was to evaluate the extent to which the injection of steam into a flame improved
the combustion efficiency and reduced harmful emissions, as suggested by flare
manufacturers and industry bodies. Considering the numerous variables involved in
the performance of a real-world industrial-scale steam-assisted flare, this endeavour
was undertaken within a controlled lab-scale experimental framework. The current
study was performed as part of the Natural Sciences and Engineering Research
Council of Canada (NSERC) FlareNet Strategic Network at the University of Alberta.
The main research objectives were as follows:

1. Design and build a lab-scale flare facility for performing controlled
combustion experiments with the capabilities of capturing and analyzing the
exhaust products for measuring the combustion efficiency and pollutant
emissions.

2. Devise and implement a method of delivering a known and controllable
quantity of steam to the lab-scale flare and implement an injection

methodology that conforms to standard industry practices.
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3. Generate combustion efficiency and emissions data for a range of steam-assist
operating conditions by varying the fuel type, flare gas flow rate, and steam
injection method.

4. Explore trends in the combustion efficiency and emission data as operating
parameters are varied and compare the experimental results to data that has

been established by government and industry.

In Chapter 2, a detailed description of the experimental setup will be provided,
including the burner design, facility layout, and equipment and diagnostic
instruments required to perform the experiments. Chapter 3 will consist of the
experimental results and a discussion of the implications of using steam to
improve flare performance. Finally, conclusions from the current study and
suggestions for improvements to the approach and methodologies taken in the

study will be presented in Chapter 4.
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Chapter 2

2. Experimental Setup

2.1 Lab-Scale Flare Design

With the wide variation in steam-assisted flare designs present in industry—most of
which are inaccessible due to being proprietary in nature—the goal in constructing a
lab-scale flare was to maintain a simple design that would allow for the underlying
physics of an assisted flaring process to be analyzed. To accomplish this, a coflow
burner design was opted for as an attempt to incorporate the main elements of the
different steam-injection methodologies while at the same time enabling highly
repeatable experiments that were easy to perform and compare. The coflow design
was established as two coaxial tubes with coincident exit planes that allowed for either
the steam to flow through the inner tube and fuel gas through the annular space
between the tubes or vice versa. This approach allowed the comparison of the effect
of steam injection location, either within or outside the flame combustion zone, on
combustion efficiency and pollutant emissions. As can be seen in Figure 2.1, the
coflow strategy was implemented by the use of two concentric stainless-steel tubes
with flush exit planes. The outer tube had a 25.4 mm OD, a 22.9 mm ID, and a length
of 305 mm. The bottom of the outer tube was connected to a three-way tee threaded
pipe fitting. As will be discussed later in further detail, part of the experimental
parameter variation was to test the burner performance using two inner tube diameters.
All sets of experiments except for one were performed with an inner tube having a
12.7mm OD, 11.3 mm ID, and length of 457 mm. The alternate inner tube had a
6.35 mm OD, 5.54 mm ID, and a length of 457 mm. The inner tube was inserted inside
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the tee and outer tube and fitted to the bottom of the tee. Three set screws positioned
120° apart were inserted through threaded holes halfway down the length of the outer
tube to align the position of the inner tube such that its centerline coincided with that
of the outer tube. The bottom of the inner tube could then be connected to the fuel or
steam line to accommodate for inner coflow. For the outer coflow, the fuel or steam
line was connected to the side inlet of the tee, which provided access to the annular
space between the outside wall of the inner tube and inside wall of the outer tube for

the medium to flow.

Outer tube

= — «— Set screw

=> Thermocouples
Inner tube , P

Outer flow
inlet

Inner flow inlet

Figure 2.1: Front view of the burner along with a section view showing the inner and
outer flow inlets and pathways. A close-up of the tip of the burner is presented to show
the locations of the thermocouples placed inside the inner tube and in the annular
space between the inner and outer tubes. A coordinate axis is shown above the tip of
the burner, with z pointing in the upward axial direction and » pointing in the radial
direction.

Also shown in Figure 2.1 is the thermocouple arrangement near the tip of the
burner. For measuring the temperature of the inner coflow at the tip of the burner, an
exposed junction T-type thermocouple (Omega Engineering, TSS Series) was used,
having a wire diameter of 0.81 mm and sheath OD of 1.59 mm. The thermocouple
was inserted into the inner tube through the inlet such that it was parallel to the flow
and with the junction positioned at axial and radial coordinates of (r, z) = (0, 0),

respectively. To gain access to the annular space close to the burner tip between the
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inner and outer tubes for temperature measurement. five holes with 0.91 mm diameter
were drilled through the outer tube wall at z = —=2.5, =5, =10, =20, and —40 mm.
Exposed junction T-type thermocouples (Omega Engineering, SSRTC Series) with a
wire diameter of 0.13 mm were inserted into each hole. The topmost thermocouple
was bent upwards at a 90° angle such that the junction coordinate position was » =
8.9 mm and z = 0 mm. The remaining thermocouples were placed perpendicular to
the flow with the same radial position. The radial position of » = 8.9 mm was the
midway point in the annular gap between the inner and outer tube walls. All
thermocouple junctions were covered in aluminum foil to minimize the extent to
which radiation from the flame affected temperature measurements. To capture the
temperature measurements, the thermocouples were wired to a data acquisition
module (National Instruments, NI-9213), which sampled the temperature with an
overall bias uncertainty of +1 °C. Refer to Appendix A for a description of the

uncertainty analysis methodology including bias and precision uncertainties.

2.2 Lab-Scale Flare Test Facility

Steam-assisted flaring experiments were performed in the flare test facility shown in
Figure 2.2. The main functions of the facility were to provide the means to perform
combustion experiments while being able to vary the input parameters, collect and
mix the combustion exhaust products, and analyze these products with specialized
diagnostic instruments. The burner was mounted and bolted on two horizontal
aluminum rails which were in turn bolted to an aluminum support frame. The height
of the burner was adjusted by raising or lowering the position of the rails on the frame.
For all experiments completed in this study, the height of the tip of the burner from

the floor was set at 84.9 cm.
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Figure 2.2: Flare test facility for conducting experiments with the lab-scale steam-
assisted flare.

The fuel gases used in simulating a flare were 99.97% pure methane (Praxair,
ME 3.7UH-T) with an LHV of 32.8 MJ/m® and 99.5% pure propane (Praxiar, PR
2.5IS-FX) with an LHV of 84.9 MJ/m®. The fuel gas cylinder in use was connected
with 12.7 mm OD, 9.53 mm ID plastic tubing to a 12.7 mm OD, 11.1 mm ID, 3.81 m
length of coiled copper tubing resting in a water bath (Thermo Fisher Scientific,
TSCIR35) set to 35 °C, as shown in Figure 2.2. The purpose of the heated water bath
was to maintain the gas at close to the room temperature of 23 °C. Once exiting the
water bath, the gas was connected using the same plastic tubing to a 50 SLPM
(standard liters per minute corrected to 25 °C and 101.3 kPa) mass flow controller
(Alicat, MCR 50 SLPM) for metering out the fuel gas, with an uncertainty of +
(0.1 SLPM + 0.8% of reading). The plastic tubing was again used to connect the mass
flow controller outlet to the outer or inner burner tube inlets. Since the mass flow
controller was only factory-calibrated with air, the calibration was rechecked for CHa
and CsHs using a drum-type gas meter (Ritter, TG50) as described in Appendix B.
The uncertainties were found to fall within the range stated by the manufacturer.

To enable steam coflow in the burner, an 18 kW electric steam boiler

(Sussman, MBA18) with a maximum steam generation capacity of 408 g/min was
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used. The internal pressure limit of the boiler was set to 207 kPa, while the external
pressure-regulating valve (McMaster-Carr, 4674K63) with a range of 14 — 207 kPa
was used to adjust the steam flow rate. In order to elevate the steam from a saturated
to superheated state and maintain it at this condition, a 6 m long heated hose (Dekoron
Unitherm, Series 200) was connected to the outlet port of the pressure-regulating
valve and set to a temperature of 155 °C. By maintaining the steam at a superheated
state, the problem of having to measure the mass flow rate of a multiphase flow (i.e.,
wet saturated steam with a quality, x, of 0 < x < 1) was alleviated. The end of the
heated hose was connected to the inlet port of a three-way tee, in which an RTD probe
(Spirax Sarco, EL2270) with a full scale measurement range of —50 — 500 °C and
uncertainty of + (0.15 °C + 0.2% of reading) was connected to one of the tee outlet
ports for measuring steam temperature. The remaining port was connected to an
obstruction-type flow meter (Cameron, NuFlo Cone Meter), which was a central
component of the steam flow pathway that allowed for steam flow rates to be
measured. This was accomplished by a cone-shaped element contained within the pipe
construction of the cone flow meter that generated a pressure differential across the
element during steam flow. High- and low-pressure ports located upstream and
downstream of the cone element, respectively, were hydraulically connected to a
differential pressure transmitter (ABB, 2600T) having a full measurement scale of
16 kPa and uncertainty of + 0.012 kPa. In order to confirm the superheated nature of
the steam at the flow meter, an absolute pressure transducer (Omega, PX409-100AI)
with a full scale of 689 kPa and uncertainty of = 0.551 kPa was installed in-line with
the high-pressure impulse tubing connecting the flow meter and differential pressure
transmitter. The flow meter outlet was then connected to a three-way valve with the
default valve position allowing the steam to flow through a secondary 6 m long heated
hose with the same 155 °C setpoint. The hose exit was then fitted to either the inner
or outer burner flow inlets whether inner or outer steam coflow, respectively, was
required.

The steam temperature, absolute pressure, and differential pressure
measurements were taken by temperature and electrical current input data acquisition

modules, respectively (National Instruments, NI-9216 and NI-9203). Data from the
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steam instrumentation and the physical parameters of the cone flow meter were used
to generate steam mass flow rates using LabVIEW based on the methodology outlined

in ISO 5167-5 [49]:

. C T
Mgteam = Tﬂ‘l'gz (DIB)Z\/ ZAppl (21)

where C is the discharge coefficient, f is the cone element size factor, ¢ is the
expansion factor for steam based on differential pressure, D (m) is the cone flow meter
ID, Ap (Pa) is the differential pressure across the cone element, and p1 (kg/m?) is the
density of steam based on temperature and absolute pressure. To verify the steam mass
flow rates generated by Eq. (2.1), a separate set of experiments involving a plate heat
exchanger for condensing and measuring the steam condensate were performed to
calibrate the cone flow meter, which yielded a calibration range of 14 — 100 g/min.
The lower bound of this range was limited by the onset of steam flow instabilities at
< 14 g/min, whereas the upper bound was experimentally determined to be sufficient
for meeting the objectives of the study. Refer to Appendix C for more details
regarding the steam mass flow rate calibration procedure.

One of the aspects of the present study was to investigate the claim made by
the API [34] with regards to the unique effect that steam has in promoting complete
combustion through the water-gas shift reaction. A strategy was devised to pull apart
the potential chemical effect of steam on the combustion reaction from the
hydrodynamic effect of an internal or external jet flow (i.e., inner vs. outer steam
coflow) on the flame. The idea was to perform a set of experiments where steam was
partially or fully substituted by an inert gas mixture having the same molecular weight
as water. The assumption was first made that the superheated steam could be
approximated as an ideal gas, which was confirmed by calculating the compressibility
factor of the steam at the burner tip, using the equation below, and discovering a

negligible deviation from unity (i.e., < 1.5%):
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where p is the atmospheric pressure in the lab, M (g/mol) is the molecular weight of
water, p is the density of steam at the burner exit, R (J/mol-K) is the universal gas
constant, and 7' (K) is the temperature of steam at the burner exit. Using the ideal gas
law, a gas mixture of 58% nitrogen (N2) and 42% helium (He) was found to have the
same molecular weight as water. As shown in Figure 2.2, N2 at 99.998% purity
(Praxair, NI 4.8-T) and He at 99.999% purity (Praxair, HE 5.0UH-T) were used to
generate the “equivalent steam-assist” gas mixture. The N2 and He gases were also
piped through the heated water bath, in the same manner as described for the fuel
gases, and were connected to their respective mass flow controllers. The mass flow
controllers used for metering out N2 and He had full scales of 100 SLPM (Alicat,
MCR 100 slpm) with uncertainty of + (0.2 SLPM + 0.8% of reading) and 50 SLPM
(Alicat, MCR 50 slpm) with uncertainty of + (0.1 SLPM + 0.8% of reading),
respectively. To ensure the N2 and He gas mixture was uniformly mixed when running
the equivalent steam-assist experiments, a smaller, 6.35 mm OD, 4.32 mm ID plastic
tubing was used to connect the N2 and He mass flow controllers to a three-way tee
and then to a 41.28 mm OD, 9.53 mm ID, and 3.66 m long heated hose (McMaster-
Carr, 5565K63). The heated hose was required to ensure the gas mixture matched the
temperature of steam when injected into the flame. A static mixer for the gas mixture
was found to be unnecessary due to the narrow diameter of this plastic tubing allowing
for turbulent flows. An average Reynold Number of 9 126 was calculated for the gas
mixture flow rates tested in the plastic tubing upstream of the heated hose. As shown
in Figure 2.2, the heated hose leads to the same three-way valve connected to the
outlet of the cone flow meter. As a result, either steam or the N2/He gas mixture can
be selected as the coflow medium for the burner. Since the mass flow controllers were
only factory-calibrated with air, each flow controller used in the experiment was
calibrated for its respective gas using a drum-type gas meter (Ritter, TG50). The

uncertainties were found to fall within the range stated by the manufacturer.
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To ensure the products of combustion were fully captured, the burner and
frame assembly was placed centrally beneath a square-profile exhaust hood with sides
measuring 91 cm and a height of 213 cm above the floor. On each side of the exhaust
hood, mesh screens were hung that reached the floor. The mesh screens, made of
vinyl-coated polyester, had 1.59 mm square openings with a blockage ratio of 0.55.
The presence of the mesh screens allowed for a uniform entrainment of combustion
air while dampening the currents in the lab that would otherwise cause flame
instability. Connected to the top of the exhaust hood was a circular duct with a 30 cm
OD. A Venturi air control valve (Phoenix Controls) was installed inline with the duct
and set to a duct flow rate of 17 m*/min. The valve contains a cone assembly with a
spring that expands or compresses to compensate for fluctuations in the duct pressure
so that a constant flow rate is maintained. An air pressure proving switch was also
installed on the side of the duct to trigger an alarm in the case that the exhaust fan
failed. Based on the lab temperature and pressure conditions of 23 °C and 93.1 kPa,
respectively, the duct flow rate was at a turbulent Reynolds number of approximately
78 000. As an extra measure of ensuring the entire plume of combustion products was
captured, a Resistance Temperature Detector (RTD) probe (McMaster-Carr,
1237N12) was attached to each side of the exhaust hood with the tip extending 1 cm
below the hood to detect the potential spillage of hot plume gases outside of the hood.

The extraction of the diluted combustion products was performed using a
6.35 mm OD L-shaped stainless-steel probe (opening pointed upstream) that was
inserted into a port on the side of the duct located 6 m downstream of the exhaust
hood. At this section in the duct, the combustion products were found to be
independent of the radial position of the probe tip and therefore thoroughly mixed. A
2 m long, 1.59 cm OD copper tube with a union cross fitted to one end was welded at
its free end to the outlet of the sample probe. The three remaining ports on the union
cross were connected to a photoacoustic extinctiometer (Droplet Measurement
Technologies, PAX) for BC mass concentration measurements, a NOx analyzer
(Thermo Scientific, 42iQLS) for NOx concentration measurements, and a diaphragm

vacuum pump (GAST Manufacturing, DOA Series) for filling a 10 L Tedlar bag
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(Cole-Parmer, ESS Series) with combustion product to be analyzed using a gas
chromatograph (Agilent, 7890B).

To minimize the electrostatic losses of BC during transportation from the
sampling line to the PAX, a 9.53 mm OD, 6.35 mm ID, 4.5 m long static-dissipative
silicone rubber tube (McMaster-Carr, 1909T7) was used to carry the combustion
product. The PAX is equipped with an 870 nm modulated diode laser for directly
measuring light absorption and scattering of aerosol particles, with this wavelength
being most effective for BC particles. A pair of critical orifices restricts the flow rate
of sample flow that is drawn into the instrument using an internal pump to 1 L/min.
The flow enters a cell and is divided into two subflows that travel through a
photoacoustic resonator and nephelometer for the measurement of light absorption
and scattering, respectively. Within the photoacoustic chamber, the BC particles
absorb energy from the laser and release it as heat, thereby generating pressure waves
that are detected by a microphone and converted to an absorption coefficient. The
nephelometer employs a light detector that picks up light scattered by the BC particles
which is then converted to a scattering coefficient. Based on the following formula
provided by Droplet Measurement Technologies [50], the developer of the PAX, the

BC mass concentration with units of pg/m? can be calculated:

Babs

= o (2.3)

fm

where Babs is the BC absorption coefficient (1/Mm) and MAC is the BC mass
absorption cross-section (m?/g). Based on a laser wavelength of 870 nm, the PAX
manufacturer recommended a constant MAC value of 4.74 m*/g with an uncertainty
of £0.76 m?/g. The uncertainty in f» was also associated with the noise in the
absorption coefficient which was found to be approximately 1% of the measured
value. For background measurements, the PAX yielded zero or near-zero negative
values for BC mass concentration. During the data collection process, therefore, only

positive values for BC mass concentration were accepted as valid points.
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The NOx analyzer (Thermo Scientific, 42iQLS) was used to measure NOx up
to a concentration of 100 ppm with an uncertainty of =1 ppm. The underlying
operating principle of the NOx analyzer is the chemiluminescent reaction between NO
and O3 which produces NO:z at an excited state and Oz. In reverting to a lower energy
state, the NO2 molecules release infrared light. Once the sample is drawn into the
instrument at approximately 0.1 L/min, a solenoid valve sends the flow either directly
to a reaction chamber or through an NO2-to-NO converter before being transferred to
the reaction chamber. For the stream that directly enters the reaction chamber, the NO
in the sample reacts with Os that is produced by an ozonator, which leads to the
generation of the infrared light that is detected by a photomultiplier. The intensity of
the light is proportional to the concentration of NO, which is then calculated as a
concentration in ppb or ppm. The stream that is sent to the NO2-to-NO converter first
enters a stainless steel chamber that is heated up to 625 °C, allowing for the thermal
degradation of NO2 in the sample to NO. The product of this thermal reaction then
passes onto the reaction chamber—now accounting for a NO concentration that is
proportional to the total sample NO and NO:2 concentration—and generates infrared
light proportional to the NOx concentration in the sample. The difference between the
NOx and NO concentration yields the NO2 concentration.

Unlike the PAX and NOx analyzer, the gas chromatograph (GC) was operated
offline. The combustion product samples stored in the Tedlar bags were drawn into
the GC using a vacuum pump located downstream of the GC. The GC measured the
mole concentration of C1 — C3 hydrocarbons, and non-hydrocarbons such as O2, N2,
COz, CO, with a flame ionization detector (FID) and thermal conductivity detector
(TCD), respectively. Gas cylinders containing these gases at concentrations varying
by orders of magnitude were used to generate multi-point calibration curves. Refer to
Appendix D for more details regarding the choice of calibration standards as well as
the uncertainties in the gas concentration measurements. The FID uses a hydrogen-air
flame that combusts the hydrocarbons contained in the sample, thereby generating
ions. A metal collector detects the ions, which produces a current proportional to the
amount of ions formed that is in turn dependent on the concentration of hydrocarbons

in the sample. The current is then represented as a peak on a chromatogram for the
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respective hydrocarbon. The TCD works by comparing the thermal conductivities of
two different gas flows: a carrier gas such as Hz, He, or N2 at high purity and the same
carrier gas mixed with the sample gas. A filament within the detector is heated and
maintained at a constant temperature while these two gas streams flow alternately
over the filament. Due to the presence of a gas species other than the carrier gas and
the difference in its thermal conductivity compared to the carrier gas, the power
needed to maintain a constant filament temperature changes. This difference in power
is correlated to the concentration of the respective species in the sample gas and shows

up as a peak on the chromatogram.

2.3 Methodology for Calculating Carbon Conversion Efficiency and

Emission Indices

To determine the carbon conversion efficiency (CCE) of combustion reactions at
various burner operating conditions, a closed carbon mass balance was defined around
the reaction as shown in Figure 2.3. The method of enclosing the combustion process
with a control volume, accounting for all the inward and outward flows of carbon-

containing species, was based on a derivation by Corbin and Johnson [51].
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Figure 2.3: Establishing a closed carbon mass balance around the combustion reaction
with the mole fractions of carbon-based gas species and the soot mass concentration
characterized by Xk and fu, respectively.

All potential carbon-containing species produced by the incomplete
combustion of an arbitrary hydrocarbon, CxH,, can be represented by the following

generic reaction:

mn

in which N2 was omitted from the reactants side due to not participating in the
oxidation of carbon, CO and Cs) (i.e., soot or BC) are the incompletely oxidized
carbon-based products, and CHs4 and CnH, are the unburned or reformed
hydrocarbons. The CCE (7) described the extent to which this combustion reaction
reached completion, and was defined as the ratio of the mass of carbon produced by

the reaction in the form of CO2, Mc co, produced> t0 the mass of carbon in the form of

hydrocarbons in the fuel gas stream, ¢ yc e
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mC,COZ ,produced

n[%] = x 100. (2.5)

MCHCFG

Since Eq. (2.5) is defined as a ratio of mass flow rates of atomic carbon, an
equivalent ratio can be written in which the mass flow rates of CO2 produced by
combustion and carbon in the form of hydrocarbons in the fuel gas can be represented

by their respective molar flow rates, 1co, produced @nd x(XCxHy,FG)leG:

7;"CO ,produced
%] = 2 — %X 100 2.6
n%] ve (XCxHy,FG)nFG 26)

where x describes the overall carbon coefficient representative of the hydrocarbons in
the fuel gas on a mole fraction basis (i.e., x = 1 for a pure CH4 fuel gas, x = 3 for a
pure C3Hs fuel gas, and x = 2 for a 50% CH4/50% C3Hs fuel gas mixture by volume)

and Xc, kG represents the mole fraction of the hydrocarbons in the fuel gas as a

whole, considering there may be non-hydrocarbon species present such as in the case
of natural gas. The numerator and denominator of Eq. (2.6) expanded in Egs. (2.7)
and (2.8), respectively, as:

nCOZ,produced = XCOZ,plumenplume - XCOZ,OOnoo - XCOZ,FGnFG (27)

where the right-hand side of Eq. (2.7) represents the total molar flow rate of CO: in
the burner exhaust plume minus the molar flow rate of CO:2 contributed by the ambient
air (i.e., based on 463 ppm of CO: in the lab) and the fuel gas (i.e., natural gas supplied
to the Engine Lab in the University of Alberta Mechanical Engineering department

contains ~1% COz2), and

. My .
— plume
X (XCxHy,FG) Npg = Lk Heok (Xk,plume — Xioo Voo )nplume +
, (2.8)
FG _- .
it (Xk,oo Voo nFG) — Xco, FGMFG
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where #  1s the carbon coefficient for the carbon-based gas species, £, in the plume
(i.e., #cco, = 1for CO2 #¢ ey, = 1 for CHa, #¢ ¢y, = 3 for C3Hs, and #¢ ¢y, =
m for CnHn), Mpjumes Moo, and Mg are the molecular weights of the plume, ambient
air, and fuel gas, respectively. The terms on the right-hand side of Eq. (2.8) reflect
those of Eq. (2.7) in that they represent the molar flow rates of the plume, ambient air,
and fuel gas, except that they describe the fuel stream. The molar flow rate of the

plume, 7,jyme, 1s defined as follows:

nplume =

. . Mrxg .
[X (X CxHy,FG)nFG +X 005, FGNFG—(X 04,0+ X0+ X CHy 0 Lk #C,CHn X CmHn,oo)mnFG]

Fm,plumeRuTpi
) ,plume plume
XCOZ,plume_XCOZ,oc T

MC(S)Pplume

(2.9)

where fp, siume 1S the mass concentration of soot in the plume, R, is the universal gas
constant (8.314 J/molK), Tpjyme is the plume temperature measured by an RTD probe
(Omega, PR-31 Series), and P,y is the static pressure in the duct measured by a

pressure transducer (Omega, PX409-100AI). Due to the difference in the PAX cell

and plume temperatures, the fp ume value was corrected based on the cell

temperature, T, , and yielded the actual measured soot mass concentration,

fm measured> @S follows:

Teell

(2.10)

f m,plume = f m,measured . .
plume

As demonstrated in the derivation performed by Corbin and Johnson [51], Eq.
(2.9) was used to calculate a value for 1,y for each burner operating condition,
which was then used to evaluate Egs. (2.7) and (2.8) before finally using Eq. (2.6) to
resolve the CCE. In addition, to determining the combustion efficiency of the burner
at varying levels of steam-assist, the emission indices for various pollutant species

was also of interest. The emission index (EI) of a species was calculated as the ratio
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of the species’ mass emission rate generated by combustion to the mass flow rate of

fuel gas to the burner, as given by:

m', roduced
El, = —LRroducec

J (2.11)

Mgg

where j represents the species or class of species in question: CO, CO2, THC, NOx,

and BC. For the gas-phase pollutant species, the mass emission rate was expressed

as follows:
. . MEG Mmgg
mj,produced = ]VI] (Xj,plume - Xj,oo)nplume - {Xj,FG M } X],oo M . (212)
FGZinert ©
The mass emission rate for BC was defined as:
. _ RuTcell .
mC(S),produced - f m,measured p Nplume- (213)
plume

The uncertainty in the carbon conversion efficiencies and emission indices were
evaluated by performing propagation of uncertainties for all the measurable
parameters, assuming that these quantities were independent of each other. The
uncertainty in each parameter was derived based on the inherent bias error associated
with the measuring instrument and the precision error due to the statistical variability

in the experimental data. Refer to Appendix E for the derivations of uncertainties.
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Chapter 3

3. Results and Discussion

3.1 Experimental Test Matrix

A range of parametric variations were performed in the experimental phase of the
study, as shown in Table 3.1, for a total of seven unique experimental sets. The
reference set of experiments was established as a 12.7 mm OD inner tube configured
burner flaring 20 SLPM of CH4 with an inner coflow of steam. Branching off from
the reference set, each of the remaining six sets featured a single experimental design
difference with the rest of the parameters being kept the same (i.e., except for
experimental set 7 where two parameters were altered from the reference set). This
was done to investigate the extent to which each of the operating parameters—inner
tube OD, fuel type, fuel flow rate, assist configuration, and assist fluid composition—
affected CCE, Elryc, Elco,, Elco, Elno,, and Elgc. For each of the experimental sets
outlined, the fuel gas flow rate remained constant while an increasing amount of assist
fluid was introduced to the flame starting from a null quantity (i.e., zero steam mass
flow rate) until the necessary flow rate required to either extinguish the flame or
reduce the flame CCE to <10%. For experimental sets 1 — 5 and 7, Eltyc was
represented as Ely, since CHs was the only detected unburned hydrocarbon during

the collapse of CCE.
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Table 3.1: Lab-scale steam-assisted flaring experimental test matrix.

Experimental | Inner Tube Fuel Fuel Flow Assist . Assist Composition
Set OD (mm) Rate (SLPM) | Configuration
1 12.7 CH4 20 Inner 100% Steam
2 12.7 CH,4 40 Inner 100% Steam
3 6.35 CH,4 20 Inner 100% Steam
4 12.7 CH4 20 Inner 58% N2/42% He
5 12.7 CH4 20 Inner 50% Steam/29% N»/21% He
6 12.7 C;:Hs 20 Inner 100% Steam
7 12.7 CH4 40 Outer 100% Steam

3.2 Steady State Burner Temperatures and Exit Plane Conditions

One of the fundamental measurements required for developing an understanding of
the fuel and assist fluid hydrodynamic exit conditions, and by extension their effect
on the combustion process, were the temperatures at the burner exit. Based on the
thermocouple arrangement shown in Figure 2.1, temperature measurements were
taken up to 40 mm below the burner exit plane in the annular space and at the center
of the inner tube exit plane. The range of temperatures measured corresponding to the

range of assist flow rates tested is presented in Table 3.2.

Table 3.2: Range of temperature measurements taken at various z values in the annular
and center space of the burner.

Temperature Ranges (°C)
Experiment Annular Center
z=0mm z=-5mm z=-10 mm z=-20 mm z=-40 mm z=0mm
1 132.5—-148.1 | 117.3—-132.5 | 93.0—-109.2 | 70.2—-85.6 47.6 — 62.0 97.4-126.2
2 99.8 —127.0 86.9 —114.1 65.7—95.4 47.7—-178.1 31.0—-61.7 97.5—-128.3
3 100.2—-144.0 | 84.3-124.6 66.0 —99.1 513-77.4 32.4—-48.5 98.4 —100.5
4 126.9 —136.6 | 1142—-123.7 | 89.9-102.5 | 66.4—80.7 43.6 -59.4 40.9-113.7
5 132.5-139.6 | 119.0—125.6 | 959—-105.1 | 73.2—83.8 51.5-62.6 | 112.4—-126.0
6 120.6 —131.6 | 104.8—115.7 | 85.0—-96.0 65.6 —77.9 48.4 —59.7 97.7—-128.3
7 97.6 — 98.1 973-97.9 973-97.7 97.4—-97.6 97.7—99.7 29.1 - 67.6

For the inner steam coflow cases (i.e., experimental sets 1 — 6), the trend in

the fuel and steam temperatures generally followed a similar pattern. This pattern is
presented in Figure 3.1a by example of experimental set 1. As can be seen by the fuel

temperature plots in Figure 3.1a, the closer to the tip of the burner the fuel reached as
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it flowed through the annular space, the higher its temperature increased. This was
due to the proximity of the burner tip to the flame and the heat transfer it received by
convection and radiation. It was also observed that for the fuel temperature plots in
which steam-assist was active (i.e., 1.3 < MFR < 4.3) the temperatures of the fuel at
each of the thermocouple positions were similar and only deviated from each other by
up to 5 °C. Of particular interest was the lower temperature of the fuel at a zero steam-
to-fuel gas MFR compared to the non-zero steam-to-fuel gas MFRs, which averaged
approximately 13 °C lower. This was a result of the convective heat transfer of steam
flowing through the inner tube to the fuel in the annular space when steam-assist was
active. As a result of the heat loss experienced by steam to the fuel gas and despite the
use of heated hosing to maintain the steam at a superheated state upstream of the
burner, steam at lower flow rates would typically be at or slightly above the saturated
steam temperature upon reaching the burner exit. This is evident from Figure 3.1a
inset in which the temperature of steam at 1.3 < MFR < 3.3 hovered around 97.5 °C
before abruptly increasing to 117 °C at an MFR of 3.6. For the highest steam mass
flow rates, a degree of superheat (i.e., the difference in the steam superheated and
saturation temperatures at a given pressure) of ~30 °C was achieved at the burner exit.

Figure 3.1b represents the fuel and steam temperatures for experimental set 7
in which the assist configuration was reversed and steam was the outer coflow. In
contrast to Figure 3.1a, the steam temperature remained relatively unchanged as it
progressed towards the exit of the burner. Despite the increase in steam-to-fuel gas
MFR, the steam did not experience a sudden rise in temperature as it had in
experimental set 1 as a result of steam undergoing convective heat losses to both the
ambient air outside the outer tube wall and to the fuel flowing through the inner tube.
This is confirmed by the fuel temperature profile in Figure 3.1b inset which shows a
sudden increase in the fuel temperature as soon as steam-assist becomes active at an

MEFR of 0.52.
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Figure 3.1: Temperature measurements of fuel and steam taken at thermocouple
positions located up to 40 mm below the exit plane in the annular space and in the
center of the inner tube exit plane for experimental sets (a) 1 and (b) 7. Steam
saturation temperatures at local pressure are shown in red dashed lines.
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Based on the temperature measurements taken at the burner exit plane (i.e.,
z=0mm for annular and center streams), the velocities of fuel and steam at this
location were determined. When the exit plane thermocouple yielded the saturation
temperature for steam, the steam was always assumed to be at a saturated vapor state
with 100% quality even though the steam lost heat as it travelled through the
uninsulated burner. This assumption was found to be reasonable after evaluating the
total convective and radiative heat losses experienced by the steam. For inner steam
coflow, the steam underwent heat loss at a rate of 35 W and had a minimum quality
of 94%. Conversely, the outer steam coflow sustained a heat loss rate of 65 W and
had a minimum quality of 87%. The density of the steam at the saturated vapour state
was therefore obtained by referring to the steam tables [52] at the burner exit
temperature and ambient pressure condition. The steam bulk flow velocity at the exit
plane was then calculated by dividing the mass flow rate by the density to yield
volumetric flow rate, which was in turn divided by the cross-sectional flow area of
the steam. The same procedure was followed for evaluating the fuel and N2/He gas
mixture exit velocities except that the density was determined at the exit conditions
using the ideal gas law.

To combine the effects of mass and exit velocity of the fuel and assist fluids,
the vertical momentum (kg-m/s?) of these streams aligned to the z-direction at the

burner exit plane was considered based on the following definition:
P,, = m,v, (3.1)

where m, (kg/s) is the mass flow rate of the fuel or assist fluid stream and v, (m/s) is
the bulk flow exit velocity of the respective stream in the z-direction. Note that the

actual rate of vertical momentum leaving a circular tube is defined by

To
P, =f 2nrpv? dr (3.2)
Ti
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where r is the radius and the subscripts i and o represent the inner and outer limits for
the integration. Since the integral cannot be evaluated due to the radial dependency of
density and velocity being unknown, Equation (3.1) is used instead.

The exit velocities of the fuel and assist streams were also used to evaluate the

Reynolds number at the exit plane of the burner, which is defined as follows:

_ pvzdh
e =
u

(3.3)

where p is the density, d» (m) is the hydraulic diameter, and x (Pa-s) is the dynamic
viscosity all evaluated at the exit plane temperatures of the various fluids and lab room
pressure. The range of steam-to-fuel gas MFRs tested for experimental sets 1 — 7 is
presented in Table 3.3 with the corresponding range in the steam exit velocities,
momentum, and Reynolds number. The average velocity, momentum, and Reynolds

number of the fuel at the exit plane are also shown for each experimental set.

Table 3.3: Steam-to-fuel gas MFRs with corresponding exit velocities, momentums,
and Reynolds number for fuel and steam. Calculated range in parameters for steam
assist correspond to the range in the minimum to maximum steam flow rates,
excluding the unassisted case.

Experimental SF'LEZFE;OS' Exit Velocity (m/s) | Exit Momentum x 10 (N) Exit Reynolds
Set MFR Fuel Steam Fuel Steam Fuel Steam
1 1.3-43 1.8 54-19.1 3.9 15.3-181.2 533 2709 — 8251
2 0.6—-3.7 33 48-319 14.7 12.2-514.8 1113 | 2425-13924
3 1.1-2.5 1.3 19.2 -44.9 2.7 45.0 — 246.5 679 | 4799 — 11232
4 02-53 1.7 0.5—-22.8 3.8 0.2 -266.2 545 195 - 5815
5 23-43 1.8 9.7-19.0 3.9 48.0 —178.2 539 3392 -6201
6 04-2.7 1.7 4.8 —-33.1 10.4 124—-546.6 | 2000 | 2446 — 14292
7 0.5-1.0 8.3 1.5-29 36.5 33-13.1 4144 671 — 1333

The burner exit temperature conditions for the fuel and assist fluids were also
used to deduce the adiabatic flame temperatures for each experimental set. At each of
the experimental operating points, the equilibrium temperature, T,, (K) of the

reactants and assist fluid mixture was first calculated as follows:
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where ™, represents the mass flow rate of each component, &, of the pre-combustion
non-reacting mixture including the fuel gas, assist fluids, and combustion air
proportional to the CCE, ¢, (J/kg'K) is the isobaric specific heat capacity of
component k, and T}, (K) is the initial temperature of component k. Using STANJAN
[53], a chemical equilibrium solver, the molar flow rate of each species in the reactant
stream, an initial temperature of T,,, and the ambient pressure were implemented as
starting parameters. The list of species at equilibrium for experimental set 1 were:
CHa4, O2, N2, H20, CO2, CO, NO2, NO, H2, OH, H, N, and O. Experimental sets 4 and
5 also included He while experimental set 6 listed C2He¢ and CsHs as well. The
adiabatic flame temperature was then calculated under constant temperature and
pressure as shown in Figure 3.2. More details on the calculation of adiabatic flame

temperature are provided in Appendix F.
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Figure 3.2: Adiabatic flame temperatures for experimental sets 1 — 7.

46



3.3 Experimental Set 1: Reference Set with 20 SLPM CH4 Flame and
Inner Steam Coflow through 12.7 mm OD Inner Tube

Beginning with zero inner steam coflow, increasing mass flow rates of steam were
injected into the base of a 20 SLPM CHa4 coannular jet diffusion flame. The
corresponding CCE and Els are shown in Figure 3.3. In addition to the Els for CHa,
CO2, CO, NOx, and BC, a comprehensive CO2 equivalent EI (i.e., Elcg, oq) Was
calculated based on a 100-year time horizon. This was done by taking the total sum
of the products of the individual Els and their respective 100-year GWP values, which

are shown in Table 3.4.

Table 3.4: 100-year GWP values for various pollutant species and their respective
uncertainties obtained from the IPCC [6,54].

Species | 100-year GWP | Uncertainty (+/—)
CHas 28 8.4
C2Hs 5.5 5.5
CsHs 33 33
CcO 1.8 0.6
NOx —8.2 10.3
BC 900 800

At zero inner steam coflow, the CCE was found to be essentially 100%. This
operating point coincided with the maximum NO. and BC production for this
experimental set of 1.21 g NOx/kg fuel and 0.076 g BC/kg fuel, respectively. With the
initial input of steam into the flame at a steam-to-fuel gas MFR of 1.3, there was a
sudden decrease in Elyo, and Elgc by nearly a factor of 3 and an order of magnitude,
respectively. Since NOx emissions for these experimental sets were assumed to be
entirely a result of thermal NOx formation, which is a highly temperature-dependent
mechanism involving the dissociation and reaction of N2 and Oz, the drop in Elyo,
was attributed to the cooling effect of steam on the flame. This effect was established
by various studies [55,56] which demonstrated reduced flame temperature with added
steam. The decrease in flame temperature was further substantiated by the adiabatic

flame temperature plots shown in Figure 3.2, which demonstrated a reduction in the
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product gas temperature with increasing steam injection mass flow rates for all
experimental sets.

The decrease in Elgc was attributed to the improved mixing of the fuel stream
with combustion air as a result of the internal jet of steam. In order to elaborate on
this claim, a schematic of the flow structure outside the exit plane of the burner is
presented in Figure 3.4, which is based on findings in the literature for non-reacting
co-axial jets by Dahm et al. [57] and Rehab et al. [58]. According to Rehab et al.,
coaxial jets issuing from the central and annular ports of a nozzle were characterized
by a “potential core,” which was a region where the fluid velocity and concentration
remained relatively unchanged due to minimal viscous shear and diffusion effects.
The heights of the inner and outer potential cores, /pci and Apc,0, respectively, were
found to be related to the ratio of the inner to outer jet exit velocities, v: and vo,
respectively. The region between the inner and outer potential cores was defined as
the inner shear layer in which the inner and outer coflow jets mixed. Likewise, the
region between the outer potential cores and the jet edge was defined as the outer
shear layer in which mixing occurred between the outer jet and ambient fluid. The jet
edge defined the boundary at which the velocity approached zero. Based on the
experiments performed by Dahm et al. [57], the nature of the mixing within the shear
layers was found to be highly dependent on the inner to outer jet exit velocity ratio.
Generally, when the inner jet exit velocity exceeded the outer jet exit velocity, the
instabilities generated in the inner shear layer were insubstantial and did not yield any
significant vortical structures, possibly due to the robustness of the inner potential
core. In fact, the deformation of the inner shear layer was dominated by the “roll-up”
vortices generated in the outer shear layer which entrained large amounts of the
ambient fluid that penetrated deep into the inner potential core. This scenario yielded
optimal mixing in the outer shear layer. When the outer jet exit velocity exceeded the
inner jet exit velocity, however, the instabilities in the inner mixing layer became more
pronounced leading to the formation of vortices within this layer. As a result, the inner
mixing layer experienced a significant growth which greatly shortened the height of
the inner potential core and ensured a high degree of mixing between the inner and

outer jets. In relation to the present experimental set, the high velocity gradient
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between the steam and fuel exit velocities of 5.4 m/s and 1.8 m/s, respectively, as
listed in Table 3.3 suggests efficient mixing within the outer shear layer, and thus
reduced BC emissions.

In addition to the physical interaction of steam with the fuel, steam is believed
to promote complete combustion through various chemical mechanisms [59]. Based
on a study performed by Miiller-Dethlefs and Schlader [60], steam was found to
inhibit BC and CO formation when added to premixed propane and ethylene flames.
They suggested that the presence of steam led to an increase in the concentration of
OH radicals in the flame, thereby promoting the oxidation of BC through the reaction
of C + OH — CO + H and CO through the reaction CO + OH — CO, + H. From an
operational standpoint, the decrease in Elgc was made apparent by the dimming of the
originally bright and luminous unassisted flame as shown by the photographs taken at
increasing steam-to-fuel gas MFRs in Figure 3.5. As the steam-to-fuel gas MFR was
increased to 3.0 with a resulting CCE of 97%, the Elyo_ and Elgc dropped further by
an order of magnitude. In addition, the Elcp, experienced a reduction from the
nominal value of 2.7 kg CO2/kg fuel while the first measured quantity of Ely, equal
to 29.76 g CHa/kg fuel was detected, indicating the onset of fuel being stripped away
from the combustion zone. This was reminiscent of the industrial problem of over-
assisting in which excessive amounts of steam led to the occurrence of fugitive
hydrocarbon emissions. The flame at this point also became nearly imperceptible, as
can be observed in Figure 3.5. By again increasing the steam-to-fuel gas MFR, the
incomplete combustion of CH4 became evident from the detection of CO, with a
maximum El-q of 85.57 g CO/kg fuel produced at a steam-to-fuel gas MFR of 3.8
and CCE of 44%. A photograph corresponding to this operating point is shown in
Figure 3.5. The steam-to-fuel gas MFR was raised to its final value of 4.3 at which
point the CCE was diminished to 8% and the Elcy, peaked at 923.4 ¢ CHa/kg fuel.
This operating condition resulted in a short coannular jet flame as shown in Figure
3.5. The El¢g, ¢q value remained relatively constant until the drop in CCE below
96.5% at which point it rose quickly to a maximum of 26.1 kg CO2/kg fuel due to the
CHa being mostly vented at this point and thus showing a positive correlation between

over-assisted flaring and the rise in the greenhouse gas effect. The magnitude of the
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error bars was mostly due to the large uncertainty in the CHs 100-yr GWP (i.e.,
28 + 8.4).
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Figure 3.3: Experimental set 1 CCE plot (bottom) and EI plot (top).
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3.4 Experimental Set 2: Doubling the Fuel Flow Rate

Using the same burner geometry and flow configuration as described for experimental
set 1, the flow of CHs4 was doubled from 20 to 40 SLPM. One of the reasons for
attempting a higher fuel flow rate was to better scale the test results by lessening the
gap between the unassisted experimental test point and the first assisted point in terms
of the steam-to-fuel gas MFR that was caused by the limited lower bound of the
calibrated steam range (i.e., 14 g/min). As a result, the trends in Elyo, and Elgc
would be better resolved in this region. As can be seen in Figure 3.6, the Elyo_ trend
was found to behave similarly to that of the 20 SLPM CHa4 experimental set in that it
dropped gradually by two orders of magnitude as an increasing amount of steam was
injected into the flame, starting from a maximum value of 0.88 g NO./kg fuel. In
regards to Elgc, a maximum value of 0.017 g BC/kg fuel was generated for the
unassisted point, which was less than the previous scenario as a result of the near
doubling of the fuel exit velocity from the 1.8 m/s of the reference case to 3.3 m/s, as
shown in Table 3.3. This could have potentially increased the instabilities in and
consequent growth of the outer shear layer leading to improved fuel-air mixing.
Beyond this test point, the Elgc dropped with added steam and fluctuated between a
zero value and trace measurements of < 0.005 g BC/kg fuel. As with experimental set
1, the initial decline in CCE coincided with the stripping of CH4 away from the
combustion zone and occurred at a steam-to-fuel gas MFR of 2.5. Compared to the
reference experimental set, however, doubling the fuel flow rate led to a slightly
earlier onset of the CCE collapse at 96.5% with a steam-to-fuel gas MFR of 2.8.
Furthermore, incomplete combustion of CHa4 seemed less pronounced in experimental
set 2 than experimental set 1, which could potentially be due to the higher exit
Reynolds for the fuel and steam as shown in Table 3.3, despite the similarity in the
steam-to-fuel gas MFR and exit velocity ratio at a CCE 0f 96.5%. According to Rehab
et al., [58] to compare two coaxial jets having the same inner to outer jet exit velocity
ratios, the inner and outer jet exit Reynolds needs to be assessed. For the coaxial jet
having a greater inner and outer jet exit Reynolds, the outer mixing layer develops
earlier, which leads to better mixing between the coannular jet and the ambient fluid.

At a steam-to-fuel gas MFR of 3.4, a maximum El- of only 62.1 g CO/kg fuel was
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produced. A final steam-to-fuel gas MFR test point of 3.7 yielded a CCE of 5% and a
corresponding maximum Elcy, of 929 g CHa/kg fuel. The change in physical

appearance of the flame at increasing steam-to-fuel gas MFRs was similar for the
40 SLPM of CHa4 as for 20 SLPM of CH4. As can be seen in Figure 3.6, the maximum
Elco,eq Of 26.2 kg CO2/kg fuel was nearly identical to that of the reference

experimental set due to the high degree of CH4 venting.
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Figure 3.6: Experimental set 2 CCE plot (bottom) and EI plot (top).
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3.5 Experimental Set 3: Reducing Burner Inner Tube Diameter by
Half

The inner steam coflow configuration and standard CH4 flow rate of 20 SLPM of the
reference experimental set was retained for experimental set 3, with the only
difference being that the original 12.7 mm OD inner tube was substituted with one
having a 6.35 mm OD. The motivation behind this variation was to investigate the
increase in the steam exit velocity relative to that of the fuel gas. As a result of
increasing the annular cross-sectional flow area, the fuel had a considerably smaller
exit velocity of 1.3 m/s compared to the reference set’s 1.8 m/s, as shown in Table
3.3. This reduction in fuel exit velocity led to a decrease in the fuel-air mixing for the
unassisted flame as demonstrated by the doubling of the Elgc value to
0.161 g BC/kg fuel as shown in Figure 3.7, which was potentially due to the weaker
instabilities and growth of the outer shear layer. The initial injection of steam at a
steam-to-fuel gas MFR of 1.1 dropped the Elgc by an order of magnitude and
coincided with the maximum Elyo, value of 1.15 g NOx/kg fuel. All additional

increases to the steam-to-fuel gas MFR yielded null values of Elgc. The Elyo, trend

behaved similarly to those of the previous experimental sets, in that it underwent a
reduction by nearly two orders of magnitude over the range of steam-to-fuel gas MFR.
Unlike the two previous experimental sets, however, the onset of the CCE collapse
phase at 96.5% for the present experimental set occurred considerably earlier at a
steam-to-fuel gas MFR of 2.0. Also contrary to the previous experimental sets was
the lack of CO production during the CCE collapse phase. This can be explained by
referring to Table 3.3 which shows that for the present experimental set, the average
fuel gas exit velocity was the lowest of all experimental sets at 1.3 m/s, whereas the
range in the steam exit velocities was the highest at 19.2 — 44.9 m/s. In fact, at a CCE
0f 96.5%, experimental set 3 had the highest steam-to-fuel exit velocity ratio of 30.1
for all experimental sets of which the reference set only had an exit velocity ratio of
7.1. As described in section 3.3, higher inner to outer jet exit velocities are correlated
with a more robust inner potential core which yield minimal inner shear layer
development in favour of greater development of the outer shear layer. Such a high

velocity gradient between the steam and fuel flows may therefore have helped entrain
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sufficient oxygen to eliminate incomplete combustion. Furthermore, the rate at which
the CCE dropped from 96.5% to <10% occurred more rapidly compared to the
previous experimental sets—over a range in steam-to-fuel gas MFR of only 0.5 (i.e.,
2.0 — 2.5). The limiting factor to the continued injection of steam for the present
experimental set may have been a result of a disruption to the combustion process due
to excessive turbulence in the outer shear layer. As with experimental set 2, the
progression in the change in the flame’s appearance with increasing steam-to-fuel gas

MFR was similar to that of experimental set 1. The maximum Elgg,qq Of

26.5 kg CO2/kg fuel was also similar to the reference experimental set as expected.
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Figure 3.7: Experimental set 3 CCE plot (bottom) and EI plot (top).

3.6 Experimental Set 4: Steam-Equivalent Gas Mixture with 58% N
and 42% He

As discussed in the previous chapter, one of the goals of the study was to analyze the
extent to which steam has a unique effect on promoting complete combustion through
the water-gas shift reaction. The aim of this experiment was to replace the inner steam
coflow with an alternative inert gas mixture having the same molecular weight as
water and heated to the same temperature range as the steam in experimental set 1. A

gas mixture of 58% N2 and 42% He was chosen for this purpose. One of the major

56



advantages of working with the gas mixture was being able to dispense finer and more
precise quantities to the burner as compared to the steam production and distribution
system, which allowed for a higher resolution of the plots in Figure 3.8 at lower assist
flow rates. At an equivalent steam-to-fuel gas MFR of 0.5, the Elg¢ dropped from an
initial value of 0.115 g BC/kg fuel by nearly an order of magnitude. BC was only
detected once more at an equivalent steam-to-fuel gas MFR of 3.8, at which point it
had dropped by another order of magnitude. With regards to the generation of NOx, it
did not initially decrease at the same rate as with experimental set 1 when the
equivalent steam-to-fuel gas MFR was increased. The primary difference between the
present experimental set and the reference experimental set was that the onset in the
collapse of CCE starting at 96.5% did not occur until a considerably greater equivalent
steam-to-fuel gas MFR of 4.1. In addition to this, the equivalent steam-to-fuel exit
velocity at a CCE of 96.5% for the present experimental set reached 9.9 compared to
7.1 for the reference set. A possible explanation for the flame being able to sustain
faster flows of the gas mixture is that the exit Reynolds number of the gas mixture, as
presented in Table 3.3, only reached a maximum of 5 815 compared to 8 251 for the
inner steam coflow in the reference set. Thus, the reduced turbulence of the inner
coflow may have delayed the onset of fuel stripping from the combustion zone. The
discrepancy in the Reynolds number was due to the significant variation in exit
viscosities for steam and the gas mixture, with each having an average exit viscosity
of 1.25 X 107° Pa-s and 2.03 X 107> Pa-s, respectively. During the collapse phase
of'the CCE, a maximum Elq of 78.7 g CO/kg fuel was generated, which was slightly

less than that of the reference experimental set.
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Figure 3.8: Experimental set 4 CCE plot (bottom) and EI plot (top).

3.7 Experimental Set 5: Steam-Equivalent Gas Mixture with 50%
Steam, 29% N2, and 21% He

To further investigate the impact of steam on combustion emissions, another internal
coflow containing 50% steam, 29% Nz, and 21% He was tested. The purpose of this
experiment was to examine whether a partial substitution of steam with the inert gas
mixture would yield results proportional to the quantity of steam. A significant
drawback encountered during the performance of this experimental set was the

limitation in terms of the minimum possible assist flow rate. Since the calibrated
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steam mass flow rate had a lower bound of 14 g/min and steam constituted 50% of
the total flow, the overall minimum possible assist flow rate for this set was 28 g/min.
As can be seen in Figure 3.9, after the unassisted test point in which an Elgc of
0.09 g BC/kg fuel was generated, the initial steam-gas mixture injection occurred at
an equivalent steam-to-fuel gas MFR of 2.3 (i.e., equivalent to a mass flow rate of
30 g/min) at which point BC was no longer detected. This unfortunately obscured the

Elgc trend for this experimental set. As for Elyo, , the maximum value of

1.1 g NOv/kg fuel experienced a drop by an order of magnitude at an equivalent
steam-to-fuel gas MFR of 2.3. The rate at which NOx production declined over the
range of equivalent steam-to-fuel gas MFRs was in between that of the pure steam
and N2/He mixture internal coflow cases. By an equivalent steam-to-fuel gas MFR of
2.8, the CCE had been reduced to 96.5%, which was slightly earlier than for
experimental set 1. The stripping of CH4 away from the combustion zone also
occurred at nearly the same time as the reference experimental set at an MFR of 2.9.
A maximum Elqg of 81.9 g CO/kg fuel was produced at an equivalent steam-to-fuel
gas MFR of 3.8, which was in between the amount of CO generated for experimental
sets 1 and 4. Overall, the results of the present experimental set were highly
comparable to those of the reference set due to the nearly identical fuel and steam exit

velocities as shown in Table 3.3.
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Figure 3.9: Experimental set 5 CCE plot (bottom) and EI plot (top).

3.8 Experimental Set 6: Burning 20 SLPM of C3Hs

One of the features of the industry- and government-led studies was to examine the
effect of the flare gas LHV on combustion performance. With the same intent, the fuel
gas for the current experimental set was changed from CHa4 to CsHs, thereby
increasing the LHV by a factor of 2.5 from 32.8 MJ/m’ to 84.9 MJ/m®. As can be seen
from the EI plot in Figure 3.10, the most apparent difference from the unassisted C3Hs
flame was the significantly higher Elgc value of 2.74 g BC/kg fuel, which was 36
times greater than the amount generated from the unassisted CHs flame in
experimental set 1. This difference was visible from the larger and more luminous
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unassisted C3Hs flame as shown in Figure 3.11, compared to the CH4 flame in Figure
3.5. The addition of steam to the flame was effective at eliminating BC fairly rapidly
at a steam-to-fuel gas MFR of only 1.1, which reduced Elic by nearly three orders of
magnitude. This was comparable to the amount of steam required to reduce Elgc to
the same levels for the CH4 flame. A photograph representing this operating point is
shown in Figure 3.11 and shows the contrast in luminosity of the flame with steam
injection. Another notable difference between the present experimental set and all the
previous ones was the relatively low production of NOx for the unassisted flame. An
Elxo, 0f0.60 g NOx/kg fuel was generated, which was only half the amount produced
as the reference experimental set. The Elyo , however, dropped steadily with
increasing steam-to-fuel gas MFR in a similar fashion to experimental set 1. As shown
in Figure 3.10 and the corresponding photograph of the C3Hs flame in Figure 3.11,
the collapse in the CCE began at a steam-to-fuel gas MFR of 2.2, at which point
unburned C3Hs and the reformed hydrocarbons CH4 and C2He were first detected. The
average breakdown of Elryc during the collapse in CCE was 0.7% CHa, 0.2% C2He,
and 99.1% CsHs, which demonstrates that fuel stripping was the dominant cause of
the CCE collapse. The early onset in the CCE collapse as well as the short collapse
phase over a steam-to-fuel gas MFR range of only 0.5 (i.e., 2.2 — 2.7), were similar to
that of experimental set 3. This may be due to the high inner to outer jet exit velocity
ratio at a CCE of 96.5% of 15.8 coupled with the high average fuel exit Reynolds
number of 2 000, which may have contributed to excessive turbulence in the outer
shear layer and a disruption in the combustion process. During the collapse phase of
CCE, a maximum Elqq of 35.9 g CO/kg fuel was produced at a steam-to-fuel gas
MFR of 2.3. This was notably smaller than the amount generated by the reference
experimental set. The same reasons offered for the improved fuel-air mixing found in
experimental sets 2 and 3 can be used to explain this reduced El-g, which were the
robust inner potential core and subsequent growth of the outer shear layer due to the
high inner to outer jet exit velocity as well as the earlier onset of vortices in the outer
shear layer due to the high fuel Reynolds number. Another significant result was the

profile of the El¢q, o4 plot as shown in Figure 3.10. Unlike the previous experimental

sets, the maximum El¢g, o4 value of 5.4 kg CO2/kg fuel for the present experimental
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set was relatively small in comparison and was associated with the high BC content
of the unassisted C3Hs flame. While the previous experimental sets had maximum
Elco, ¢q values corresponding to the lowest CCE operating points where CHa was
being heavily vented, the collapse in CCE for the present experiment only brought
about a moderate increase in Elgq, oq. This was due to C3Hs having a 100-year GWP
eight times smaller than that of CH4. As a result of the unique El, ¢4 profile for the
present experimental set, the optimal steam-to-fuel gas MFR range had a lower bound
at an MFR of 0.9 at which point El, o returned to the baseline set by Elo, and an

upper bound at an MFR of 2.2 at which point CCE dropped to 96.5%.
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Figure 3.10: Experimental set 6 CCE plot (bottom) and EI plot (top).
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Figure 3.11: Photos of experimental set 6 flame taken at increasing steam-to-fuel gas
MFRs.

3.9 Experimental Set 7: 40 SLPM CH4 Flame with Steam Outer
Coflow

While experimental sets 2 — 6 differed from the reference set with respect to only one
operating parameter, the present experimental set diverged in two ways. Firstly, the
burner configuration was reversed such that the fuel gas flowed through the inner tube
rather than the annular space and vice versa for the steam. This was attempted in order
to investigate the effect of surrounding the internal jet of fuel with an inert annular jet.
The second difference between the present experimental set and the reference
experimental set, although inadvertent, was the fuel flow rate choice of 40 SLPM
rather than 20 SLPM. At a fuel flow rate of 20 SLPM, the lowest possible steam mass
flow rate (i.e., 14 g/min), extinguished the flame. By increasing the fuel flow rate to
40 SLPM, the flame stability was improved. Therefore, the present experimental set
had an inverse flow configuration compared to experimental set 2. At a fuel flow rate
of 40 SLPM compounded with the smaller inner tube flow area (i.e., 100 mm? for
inner coflow versus 286 mm? for outer coflow), a distinguishing feature of the fuel

flow in the present experimental set was its turbulent exit Reynolds number of 4 144
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as presented in Table 3.3. As a result of the fuel having the highest exit velocity and
momentum compared to previous experimental sets and therefore the most highly
developed outer shear layer, the Elg- generated by the unassisted flame was the
lowest of all experimental sets at 0.007 g BC/kg fuel as shown in Figure 3.12. A
photograph of the unassisted flame is also shown in Figure 3.13. The center
photograph of the flame in Figure 3.13 coincided with the initial steam injection point
at a steam-to-fuel gas MFR of 0.52 and illustrated the defining feature of the present
experimental set, which was the lifting of the flame from the tip of the burner. The
CCE of the flame remained at 100% at this point and Elgc production was unchanged.
In fact, Elgc remained constant until a steam-to-fuel gas MFR of 0.81, after which it
was eliminated. The maximum Elyo, generated was 0.97 g NOx/kg fuel at zero steam
assist and was less than the reference experimental set. The last steam injection point
before the collapse in CCE was at a steam-to-fuel gas MFR of 0.97, which yielded a
CCE of 98.8% and a higher lifted flame as shown in Figure 3.13. The next steam
injection point at a steam-to-fuel gas MFR of 1.04 completely extinguished the flame,
unlike any of the previous experimental sets in which a small residual flame remained.
The quick collapse in CCE may have been caused by the inert annular jet of steam
acting as a barrier between the fuel and combustion air. As a result of the sudden
collapse in CCE and complete failure in the combustion process, CO was never

detected.
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Figure 3.12: Experimental set 7 CCE plot (bottom) and EI plot (top).
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Figure 3.13: Photos of experimental set 7 flame taken at increasing steam-to-fuel gas
MFRs.

3.10 Analysis of Hydrodynamic Conditions at Burner Exit Plane
The effect of increasing the assist fluid mass flow rate on the flame CCE was captured

for each of the experimental sets as shown in Figure 3.14.
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Figure 3.14: The response of CCE to increasing mass flow rates of assist fluid for
experimental sets 1 — 7.
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In order to resolve any potential trends between the steam and fuel exit velocity
gradients and CCE, the steam-to-fuel gas exit velocity ratio (VRzz), with both steam
and fuel in the z-direction, was calculated for experimental sets 1 — 6 and plotted as
shown in Figure 3.15. Experimental set 7 was excluded due to the different flow

configuration.
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Figure 3.15: Response of CCE to increasing steam-to-fuel gas velocity ratio for
experimental sets 1 — 6.

To take into account the density of the assist and fuel streams, the steam-to-fuel gas
momentum ratio (MRz), also with both steam and fuel in the z-direction, was
calculated for experimental sets 1 — 6 by taking the product of MFR and VRz: as

shown in Figure 3.16.
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Figure 3.16: Response of CCE to increasing steam-to-fuel gas momentum ratio for
experimental sets 1 — 6.

Although the redefining of the relationship between steam and fuel and CCE
in terms of velocity and momentum ratio did not collapse the experimental sets into
one common trend, it did allow for more insight into the combustion process at
varying hydrodynamic exit conditions. When characterizing the behaviour of the
flame at increasing steam-to-fuel gas MFR values, it was necessary to analyze the
hydrodynamic properties of the steam and fuel gas at the burner exit in order to discern
the velocity and momentum gradients that may have contributed to improved fuel-air
mixing or increased the flame’s susceptibility to sudden instabilities. Experimental set
3, for instance, had a VRz; and MRz, approximately four and three times greater than
those of experimental set 1, as shown in Figure 3.15 and 3.16, respectively. This
underlined the potential value in implementing high velocity jets of steam in steam-
assisted flare heads for ensuring optimal fuel-air mixing and, as shown by
experimental sets 3 and 6, eliminating incomplete combustion. When the flame was
capable of sustaining higher steam-to-fuel velocity ratios as for experimental sets 3
and 6, however, there was an increased risk of a rapid decline in CCE due to excessive
turbulence in the outer shear layer, which presented concerns from an operational

standpoint and a requirement for the cautious administration of steam assist. This
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therefore pointed towards the limiting factor for increasing the flow rate of steam for
the velocity dominated experimental sets 3 and 6, which may have been the excessive
turbulence generated in the outer shear layer. For the mass dominated experimental
sets 1, 2, 4, and 5, the limiting factor for increased steam flow rate may have been the
relatively less pronounced inner potential core and therefore increased dilution of

reactants with inert assist fluid.

3.11 Comparing Experimental Results to Industry- and

Government-Led Studies

A summary of the steam-to-fuel gas MFRs corresponding to a CCE of 96.5% along
with the maximum Els in the CCE range of > 96.5% for each of the experimental sets
is shown in Table 3.5. The maximum Els were presented in order to establish the
acceptable emissions limits for the various operating conditions as is done in industry.
The 96.5% CCE threshold was adopted as a cut-off point by which the results from
the present study can be compared to those found by industry. The recommended
steam-to-fuel gas MFR operating range for each of the experimental sets are also
shown in Figure 3.17. The range for each experimental set was bounded on the left by
the steam-to-fuel gas MFR at which point the Elgc dropped by an order of magnitude
starting from the unassisted flame case, while the right bound was the steam-to-fuel
gas MFR corresponding to a CCE of 96.5%. For the seventh experimental set, the left
bound of the recommended steam-to-fuel gas MFR operating range was coincident
with the unassisted flame point due to the Elgc remaining consistent with increasing

steam flow rate.

Table 3.5: Steam-fuel gas MFR at CCE of 96.5% and maximum Els for CCE > 96.5%.

Experimental | Steam-Fuel Gas MFR Emission Indices (g/kg fuel)
Set at CCE = 96.5% THC CO2 NOx BC
1 3.1 29.76 2743 1.21 0.076
2 2.8 11.78 2743 0.88 0.017
3 2.0 7.93 2743 1.15 0.161
4 4.1 13.15 2743 1.15 0.115
5 2.8 - 2743 1.10 0.092
6 2.2 1.39 2994 0.60 2.742
7 1.0 11.81 2743 0.97 0.007
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Figure 3.17: Recommended steam-to-fuel gas MFR operating ranges for experimental
sets 1 —7.

Beginning with McDaniel’s [40] steam-assisted flare study in which a 0.22 m
ID flare stack was utilized, two flare gases were tested having LHVs of 12.0 MJ/m?
and 81.3 MJ/m?, respectively. For the 12.0 MJ/m? LHV flare gas, which was less
energy dense than CHs and C3Hs (i.e., LHVs for CHs and C3Hg are 32.8 MJ/m? and
84.9 MJ/m’, respectively), McDaniel recommended a maximum steam-to-flare gas
MFR of 0.17 for a CCE > 96.5%. This MFR value was considerably smaller than the
recommended steam-to-fuel gas MFRs for any of the experimental sets in the present
study, as can be seen in Table 3.5. Furthermore, McDaniel presented maximum EI
values for a CCE > 96.5% for Elryc, Elco,, and Elyo, values of 0.96 g¢ THC/kg fuel,
869 g CO2/kg fuel, and 0.23 g NO«/kg fuel, respectively, which were also
considerably lower than any of those listed in Table 3.5 for the present study.
Surprisingly, McDaniel presented a maximum Elq value of 4.03 g CO/kg fuel for a
CCE >96.5% which was a species that was never detected for any of the experimental
sets performed in the present study at this CCE range. For McDaniel’s 81.3 MJ/m?

flare gas case, the maximum recommended steam-to-flare gas MFR was stated as 3.6
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for a CCE > 96.5%. Based on the flare gas used, experimental set 6 of the present
study would be the most comparable due to C3Hs’s LHV of 84.9 MJ/m>. Despite the
similarity in LHV of the fuel gas, however, the recommended steam-to-fuel gas MFR
from the present study was only 2.2 for a CCE > 96.5%. However, most of McDaniel’s
Els for the 81.3 MJ/m? flare gas were highly comparable to those from experimental
set 6. McDaniel presented maximum Els for a CCE > 96.5% for Elryc, Elco,, and
Elyo, values of 1.76 g THC/kg fuel, 3103 g CO2/kg fuel, and 1.88 g NOv/kg fuel,
respectively, which were similar to those listed for experimental set 6 in Table 3.5. As
with the 12.0 MJ/m? flare gas, the maximum El-o value of 23.44 g CO/kg fuel
generated for the 81.3 MJ/m? flare gas at a CCE > 96.5% was unexpected.

Pohl et al. [43] studied an 8.9 cm OD steam-assisted flare burning a flare gas
with an LHV of 49.3 MJ/m>. According to his experiments, the maximum steam-to-
flare gas MFR was 1 for a CCE > 96.5%. This result replicated that of experimental
set 7 which had the same maximum steam-to-fuel gas MFR for a CCE > 96.5%. A
possible explanation for this similarity is Pohl et al.’s use of the upper steam-assist
method which could potentially have caused a lifted flame in the same manner as in
experimental set 7. Pohl and Soelberg [45] extended the work of Pohl et al. with a
30.5 cm OD flare head burning a flare gas with an LHV of 13.6 MJ/m°®. Based on their
experimental results, a CCE of > 96.5% was sustained up to a steam-to-flare gas MFR
of 3.3. This was very similar to the steam-to-flare gas MFR of 3.1 for a CCE > 96.5%
achieved in experimental set 1 despite burning CH4 which has a considerably lower
LHV value of 32.8 MJ/m>. In terms of EI data, Pohl and Soelberg only presented a
maximum Elyq_value of 0.03 g NOv/kg fuel at a CCE > 96.5% for an experiment
burning a flare gas with LHV of 15.8 MJ/m?. This value was significantly lower than
any of the Elyo  values measured in the same CCE range for all experimental sets in
the present study.

The most recent comprehensive steam-assisted flare gas study was performed
by Allen and Torres [47], who operated a flare stack with a 91.4 cm tip diameter. A
variety of flare gas LHVs and flow rates were tested, although most tests burned a
13.0 MJ/m* LHV flare gas. For this LHV value, steam-to-flare gas MFRs of 0.25 and
0.32 were recommended for the low and high flare gas flow rates (i.e., 425 kg/hr and

71



1 062 kg/hr), respectively, in order to remain at a CCE > 96.5%. For their 22.8 MJ/m?
LHV flare gas flowing at 1 083 kg/hr, Allen and Torres stated a steam-to-flare gas
MEFR of 0.84 for a CCE > 96.5%. The maximum steam-to-flare gas MFRs for both
flare gas LHVs for a CCE > 96.5% were considerably less than those established by
the experimental sets in the present study which had an average maximum steam-to-
fuel gas MFR for the same CCE range of 2.6. For flares burning gases with an average
LHV of 13.1 MJ/m?, an Elpyc of 5.29 g THC/kg fuel was provided, which was within
the range of those identified in the present study. A slightly increased flare gas LHV
of 13.9 MJ/m? yielded an Elyo, of 0.17 g NOx/kg fuel which, like McDaniel’s study
with the 12.0 MJ/m® flare, was much lower than the amount of NO. produced in
experimental sets 1 — 7. Finally, based on Allen and Torres’ data for a flare gas with
an LHV of 22.1 MJ/m?, Fortner et al. [48] estimated an El. of 0.016 g BC/kg fuel.
This was similar to the maximum Elgc values at a CCE > 96.5% of
0.017 g BC/kg fuel and 0.007 g BC/kg fuel generated in experimental sets 2 and 7,
respectively, which were defined by their high exit momentum fuel gases.

A number of reasons can be provided to explain the discrepancies between the
results from the industry-scale flare studies and the present lab-scale study, with the
most apparent being the difference in flare head diameters and flare gas and steam
assist flow rates. As a result of the significantly higher stack diameters and flaring
flow rates, industrial flares operate at a considerably higher Reynolds number regime
in the range of 10° — 107, as was pointed out in Table 1.1. In comparison, the
experiments performed in the present study only operated in a Reynolds number
regime of 10? — 10* for the fuel and steam flows. One of the observations from the
seven experimental sets completed was that those with the highest fuel or steam exit
Reynolds number typically experienced the most rapid onset of collapse in CCE. The
same reasoning may be applied to explain why Allen and Torres’ industrial steam-
assisted flare experienced an even earlier collapse in CCE. Furthermore, industrial-
scale flares are usually equipped with multiple narrow-diameter steam injection
nozzles for delivering the steam at a greater velocity. As shown by experimental set
3, steam delivered at a higher steam-to-fuel gas MR had a profound effect on

minimizing the required MFR required to achieve a CCE of 96.5%, which could also
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explain the smaller steam-to-fuel gas MFRs stated by Allen and Torres. Another major
difference between industrial steam-assisted flaring and the present study is industry’s
use of saturated steam as indicated by the EPA [61], which is the state that water
occupies where the liquid and vapour phases coexist in equilibrium. With saturated
steam having a higher specific heat capacity than superheated steam, which was the
predominant state of steam in the present study, there is a possibility that industrial
steam-assisted flares may experience a higher degree of cooling especially with the
use of lower quality steam. This potentially explains the more rapid drop in CCE

found in the industrial studies as well as the typically lower Elyo, values presented.
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Chapter 4

4. Conclusions and Recommendations for Future Work

4.1 Conclusions

A lab-scale flaring facility was established in order to investigate the industrial
practice of steam-assisted flaring in a controlled environment. For simplicity and
repeatability, steam-assisted flaring was simulated using a coflow burner design that
consisted of two concentric tubes with coincident exit planes in which steam flowed
through the inner tube and fuel gas through the annular space or vice versa.
Thermocouples were used to capture the temperatures at the exit plane of the inner
tube and annular space as well as at four additional locations below the exit plane in
the annular space.

The fuel gases selected for experimentation were CH4 and CsHs, whose
temperatures were regulated to 23 °C in a heated water bath before being metered out
by a mass flow controller to the burner. An electric steam boiler was used to generate
the steam required to perform steam coflow tests. To measure the mass flow rate of
steam, an obstruction-type flow meter in conjunction with a differential pressure
transmitter, an absolute pressure transmitter, and an RTD probe were used to provide
the steam flow properties necessary to calculate mass flow rate. The steam was
metered to the burner by means of a heated hose to elevate the steam from a saturated
to superheated state and thereby prevent condensation from occurring.

An exhaust hood positioned above the burner ensured that the entire plume of
the flame was captured, which then flowed through a duct at a turbulent Reynolds

Number to ensure well-mixedness of the combustion products. A probe installed in
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the duct was used to extract samples of the diluted combustion products to be analyzed
by an array of diagnostic instruments. One of these instruments was a PAX which
evaluated the BC mass concentration of the duct sample based on measured optical
properties of the BC. An NOx analyzer was used to measure the concentration of NOx
in the sample on the basis of a chemiluminescent reaction. A sample of the combustion
products was also stored in a Tedlar bag for injection into a GC for the measurement
of the mole concentration of Ci1 — C3 hydrocarbons, and non-hydrocarbons such as Oz,
N2, CO2, and CO.

A closed carbon mass balance was established around the combustion process
in order to keep track of the carbon-based species, including hydrocarbons in the fuel
and products of incomplete combustion such as CO2, CO, C), and unburned or
reformed hydrocarbons. This was a prerequisite for determining the carbon
conversion efficiency of the flame, which was defined as the ratio of the mass of
carbon produced by the reaction in the form of COz to the mass of carbon in the form
of hydrocarbons in the fuel gas stream. The emission indices for CO, CO2, THC, NOx,
and BC were also calculated for each of the operating points performed in the present
study and was defined as the ratio of the species’ mass emission rate generated by
combustion to the mass flow rate of the fuel gas to the burner.

A total of seven experimental sets were performed in the present study to
investigate the effect of varying the burner operating conditions on the CCE and ElIs
for THC, CO2, CO, NOx, and BC. The reference case—experimental set 1—was
established as the benchmark for which all other experimental sets were compared to.
The burner was configured with a 12.7 mm OD inner tube with inner steam coflow

injected into a 20 SLPM CH4 flame. The unassisted flame yielded an Elyg_ and Elgc
of 1.21 g NOv/kg fuel and 0.076 g BC/kg fuel, respectively, at a CCE of 100%. With

the increasing in steam-to-fuel gas MFR, the Elyo_and Elgc values dropped by over
an order of magnitude each. The drop in Elyo_was attributed to the cooling effect of

steam on the flame product gas temperature whereas the decrease in Elgc was
attributed to the improved mixing of the fuel with combustion air as a result of the
development of the outer shear layer that was promoted by the robust inner potential

core. Chemical effects due to the suggested increased presence of OH radicals may
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also have had an impact in promoting complete combustion. The onset of collapse in
CCE at 96.5% occurred at a steam-to-fuel gas MFR of 3.1. At this point, the nominal
Elco, value of 2.7 kg CO2/kg fuel began to drop while Ely, at 29.76 g CHa/kg fuel
began to increase due to fuel being stripped away from the combustion zone. During
the CCE collapse phase, a maximum El-q of 85.57 g CO/kg fuel was generated. The
CCE continued its descent until 8% at which point the Elcy, and El¢g, o peaked at
923.4 g CHua/kg fuel and 26.1 kg CO2/kg fuel, respectively.

Experimental set 2 involved a doubling of the fuel flow rate to 40 SLPM of
CHa. A difference that was immediately noticed was the maximum El¢ value being
only a quarter of the reference set at 0.017 g BC/kg fuel. This was attributed to the
near doubling of the fuel exit velocity which promoted the growth of the outer shear
layer. Compared to the reference set, the onset in CCE collapse occurred earlier at a
steam-to-fuel gas MFR of 2.8. During the CCE collapse phase, the maximum Elqqg
was 27% less than that of the previous experimental set. This was attributed to the
earlier onset of vortex formation in the outer shear layer due to increased fuel
Reynolds and therefore better fuel-air mixing.

For experimental set 3, the inner tube diameter was replaced with one having
a 6.35 mm OD. As a result of the reduced velocity of the fuel stream as it exited the
burner, the maximum Elgc value of 0.161 g BC/kg fuel was twice that of the
reference experimental set. Due to the greatly increased velocity and momentum of
the steam jet, especially with respect to the fuel, the onset in collapse of CCE occurred
considerably earlier than the reference experimental set at a steam-to-fuel gas MFR
of 2.0. As the CCE was dropping, however, CO was undetected unlike the two
previous experimental sets. The high velocity gradient between the steam and fuel
flows may have contributed to excessive turbulence in the outer shear layer which
disrupted the combustion process.

The aim of experimental set 4 was to replace the inner steam coflow with a
58% N2 and 42% He heated gas mixture in order to match steam in terms of molecular
weight and density. Despite the hydrodynamic similarity between the gas mixture and
steam, the onset of collapse for CCE occurred at a significantly greater equivalent

steam-to-fuel gas MFR of 4.1. This was attributed to the lower exit Reynolds Number
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of the gas mixture compared to steam due to its higher viscosity, thus delaying the
onset of fuel stripping from the combustion zone. Experimental set 5 was a
continuation of the investigation of the unique effect of steam on combustion, in
which the inner coflow comprised of 50% steam with the remainder being N2 and He
in the same proportions as experimental set 4. Overall, the results of this experimental
set were highly comparable to those of the reference experimental set, with the onset
of the CCE collapse happening at an equivalent steam-to-fuel gas MFR of 2.8.

The purpose of experimental set 6 was to investigate the response of a higher
LHV fuel in C3Hs to steam coflow. Initially, the most apparent difference was the
significantly higher Elg generated by the unassisted flame at 2.742 g BC/kg fuel. As
with experimental set 3, the onset in the CCE collapse and the duration of the collapse
was sudden in comparison to the reference experimental set. The exceedingly high
Reynolds numbers of the steam and fuel jets could have prompted instabilities in the
flame leading to the rapid CCE collapse. Furthermore, the CCE collapse phase yielded
a maximum El-g of only 35.86 g CO/kg fuel. This could have been due to the high
velocity gradient between steam and fuel, which in a similar manner to experimental
set 3, promoted a higher degree of outer shear layer growth and by extension fuel-air
mixing as compared to the reference experimental set. Another important result was
the Elcq, ¢q trend which began at a maximum of 5.4 kg CO2/kg fuel due to the high
BC emissions and did not experience the sharp incline during the CCE collapse phase.
This was due to C3Hs’s diminished role in global warming compared to CHa.

Experimental set 7 inverted the steam and fuel flow configuration. The fuel
flow rate of CH4 was selected as 40 SLPM CHa4 due to the lower limit on the steam
mass flow rate. This led to the fuel having the highest exit Reynolds number, velocity,
and momentum compared to the previous experimental sets. The resulting unassisted
flame had the lowest Elgc value of 0.007 g BC/kg fuel. Of all the experimental sets,
this experimental set experienced the earliest onset of CCE collapse at a steam-to-fuel
gas MFR of 0.97, after which the flame was completely extinguished. The quick
collapse in CCE may have been caused by the lifted nature of the flame and the inert

annular jet of steam acting as a barrier between the fuel and combustion air.
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Industrial-scale steam-assisted flare studies performed by McDaniel, Pohl e al., Pohl
and Soelberg, and Allen and Torres were compared to the results from experimental
sets 1 — 7. In general, the steam-to-fuel gas MFRs recommended by the industrial
studies outlined were less than those established by the experimental sets in the
present study. The maximum Els at a CCE of > 96.5% for THC, NOx, and BC were
also less than those generated by the experimental sets. One of the primary reasons
for the discrepancy between the industrial-scale flare studies and the present lab-scale
study was the difference in flare head diameters and flare gas and steam assist flow
rates. The resulting orders of magnitude in variation between the Reynolds number
regimes of these two scales meant that direct comparisons would inherently be flawed.
A difference that possibly explained the relatively lower requirement of steam mass
flow rate by industry was their use of saturated steam with a potentially high degree
of moisture. In comparison to the superheated steam typically used in the present
study, wet steam has a considerably higher specific heat capacity and therefore a

greater potential for cooling the flame product gas temperature.

4.2 Recommendations for Future Work

In order to expand on the present study and make the results more applicable to
industry, one of the main recommendations would be to scale up the burner diameter.
An initial scaling factor of three could be implemented to increase the current burner
OD from 25.4 mm to 76.2 mm, thereby extending the experimental framework from
a strictly lab-scale flare to a small industrial flare representative of some found in
industry. By doing so, the trends in the CCE and various Els could be tracked with
increasing steam-to-fuel gas MFRs and compared to the ones established by the
present study as well as by industry. Another aspect of the burner geometry that could
be modified to better understand the center steam-assist method is recessing the tip of
the inner tube below the outer tube to study the effect of premixing the steam and fuel
before the combustion zone during inner steam coflow. The inner tube could be tested
at different heights below the burner tip to find an optimal location for introducing a

high momentum jet to augment that of the fuel. More variations in the fuel gas LHV
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could also be experimented with, especially closer to the 11.2 MJ/m? limit imposed
by federal statute, to better align the results with those obtained by industry.

To gain a deeper insight into the results presented in the current study, further
analysis could be performed in the following three areas: thermal, hydrodynamic, and
chemical. One possible method for better understanding the effect of steam-assist on
combustion is by inserting a thermocouple into the flame to monitor flame
temperature. Data could be collected to study the effect of assist fluids with varying
specific heat capacities—whether saturated steam, superheated steam, or an inert gas
mixture—on the flame temperature. This information could then be used to generate
a correlation between the changes in flame temperature under different assist
conditions and NOx formation. To better characterize the hydrodynamic interaction
between the center jet, annular jet, and ambient air, a way of visualizing the flows
beyond the tip of the burner would be highly valuable. This could be achieved through
the use of Particle Image Velocimetry (PIV), in which the velocity field could be
discerned by seeding the steam and fuel flows with tracer particles and illuminating
the coflow jet streams by a laser sheet to observe flow structures. Lastly, the potential
chemical effect of steam on combustion through the water-gas shift reaction in which
the concentration of OH radicals increases to promote complete combustion can be
further investigated by the use of spectroscopy. In this way, the
chemiluminescence from OH radicals can be detected during the CCE collapse phase
to evaluate the OH radical concentration and provide insight into its effect on CO

concentrations.
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Appendix A  Uncertainty Analysis Methodology

When defining the various quantitative parameters used to describe the operation of
the experiments and the results they yielded, an uncertainty value is needed to provide
an estimation of the proximity between the quantity and the true value. Therefore, an
uncertainty analysis was performed for parameters such as the steam and fuel mass
flow rates, the measurement of black carbon and gas phase emission species, and the
calculation of carbon conversion efficiency and emission indices. The two types of
errors considered when evaluating the uncertainty of any given parameter were the
bias and precision errors.

The bias error (Bx) is defined as the offset from the true value irrelative of the
number of measurements taken. This type of error arises due to the systematic error
that is characteristic of a particular instrument which can be minimized through a
calibration of the instrument, or human error during the measurement process. The
bias error of an instrument is usually taken from the manufacturer specifications or a
calibration curve.

Precision error (Px) is defined as the statistical variation of the measurements
outside the mean value. Based on the sample size of the measurements taken, the
precision uncertainty can be defined differently. For a sample size of n > 30, the
precision uncertainty is based on the standard normal distribution and is defined as

follows:

(A.1)

Sl

where z is the z-score ranging from -1.96 to 1.96 for a corresponding confidence
interval of 95%, o is the standard deviation, and n is the sample size represented by

the number of measurements taken. The standard deviation is defined as:
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G —%)* (A2)

where x; is the measured value and X is the mean value of the sample.

The bias and precision errors were combined to generate a total uncertainty

(Ux) of the measurement at a 95% confidence interval as shown:

U, =Ax = /sz + P2 (A3)

By defining y as a function dependent on n independent variables all having
the same confidence interval (i.e., y = f(xq, X3, ..., X)), the uncertainty in y can then

be determined by applying the following error propagation rule:

by = [(Lax) +(Lax) ++ (Lax,) (A4)

6x1 axz
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Appendix B Gas Mass Flow Controller Calibration

The mass flow controllers described in Chapter 2 were each calibrated for their
respective gases using a drum-type gas meter (Ritter, TG-50) as shown in Figure B.1.
Just as in the experimental setup, the gases were piped through a heated water bath
set to 35°C in order to regulate the gas temperatures to approximately room
temperature (i.e., 23 °C). The heated gas was then metered out with a mass flow
controller to the inlet port of the gas meter. The gas meter operates on the basis of
positive volume displacement. It consists of a cylindrical drum that rotates on an axle
and is partitioned into four chambers. Each of the chambers are sealed with water that
fills up the housing above the central axis. The chambers also each contain an inlet
and outlet. As the gas is fed into the gas meter, it fills up two of the chambers causing
the drum assembly to rotate due to a pressure difference between the inlet and outlet
ports. As the drum continues to rotate, the gas is evacuated from the chamber as it fills

with water. The gas exits the meter and is exhausted to the capture hood.

Q o
IPropane (C3Hs DX<] @ K]

o 6 Absolute Pressure RTD Probe
( Methane (CH,) ' N2 @ K] Transducer
Nitrogen (N,) PR
To exhaust hood
Helium (He) PR g
Water Bath

Drum-type Gas Meter

Figure B.1: Mass flow controller calibration setup.

The meter contains a pulse generator that keeps track of the number of
revolutions the drum performs. The meter outputs a volumetric flow rate of the gas
by multiplying the volume of the chambers by four and then dividing by the time
elapsed for a single revolution of the drum. This volumetric flow rate is captured
through serial communication on a LabVIEW program. The absolute pressure

transducer (Omega Engineering, PX409-USBH Series) and RTD probe (Omega
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Engineering, P-L Series) were used to provide the pressure and temperature of the gas
within the meter. This was to allow for the volumetric flow rate, VS, to be corrected to

SLPM conditions based on the ideal gas law as follows:

_ pyTs

B.1
9 psT, 8.1

S

where V:Q (LPM) is the volumetric flow rate at the gas meter pressure, p, (kPa), and
temperature, T, (K). The standard temperature and pressure, Ts and ps, are 101.3 kPa
and 298 K, respectively.

For each of the mass flow controllers, a 10-point calibration curve was
generated, as shown in Figure B.2. Based on linear regression statistics, a 95%
confidence interval was calculated for each of the calibration curves. For the methane
calibration curve shown in Figure B.2, this yielded a maximum bias uncertainty of
+ 0.1 SLPM. This was within the error provided by the manufacturer, which was +

(0.8% of reading + 0.1 SLPM).

Q 50
ch y=1.011x+0.182
2 40
2
%S
w
2 5 30
=37
B 720
g
°
= 10
o

0

0 10 20 30 40 50

MFC Mass Flow Rate (SLPM)

Figure B.2: Calibration curve for 50 SLPM mass flow controller running methane.
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Appendix C  Steam Production and Distribution System

Calibration

The steam production and delivery system was calibrated based on the setup shown
in Figure C.1. The same basic setup was used as described in Chapter 2, except that
the cone flowmeter was piped using 12.7 mm diameter copper tubing directly to one
of the inlets of a plate heat exchanger (McMaster-Carr, 35115K62). By supplying cold
water to the secondary inlet of the heat exchanger, the steam was condensed into its
liquid phase. The cooling water discharge was piped to a drain, while the steam
condensate leaving the heat exchanger was carried through plastic tubing to a beaker
resting on a mass balance (A&D, HF-6000G) having a full scale of 6000 g
(uncertainty + 0.1 g).

Pressure regulator Heated Hose

Steam Boiler /Cone Flowmeter Steam

''''' i Condensate
Cold Water —{O O Mass Balance
" 1 :
:.->%—ﬁ RTD Heat Exchanger — .
Water = Abs. Pres. Diff. Pres. ) s
= Transmitter Transmitter  To drain <——© G =

Figure C.1: Steam production and delivery system calibration setup.

For the purposes of the present study, the cone flow meter was calibrated at
seven different flow rates ranging between 14 — 100 g/min. At each of the calibration
points, the calculated, or theoretical, steam mass flow rate based on Equation (2.1)
was recorded as shown in Figure C.2. The overall mass flow rate at this point was
determined by taking the average of all the calculated mass flow rates.
Simultaneously, the cumulative steam mass flow rate measured by the mass balance
was recorded as shown in Figure C.3. For each calibration point, steam condensate
was collected in the beaker over a period of up to 30 minutes or until the transients in
the average mass flow rate were resolved to less than 0.1%. As shown in Figure C.3,
different timeframes were used to resolve the transients due to the significant

fluctuations of the steam mass flow rate in the initial calibration period.
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Figure C.3: Experimental mass flow rate of steam.

1400

Once the theoretical and experimental steam mass flow rates for each of the

calibration points were satisfactorily resolved, they were plotted on a calibration curve

as shown in Figure C.4. Using linear regression statistics, the 95% confidence interval

for the calibration curve was calculated and plotted

. As can be seen in Figure C.4, the

confidence intervals are slightly hyperbolic, with the greatest uncertainty occurring at
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the low and high end of the calibration curve. Overall, the maximum bias uncertainty

for the calibration curve was determined to be + 3.9 g/min.

120

y=1.11x-4.63

100

80

Linear Fit

60
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20
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Theoretical Mass Flow Rate (g/min)

Figure C.4: Steam mass flow rate calibration curve.
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Appendix D

and Uncertainties

Gas Chromatograph Calibration Standards

The gas chromatograph (GC) was calibrated with the standards shown in Table D.1.

Table D.1: GC calibration standards.

Gas species (mol %)

Standard
H> CcO CO2 CH4 C2He CsHs | CaHio N2 He O2
1 0.0998 | 5.01 93.88 1.01
2 0.4018 | 19.95 0.1002 | 0.09975 | 0.09937 79.449
3 0.01 99.889 0.1005
5 4.005 0.9947 | 1.013 1.008 92.979
9 3.005 19.95 57.055 19.99
11 0.04 | 9.983 0.0105 | 0.0101 | 0.0102 89.946
12 0.8108 | 94.96 2.4 0.0589 | 0.0103 1.76
14 0.09969 99.79971 | 0.1006
15 0.0402 | 0.001 | 0.001 0.001 | 0.001 |99.905802 | 0.05

For the purposes of calculating the CCE and Els for THC, CO2, and CO, the

only relevant calibration curves were for CH4, C2He, C3Hs, COz2, and CO. An example

of the CHa4 calibration curve is shown in Figure D.1.

12,000
y = 1x+0.0002

10,000

8,000

6,000

4,000

2,000

Measured Concentration (ppm)

0 2,000 4,000 6,000 8,000 10,000 12,000
Calibration Standard Concentration ppm

Figure D.1: Calibration curve for CHa.
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Based on linear regression statistics a linear equation was generated for each

calibration curve. A 95% confidence interval was also calculated which allowed for

the bias error to be defined as shown in Table D.2. In order to determine the precision

uncertainty associated with taking repeated measurements with the GC, a series of

tests were performed over a span of three days. On each consecutive day, a 100 L

Tedlar bag was filled with a diluted combustion sample representative of the species

captured during the actual experiments and sampled five times with the GC. The

precision uncertainty for each of the species on each of the three days was then

calculated based on the five samples using the student t-distribution due to a sample

size n < 30. The largest of the three precision uncertainties calculated for each species

was then selected as the representative precision uncertainty. Refer to Table D.2 for

the precision uncertainties as well as the total uncertainties for each of the five species.

Table D.2: Uncertainties for gases measured by GC.

Species Uncertainty (ppm)
Bias (Bx) | Precision (Px) | Total (Ux)
CH4 0.020 38.2 38.2
C2Hs 0.001 22.8 22.8
CsHs 0.015 2.1 2.1
CO2 0.009 67.9 67.9
CcO 0.014 11.8 11.8
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Appendix E  Uncertainty Analysis for CCE and EI

As described in Chapter 2 of this thesis, CCE was calculated using Equation
(2.6). The uncertainty for this equation can be expressed by performing the

propagation of uncertainty as follows:

2 2
3} . d .
(Aﬂ)z = (—77 AnCOZ,produced) + ( ! AnFG) . (El)

OO, produced onrG

The error in the molar flow rate of produced CO2, Tico, produced> €an be

determined in a similar manner based on Equation (2.7):

. 2 . 2
. 2 010, produced ONCO, produced A
(AnCOZ,produced) - < P) X—C02 ume AX, CO5,plume + —aﬂplume Anplume +

01Oy, produced z 01O, produced 2 01O, produced 2
( 2,produce AXCOZ,OO) +( 2,produce Anoo) +<ﬂAXCOZ,FG> + (E2)

0XCoy,0 o1y, 90X 0, FG

0 ﬁCOZ ,produced A . 2
( an AnFG) ‘
FG

Since the fuel gases used in the present study were high purity CH4 and C3Hs,
the volume fraction of CO: in the fuel was assumed to be zero. Therefore, the error in

MO, produced €an be simplified as follows:

. 2 . 2
. 2 010, produced ONCO, produced A
(AnCOZ,produced) - < P) X—C02 ume AX, CO3,plume + —aﬂplume Anplume +

(E.3)
aflCOZ,produced z aflCOZ,procluced . 2
TOamodueed Ny )+ (e Ay )

6XCO2,OO 0Ny,

Equation (E.3) now has two unknown error values which are Any . and Ani,..
The error in Anyy,me can be determined by applying the propagation of uncertainty to

Equation (2.9) as follows:
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. 2
. O plume OMplume
(Anplume) Zk ( . AX ) + Zk ( . AXk,plume) +

oX k,plume

a":'-plumeA . 2 aﬂplume AX 2
—.—Angg) +(z7——AXco,rG| -

ongg 0X o, FG

(E.4)

As with Equation (E.2), the above equation can be simplified due to the

assumption of COz not being present in the fuel gases:

2 2
on ume o7 ume
(Aflplume) Zk ( il AXk oo) + Zk < Zpt AXk,plume) +

an lum
(anplumeA )2
anFG FG *

(E.5)

The error in the molar flow rate of fuel gas, npg, has now been reintroduced.

Its error is based on the mass flow rate error and can be defined as follows:

Mg = 55 Mgg = . (E.6)

The molar flow rate of ambient air, An, is defined based on the flare control

volume shown in Figure 2.3 as follows:

A, = Mg Nplume — KHFG. (E.7)

The error in An, is then defined as:

. 2 , 2
, 01y, . 0Ny 4 .
(Anoo)z = ( .Tl Anplume) + ( Tl AnFG) . (E8)

0 Nplume 0 NgG

The error in CCE can now be defined as follows:
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0N, produced 90X Oy, plume

2 _ on z a".7-C02,pr0duced z
(An) - . AXCOZ,plume +

dnco produced 2[ on Mplume on Nplume 2
(2—> Zk ( AXkoo) + Zk ( AXk,plume) +

O plume 0Xk plume

anplume AmFG 2] a7"'C02,pr0duced z
+ (2 AX o, |+ (E.9)

9Xcoy,0

MO, produced | > [ on 2 on, 2 A1y 2
2,produce ) 0 plume AX ) + ( plume AX ) +
( 0Ny, (anplume) Z ( aX Fico Zk 0Xk ,plume k,plume

2 O, Atipg\2 on Mg
PO — + |l .
OnrG Mrg OnrG Mrg

OnpG  Mrg

anplurne A7711:@

OnpG Mg

The remaining errors in the ambient and plume gas species mole fractions Xj
and Xj ,jyme Were based on the GC uncertainties outlined in Table D.2 of Appendix

D. The error in the fuel gas mass flow rate mpg was based on the mass flow controller

uncertainty.

The error in the emission indices Equation (2.11) for gas species was

expressed as follows:

2 2 . 2
(AEL) (XaE” AX, ,plume) (;}f’f AX; ) + (oL g )+

J,plume J,o MmgG
2
OEI; 6n on
Jj plume plume
6 Zk AXkoo) + Zk <6 AXk,plume) + (EIO)
nplume Xk,plume

(aflplume A7hFG) z
OngG Mg )

The error in BC emission indices can be defined as follows:
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2 OEI 2
BC
Af m,measured) + ( AT cell ATcell) +

(AEIBC)Z — (M

of m,measured

2
O0EI 6EI
( BC APplume) + BC

2
3n 1
oy
aPplume anplume [Zk (El 1)
. 2 . .
Z ( anplume AX ) + (anplume A"lFG)Z
k\ox k,plume k,plume ongG Mg '

The error in the measured black carbon mass concentration is based on

Equation (2.3) as follows:

aof m,measured — ABgps

dBps abs — MaAC (Elz)

Af m,measured —

Furthermore, the repeatability of the experimental sets can be assessed by
comparing the results in the emission indices in BC, NOx, and CO2 for the common
experimental test points. The three experiments performed using the same operating
parameters were the unassisted flames for experimental sets 1, 4, and 5. The Elgc,
Elyo, . and El¢o, values for these experiments are shown in Table E.1. The standard
deviations calculated show that all of the emission indices are within a standard

deviation of the mean except for Elg. of experimental set 4.

Table E.1: Repeatability in BC, NOx, and CO2 emission indices for unassisted flame
tests for experimental sets 1, 4, and 5.

Emission Experimental Sets at MFR =0 Standard
Mean .
Index 1 4 5 Deviation
Elgc 0.076 0.115 0.092 0.094 0.019
Elno, 1.21 1.15 1.10 1.15 0.06
Elco, 2742.9 2742.8 2742.9 2742.8 0.1
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Appendix F  Adiabatic Flame Temperature

The adiabatic flame temperature was determined for each of the experimental sets in
order to investigate the effect of steam assist on the product gas temperature. The
adiabatic flame temperature is the maximum temperature that the product gases can
reach in a steady-flow combustion process in which no heat is lost to the surroundings
and no work is extracted from the flow. The equation that defines this isoenthalpic

process is as follows:
Y n,(hs + h(T) — E")T = Y n,(h; + h(T,) — i_f)p, (F.1)

where n is the number of moles of the species, f_l} is the enthalpy of formation of the

species at 25 °C and 1 atm, and h(T) — h’ represents the sensible enthalpy of the
species relative to 25 °C and 1 atm. A schematic of the steady-flow combustion

process is shown in Figure F.1.

Fuel (Tfuelv mfuel) —_—! .
1 Non-reacting

Ambient Air (Tymp, Mamy) ——  Mixture
' (Teq)
Steam Assist (Tassisty Massist) = 1
1

—_— Burner — ——3 Products (T,)

Figure F.1: Steady-flow combustion process for determining the adiabatic flame
temperature.

The process of calculating the adiabatic flame temperature for each of the
experimental sets was divided into two stages. Firstly, an equilibrium temperature,
Tpq (K), for the non-reacting mixture of the reactants including the fuel, assist fluid,
and the stoichiometric ambient air was calculated based on the following energy

balance:

2k lCp i) Tk = 2 {Cp i) Tegs (F.2)
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where m,;, represents the mass flow rate of each component, &, of the pre-combustion
non-reacting mixture including the fuel gas, assist fluids, and combustion air
proportional to the CCE, (¢, x) (J/kg-K) is the representative isobaric specific heat
capacity of component k, and T}, (K) is the initial temperature of component k. The

equilibrium temperature was then isolated as

_ Zrmylep )Tk

T,, = .
eq 2k ulcp i)

(F.3)

Using STANJAN, a chemical equilibrium solver, the molar flow rate of each species
in the reactant stream, an initial temperature of T4, and the ambient pressure were
implemented as starting parameters. The list of species at equilibrium for
experimental set 1 were: CHas, O2, N2, H20, CO2, CO, NO2, NO, Hz2, OH, H, N, and
O. Experimental sets 4 and 5 also included He while experimental set 6 listed C2He
and CsHs as well. The adiabatic flame temperature was then calculated under constant

temperature and pressure as shown in Figure 3.2.
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