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Abstract 

A lab-scale coflow burner was used to investigate the effect of air assist on the carbon 

conversion efficiency (CCE) and emission indices (EIs) of industrial flare operations 

in the upstream and downstream energy sectors of the oil and gas industry. A 25.4 mm 

diameter burner was constructed of two concentric tubes to facilitate parallel flows of 

fuel gas and air assist. The standard experiment consisted of an outer coflow of 

methane at 20 standard liters per minute and air injected through a 12.7 mm diameter 

inner tube. Additional experiments were performed to explore changes in the inner 

tube size, fuel type and flow rate, and assist configuration and composition. The 

combustion products were captured and analyzed using a gas chromatograph to 

measure the concentrations of CH4, C2H6, C3H8, CO, and CO2. A photoacoustic 

extinctiometer and a NOx analyzer were used to measure black carbon and NOx 

concentrations, respectively. For each experiment, the flow rate of air was 

incrementally increased from no flow until the CCE dropped to less than 10%. It was 

generally observed that at no or low air flow rate the CCE was > 99%, while the black 

carbon and NOx EIs were at a maximum. As the flow rate of air was increased the 

CCE remained the same, but the black carbon and NOx EIs could drop by two orders 

of magnitude. Further increasing in the flow of air triggered a sudden and catastrophic 

collapse in CCE. A simultaneous drop in CO2 emissions and a rise in unburned 

hydrocarbons were observed as a result of fuel stripping. CO was also detected during 

the collapse in CCE due to an excessively turbulent air stream inhibiting complete 

combustion. From an industrial flare operating standpoint, however, there was a range 

of air flow rates that resulted in high CCE and low pollutant EIs.
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Chapter 1 
1. Introduction 
 

1.1 Flaring and its Environmental Implications 
The upstream and downstream energy sectors dispose of waste hydrocarbon gases 

through a practice known as flaring. The goal of flaring is to reduce the net 

environmental and health impacts of releasing flammable gases into the atmosphere 

by first combusting them at the tip of a flare stack. In 2015, satellite data identified a 

total of 13 605 flaring sites worldwide [1]. Of these, 12 227 were located in upstream 

sites based on oil and gas exploration and production facilities, accounting for 90.6% 

of total flaring worldwide; 861 in downstream sites, namely refineries and gas 

processing facilities where 8.4% of flaring occurred; and 517 in industrial sites such 

as coal mines and landfills, which constituted the remaining 1% of flared volumes [1]. 

A global survey of total flared gas volumes from 2013 to 2017 revealed approximately 

140 billion cubic meters of natural gas flared annually, amounting to nearly 300 Mt 

of carbon dioxide (CO2) released into the atmosphere [2]. Figure 1.1 shows the top 30 

countries ranked in terms of flared volumes in 2017. CO2 is a dominant greenhouse 

gas (GHG) and its global concentration has increased as of 2017, reaching a new 

record high according to the American Meteorological Society [3]. The global average 

CO2 concentration measured at Earth’s surface was 405.0 ± 0.1 ppm in 2017 which is 

2.2 ppm greater than the amount recorded in 2016 [3]. The presence of a GHG in the 

atmosphere gives rise to the so-called greenhouse effect by trapping infrared radiation, 

thereby contributing to global warming [4]. As a result, global surface temperatures 

have risen steadily over the years. The surface temperature referred to here is a 
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combination of the air temperature taken about 1.5 m above the ground and the 

temperature of water measured anywhere from 1 m to 15 m below the ocean surface 

[5]. In 2017, temperatures were 0.38 °C to 0.48 °C above the average taken from 1981 

to 2010, which brings it to the second or third warmest annual global temperature ever 

recorded since the 1800s [3]. 

 

 
Figure 1.1: The top 30 flaring countries by volume in 2017 [2]. 
 

Converting the fuel in the flare gas to CO2 is considered more desirable 

compared to the alternative practice of venting directly to the atmosphere due to the 

implications of GHG emissions, particularly in the form of methane (CH4). According 

to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change 

(IPCC), CH4 has a Global Warming Potential (GWP) of 28 relative to CO2 on a mass 

basis over a time period of 100 years [6]. The significance of this statistic can be 

appreciated by the fact that the oil and gas industry is the largest source of CH4 

emissions in Alberta [7]. In 2014, CH4 emissions from Alberta’s oil and gas sector 

amounted to 31.4 Mt of CO2 equivalent emissions. Of these emissions, 48% came 

from direct venting, 46% from fugitive emissions or leaks, and 6% from flaring or 
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other sources [7]. Therefore, from an emissions standpoint flaring is a mitigating 

measure towards minimizing the impact of GHG emissions on the environment. 

A characteristic of flare performance commonly evaluated by flare operators 

is combustion efficiency (also referred to as carbon conversion efficiency). The 

combustion efficiency of a flare quantifies the extent to which the carbon in the fuel 

of the flare gas is fully oxidized to CO2. Flare operators aim to achieve a combustion 

efficiency of 100% since anything less than this indicates the releasing of unburned 

components of the flare gas or partially oxidized products into the atmosphere, which 

are considered pollutant emissions. A particularly harmful product of incomplete 

combustion from flaring is particulate matter in the form of soot. Soot is formed when 

hot particles of carbon that give a flame its characteristic luminosity are cooled to a 

non-reactive state without fully oxidizing, resulting in the appearance of smoke [8]. 

A subset of soot, black carbon (BC) is a light-absorbing carbonaceous aerosol and 

plays an important role in climate change [9]. The effect that a substance has on 

climate change can be characterized by its radiative forcing (RF), which the IPCC 

defines as the net change in the energy balance of the Earth-atmosphere system due 

to some imposed perturbation. RF is expressed in W/m2 evaluated at the tropopause 

which is the upper bound of the troposphere, the lowest layer of Earth's atmosphere 

[6]. A positive RF corresponds to an increase in the energy of the Earth-atmosphere 

system, ultimately leading to a warming effect, whereas a negative RF denotes a 

decrease in energy and leads to a cooling effect on the climate. A recent study 

estimates the RF of atmospheric BC based on changes over the industrial‐era (1750 

to 2005) to be +1.1 W/m2 with 90% uncertainty bounds of +0.17 W/m2 to +2.1 W/m2 

[10]. This suggests that BC has the second largest influence as an anthropogenic 

emission on climate forcing, the largest being CO2 with an RF of +1.82 ± 0.19 W/m2 

[6]. It is also of interest that CH4 ranks third with an RF of +0.48 ± 0.05 W/m2 [6]. 

Further evidence of the negative environmental repercussions of BC emissions from 

gas flaring is the occurrence of Arctic warming. Stohl et al. suggest that flaring is a 

dominant source of BC emissions in the Arctic and is responsible for 42% of the 

annual mean BC surface concentrations [11]. It was estimated that flaring accounts 

for 52% of all Arctic BC near the surface during the month of March [11]. Sand et al. 
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studied the Arctic climate response to the presence of BC and showed that BC exerts 

a positive forcing [12]. Since BC absorbs solar radiation, when deposited on snow it 

compromises its albedo, or ability to reflect sunlight, thus resulting in accelerated 

melting. The impact of BC in the Arctic during spring was found to be significantly 

higher due to the abundance of sunlight and when most of the surfaces are covered 

with snow and sea ice [12]. 

Other harmful emissions from flaring may include nitrogen oxides (NOx), 

sulfur dioxide (SO2), and by-products of incomplete combustion, such as polycyclic 

aromatic hydrocarbons (PAHs), volatile organic compounds (VOCs), carbon 

monoxide (CO), and unburned hydrocarbons, primarily CH4. Increased emissions of 

CO, CH4, VOCs, and NOx since pre-industrial times and over the past several decades 

have been attributed to an increase in ozone (O3) in the troposphere (i.e., the lowest 

layer of Earth's atmosphere) [6]. This comes as no surprise since the rate of VOC 

emissions from the oil and gas sector in the period of 2002 to 2011 has increased by 

400% and NOx emissions have increased by 94% [13]. Tropospheric O3 is a by-

product of photochemical oxidation of CO, CH4, and non-methane VOCs in the 

presence of NOx (NO + NO2) [14]. The contribution of tropospheric O3 to climate 

change is significant. An RF value for O3 for the period of 1750 to 2010 was calculated 

to be +0.41 W/m2 with an uncertainty of ±17% based on a single standard deviation 

[14]. PAHs are common environmental contaminants and are associated with adverse 

health effects. A study by Strosher from the Alberta Research Council investigated 

flare emissions at an oilfield battery site in Alberta and identified a number of PAHs 

in samples taken from a sweet (low sulphur) gas flare [15]. For example, 

benzo[a]pyrene in the amount of 2.2 mg/m3 and indeno[1,2,3-cd]pyrene in the amount 

of 0.6 mg/m3 were measured from the plume of the flare [15]. Both of these 

compounds are labeled as probable human carcinogens by the US Environmental 

Protection Agency’s (EPA) Integrated Risk Information System [16]. SO2 emissions 

arise when hydrogen sulfide (H2S) is present in the flare gas and can have substantial 

impacts on human health and the environment [17]. The Workplace Hazardous 

Materials Information System (WHMIS) classifies SO2 as toxic and corrosive. 

Exposure to SO2 is harmful to the human respiratory system and can cause long-term 
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conditions such as asthma [18]. When released into the atmosphere, SO2 forms 

sulfuric acid (H2SO4) and contributes to acid rain. Ecosystems that are sensitive to 

acidification can suffer localized extinction of wildlife and diminished plant growth 

[18]. 

 

1.2 Air-Assisted Flares 
Flares are meant to be safe and reliable devices for the disposal of flammable gases in 

the course of routine oil and gas production and processing operations so as not to 

pose a threat to surrounding areas. However, flares are often viewed as a nuisance by 

neighboring communities since they are typically accompanied by a combination of 

smoke, thermal radiation, visible light, noise, and pollutant emissions as detailed in 

the previous section [19]. To protect the environment and well-being of the general 

public from the undesirable by-products of flaring, certain regulations have been put 

in place by government bodies to hold flare operators accountable for violations. A 

prominent regulatory body is the US Environmental Protection Agency which states 

in Title 40 of the Code of Federal Regulations (40 CFR) §60.18, that flares shall be 

designed for and operated with no visible emissions (i.e., soot), except for periods not 

to exceed a total of 5 minutes during any 2 consecutive hours [20]. In addition, flares 

shall be operated with a flame present at all times [20]. Thus, non-sooting, or 

smokeless, operation is the primary design feature that flare manufacturers aim to 

achieve. 

 Guidelines pertaining to the design, operation and maintenance of flares have 

been developed by the American Petroleum Institute (API) in the form of technical 

standards. API standard 521 and 537 provide recommendations for the proper 

utilization of flares based on government regulations and established industry 

practices. Various techniques have been proposed by the API to facilitate smokeless 

flaring, most of which are based on the notion that smoke is a consequence of fuel-

rich combustion (i.e., a condition where there is insufficient oxygen for complete 

combustion) [21]. From an emissions standpoint, it may seem reasonable to introduce 

an oxidant into the flare gas stream prior to combustion in order to achieve a premixed 

(or partially premixed) flame, which tend to burn hotter and generate less soot than 
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diffusion flames. However, this is generally avoided as it may lead to the risk of 

flashback, a condition where the flame propagates below the flare tip potentially 

leading to thermal degradation of the flare stack [21]. Therefore, flares operate with a 

diffusion flame and the reaction is driven towards completion by means of injecting 

either steam or air into the flare gas stream as it exits the flare tip, thereby generating 

turbulence and entraining air into the combustion zone [21]. Flares that utilize steam 

or air are termed either steam-assisted or air-assisted flares. These assisting fluids have 

been observed to have the benefit of improving the combustion efficiency of flares, 

reducing soot emissions, as well as reducing the luminosity and thermal radiation of 

the flame [22]. 

 Steam-assisted flares account for the majority of flares, although the US has 

seen an increase in the number of air-assisted flare installations in recent times [23]. 

Many facilities have access to a boiler on-site and water is readily available to 

generate steam. Both steam-assisted and air-assisted flares employ a single burner 

attached to the top of a flare stack that ranges in height, typically from 8 m to over 

91 m tall [23]. Flares are elevated as a safety precaution to minimize radiation at 

ground level. A pilot is installed at the flare tip to ignite the waste gas stream as it 

exits the flare stack. The operating principle of a steam-assisted flare is to inject steam 

into the combustion zone in order to generate turbulence and promote mixing of the 

flare gas with ambient air, thereby eliminating the fuel-rich conditions that result in 

smoke formation. It has also been proposed that steam injection gives rise to the water-

gas shift reaction where CO and water vapor react to form CO2 and hydrogen (H2), 

further promoting complete combustion [21]. There are three common steam injection 

techniques used. Steam can be injected from nozzles on an external circumferential 

ring at the tip, from nozzles inside and level with the tip, and from a single nozzle 

recessed below and concentric to the flare tip. Some designs employ a combination 

of all three methods. 

 In some situations, the use of steam can pose a challenge. For instance, in 

colder climates steam can condense and freeze onto the nozzles and cause blockages. 

Also, in desert-like conditions such as in the Middle East, installation of steam-

assisted flares may not be economically viable due to the scarcity of water [21]. 
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Therefore, air-assisted flares become the optimal choice. To avoid flashback, the flare 

gas and assist air are kept separate until exiting from the tip of the flare stack, as shown 

in Figure 1.2. Flare gas is delivered through the gas riser (vertical pipe) that runs 

coaxially up the center of the flare stack. Low pressure air is delivered through the 

annular space between the flare stack and the flare gas riser by means of a centrifugal 

or axial blower mounted at the bottom or side of the flare stack. The air blowers 

usually operate on either a single or dual speed fan to control the volumetric flow rate 

of air supplied. Newer systems have implemented variable frequency drives (VFD) 

on the blowers to facilitate better control of air volume flow rates [24].  

  

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

Figure 1.2: (a) A schematic of a typical industrial air-assisted flare, and (b) a photo of 
an air-assisted flare reproduced from Smith and Seefeldt [24] with permission from 
Zeeco, Inc. 
 

The flare tip is designed to provide adequate mixing of the flare gas and 

combustion air to promote smokeless operation. Three of the most common tip 

designs are illustrated in Figure 1.3 [24]. The most common design is a spider-shaped 

plate attached at the end of the flare gas riser with many small orifices drilled into the 
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legs of the spider for the gas to exit. Another design uses triangular slots as the gas 

exit point. These are usually employed in flare systems with larger gas risers to 

accommodate higher gas flow rates. Some gas risers are too large for the triangular 

slot design to provide enough exit area. There is also the concern of black carbon 

depositing in the narrow section of the slots while flaring heavy hydrocarbon gases. 

In these cases, air is delivered through an internal bundle of tubes to the flare tip. Flare 

gas is sent though the spaces in between the tubes.  

 

(a) (b) (c) 

Figure 1.3: Common designs for air-assisted flare tips are (a) the drilled spider, (b) 
triangular slots, and (c) internal tube bundle. The photos are reproduced from Smith 
and Seefeldt [24] with permission from Zeeco, Inc. 
 

High pressure air-assisted flares are also prevalent in industry. They utilize an 

external ring of nozzles along the circumference of the flare tip that inject air typically 

at a gauge pressure of 690 kPa into the combustion zone, as shown in Figure 1.4. This 

design normally uses a separate pipe outside the flare stack to deliver air to the flare 

tip. In general, high-pressure air assist is useful for retrofitting an existing flare stack 

that is experiencing smoke formation. API standards suggest that the mass of air assist 

required for smokeless combustion is approximately 1.2 times the steam mass [21]. 
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Figure 1.4: External air ring flare tip design reproduced from Smith and Seefeldt [24] 
with permission from Zeeco, Inc. 
  

In addition to smokeless operating requirements, the US EPA 40 CFR §60.18 

proposed flaring regulations with regards to the minimum heat content of the flare gas 

and limits on exit velocities. It states that the net heating value (i.e., lower heating 

value) of the gas being combusted must be 11.2 MJ/m3 or greater if the flare is steam-

assisted or air-assisted. Furthermore, air-assisted flares must be designed and operated 

with a flare gas exit velocity less than the velocity Vmax (m/s) defined as 

 𝑉max = 8.706 + 0.7084 × LHVFG, (1.1)

 

where LHVFG is the lower heating value of the flare gas in MJ/m3. Flare operators are 

required to monitor their flares to ensure that they perform in accordance to design 

regulations. As previously mentioned, an important flare parameter regularly 

monitored by flare operators is combustion efficiency. In fact, US federal regulations 

further stipulated in 40 CFR §63.670 that flares must operate with a combustion 

efficiency of 96.5% or greater at all times [25]. This regulation makes fairly rigorous 

demands on flare owners or operators to ensure compliance. The main requirement is 

that the flare facility must establish a continuous monitoring system to measure 

various flare parameters. These parameters include flare gas flow rate and 

composition, steam or air assist flow rates, and emission measurements from which 

combustion efficiency can be calculated. Regulations do not specify measurement 

protocols to quantify emissions. 
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Industry has demonstrated that in addition to suppressing soot formation and 

pollutant emissions, the injection of air or steam into the flare has been shown to be 

effective in achieving a high combustion efficiency (i.e., ≥ 98%) [21]. However, 

mismanagement of this practice has implicated a number of petrochemical companies 

in cases of regulatory noncompliance [26,27]. In August 2012, the US EPA sent out 

an enforcement alert targeting flaring violations in response to the overuse of assist 

media, namely over-steaming and over-aeration [28]. One consequence of over-

assisting the flare is diluting the flare gas to the point where the heating value falls 

below the 11.2 MJ/m3 required by statute. This could have the effect of reducing the 

combustion efficiency of the flare. A more serious consequence of using excessive 

amounts of steam or air is extinguishing the flame altogether. This extinguishment 

would result in the venting of flare gas to the atmosphere, which defeats the purpose 

of flaring. The EPA enforcement alert recommended that flare operators perform 

continuous measurement and control of the flare gas and assist media flow rates. For 

air-assist, an automatic damper actuator or VFD could be utilized to offer a greater 

measure of control over the air supply system. 

 

1.3 Pilot and Industrial Air-Assisted Flare Studies 
Achieving a high efficiency flare often proves to be challenging for flare operators. A 

number of factors impact a flare's ability to achieve complete combustion, such as the 

flare head design, crosswinds, the composition of the flare gas, and the flow rates of 

the flare gas and assist media. Several studies have been conducted in the past to 

observe and analyse industrial air-assisted flares in an open-atmosphere setting that 

captures the full scope of performance variations. One of the most influential studies 

was completed by McDaniel [29] in 1983 on behalf of the US EPA. In fact, the 

emissions results presented in McDaniel's study is reported in the EPA’s latest AP-42 

publication on industrial flares [30] and are used as a benchmark against which flare 

operators can compare their flare emissions. The study took place at the John Zink 

Company flare demonstration facility in Tulsa, Oklahoma. The primary objectives of 

the study were to determine the combustion efficiency of pilot-scale air-assisted and 

steam-assisted test flares and to measure the emissions of CO2, CO, total unburned 
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hydrocarbons (THC), NOx, and soot under a range of operating conditions. The test 

variables were the energy content (i.e., LHV) of the flare gas, flare gas flow rate, and 

assist media flow rate. The flare gas composition was 80% propylene (C3H6) and 20% 

propane, and the LHV was varied by diluting it with nitrogen (N2). Samples were 

collected using a probe suspended over the flare stack. The air-assisted flare had an 

overall height of 4.01 m. The air blower used for the tests was a 5.6 kW, two-speed 

vane axial fan located at the base of the 0.46 m inner diameter (ID) air riser. Flare gas 

was delivered to the flare tip by a 0.10 m outer diameter (OD) internal gas riser. The 

gas riser employed the “spider” tip design through which the flare gas was discharged. 

However, the flow rate and velocity of air assist were considered proprietary 

information and not disclosed in the study. Instead, qualitative descriptors were given 

to express air flow rate, such as “off”, “high”, and “low”. Raw emissions data were 

provided in the report for a series of tests done on the air-assisted flare burning either 

high or low LHV gas mixtures. Emission indices (i.e., the mass of a pollutant species 

released per unit mass or energy of flare gas) were calculated for each case that 

exceeded a combustion efficiency of 96.5% to obtain a representative measure of 

pollutant emissions from a properly operating flare. A maximum emission index for 

THC, CO2, CO, and NOx is shown in Table 1.1 for the high and low LHV gas 

mixtures. McDaniel also measured soot emitted from the flares corresponding to 

various degrees of visible smoke. For instance, soot concentrations were reported as 

0 μg/L for non-smoking flares, 40 μg/L for lightly smoking flares, 177 μg/L for 

average smoking flares, and 274 μg/L for heavily smoking flares. It should be noted 

that these values represent the mass of soot per volume of exhaust products sampled 

and are not considered to be emission indices as defined above. The reason for this 

discrepancy was due to the unsuccessful implementation of a tracer method to 

determine the dilution of the gas sample extracted by the sample probe. McEwen and 

Johnson [31] showed that it is possible to estimate the soot emissions on a mass per 

volume of flare gas basis assuming that the soot samples were undiluted and simple 

stoichiometry is used. The soot emissions were calculated as 0, 0.9, 4.2, and 6.4 g/m3 

flare gas, respectively. A key finding by McDaniel was that flaring low LHV gas 

mixtures at high exit velocities resulted in lower combustion efficiencies in air-
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assisted flares. However, since the study did not reveal the air flow rates associated 

with high combustion efficiencies, it was not possible to identify an optimal range of 

performance for an air-assisted flare, and so the results from the study have limited 

use for flare operators. 

 

Table 1.1: Maximum emission indices of THC, CO2, CO, and NOx for a pilot-scale 
air-assisted flare operating at a combustion efficiency ≥ 96.5% based on a study by 
McDaniel [29]. 

Average Flare Gas 
LHV (MJ/m3) 

Species Emission Indices (g/kg flare gas) 
THC CO2 CO NOx 

81.3 2.48 3 103 12.18 4.11 
7.74a 0.33 579 1.60 0.10 

a Although 40 CFR §60.18 stipulated a minimum flare gas LHV of 11.2 MJ/m3, 
McDaniel tested a lower LHV case. 
 

 Another EPA-sponsored study was conducted by Pohl and Soelberg [32] in 

1985 at the Energy and Environmental Research Corporation’s El Toro, California 

test site. The study investigated the effect of commercial flare head design and flare 

gas composition on combustion efficiency. The flare gas mixture consisted of propane 

diluted with nitrogen to vary the LHV of the gas. The experimental methods used in 

this study were similar to those used by McDaniel in that it was based on extractive 

sampling of the flare exhaust products. However, major differences in the latter study 

were the use of a capture hood to collect the entire flare plume and the successful 

application of a tracer method for accurate emissions measurement. The air-assisted 

flare head employed the “spider” tip design with a reported equivalent diameter of 

3.81 cm. The tests performed for the air-assisted flare used a gas mixture consisting 

of an average of 44% propane in nitrogen with an LHV of 38.9 MJ/m3. The 

combustion efficiency is plotted in Figure 1.5 as a function of the air-to-flare gas mass 

flow ratio (MFR), where it is implied that both mass flow rates are in the vertical 

direction. It is difficult to observe a clear trend due to the high degree of scatter. 

However, it is seen from the figure that the combustion efficiency originates at nearly 

100% and drops below the 96.5% threshold at an air-to-flare gas MFR of 3.3. 
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Figure 1.5: Combustion efficiency of an air-assisted flare burning 44% C3H8 diluted 
in N2 with an overall LHV of 38.9 MJ/m3, based on a study by Pohl and Soelberg 
[32]. 
 

A further objective of the Pohl and Soelberg [32] study was to assess the 

influence of air assist on flame stability. Flame stability describes a flame's ability to 

remain ignited [33] and is characterized by lift-off and blow-off [34]. Flame lift-off 

occurs when the mean jet velocity exceeds the so-called lift-off velocity, thereby 

causing the flame to lift above the burner exit. The lift-off height is the distance 

between the burner exit and the base of the newly stabilized lifted flame. Blow-off 

refers to the point when the combustion reaction can no longer be sustained due to an 

exceedingly high jet velocity, resulting in the flame extinguishing. Pohl and Soelberg 

studied the flame stability limit for a given propane-nitrogen gas mixture by 

evaluating the minimum LHV required to maintain a stable flame at several velocities. 

That is, for a certain flare gas velocity, the LHV of the gas mixture was lowered by 

diluting it with nitrogen until the flame extinguished. The air-assisted flare showed a 

poor correlation of flame stability with flare gas LHV and exit velocity. Results 

showed that the flame stability was influenced more strongly by the air-to-flare gas 

momentum ratio. The study found that the minimum flare gas LHV required to 
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produce a stable flame increased with increasing air assist flow rate. Emissions of 

soot, THC, CO, and NOx were also measured in conjunction with combustion 

efficiency. However, with the exception of NOx, emissions were expressed as a 

percent of unburned combustible products and not in absolute terms. The results 

showed that over the entire combustion efficiency range tested as the air-to-flare gas 

stoichiometric ratio (i.e., the ratio of the amount of air assist to the amount of 

stoichiometric air required to fully combust the flare gas) was increased from 0 to 10, 

the THC represented 0.1% to 100% of the unburned combustible products, CO 

represented 0.1% to 10%, and soot 0.01% to 0.1%. Over the same combustion 

efficiency range, NOx concentrations dropped from 100 ppm to 1 ppm. The maximum 

NOx concentration was converted to an emission index of 1.28 g NOx/kg flare gas and 

corresponded to a combustion efficiency ≥ 96.5%. 

An important caveat mentioned in the study was that small-scale laboratory 

flares were not aerodynamically comparable to pilot-scale or industrial flares. The 

aerodynamic characteristics of a flare was defined in terms of the Reynolds number 

and the Richardson number evaluated at the flare exit. The Reynolds number is a 

measure of the relative strengths of inertial to viscous forces, and the Richardson 

number is a measure of the relative strengths of buoyant to inertial forces [35]. It was 

observed that as the flare size decreased, the Reynolds and Richardson numbers also 

decreased. For instance, the flare gas Reynolds number of commercial flare heads 

with a diameter of 61 cm ranged approximately from 103 to 107, and the Richardson 

number ranged from 10−5 to 104. The 2.54 cm and 3.81 cm air-assisted flare head in 

Pohl and Soelberg [32] had a flare gas Reynolds number ranging from 104 to 106 and 

a Richardson number ranging from 10−6 to 10−1. 

The most recent industrial air-assisted flare study was conducted in 2010 by 

Allen and Torres [36] for the Texas Commission on Environmental Quality (TCEQ) 

at the John Zink Company flare test facility in Tulsa, Oklahoma. The purpose of this 

project was to perform field tests in a semi-controlled environment (i.e., controlled 

flare operations but uncontrolled ambient conditions) and assess the potential impact 

of flare design, operating conditions, and flare gas LHV and flow rate on pollutant 

emissions and combustion efficiency. A key feature that differentiated this study from 
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those done previously is that measurements were taken directly from full-scale 

industrial flares, rather than pilot-scale flares. A single air-assisted flare design was 

selected for the study as it was deemed to be representative of a large number of flares 

used in industry. The flare had a nominal diameter of 61 cm and the flare tip was 

10.1 m above ground level. The air blower was equipped with a VFD motor to control 

the supply of air. The air assist flow rate ranged from a minimum, defined by the 

incipient smoke point (ISP), to a maximum which was marked by blow-off. The study 

defined ISP as an operating condition when no visible emissions were observed two 

flame lengths away from the flare tip. The flare head utilized triangular arms as the 

flare gas exit point. The flare gas composition used in this study was a mixture of 

natural gas, propylene or propane, and nitrogen. Natural gas was mixed with 

propylene or propane in a 1:4 ratio by volume (the air-fuel mass ratio for 

stoichiometric combustion of a 20% natural gas and 80% propylene blend is 15, and 

for a 20% natural gas and 80% propane blend it is 14). Nitrogen was used to dilute 

the flare gas mixture to an LHV of approximately 13 MJ/m3 and 22 MJ/m3. The air 

flare had a flare gas design capacity of about 65 000 kg/hr of propylene. Flow rates of 

0.25% and 0.65% of design capacity were selected to represent the range of interest 

of the TCEQ, which amounted to 163 kg/hr and 425 kg/hr, respectively. Five tests 

were conducted to evaluate the combustion efficiency of the flare with varying 

operating parameters. The trends are plotted in Figure 1.6. Tests A3 to A6 used a flare 

gas mixture of natural gas, propylene, and nitrogen. Test A7 substituted propane for 

propylene. Generally, it was observed that the flare gas mixture with an LHV of 

13 MJ/m3 achieved a combustion efficiency ≥ 96.5% at an air-to-flare gas MFR less 

than 22, and the flare gas mixture with an LHV of 22 MJ/m3 achieved a combustion 

efficiency ≥ 96.5% at an air-to-flare gas MFR less than 44. 
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Figure 1.6: Combustion efficiency of an air-assisted flare burning gas mixtures 
consisting of natural gas, C3H6 or C3H8, and N2 based on a study by Allen and Torres 
[36]. 
 

 Allen and Torres also investigated various pollutant emissions emitted by 

flares. Figure 1.7a shows THC emission indices of select air-assist flare tests and their 

respective combustion efficiencies. Only a single test point exceeded 96.5% 

combustion efficiency corresponding to a THC emission index of 

1.3 g THC/kg flare gas. The plot illustrates an inverse relation between combustion 

efficiency and THC emissions, in that with increasing air assist the combustion 

efficiency drops steadily and THC emissions increase. This is to be expected since a 

decrease in combustion efficiency indicates that less hydrocarbons are being 

converted to CO2 due to incomplete combustion. NOx emissions were also measured 

for test A7 (1:4 ratio by volume of natural gas to propane) and analyzed by Torres et 

al. [37]. Figure 1.7b presents the trends for NOx emission indices and combustion 

efficiency. For a combustion efficiency ≥ 96.5%, the maximum NOx emission index 

was 0.39 g NOx/kg flare gas and decreased by a factor of two as combustion 

efficiency dropped to 90%. It was observed that flaring low LHV gases and operating 

at low combustion efficiency both contributed to lower flame temperatures, which 
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resulted in reduced NOx formation. A separate study by Fortner et al. [38] focused on 

particulate emissions measured during the TCEQ study. However, the analysis by 

Fortner et al. was limited to a single air-assisted flare test and BC emission indices 

were not specified. The main conclusion derived from that study was that air assist 

significantly reduced BC concentrations, although not as effectively as steam. 
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(a) 

 
(b) 

Figure 1.7: Emission indices for (a) THC and (b) NOx from an air-assisted flare 
burning gas mixtures consisting of natural gas, C3H6 or C3H8, and N2 based on a study 
by Allen and Torres [36,37]. 
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1.4 Research Objectives 
Despite efforts by the EPA to elucidate and enforce proper flare operation, flaring 

violations are an ongoing dilemma largely due to ineffective handling of air assist. 

This issue stems from a lack of clear understanding as to the impact of air assist on a 

combustion process, specifically regarding flare combustion efficiency and pollutant 

emissions. Admittedly, a key reason for the shortcomings in flare operating 

methodologies is the inherent challenge in quantifying emissions from an open 

atmosphere industrial-scale turbulent diffusion flame. Therefore, the goal of the 

present study was to investigate the nature of flaring violations in the form of over-

aeration and to provide fundamental insights into air-assisted flare emissions at the 

lab scale. The research was conducted at the University of Alberta in collaboration 

with the Natural Sciences and Engineering Research Council of Canada (NSERC) 

FlareNet Strategic Network. The main research objectives were to: 

1. Equip a lab-scale flare facility with the appropriate means to enable the safe 

undertaking of combustion experiments in a controlled environment, namely, 

the means to continuously collect and dispose of exhaust gases. 

2. Design and construct a dual-stream burner to facilitate the injection of air into 

the fuel stream, which includes the system for handling, metering, and the 

controlled discharge of air and fuel. 

3. Perform exploratory emissions measurements for the combustion of 

representative fuel gases and simulate over-aeration in industrial flares by 

incrementally increasing air injection to trigger flame blow-off. 

4. Investigate the effectiveness of air-assist as a method for maintaining high 

combustion efficiency while reducing pollutant emissions. 

 The remainder of the thesis will proceed as follows: Chapter 2 will establish the 

experimental setup including a detailed description of the burner, sampling system, 

diagnostic equipment, and methodologies used to calculate combustion efficiency and 

emission indices. Chapter 3 will present the results obtained from the experiments and 

a discussion of observations, trends, and comparisons. Finally, Chapter 4 will 

summarise key findings, provide concluding remarks, and make suggestions for future 

work.  
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Chapter 2 
2. Experimental Setup 
 

2.1 Burner Design 
A motivating factor for the present study was the need to develop a fundamental 

understanding of the characteristics of air-assisted flares through a systematic 

evaluation of a lab-scale air-assisted flare, also referred to as a burner. A key challenge 

in designing the burner was selecting an appropriate geometry to allow for parallel 

flow of the fuel stream and air assist stream, keeping in mind the flare head designs 

prevalent in industrial-scale flares. The industrial flare heads shown in Figure 1.3 all 

share the idea of discharging the flare gas and air assist from the same exit plane; 

however, they differ significantly with respect to the air injection method. Due to the 

exploratory nature of the present study, it was not deemed pertinent to test all the 

different flare head designs. Instead, a generic flow geometry was chosen to capture 

the critical elements of air-assisted flares, namely, a concentric coflow of a 

hydrocarbon fuel with air. 

 The burner design is illustrated in Figure 2.1, showing an external and cross-

sectional view. The burner consists of two concentric stainless-steel tubes that are 

coincident at their exit planes. The tubes are fixed relative to one another by means of 

a 3-way tee which facilitates separate and parallel flow of the fuel and air. The outer 

tube has an OD of 25.4 mm, an ID of 22.9 mm, and an overall length of 305 mm. The 

inner tube has an outer diameter (OD) of 12.7 mm, an inner diameter (ID) of 11.3 mm, 

and an overall length of 457 mm. Three set screws were inserted through threaded 

holes spaced 120° apart and located half-way down the outer tube. The set screws 
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were used to align the inner tube and ensure concentricity. The burner was also tested 

with an inner tube of 6.35 mm OD and 5.54 mm ID. Flow through the burner was 

primarily configured such that the air was delivered through the inner tube with 

coflowing fuel through the annular space between the tubes. The inverse flow scheme 

(i.e., the fuel delivered through the inner tube) was also carried out as a separate test. 

 

 
Figure 2.1: An overall and cross-sectional view of the burner is depicted. Air enters 
the bottom port of the tee and travels the entire length of the inner tube before exiting 
from the burner tip. Coflowing fuel enters the side port and travels through the annular 
space between the inner and outer tubes before exiting from the burner tip. 
 

 Another design aspect of the burner was the arrangement of thermocouples 

along the side of the outer tube and the center of the inner tube, as shown in Figure 

2.2. The coordinate axes consist of a vertical z-axis and a horizontal r-axis that 

intersect a point coincident with the burner exit plane and the center of the inner tube. 

The temperature of the inner flow was measured at (r, z) = (0, 0) using an exposed 

junction T-type thermocouple (Omega Engineering, TSS Series) with a wire diameter 

of 0.81 mm and a sheath OD of 1.59 mm. The thermocouple was inserted through the 

bottom inlet of the inner tube until the junction was made level with the exit plane. 

For measuring the outer coflow temperature, five holes 0.91 mm in diameter were 
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drilled at z = −2.5, −5, −10, −20, and −40 mm along the outer tube. An exposed 

junction T-type thermocouple (Omega Engineering, 5SRTC Series) with a wire 

diameter of 0.13 mm was inserted into each hole normal to the flow direction. The 

topmost thermocouple was bent at a 90° angle to position the junction at z = 0 mm for 

measuring the coflow temperature at the exit. The junctions of the outer coflow 

thermocouples were located at r = 8.9 mm, which is the midpoint of the annular space 

between the inner and outer tubes. Each thermocouple junction was wrapped in 

aluminum foil to lessen the effect of radiation from the flame on the temperature 

measurements. The wire leads on the end of the thermocouples were connected to a 

temperature data acquisition module (National Instruments, NI-9213) to record 

temperature, with an overall uncertainty of ±1 °C. Refer to Appendix A for a 

discussion on the methodology used for estimating uncertainty. 

 

 
Figure 2.2: Thermocouple arrangement for measuring the inner flow temperature at 
the inner tube exit and outer coflow temperature at various positions along the annular 
gap. 
 

2.2 Lab-Scale Flare Facility 
A major research objective was to develop a flare testing facility to enable the safe 

and controlled performance of combustion experiments. Figure 2.3 shows the results 
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of this effort. The central feature of the facility was the burner and aluminum frame 

assembly. The burner was mounted on a pair of horizontal bars (one shown in the 

figure) which in turn were bolted to four vertical rails (two shown in the figure). The 

rails have bolt holes spaced 3.81 cm apart to allow for raising or lowering of the 

burner; however, for the most part the burner was elevated such that the exit plane 

was 84.9 cm above the floor. The burner is located directly beneath a square exhaust 

hood with sides measuring 91 cm and suspended 213 cm above the floor. Vinyl-

coated polyester mesh screens were hung from each side of the exhaust hood and 

extended to the floor. The screens had 1.59 mm square openings (blockage ratio of 

55%) to minimize flame instability due to air currents in the lab, while enabling 

sufficient entrainment of combustion air. 

 

 
Figure 2.3: Flare facility equipped with a lab-scale air-assisted flare (burner), an array 
of compressed gas cylinders and gas metering equipment, a sampling system, and 
diagnostic equipment. 
 

 The hydrocarbon fuel gases tested in this study were methane and propane. 

High purity (99.97%) methane was stored in a T-type compressed gas cylinder 

(Praxair, ME 3.7UH-T) with an LHV of 32.8 MJ/m3, and 99.5% pure propane 

(Praxair, PR 2.5IS) was stored in an FX-type compressed gas cylinder with an LHV 

of 84.9 MJ/m3. The fuel gas was dispensed at 276 kPa from the pressure regulator to 
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a circulating water bath (Thermo Scientific, TSCIR35) using plastic tubing with 

12.7 mm OD and 9.53 mm ID. The plastic tubing transitioned to a copper coil inside 

the water bath (represented by the red dashed line in Figure 2.3) with an uncoiled 

length of 3.81 m, a 12.7 mm OD and 11.1 mm ID. The water bath had a capacity to 

hold 35 L of water and was set to a temperature of 35 °C at all times to regulate the 

temperature of the gas passing through the copper coil to about room temperature 

(23 °C). Plastic tubing carried the fuel gas from the water bath to a 50 SLPM (standard 

liters per minute corrected to 25 °C and 101.3 kPa) mass flow controller (Alicat, MCR 

50 slpm) with a measurement uncertainty of ± (0.8% of reading + 0.1 SLPM). For the 

fuel coflow experiments, the flow controller was connected to the outer coflow port 

indicated in Figure 2.1. Pressurized air supplied by the mechanical engineering 

building’s air compressor was dispensed at 276 kPa and an average temperature of 

23 °C, filtered (Parker, H-Series), and flowed through the water bath before entering 

either a 100 SLPM (Alicat, MCR 100 slpm) or 1 000 SLPM (Alicat, MCR 1000 slpm) 

mass flow controller, depending on the air flow rate requirement, with respective 

uncertainties of ± (0.8% of reading + 0.2 SLPM) and ± (0.8% of reading + 2 SLPM). 

The flow controller was then connected to the inner tube of the burner to facilitate air-

assisted flaring. It is important to note that each mass flow controller was calibrated 

for various gases using a drum-type gas meter (Ritter, TG-50). Results of the 

calibration showed that the mass flow controllers were within the error specified by 

the manufacturer. Refer to Appendix B for more details on the calibration setup and 

results. 

The remaining T-type compressed gas cylinders shown in Figure 2.3 were 

99.998% nitrogen (Praxair, NI 4.8-T), 99.993% oxygen (Praxair, OX 4.3UH-T), 

99.998% argon (Praxair, AR 4.8-T), and 99.995% helium (Praxair, HE 4.5-T). These 

gases were used for a subset of the experimental study, which attempted to substitute 

air assist with specified mixtures of oxygen (O2) and inert gases, namely, nitrogen, 

argon (Ar), and helium (He), that had overall molecular weights equivalent to air (i.e., 

28.96 g/mol based on the four most common gases in dry tropospheric air at 101.3 kPa 

by volume: 78.084% N2, 20.946% O2, 0.934% Ar, and 0.0379% CO2 [39]). From the 

ideal gas law (assuming constant pressure and temperature), by matching the 
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molecular weight of a gas mixture to air, the density is matched too. The goal of the 

so-called “equivalent air assist” experiment was to evaluate the effect of changing the 

oxidant level in the assist mixture on combustion efficiency and emission indices, 

while maintaining the initial hydrodynamic characteristics of air. Figure 2.4 

demonstrates an equivalent air assist experiment with no oxidant present in the assist 

mixture (i.e., 92% N2 and 8% Ar by volume). The N2 and Ar streams were pre-heated 

in the water bath and then joined at a 3-way tee downstream of their respective flow 

controllers, before being transmitted via a single length of plastic tubing to the inner 

tube of the burner. Two more equivalent air assist experiments were conducted and 

used a triple-gas mixture to manipulate the oxidant level in the assist stream. One of 

them consisted of half the volume of O2 found in air (i.e., 85% N2, 10.5% O2, 4.5% 

Ar), and the other consisted of twice the volume of O2 found in air (i.e., 55% N2, 42% 

O2, 3% He). These triple-gas air assist mixtures were likewise pre-heated and joined 

at a union cross (not shown in Figure 2.4) before being transmitted to the inner tube. 

The tee and union cross allowed for the gas streams to impinge on each other at 180° 

and 90°, respectively, to promote mixing. Furthermore, the plastic tube was sized 

sufficiently small in diameter (6.35 mm OD and 4.32 mm ID) to induce fully turbulent 

flow at a flow rate of 15 SLPM, corresponding to a Reynolds number > 4 500. 

 

 
Figure 2.4: A gas mixture consisting of 92% N2 and 8% Ar by volume to simulate air 
are mixed at a 3-way tee before entering the inner tube of the burner. 
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The combustion products generated by the burner were captured by the 

exhaust hood (as well as dilution air) and traveled through a circular duct with a 

diameter of 30 cm to a Venturi air control valve (Phoenix Controls). The valve was 

configured to limit the flow rate through the duct to 17 m3/min with a corresponding 

Reynolds number of about 78 000 based on average room temperature and pressure 

measurements of 23 °C and 93.1 kPa, respectively. The valve houses a spring-loaded 

cone element that extends or retracts in response to changes in the duct pressure to 

maintain a constant flow rate. An air pressure proving switch is mounted on the duct 

and triggers an alarm if the building fan fails. A Resistance Temperature Detector 

(RTD) probe (McMaster-Carr, 1237N12) was attached to each side of the exhaust 

hood, as shown in Figure 2.3, with each tip extending about 1 cm below the edge. The 

RTD measurements were used to detect overflowing of hot product gases outside the 

exhaust hood which was indicated by an increase in temperature. Escaping of product 

gases into the lab space was considered a safety hazard and potentially compromised 

the experimental results. Extraction of combustion products was facilitated by a 

6.35 mm OD, L-shaped stainless-steel probe inserted through a port in the duct 6 m 

downstream of the exhaust hood. Samples taken from this location were found to be 

homogeneous at various radial positions in the duct and so fully mixed. The open end 

of the probe was welded to a 1.59 cm OD copper tube 2 m in length which terminated 

in a union cross. Flexible tubing was used to carry the duct sample from the union 

cross to a suite of diagnostic equipment, which consisted of a photoacoustic 

extinctiometer (Droplet Measurement Technologies, PAX), a NOx analyzer (Thermo 

Scientific, 42iQLS), and a diaphragm vacuum pump (GAST Manufacturing, DOA 

Series) for filling a 10 L Tedlar bag (Cole-Parmer, ESS Series) with a sample of the 

duct gas for offline GC measurements. Since the photoacoustic extinctiometer (PAX) 

quantified BC particle emissions, a 4.5 m length of static-dissipative silicone rubber 

tubing (McMaster-Carr, 1909T7) with 9.53 mm OD and 6.35 mm ID was used to 

transmit the duct sample to the PAX. The use of conductive tubing eliminated particle 

loss (i.e., particle deposition onto the interior wall of the tube) due to electrostatic 

forces.  
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As for the operating principle, the PAX is an instrument used for measuring 

aerosol optical properties. The two key optical properties it measured were light 

absorption and scattering of aerosol particles, from which extinction (sum of 

absorption and scattering), single scattering albedo (ratio of scattering to extinction), 

and BC mass concentration are derived. The PAX employs a modulated diode laser 

to simultaneously measure light absorption and scattering. The laser operates at a 

wavelength of 870 nm which is particularly effective for BC particles, since 

absorption from gases and non-BC aerosols are comparatively small at this 

wavelength. The duct sample is drawn into the PAX at a flow rate of 1 L/min by an 

internal vacuum pump. The sample then flows to two separate chambers, a 

nephelometer for the measurement of light scattering and a photoacoustic resonator 

for measuring absorption. In the photoacoustic cell, particles absorb heat from the 

laser (infrared radiation) which is transferred to the surrounding air. The unsteady heat 

transfer generates pressure waves that are transmitted to a microphone and correlated 

to an absorption coefficient. The nephelometer integrates the light scattered by the 

particles over a wide angle and calculates a scattering coefficient. The formula used 

to calculate BC mass concentration in units of µg/m3 is provided in the device manual 

[40] as 

 𝑓 = 𝐵abs

MAC, (2.1)

 

where Babs is the absorption coefficient (1/Mm) and MAC is the BC mass absorption 

cross-section (m2/g). For a laser wavelength of 870 nm, a default MAC value of 

4.74 m2/g is stated in the manual for fresh soot with an uncertainty of ±0.76 m2/g. The 

uncertainty estimate for the measurement of Babs is given by the Babs noise, which was 

also used to calculate the uncertainty in fm. The uncertainty in fm was found to be about 

1% of the measured values. 

The NOx analyzer operates on the principle of chemiluminescence (i.e., the 

emission of light due to a chemical reaction) to measure the concentration of NOx in 

the duct sample. The analyzer offers two measurement ranges: 0 to 100 ppm with an 
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uncertainty of ±1 ppm and an extended range of up to 500 ppm with an uncertainty of 

±5 ppm. The underlying reaction occurs when nitric oxide (NO) interacts with O3 to 

form excited nitrogen dioxide (NO2) and O2. The NO2 molecules decay to a lower 

energy state and thereby generate infrared radiation with an intensity linearly 

proportional to the NO concentration. The duct sample is drawn into the NOx analyzer 

by an internal vacuum pump at a flow rate of 0.1 L/min. It is important to note that 

the device only measures NO. It does not directly measure the NO2 concentration 

present in the duct sample. The NO2 must first be converted into NO by a NO2-to-NO 

converter via thermal degradation at 625 °C. As such, two steps are required to 

measure both NO and NO2. First, the sample flows to a solenoid valve which directs 

it to the reaction chamber to undergo chemiluminescence. A sample is also sent to the 

NO2-to-NO converter to breakdown NO2. The treated sample is redirected to the 

reaction chamber from which NO is measured, which is in fact the total NOx 

concentration. NO2 is calculated by subtracting the initial NO measurement from the 

subsequent NOx measurement. An ozonator built into the NOx analyzer generates the 

O3 needed for the chemiluminescent reaction. A photomultiplier detects the 

luminescence generated by this reaction. 

When a Tedlar bag was filled with a sample from the duct, it was taken to a 

gas chromatograph (Agilent, 7890B). The contents of the Tedlar bag were pumped 

into the gas chromatograph (GC) using a vacuum pump to measure the mole 

concentration of O2, N2, C1 to C3 hydrocarbons, CO and CO2. The hydrocarbons in 

the sample are quantified by a Flame Ionization Detector (FID). The FID consists of 

a hydrogen-air diffusion flame into which the sample is injected [41]. The FID is often 

called a carbon counting device because combustion of a hydrocarbon sample in a 

hydrogen flame yields an electrical current linearly proportional to the amount of 

carbon contained in the sample [42]. Although the mechanism by which the detector 

ionizes the sample is still not completely understood [43], research on this 

phenomenon suggests that when an organic compound is drawn into a hydrogen 

flame, a positively charged ion, namely the formylium ion (CHO+) is formed [44]. 

Under the influence of an electric potential, the positive ions are drawn towards a 

collector electrode. The resulting current is integrated over time to obtain the total 
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charge, which is correlated to a hydrocarbon concentration. The O2, N2, CO and CO2 

are quantified by a Thermal Conductivity Detector (TCD). The sample is mixed with 

a carrier gas, typically helium or hydrogen [45], and enters the TCD, which employs 

an electrically heated filament kept at a constant temperature [46]. When a gas passes 

over the filament, the power required to keep the temperature of the filament constant 

changes by a certain degree due to the unique thermal conductivity of the gas stream. 

A solenoid valve switches the flow over the filament between the sample gas and pure 

carrier gas. A difference in power is measured proportional to the concentration of the 

sample. Once the sample analysis is complete, the GC generates chromatograms that 

show peaks corresponding to the gas-phase species detected in the sample, as well as 

a breakdown of the species mole concentrations. The GC was calibrated by injecting 

calibration standards (i.e., gas samples with specified species concentrations 

representative of those found in the Tedlar bag samples) to generate calibration 

curves. Refer to Appendix C for a list of the calibration standards used and the 

uncertainty associated with the relevant gas species. 

 

2.3 Methodology for Measuring Carbon Conversion Efficiency and 
Emission Indices of a Lab-Scale Air-Assisted Flare 
The concept of carbon conversion efficiency (CCE) is accompanied with the notion 

of incomplete combustion. For a general hydrocarbon fuel, incomplete combustion is 

represented by the following equation: 

 

C H + O ⟶ 𝑏CO + 𝑑H O + 𝑒CO + 𝑓CH + 𝑔 ,, C H + ℎC(s), (2.2)

 

where N2 is excluded from the equation for simplicity because it does not participate 

in carbon-based reactions. The products of incomplete combustion are CO, unburned 

CH4, unburned and reformed non-CH4 hydrocarbons (CmHn), and soot in the form of 

carbon. 

The underlying method for quantifying the CCE of a flame at any given test 

condition was a carbon mass balance. This method was developed by Corbin and 
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Johnson [47] based on a control volume enclosing the combustion process. As shown 

in Figure 2.5, a control volume was drawn around the burner and exhaust hood. The 

various carbon-containing species were depicted either entering or exiting the control 

volume.  

 

 
Figure 2.5: A control volume encloses the burner and exhaust hood and the relevant 
carbon streams are identified. Mole fractions of carbon-containing species are 
represented as Xk. 
 

The CCE (η) is defined as the ratio of the mass of carbon in the form of CO2 

that was produced by combustion (not including the CO2 already present in the 

incoming air or fuel streams), 𝑚C,CO ,produced, to the mass of carbon derived from the 

hydrocarbon component of the fuel gas, 𝑚 , , , 

 𝜂[%] = C,CO ,produced, , × 100. (2.3)

 

The numerator and denominator of Eq. 2.3 are in fact mass flow rates of 

atomic carbon. As such, the CCE can be expressed as a ratio of the molar flow rate of 
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CO2 produced by combustion, 𝑛CO ,produced, to the molar flow rate of carbon in the 

fuel gas, 𝑥(𝑋C H ,FG)𝑛FG, 

 𝜂[%] = CO ,produced( C H ,FG) FG
× 100, (2.4)

 

where 𝑥 represents the number of carbon atoms indicated in the molecular formula of 

the collective hydrocarbon in the fuel gas (e.g., if the fuel gas consisted of a mixture 

of CH4, C2H6, and C3H8, x would be calculated based on the mole fractions of the 

individual components, as in 𝑥 = 1 × 𝑋CH + 2 × 𝑋C H + 3 × 𝑋C H ), and 𝑋C H ,FG 

is the mole fraction of the hydrocarbon component of the fuel gas (< 1 if the fuel gas 

consisted of non-hydrocarbon gases). The numerator of Eq. 2.4 is further expressed 

as 

 𝑛CO ,produced = 𝑋CO ,plume𝑛plume − 𝑋CO ,∞𝑛∞ − 𝑋CO ,FG𝑛FG, (2.5)

 

where the terms on the right-hand side represent, in order of their appearance: the total 

molar flow rate of CO2 in the exhaust plume, the molar flow rate of CO2 present in 

the ambient air that is drawn into the duct (this also includes the CO2 in the air assist 

injected into the flame and is based on an average ambient CO2 reading of 460 ppm), 

and the molar flow rate of CO2 present in the fuel gas, if any (typically in natural gas). 

The denominator of Eq. 2.4 is expanded as 

 𝑥 𝑋C H ,FG 𝑛FG = ∑ # , 𝑋 ,plume − 𝑋k,∞ plume 𝑛plume +∑ # , 𝑋k,∞ FG 𝑛FG − 𝑋CO ,FG𝑛FG,  
(2.6)

 

where # ,  is the number of carbon atoms represented by the molecular formulas of 

the various gas species, k, found in the exhaust plume (i.e., # , = 1, # , = 1, # , = 3, or in general, # , = 𝑚), 𝑀plume, 𝑀 , and 𝑀FG are the molecular 

weights of the plume, ambient air, and fuel gas, respectively. The terms on the right-
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hand side of Eq. 2.6 reflect those in Eq. 2.5, in that they correspond to the molar flow 

rate of the plume, ambient air, and fuel gas, but instead in relation to the fuel. The 

equation for 𝑛plume is expressed as follows: 

 𝑛plume =
C H ,FG FG CO ,FG FG CO ,∞ CO,∞ CH ,∞ ∑ # , , FG

FG

CO ,plume CO ,∞ ,plume plume
C(s) plume

CO,plume CO,∞ CH ,plume CH ,∞ ∑ # , H ,plume H ,∞, ,  
(2.7) 

 

where 𝑓 ,plume is the measured soot mass fraction in the plume, 𝑅  is the universal gas 

constant (8.314 J/mol∙K), 𝑇plume is the temperature of the plume gas measured using 

an RTD probe (Omega, PR-31 Series), and 𝑃plume is the static pressure in the duct 

measured using a pressure transducer (Omega, PX409-100AI). It is important to note 

that BC mass concentration was measured with the PAX at cell conditions 

independent of plume conditions. Therefore, the measured soot mass fraction was 

corrected to obtain an actual soot mass fraction by taking the difference between the 

cell and plume temperatures into account, as in 

 𝑓 ,plume = 𝑓 ,measured
cell

plume
. (2.8)

 

The value calculated for 𝑛plume is substituted back into Eq. 2.5 and 2.6, before finally 

solving for CCE defined by Eq. 2.4.  

Another parameter of interest in this study is the emission index (EI) of 

pollutant species which have detrimental effects on the environment. For any given 

species, an emission index was calculated from the ratio of the species emission rate 

measured in the plume to the mass flow rate of the fuel gas, as 

 𝐸𝐼 = ,produced

FG
, (2.9)
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where j indicates either species or classes of species of interest, namely, CO, CO2, 

THC, NOx, and BC. When evaluating gas-phase emission indices, the numerator of 

Eq. 2.9 is expressed as 

 𝑚 ,produced = 𝑀 𝑋 ,plume − 𝑋 ,∞ 𝑛plume − 𝑋 ,FG
FG

FG inert
+ 𝑋 ,∞ FG

∞
, (2.10)

 

whereas for BC emission indices the numerator is expressed as 

 𝑚C(s),produced = 𝑓 ,measured
cell

plume
𝑛plume. (2.11)

 

A detailed uncertainty analysis was performed for carbon conversion efficiency and 

emission indices by means of propagation of uncertainties associated with each 

independently measured quantity. The bias and precision errors generated by the 

various instruments used in the experiments were tracked and incorporated in the 

analysis. Refer to Appendix D for the uncertainty analysis. 
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Chapter 3 
3. Results and Discussion 
 

3.1 Test Matrix 
A total of 8 unique sets of experiments were conducted in the present study and are 

summarized in Table 3.1. The first set established the “standard” case. It consisted of 

an outer coflow of CH4 at a constant 20 SLPM and air injected through an inner tube 

with a 12.7 mm OD. Since it was unclear what the most sensitive parameters were, it 

was deemed necessary to explore changes in the inner tube size, fuel type and flow 

rate, and assist configuration and composition. For each set the flow rate of air was 

incrementally increased from no flow until the flame CCE dropped to less than 10%. 

The flame was allowed to come to steady state at each incremental increase of air flow 

rate, and the combustion products were sampled using the diagnostic equipment 

described in Chapter 2 to determine the CCE and EIs. 

 

Table 3.1: Test matrix of experimental sets performed on a lab-scale air-assisted flare. 
Experimental 

set 
Inner Tube 
OD (mm) Fuel Fuel Flow 

Rate (SLPM) 
Assist 

Config. Assist Composition 

1 12.7 CH4 20 Inner 100% Air 
2 12.7 CH4 40 Inner 100% Air 
3 6.35 CH4 20 Inner 100% Air 
4 12.7 CH4 20 Inner 92% N2/8% Ar 
5 12.7 CH4 20 Inner 85% N2/10.5% O2/4.5% Ar 
6 12.7 CH4 20 Inner 55% N2/42% O2/3% He 
7 12.7 C3H8 20 Inner 100% Air 
8 12.7 CH4 20 Outer 100% Air 
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The following sections provide an evaluation of the CCE and EI (i.e., EITHC, EICO2, 

EICO, EINO , and EIBC) results for each experiment and then consideration is given to 

potential hydrodynamic connection between the demonstrated characteristics. It is 

important to note that EITHC will be substituted for EICH  in all experimental sets 

except for set 7, in which case it will be denoted as EIC H . 

 

3.2 Characterization of Steady State Burner and Exit Conditions  
Through the course of the experiments, temperature measurements of the fuel and 

assist streams were taken based on the thermocouple arrangement shown in 

Figure 2.2. The absolute temperature ranges of the fuel and assist streams are 

summarized in Table 3.2 over the range of air-to-fuel gas MFRs tested for each 

experiment. Interest in the temperature comes from fixing the mass flow for each 

experiment, but with changes in temperature comes change in density and velocity at 

the exit, and subsequently the momentum and buoyancy flux of the streams. 

 

Table 3.2: Temperature range of fuel and assist streams assessed at various axial (i.e., 
z-axis) positions along the burner. 

Experimental 
set 

Temperature (°C) a 
Annular (fuel) Center (assist) 

z = 0 mm z = −5 mm z = −10 mm z = −20 mm z = −40 mm z = 0 mm 
1 69.4 − 131.0 59.3 − 113.1 50.1 − 90.9 38.8 − 64.5 29.6 − 41.8 25.1 – 35.1 
2 69.0 − 101.8 59.7 − 88.9 47.7 − 67.6 37.7 − 49.7 28.5 − 33.3 24.6 – 31.9 
3 122.0 − 149.0 104.0 − 129.2 83.1 − 103.4 61.2 − 76.3 29.6 − 34.4 23.6 – 33.1 
4 115.9 − 131.4 98.9 − 112.8 79.9 − 91.0 56.6 − 64.2 36.6 − 41.0 25.7 – 36.0 
5 105.5 − 129.5 90.1 − 111.7 72.9 − 89.8 52.5 − 63.6 35.0 − 40.9 24.7 – 36.0 
6 23.6 − 136.7 23.5 − 121.1 23.6 − 95.7 23.6 − 68.1 23.6 − 43.6 24.3 − 62.0 
7 21.7 − 106.6 21.6 − 95.8 21.7 − 75.5 21.6 − 56.9 21.6 − 38.7 23.5 – 34.4 
 Annular (assist) Center (fuel) 

8 24.5 – 46.8 24.4 – 40.3 24.3 – 39.0 24.2 – 36.6 24.1 – 32.6 23.2 − 31.5 
a The lower temperature in each cell of the table for either stream is associated with 
the highest assist flow rate, and the highest temperature is associated with the no assist 
case. 

 

The temperature measurements for experimental set 1 are plotted in 

Figure 3.1a and is representative of the trends exhibited in all the sets, except the 
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inverse flow configuration in experimental set 8, which is depicted in Figure 3.1b. 

The tops of the outer and inner tubes were observed to get hot due to their proximity 

to the diffusion flame as heat is transferred to them by radiation and convection. As 

demonstrated in Figure 3.1, the temperature rise experienced by a fluid as it 

approached the burner exit was less pronounced at increased air-to-fuel gas MFR. 

This can be attributed to convective cooling of the tube walls as the air flow rate was 

increased. Excessive amounts of assist eventually compromise the stability of the 

flame. Flame extinction was actually provoked for experimental sets 6, 7, and 8, which 

explains why the coldest fuel and assist temperatures in these cases were near room 

temperature (i.e., about 23 °C) at the various axial positions along the burner. 
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(b) 

Figure 3.1: Temperature measurements within the annular flow stream from 
z = −40 mm to z = 0 mm with respect to the burner exit plane at increasing air-to-fuel 
gas MFRs for experimental sets (a) 1 and (b) 8. Each plot also has an inset figure 
showing the temperature of the internal coflow at the burner exit. 
 

The temperature measurements at the burner exit plane (z = 0 mm), along with the 

pressure measured in the room, were used for determining the density and viscosity 

of the fuel and air, which in turn were used for calculating various hydrodynamic 

parameters of the flows, namely, velocity, momentum, and Reynolds number at the 

burner exit. Table 3.3 summarizes the operating range of each experimental set in 

terms of air-to-fuel gas MFR and the corresponding parameters. The exit fuel velocity, 

fuel momentum, and fuel Reynolds number were reported as an average value over 

the respective MFR range. The equivalence ratio was also evaluated for each 

experimental set to assess the relative quantity of oxidant available in the assist stream 

for stoichiometric combustion of the fuel gas.  

A characteristic rate at which vertical momentum leaves a tube aligned to the 

vertical direction can be defined as 
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𝑃 = 𝑚 𝑣 , (3.1)

 

where 𝑚  is the mass flow rate (kg/s) of the fluid and 𝑣  (m/s) is the bulk flow 

velocity in the z-direction. The bulk flow velocity was calculated by dividing the mass 

flow rate of the fluid by its respective density and flow area. Note that the actual rate 

of vertical momentum leaving a circular tube is given by 

 𝑃 = 2𝜋𝑟𝜌𝑣 𝑑𝑟, (3.2)

 

where r is the radius and the subscripts i and o represent the inner and outer limits for 

the integration, but this cannot be calculated because the radial dependency of density 

and velocity is unknown. The Reynolds number and equivalence ratio were calculated 

as 

 𝑅𝑒 = h, (3.3)

 

𝜙 = FG
oxygen actual

FG
oxygen stoich

, (3.4)

 

where ρ (kg/m3) is density, dh (m) is the hydraulic diameter, µ (Pa·s) is the dynamic 

viscosity, and g (m/s2) is the acceleration due to gravity. It is important to note that 

ϕ = 1 indicates there is exactly enough oxygen present in the assist stream for 

stoichiometric combustion of the fuel. A 1 < ϕ < ∞ indicates that the assist stream 

cannot supply enough oxygen to fully combust the fuel (i.e., rich fuel-assist mixture), 

whereas a 0 < ϕ < 1 signifies an excess of oxygen in the assist stream (i.e., lean fuel-

assist mixture). 
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Table 3.3: Exit condition parameters for the corresponding air-to-fuel gas MFR 
defined for each experimental set. Calculated parameters for the no assist case were 
not included in the table. 

Experimental 
set 

Air-to-
Fuel Gas 

MFR 

Velocity (m/s) Momentum × 10−4 
(N) Re 

ϕ 
Fuel Assist Fuel Assist Fuel Assist 

1 0.2 − 16.7 1.7 0.4 − 34.5 3.6 0.2 − 1 261 568 243 − 22 723 94 − 1.0 
2 0.1 − 9.0 3.1 0.4 − 37.2 13.5 0.2 − 1 469 1 195 243 − 24 506 190 − 1.9 
3 0.2 − 4.7 1.3 1.7 − 42.6 2.9 0.7 − 437 658 540 − 13 980 93 − 3.7 
4 0.2 − 9.9 1.7 0.4 − 20.5 3.7 0.1 − 446 553 240 − 13 669 − 
5 0.2 − 13.1 1.7 0.4 − 27.1 3.7 0.2 − 774 558 249 − 17 924 191 − 2.6 
6 0.2 − 18.9 1.7 0.4 − 39.1 3.6 0.2 − 1 625 572 233 − 25 060 48 − 0.5 
7 0.1 − 5.3 1.6 0.4 − 30.7 9.6 0.2 − 1 007 2 176 245 − 20 410 238 − 2.9 
8 0.2 − 6.1 3.7 0.1 − 4.3 8.1 0.1 − 58 2 279 73 − 2 605 95 − 2.8 

 

 The adiabatic flame temperature was also calculated for each experimental set 

to provide insight into chemical reaction mechanisms. This was accomplished by 

using an online STANJAN calculator [48], which computed the equilibrium state of 

a stoichiometric combustion reaction assuming constant pressure and enthalpy. One 

of the inputs for the calculation was the starting temperature of the reactants. Since 

the temperature of the fuel and assist streams differed at the burner exit, an initial 

equilibrium temperature was calculated for the non-reacting mixture based on 

representative specific heat capacities, as in 

 𝑇 = ∑ 〈 , 〉∑ 〈 , 〉 , (3.5)

 

where 𝑚  is the mass flow rate of each component of the mixture, namely, the fuel 

gas, assist stream and ambient air (just enough air for a stoichiometric flame when 

CCE = 100% and proportionally less for CCE < 100%), 〈𝑐 , 〉  (J/kg·K) is the 

representative specific heat capacity for the temperature of interest, and 𝑇  (K) is the 

initial temperature of the component. The list of potential product species present at 

equilibrium were CH4, CO2, CO, H, NO, H2, N, NO2, O, OH, and H2O. Ar or He were 

added to the list for the equivalent assist experiments, and C2H6 and C3H8 for 

experimental set 7. The adiabatic flame temperature was plotted for each experimental 
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set with respect to air-to-fuel gas MFR as shown in Figure 3.2. Refer to Appendix E 

for more details on the calculation. 

 

 
Figure 3.2: Adiabatic flame temperature trends for each experimental set based on 
STANJAN calculations. 
 

3.3 Experimental Set 1: Combustion of 20 SLPM CH4 Annular 
Flow with 100% Air Coflow through 12.7 mm OD Inner Tube 
This set of experiment commenced with a 20 SLPM CH4 jet diffusion flame with no 

air coflow. At this point, the CCE was essentially 100% as shown in Figure 3.3. Photos 

of the flame are depicted in Figure 3.4 to illustrate various moments in the experiment. 

A marginal increase in air-to-fuel gas MFR from zero to 0.2 resulted in a slight 

increase in EIBC to a maximum of 0.088 g BC/kg fuel, and this was reflected by a 

highly luminous flame, where the yellow luminosity is associated with thermal 

radiation from soot particles. EIBC dropped by two orders of magnitude at an air-to-

fuel gas MFR of 1.4. At an MFR of 7.2, BC was no longer detected by the current 

instrument and the flame appeared far less luminous, as shown in Figure 3.4. This 

transition is attributed to the increased air flow rate giving rise to velocity gradients 

(e.g., at MFR = 7.2 the bulk velocities of the fuel and assist streams were 1.7 and 

14.8 m/s, respectively), thereby promoting a higher degree of fuel-air mixing such 
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that the oxygen avoids reaction pathways that form soot. EICO2 and EINO  remained 

relatively constant near a maximum value of 2.7 kg CO2/kg fuel and 

1.21 g NOx/kg fuel, respectively, although NOx followed a slight downwards trend 

starting from an air-to-fuel gas MFR of 3.6. 

The flame maintained a high CCE (i.e., η ≥ 96.5%) until an air-to-fuel gas 

MFR of 14.9 was approached. With further increasing of air flow rate beyond the 

onset of collapse in CCE (i.e., MFR > 14.9), the flame exhibited instabilities in what 

appeared to be localized extinctions, although a stable dome of flame remained fixed 

to the outer tube of the burner. The collapse in CCE was quite steep, occurring over 

the last 11% of the air-to-fuel gas MFR. The collapse was accompanied by a steady 

drop in EICO2 by 1.5 orders of magnitude and an abrupt drop in EINO  by nearly two 

orders of magnitude. The decrease in NOx emissions can be associated with reduced 

temperatures in the combustion zone due to cooling of the fuel stream at increasing 

MFRs, as demonstrated in Figure 3.1a. It is evident from Figure 3.3 that the EICH  

plot exhibited the opposite trend as the EICO2 plot. This is reasonable to expect since 

flame instabilities would result in less CH4 oxidizing to CO2 as the fuel is stripped 

away from the combustion zone. The fuel-stripping mechanism was instigated by the 

highly turbulent jet of air assist, which is analogous to a phenomena prevalent in 

industrial flaring known as over-aeration. EICH  was shown to increase by two orders 

of magnitude to a maximum value of 960 g CH4/kg fuel coinciding with an air-to-fuel 

gas MFR of 16.7. It is interesting to note that CO was detected during the collapse in 

the flame’s CCE. A maximum EICO value of 116 g CO/kg fuel was measured at an 

air-to-fuel gas MFR of 15.8. The production of CO is a result of incomplete 

combustion, likely due to the excessively turbulent air stream inhibiting the 

combustion process. The final photograph in Figure 3.4 represents the last test point 

corresponding to a CCE of 4.0% and an air-to-fuel gas MFR of 16.7. Though difficult 

to detect in the photo, direct viewing revealed a dome of flame at the tip of the burner.  

The CO2 equivalent emissions (EICO2,eq), which is a way of expressing the 

cumulative effect of the aforementioned emissions into a single metric, was calculated 

based on a 100-year GWP. The GWP of the individual emissions were taken from the 
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IPCC [6] and are listed in Table 3.4. EICO2,eq was dominated by CO2 emissions and 

remained constant until the collapse in CCE, at which point EICO2,eq  increased 

drastically to a maximum value of 27 kg CO2/kg fuel. This is essentially venting of 

CH4 which highlights the concern that over-aeration of flares has a direct impact on 

climate change. 

 

Table 3.4: 100 year GWP of various pollutant emissions and associated uncertainties 
according to the IPCC. 

Species GWP (100 years) Error (±) 
CH4 28 8.4 
C3H8 3.3 3.3 
CO2 1 0 
CO 1.8 0.6 
NOx −8.2 10.3 
BC 900 800 
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Figure 3.3: Results of experimental set 1 - CCE (bottom), EI (top). 
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Figure 3.4: Photos of the flame taken during experimental set 1 at increasing air-to-
fuel gas MFRs. 
 

3.4 Experimental Set 2: Combustion of 40 SLPM CH4 Annular 
Flow with 100% Air Coflow through 12.7 mm OD Inner Tube 
Experimental set 2 replicated the test configuration used in experimental set 1, except 

that the flow rate of CH4 was doubled from 20 SLPM to 40 SLPM (the mass flow rate 

also doubled since the flow controller is corrected to standard conditions). The trends 

in CCE and EIs are displayed in Figure 3.5. The flame was initially luminous with a 

maximum EIBC of 0.005 g BC/kg fuel at zero air coflow. It is interesting to note that 

this value is about 1.5 orders of magnitude less than the BC generated in experimental 

set 1 at zero air coflow. A reasonable explanation for this difference is that the fuel 

exit Reynolds number in experimental set 2 doubled to 1 195 from 568 in 

experimental set 1, as outlined in Table 3.3, which suggests that the mixing of fuel 

with ambient air was occurring to a greater extent, thereby driving the combustion 

reaction towards completion. EIBC dropped by 1.5 orders of magnitude at an air-to-

fuel gas MFR of 0.5. EICO2 and EINO  remained relatively constant near a maximum 

value of 2.74 kg CO2/kg fuel and 0.90 g NOx/kg fuel, respectively.  

The flame sustained a CCE ≥ 96.5% up to an air-to-fuel gas MFR of 8.5, after 

which the CCE dropped steeply. The onset of collapse in CCE occurred at about half 
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the air-to-fuel gas MFR compared to experimental set 1. It was originally thought that 

an increased fuel flow rate would generate more robust combustion demanding of 

proportionately higher air assist to destabilize it. On further consideration, however, 

there is an argument that a high velocity fuel stream would induce greater entrainment 

of ambient air into the combustion zone through turbulent mixing. As such, 

comparatively less air assist would be required to trigger a collapse in CCE. The 

collapse was marked by flame instabilities similar to those observed in experimental 

set 1. A maximum EICO of 40 g CO/kg fuel was measured at an air-to-fuel gas MFR 

of 8.6. This is about one-third of the value measured in experimental set 1, likely 

resulting from a higher exit fuel velocity promoting better fuel-air mixing in the 

combustion zone. EICH  was shown to increase by three orders of magnitude to a 

maximum value of 922 g CH4/kg fuel coinciding with an air-to-fuel gas MFR of 9.0. 

The EICO2,eq plot in Figure 3.5 shows a similar trend to that from experimental set 1. 

A maximum value of 26 kg CO2/kg fuel was calculated, which is the same as 

experimental set 1 since these both represent the venting of CH4. 
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Figure 3.5: Results of experimental set 2 - CCE (bottom), EI (top). 
 

3.5 Experimental Set 3: Combustion of 20 SLPM CH4 Annular 
Flow with 100% Air Coflow through 6.35 mm OD Inner Tube 
Experimental set 3 replicated the test configuration used in experimental set 1, except 

that the air coflow was injected through an inner tube with half the diameter. This 

allowed for investigating the impact of increasing the exit Reynolds number of the air 

coflow relative to the fuel. The trends in CCE and EIs are displayed in Figure 3.6. The 

maximum EIBC was measured to be 0.152 g BC/kg fuel at zero air coflow, which is 

an increase by a factor of 1.7 compared to the corresponding point in experimental set 

1. This change can be accounted for by a decrease in the exit fuel velocity and 
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momentum, which correlates to less entrainment of ambient air. EIBC dropped by 

about two orders of magnitude at an air-to-fuel gas MFR of 0.5. EINO  rose to a 

maximum of 1.38 g NOx/kg fuel over the same MFR. This value is 14% higher than 

experimental set 1. A possible explanation is elevated temperatures in the combustion 

zone which would be conducive to thermal NOx formation (high temperature 

oxidation of N2). However, the adiabatic flame temperature plots in Figure 3.2 show 

that experimental sets 1 and 3 share a maximum temperature of about 2 230 K. It is 

therefore likely that better mixing in the present case is yielding higher NOx formation 

rates.  

The CCE plot shows that the flame maintained a CCE ≥ 96.5% up to an air-

to-fuel gas MFR of 4.2. The collapse in CCE was triggered even earlier than 

experimental set 2. It can be argued that a smaller inner tube diameter resulted in a 

higher velocity and momentum gradient between the air and fuel streams (e.g., at 

MFR = 4.7 the air-to-fuel gas velocity and momentum gradients were 34 and 157, 

respectively), prompting flame instability and initiating the fuel-stripping mechanism. 

Another consequence of the high velocity gradient is the absence of CO measurements 

in this experiment, in which the fuel was sufficiently mixed with combustion air, 

thereby eliminating incomplete products of combustion. Lastly, a maximum EICH  of 

944 g CH4/kg fuel and an EICO2,eq of 27 kg CO2/kg fuel indicated venting of CH4 at 

an air-to-fuel gas MFR of 4.7. 
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Figure 3.6: Results of experimental set 3 - CCE (bottom), EI (top). 
 

3.6 Experimental Set 4: Combustion of 20 SLPM CH4 Annular 
Flow with 92% N2/8% Ar Coflow through 12.7 mm OD Inner Tube 
Experimental set 4 is the first of three sets that replaced air assist with a so-called 

equivalent air assist meant to replicate the hydrodynamic characteristics of air. A 

mixture consisting of 92% N2 and 8% Ar by volume was used as the assist media. 

Inert gases were deliberately used in this experiment to investigate the relative effect 

of O2 on CCE and EI. The CCE and EI plots are displayed in Figure 3.7. The EIBC 

trend behaved similarly to experimental set 1. A maximum of 0.120 g BC/kg fuel was 
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effectively eliminated at an equivalent air-to-fuel gas MFR of 1.4, although trace 

amounts were observed to reappear. EINO  was measured at a maximum value of 

1.18 g NOx/kg fuel corresponding to zero coflow. It was interesting to note, however, 

that NOx emissions exhibited a steady decline starting from an equivalent air-to-fuel 

gas MFR of 1.8, as opposed to remaining constant until the collapse in CCE as was 

evident in experimental sets 1 to 3. The thermal NOx mechanism relies on the presence 

of high temperatures, O2, and N2. Figure 3.2 shows the adiabatic flame temperatures 

dropping steadily, likely due to more diluents in the products, which corroborates the 

NOx trend. Another factor is the reduced availability of O2. N2 is present everywhere 

and unchanging. 

The flame sustained a CCE ≥ 96.5% up to an equivalent air-to-fuel gas MFR 

of 7.7. The flame appeared to be a dimmer shade of blue than the flame shown in 

Figure 3.4. The collapse in CCE was more gradual as compared to the previous 

experiments (occurring over the last 23% of the equivalent air-to-fuel gas MFR). 

Trace amounts of BC were detected at the onset of fuel-stripping, which was unique 

to this experimental set. It is likely a result of fuel-rich conditions in the combustion 

zone due to excessive dilution by the inert coflow stream. A maximum EICO  of 

142 g CO/kg fuel was measured at an equivalent air-to-fuel gas MFR of 8.6. This is 

22% more than was measured in experimental set 1. The increase in CO can be 

accounted for by the absence of O2 in the coflow stream resulting in reduced formation 

of complete products of combustion. 
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Figure 3.7: Results of experimental set 4 - CCE (bottom), EI (top). 
 

3.7 Experimental Set 5: Combustion of 20 SLPM CH4 Annual Flow 
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In experimental set 5, the equivalent air assist mixture was modified to include 10.5% 

O2 to study the effect of injecting assist fluid with half the oxidizing potential of air, 

but equal hydrodynamics. The CCE and EI plots are presented in Figure 3.8. A 
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experimental sets 1 and 4 at the same MFR. BC was no longer detected by the PAX 

at an MFR of 1.4. The EINO  trend was reminiscent of experimental set 4, in that a 

steady decline was initiated relatively early, at an equivalent air-to-fuel gas MFR of 

2.7. The onset of collapse in CCE was at an equivalent air-to-fuel gas MFR of 11.3, 

which is exactly the average of experimental sets 1 and 4, and spanned over the last 

14% of the MFR range. A maximum EICO of 126 g CO/kg fuel was measured at an 

equivalent air-to-fuel gas MFR of 12.2, which is nearly the average of the maximum 

EICO recorded for experimental sets 1 and 4. This validates the notion that the collapse 

in CCE and the products of incomplete combustion (i.e., BC and CO) responded 

linearly with respect to an increase in O2 from 0% in experimental set 4, to 10.5%, 

and then to 21% in experimental set 1. 
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Figure 3.8: Results of experimental set 5 - CCE (bottom), EI (top). 
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the O2 content in ambient air. The objective of this experimental set was to assess the 

flame’s response to the doubling of O2. The CCE, EI, and EICO2,eq plots are presented 
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equivalent air-to-fuel gas MFR from zero to 0.2 resulted in a slight increase in EIBC 

to a maximum of 0.069 g BC/kg fuel. EIBC dropped by nearly an order of magnitude 

corresponding to an equivalent air-to-fuel gas MFR of 0.5. This MFR coincided with 

the sudden ignition of an inner flame stabilized at the tip of the inner tube, as depicted 

in Figure 3.10. EIBC rose to a new maximum of 0.046 g BC/kg fuel at an equivalent 

air-to-fuel gas MFR of 2.3, which corresponded to the highly luminous flame shown 

in Figure 3.10. A remarkable finding from this experiment was the unprecedented 

level of NOx. Whereas EINO  was measured at a maximum at the onset of the previous 

experimental sets, the initial EINO  measurement in the present case was a minimum, 

which steadily rose by over two orders of magnitude to a maximum value of 

290 g NOx/kg fuel at an equivalent air-to-fuel gas MFR of 9.0. It is interesting to note 

that the adiabatic flame temperature also rose to a maximum of 2 719 K at the same 

MFR of 9.0, as shown in Figure 3.2. This confirms that the flame temperature plays a 

dominating role in the formation of NOx. The abundance of O2 in the assist stream is 

also a contributing factor. An MFR of 9.0 coincided with ϕ = 1, which indicated that 

enough O2 was present in the assist stream for stoichiometric combustion of the fuel. 

Further increase of assist flow rate yielded diminishing NOx levels, which was 

reflected by the downward trend of the adiabatic flame temperature as well as 

0 < ϕ < 1 (i.e., lean fuel-assist mixture). 

Another interesting result from this experimental set was the nature of the 

collapse in CCE. The flame sustained a CCE of 100% over an exceptionally high air-

to-fuel gas MFR of 18.9 before extinguishing abruptly, resulting in a step drop in CCE 

to 0%. A photo of the flame immediately before extinguishing is shown in Figure 

3.10. The exceedingly high momentum of the assist stream gave rise to instabilities 

in the form of localized extinction of the flame at its base, before eventually 

extinguishing the flame altogether. Trace amounts of unburned CH4 was detected at 

an equivalent air-to-fuel gas MFR of 18.0, which marked the onset of fuel-stripping. 

No CO was detected in this experimental set, which is understandable given the high 

O2 content of the assist stream promoting complete combustion. The final point of 

interest is the EICO2,eq plot, which differed considerably from the previous ones. As 

shown in Figure 3.9, EICO2,eq decreased in conjunction with an increase in NOx. This 
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can be explained by the fact that NOx has a GWP of −8.2, which brought the overall 

EICO2,eq down. 

 Results from the equivalent assist experiments revealed that the chemical 

aspect of the combustion was as much a factor in interpreting the trends in CCE and 

EIs as were the hydrodynamic characteristics of the fluids. This notion is 

demonstrated by the fact that a change in the O2 content of the assist stream provoked 

a nearly linear response with respect to the characteristic point of collapse in CCE 

(i.e., CCE = 96.5%). As shown in Figure 3.11, the O2 content in the assist streams for 

experimental sets 1, 4, 5, and 6 (21%, 0%, 10.5%, and 42%, respectively) are plotted 

against their respective air-to-fuel gas MFRs marking the onset of CCE collapse. The 

utility of this plot is its potential to predict the collapse in CCE of a flare based on the 

O2 mole fraction of the equivalent assist mixture. 



55 
 

 
Figure 3.9: Results of experimental set 6 - CCE (bottom), EI (center), EICO2,eq (top). 
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Figure 3.10: Photos of the flame taken during experimental set 6 at increasing 
equivalent air-to-fuel gas MFRs. 
 

 
Figure 3.11: O2 content in the assist stream for experimental sets 1, 4, 5, and 6 plotted 
as a function of the equivalent air-to-fuel gas MFR marking the onset of CCE collapse. 
The MFRs were interpolated at a CCE = 96.5%. 
 

0 10 20 30 40 50
6

8

10

12

14

16

18

20

Ai
r-F

ue
l G

as
 M

FR

O2 Content of Assist Stream (mol %)



57 
 

3.9 Experimental Set 7: Combustion of 20 SLPM C3H8 Annular 
Flow with 100% Air Coflow through 12.7 mm OD Inner Tube 
Experimental set 7 replicated the test configuration used in experimental set 1, except 

that CH4 was replaced with C3H8, but dispensed at the same flow rate of 20 SLPM. 

The objective was to investigate the effect of increasing the LHV of the fuel gas from 

32.8 MJ/m3 to 84.9 MJ/m3, as well as the effects of having a fuel with a greater 

proportion of carbon. A C3H8 flame is considerably larger than a CH4 flame since it 

requires 2.5 times more air per mole of fuel to fully react. The trends in CCE and EIs 

are displayed in Figure 3.12. Photos representative of critical stages in the experiment 

are depicted in Figure 3.13. At zero air coflow the flame was highly luminous, as 

shown in Figure 3.13, corresponding to a maximum EIBC of 2.586 g BC/kg fuel (29 

times greater than experimental set 1). EIBC dropped steadily by about 1.5 orders of 

magnitude with increasing air flow. EINO  rose gradually to a maximum of 

0.97 g NOx/kg fuel (20% less than experimental set 1) at an air-to-fuel gas MFR of 

4.0. The corresponding photo of the flame is illustrated in Figure 3.13, which shows 

a far less luminous flame.  

The flame developed localized extinction near the base of the flame as shown 

in Figure 3.13, before extinguishing abruptly at an air-to-fuel gas MFR of 5.3. This is 

represented in the CCE plot as a step drop in efficiency to 0%. It is interesting to note 

that the present case exhibited a collapse in CCE relatively early. In fact, the 

maximum air flow rate sustained by the C3H8 flame was only 195 g/min, whereas the 

CH4 flame in experimental set 1 sustained 219 g/min (CCE = 4%). A differentiating 

factor, however, was that the C3H8 fuel jet had an exit Reynolds number of 2 166, 

nearly four times higher than CH4 (with a Reynolds number of 567). As such, the 

C3H8 flame entrained greater volumes of ambient air for combustion and required 

comparatively less assist air to trigger flame instability. A consequence of this 

phenomena was that no CO was detected, since the collapse in CCE was abrupt and 

there was no opportunity for incomplete combustion to take place. EICO2,eq  was 

measured at a maximum of 5.31 kg CO2/kg fuel at zero coflow, and steadily declined 

in conjunction with BC emissions. The C3H8 GWP for a span of 100 years was 

reported as 3.3 by the IPCC [6], considerably less than CH4. From an industrial flare 
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operating standpoint, an ideal range in air-to-fuel gas MFR is defined as one that 

yields a CCE ≥ 96.5% and minimum pollutant emissions. This range was identified 

for the present experimental set as starting from an air-to-fuel gas MFR of 1.6, which 

coincided with the minimum EICO2,eq, up to the collapse in CCE. 

 

 
Figure 3.12: Results of experimental set 7 - CCE (bottom), EI (top). 
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Figure 3.13: Photos of the flame taken during experimental set 7 at increasing air-to-
fuel gas MFRs. 
 

3.10 Experimental Set 8: Combustion of 20 SLPM CH4 Inner Flow 
through 12.7 mm OD Tube with 100% Air Annular Coflow 
Experimental set 8 switched the flow configuration used in experimental set 1, in that 

20 SLPM of CH4 flowed through the inner tube while air coflow was injected through 

the annular space between the outer and inner tubes. The objective was to study the 

effect that an external jet of air would have on flame characteristics. The trends in 

CCE and EIs are displayed in Figure 3.14. Photos were taken at key stages in the 

experiment and are shown in Figure 3.15. The unassisted flame, as depicted in Figure 

3.15, yielded 0.001 g BC/kg fuel which increased to a maximum of 

0.002 g BC/kg fuel at an air-to-fuel gas MFR of 0.2. The maximum BC generated was 

the least of all experimental sets. The most likely explanation is that the fuel exit 

Reynolds number was the highest, at 2 278, which is four times the fuel Reynolds 

number in experimental set 1, as specified in Table 3.3. This amplified the entrainment 

of ambient air into the fuel stream, thereby driving the combustion reaction towards 

completion.  
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The most significant observation was flame lift-off, which was unique to this 

experimental set. At an air-to-fuel gas MFR of 0.7, the flame appeared to lift off the 

burner exit, its base stabilizing at a height of about 3.4 cm above the burner exit (or 

1.3 diameters of the outer tube) as shown in Figure 3.15. A maximum EINO  of 

1.15 g NOx/kg fuel was measured at an air-to-fuel gas MFR of 0.9, after which it 

exhibited a steady decline. Unburned CH4 was first detected at an air-to-fuel gas MFR 

of 5.4, marking the onset of the fuel-stripping mechanism. As EICH  increased, the 

CCE decreased to 95.8% at an MFR of 6.1 before abruptly dropping in a step-like 

fashion to 0%. Figure 3.15 shows the final photo taken of the flame before 

extinguishing. Its base was lifted to a height of about 18.3 cm above the burner exit 

(or 7.2 diameters of the outer tube). It can be concluded from this experimental set 

that the outer air coflow configuration was conducive to flame instability in the form 

of flame lift-off, which gave rise to an early collapse in CCE. 
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Figure 3.14: Results of experimental set 8 - CCE (bottom), EI (top). 
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Figure 3.15: Photos of the flame taken during experimental set 8 at increasing air-to-
fuel gas MFRs. 
 

3.11 Analysis of Results with Respect to Exit Hydrodynamics 
An attempt was made to identify a unifying trend that described the experimental 

results based on non-dimensional hydrodynamic parameters. Besides the air-to-fuel 

gas MFR (which was selected as the standard metric by which to plot CCE and EIs 

because it was the mass flow rates that were controlled, and relevance to industrial-

scale flare studies), the air-to-fuel gas velocity ratio (𝑉𝑅 ) both in the z-direction and 

the air-to-fuel gas momentum ratio (𝑀𝑅 ) both in the z-direction were considered in 

order to assess their potential for consolidating the data sets (i.e., the CCE plots). The 𝑉𝑅  was calculated using the vertical bulk flow velocity of air and fuel evaluated at 

the burner exit plane. The 𝑀𝑅  was simply the product of MFR and 𝑉𝑅 . Figure 

3.16 shows the CCE trends of each experimental set with respect to the air-to-fuel gas 

MFR. The air-to-fuel gas VR and the air-to-fuel gas MR are presented in Figure 3.17 

and Figure 3.18, respectively. Note that experimental set 8 was omitted from the 

analysis due to its distinct flow geometry. 
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Figure 3.16: CCE plotted as a function of the air-to-fuel gas MFR. 
 

 
Figure 3.17: CCE plotted as a function of the air-to-fuel gas VR. 
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Figure 3.18: CCE plotted as a function of the air-to-fuel gas MR. 
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demonstrated in Figure 3.11.  
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with an inner tube OD of 6.35 mm sustained a flame up to an air-to-fuel gas VR 1.6 
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compromised the flame’s air-to-fuel gas MR by a factor of 2.2 relative to the standard 

case. 

 

3.12 Comparison with Industrial-Scale Flare Studies 
Results of the CCE and EI analysis are summarized in Table 3.5. The air-to-

fuel gas MFRs marked the onset of collapse in CCE below 96.5%, which is the 
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threshold defined by US federal regulations for optimally operated flares. The 

maximum measured EIs were reported for a CCE ≥ 96.5% to establish the acceptable 

limit within the framework of industrial flare operations. A significant trend that was 

observed for each experimental set, with the exception of the sixth set, was that an 

increase in the air-to-fuel gas MFR from zero to two yielded a drop in BC emissions 

by at least one order of magnitude. From a flare operation standpoint, this would be 

equivalent to the minimum allowable set point. 

 

Table 3.5: Maximum EIs of various pollutant emissions generated by a lab-scale air-
assisted flare evaluated at a CCE ≥ 96.5%. The air-to-fuel gas MFRs were interpolated 
at a CCE = 96.5%. 

Experimental 
set 

Air-to-Fuel 
Gas MFR 

Emission Indices (g/kg fuel) 
THC CO2 NOx BC 

1 15.0 6.65 2 743 1.21 0.088 
2 8.5 13.16 2 743 0.90 0.005 
3 4.3 9.72 2 743 1.38 0.152 
4 7.7 21.09 2 743 1.18 0.120 
5 11.4 6.46 2 743 1.08 0.100 
6 18.9 6.03 2 743 290 0.069 
7 5.3 − 2 994 0.97 2.586 
8 6.0 33.24 2 743 1.15 0.002 

 

The industrial-scale flare studies discussed in Chapter 1 can now be revisited 

to compare their findings with the results obtained in the present experimental study. 

Starting from the first major study, McDaniel [29] tested a pilot-scale air assisted flare 

with a 0.46 m ID air riser and a 0.10 m OD internal gas riser. The flare gas with an 

LHV of 81.3 MJ/m3 was comparable to experimental set 7, which tested an LHV of 

84.9 MJ/m3. A maximum EITHC of 2.48 g THC/kg flare gas at a CCE ≥ 96.5% was 

reported (as listed in Table 1.1). However, no THC was measured at a CCE ≥ 96.5% 

in experimental set 7 since the flame extinguished abruptly. An EICO2  of 

3 103 g CO2/kg flare gas was very close to the measured value of 

2 994 g CO2/kg flare. An EICO of 12.18 g CO/kg flare gas was reported, although no 

CO was detected in experimental set 7 since there was no opportunity for the flame to 

generate incomplete products of combustion. Lastly, an EINO  of 4.11 g NOx/kg flare 



66 
 

gas was over four times higher than the measured value of 0.97 g NOx/kg fuel. 

McDaniel also tested a flare gas mixture with an LHV of 7.74 MJ/m3. The EIs for this 

flare gas were considerably lower than any of the values listed in Table 3.5. This is 

likely because the lowest fuel LHV tested in the present study was 32.8 MJ/m3, and 

so is not comparable. No comments can be made regarding the air-to-flare gas MFR 

from McDaniel’s study since the air assist flow rates were not disclosed due to their 

proprietary nature. 

Pohl and Soelberg [32] tested an air-assisted flare with an equivalent diameter 

of 3.81 cm, which is 1.5 times larger than the outer tube of the burner used in the 

present study. An average flare gas LHV of 38.9 MJ/m3 was used in the study, which 

is comparable to CH4. They reported a drop in CCE below 96.5% at an air-to-flare 

gas MFR of 3.3. This value is reasonably close to the corresponding air-to-fuel gas 

MFR of 4.3 in experimental set 3. The study also reported a maximum EINO  of 

1.28 g NOx/kg flare gas at a CCE ≥ 96.5%, which is remarkably close to the tabulated 

EINO  values, except for experimental set 6. 

Allen and Torres [36] studied a full-scale industrial air-assisted flare with a 

nominal diameter of 61 cm. Flare gas mixtures were tested with an LHV of 13 MJ/m3 

and 22 MJ/m3. A maximum EITHC  and EINO  of 1.3 g THC/kg flare gas and 

0.39 g NOx/kg flare gas, respectively, were reported at a CCE ≥ 96.5%. These are 

lower than the experimentally determined values in Table 3.5. Allen and Torres 

observed that the 13 MJ/m3 flare gas mixture dropped below CCE = 96.5% at an air-

to-flare gas MFR of 22, whereas the 22 MJ/m3 flare gas mixture exhibited the 

corresponding drop in CCE at an MFR of 44. These results contradict the present 

study since the higher LHV fuel (i.e., C3H8) experienced a collapse in CCE at a 

significantly lower air-to-fuel gas MFR than the standard case. A cause for 

discrepancy is likely due to the sheer scale of the industrial study. This speaks to the 

caution that must be observed when attempting to project lab-scale results onto large-

scale industrial operations. Pohl and Soelberg [32] corroborated this notion by 

observing that as the flare size decreased, the Reynolds number also decreased. The 

flare gas Reynolds number of commercial flare heads with a diameter of 61 cm was 

reported to range from 103 to 107, of which the present lab-scale study only captured 
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the very lowest conditions. Another cause for discrepancy is the unique flare head 

geometry employed in the industrial study. Although the specific design was kept 

proprietary, the flare head resembled the triangular slots depicted in Figure 1.3b. This 

would certainly impact fuel-air mixing (and therefore CCE and EIs), just as was 

demonstrated in the present experimental study, in which altering the burner geometry 

(e.g., reducing the inner tube OD from 12.7 mm to 6.35 mm) had a significant effect 

on the results. It is also important to mention that the study by Allen and Torres took 

place at an outdoor flare test facility. Therefore, the flare was subject to ambient wind 

conditions which introduced a new hydrodynamic variable. The experiments in the 

present study were performed in a quiescent environment. 
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Chapter 4 
4. Conclusions and Recommendations 
 

4.1 Conclusions 
The objective of the present study was to investigate the nature of industrial air-

assisted flares as they relate to pollutant emissions by undertaking a systematic 

analysis of a lab-scale air-assisted flare. A generic coflow burner was constructed 

from two concentric stainless-steel tubes to capture the key physical elements of air-

assisted flares. The fuel flowed through the annular space between the outer tube 

(25.4 mm OD and 22.9 mm ID) and different inner tubes with outer diameters of 

either 6.35 mm or 12.7 mm, which carried the air assist. The inverse flow scheme (i.e., 

the fuel carried through the inner tube with outer air coflow) was also tested. 

Thermocouples were installed on the burner to measure the temperature of the fuel 

and air at the burner exit.  

 The burner was part of a larger effort to establish a flare testing facility that 

enabled the safe and controlled performance of combustion experiments. The flare 

facility was equipped with an array of compressed gas cylinders and gas metering 

equipment. The fuel gases tested in the study were high purity CH4 and C3H8. Mass 

flow controllers were used for delivering the fuel gas and pressurized air to a water 

bath for regulating the temperature of the gases to about 23 °C, before transmitting 

them to the burner. The combustion products generated by the burner were captured 

by an exhaust hood situated above the burner. A sample of the combustion products 

was extracted from a probe installed downstream of the exhaust hood and was 

delivered to a suite of diagnostic equipment. A PAX was used for measuring aerosol 

optical properties and in particular was used to obtain the BC mass concentration of 
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the sample. A NOx analyzer operated on the principle of chemiluminescence to 

measure the concentration of NOx. A Tedlar bag was filled with the exhaust sample 

and subsequently injected into a GC to measure the mole concentration of O2, N2, C1 

to C3 hydrocarbons, CO and CO2. 

 Two important parameters that characterize air-assisted flare performance are 

CCE and EI. To quantify these parameters, a carbon mass balance was utilized based 

on a control volume enclosing the combustion process. The CCE is defined as the 

ratio of the mass of carbon in the form of CO2 that was produced by combustion (not 

including the CO2 already present in the incoming air or fuel streams), to the mass of 

carbon derived from the hydrocarbon component of the fuel gas. EI is the mass of 

pollutant species, namely, THC, CO2, CO, and NOx released per unit mass of fuel gas. 

 Eight unique experimental sets were conducted in the present study. The first 

set established the standard case and consisted of an outer coflow of CH4 at a constant 

20 SLPM and air injected through an inner tube with a 12.7 mm OD. A maximum 

EIBC  of 0.088 g BC/kg fuel was measured at an air-to-fuel gas MFR of 0.2 and 

thereafter dropped by two orders of magnitude. This reduction was ascribed to 

increased air flow promoting a higher degree of fuel-air mixing. EICO2  and EINO  

remained nearly constant at a maximum value of 2.7 kg CO2/kg fuel and 

1.21 g NOx/kg fuel, respectively, with NOx levels diminishing earlier. The flame 

maintained a CCE ≥ 96.5% up to an air-to-fuel gas MFR of 14.9, after which the flame 

exhibited localized extinctions, followed by a collapse in CCE. This drop occurred in 

conjunction with EICO2 by 1.5 orders of magnitude and EINO  by almost two orders 

of magnitude. The decrease in NOx can be associated with reduced temperatures in 

the combustion zone due to cooling of the fuel stream at increasing MFRs. Moreover, 

the fuel-stripping mechanism was instigated and EICH  was found to increase by two 

orders of magnitude to a maximum of 960 g CH4/kg fuel. A maximum EICO  of 

116 g CO/kg fuel was measured during the collapse. A product of incomplete 

combustion, CO was likely the result of an excessively turbulent air stream inhibiting 

the combustion process. EICO2,eq captured the total effect of the pollutant emissions 

and remained a constant value until the collapse in CCE, at which point it rose to a 

maximum value of 27 kg CO2/kg fuel. This is essentially venting of CH4.  
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Experimental set 2 investigated double the flow rate of CH4. The maximum 

EIBC was about 1.5 orders of magnitude less than experimental set 1. This difference 

was explained by an increase in the fuel exit Reynolds number to 1 193 from 567, 

suggesting that entrainment of ambient air is occurring to a greater extent and driving 

combustion towards completion. The onset of collapse in CCE occurred at about half 

the air-to-fuel gas MFR compared to the reference case. It was concluded that due to 

greater entrainment of ambient air into the combustion zone through turbulent mixing, 

less air assist would be required to trigger a collapse in CCE. A maximum EICO of 

40 g CO/kg fuel was measured, which is a third of the reference case, likely resulting 

from better fuel-air mixing. 

Experimental set 3 implemented an inner tube with half the diameter of the 

reference case. A maximum EIBC of 0.152 g BC/kg fuel was an increase by a factor 

of 1.7 compared to experimental set 1. This was accounted for by a lower fuel stream 

momentum which suggested that less fuel-air mixing was occurring, preventing BC 

from fully oxidizing. The maximum EINO  was 14% higher than the reference case. 

This can be tied to better mixing in the combustion zone which would be conducive 

to thermal NOx formation. The early collapse in CCE at an air-to-fuel gas MFR of 4.2 

was associated with a smaller inner tube diameter. This gave rise to a higher velocity 

and momentum gradient between the air and fuel streams, prompting flame instability 

and initiating the fuel-stripping mechanism. CO was not detected in this experimental 

set. 

The next three sets of experiments replaced air assist with an equivalent air 

assist that attempted to replicate the hydrodynamic characteristics of air. Experimental 

set 4 employed a mixture consisting of 92% N2 and 8% Ar by volume. The NOx 

emissions exhibited a steady decline as opposed to remaining constant until the 

collapse in CCE as was evident in experimental sets 1 to 3. This was a consequence 

of reductions in flame temperature due to more diluents in the products and 

availability of O2. A maximum EICO of 142 g CO/kg fuel was measured which was 

22% more than the reference case. Experimental set 5 introduced 10.5% O2 in the 

assist mixture. The maximum EIBC and EICO as well as the onset of collapse in CCE 

were found to be the average of experimental sets 1 and 4. The final equivalent air 
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assist mixture consisted of 42% O2. A unique observation was the sudden ignition of 

an inner flame at an equivalent air-to-fuel gas MFR of 0.5. A maximum EINO  of 

290 g NOx/kg fuel was measured and was associated with high flame temperatures 

and abundance of O2 in the assist stream. The flame sustained a CCE of 100% up to 

an equivalent air-to-fuel gas MFR of 18.9 before exhibiting a step-like drop to 0%. 

The final point of interest was EICO2,eq , which decreased in conjunction with an 

increase in NOx. 

Experimental set 7 replaced CH4 fuel with C3H8. A maximum EIBC  of 

2.586 g BC/kg fuel was 29 times greater than the reference case. The flame 

extinguishing abruptly at an air-to-fuel gas MFR of 5.3, represented as a step drop in 

CCE to 0%. It was believed that since the C3H8 fuel jet had an exit Reynolds number 

of 2 166, nearly four times higher than CH4, comparatively less assist air was required 

to trigger flame instability. No CO was detected due to the abrupt collapse in CCE. 

EICO2,eq was measured at a maximum of 5.31 kg CO2/kg fuel since C3H8 has a 100-

year GWP of only 3.3. 

The final set of experiments inverted the flow scheme such that CH4 flowed 

through the inner tube and air assist through the annulus. A maximum EIBC  of 

0.002 g BC/kg fuel was the least of all experimental sets. A probable explanation was 

that the fuel Reynolds number was 2 278, four times greater than the reference case, 

which increased entrainment of ambient air into the fuel stream. The most notable 

observation was flame lift-off. The flame extinguished at an air-to-fuel gas MFR of 

6.1 with a step drop in CCE. 

The industrial-scale flare studies were revisited to compare with the results 

obtained from the present study. Pohl and Soelberg tested an air-assisted flare with an 

equivalent diameter 1.5 times larger than the lab-scale burner. The reported drop in 

CCE below 96.5% and the maximum EINO  at CCE ≥ 96.5% were found to be in close 

agreement with experimental set 3. However, the studies performed by McDaniel and 

Allen and Torres were not in conformance with any of the experimental sets, 

especially the latter study. This suggests that caution must be observed when 

attempting to draw parallels between lab-scale results and large-scale industrial 

operations. A leading cause of discrepancy is that industrial-scale flares operate at a 
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Reynolds number ranging from 103 to 107, such that the current lab-scale flares only 

capture the very lowest conditions. The flare head designs employed by the industrial 

studies also differ substantially from the present study. Lastly, the study by Allen and 

Torres took place at an outdoor flare test facility which is subject to ambient wind 

conditions, whereas the present study was performed in a quiescent environment. 

 

4.2 Recommendations 
Due to the lack of conformity between the lab-scale and industrial-scale results, the 

recommended course of action would be to design and test a larger scale burner. A 

reasonable burner size to consider would be based on an OD of 7.62 cm, which is 

three times the diameter of the burner used in the present study. Such a burner would 

be categorized as a full-scale flare (according to Allen and Torres) and the results 

would be more applicable to industrial flare operations. It could potentially shed light 

on how CCE and various pollutant emissions scale up with size, from a lab-scale flare, 

to a full-scale flare, and finally to an industrial-scale flare. Another recommendation 

would be to test flare head designs more representative of industrial-scale flares. This 

would further close the gap between the industrial and lab scale and yield significant 

findings with regards to CCE, EIs and hydrodynamics. 

 Different diagnostic techniques are also recommended for incorporating into 

the experimental setup to enhance the understanding of flame structure and chemical 

reaction mechanisms. The first technique is Particle Image Velocimetry (PIV) which 

is a laser diagnostic technique based on seeding the flow with tracer particles. By 

tracking the motion of the particles with a camera, it is possible to visualize the 

velocity field, flame front structure, reaction zones, and regions of fuel-air mixing. 

Another technique is measuring the flame temperature using thermocouples. The 

flame temperature can offer insight into species reaction rates, such as thermal NOx 

formation. 
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Appendix A Uncertainty Analysis Methodology 
 

This section presents the methodology for estimating the uncertainties associated with 

the various instruments used in the experimental study. The uncertainty analysis is 

based on two types of measurement errors: bias error (Bx) and precision error (Px). 

Bias error (also called systematic error) is an inherent error of a device that is present 

with every measurement. It is typically communicated by the manufacturer as part of 

the technical specifications or is estimated from a calibration curve. Precision error 

(also called random error) arises when a measurement is repeated and can be estimated 

using concepts from statistics and probability. Since the number of measurements 

taken with any given instrument typically exceeded 30, the standard normal 

distribution was used to estimate the precision uncertainty associated with the 

measured value. This was defined as 

 𝑃 = 𝑧 √ , (A.1)

 

where 𝑧 is the z-score evaluated at 1.96 for a confidence interval of 95%, 𝜎 is the 

standard deviation, and 𝑛  is the number of measurements taken. The standard 

deviation is defined as 

 𝜎 = ∑( ̅) , (A.2)

 

where 𝑥  is the measured value and �̅� is the mean of the measured values. The total 

uncertainty combines bias and precision uncertainty, assuming they are both 

evaluated at the same confidence interval (typically 95%), and can be calculated as 

 𝑈 = ∆𝑥 = 𝐵 + 𝑃 . (A.3)
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Another important concept is propagation of uncertainty. This combines the effects 

of uncertainties from multiple variables on a function. If 𝑦  is a function of 𝑁 

independent variables evaluated at the same confidence interval (i.e., 𝑦 =𝑓(𝑥 , 𝑥 , … , 𝑥 )), the uncertainty in 𝑦 can be approximated as 

 ∆𝑦 = ∆𝑥 + ∆𝑥 + ⋯ + ∆𝑥 . (A.4)
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Appendix B Mass Flow Controller Calibration 
 

Each mass flow controller (MFC) was calibrated for various gases using a drum-type 

gas meter (Ritter, TG-50) based on the setup shown in Figure B.1. The gas was 

dispensed from the compressed cylinder to the circulating water bath which was set 

to 35 °C to regulate the temperature of the gas to about room temperature (23 °C). 

The MFC controls the flow rate of gas into the meter in standard liters per minute 

(SLPM). Drum-type gas meters operate on the principle of displacement [49]. The 

meter consists of an internal drum partitioned into four chambers that is free to rotate 

within an outer drum half filled with water. The internal drum is caused to rotate as 

the gas fills and is displaced from the chambers in sequence. When the gas exits the 

meter it flows through plastic tubing to the exhaust hood.  

 

 
Figure B.1: MFC calibration setup. 
 

The meter calculates the volumetric flow rate of the gas which is a product of 

the known volume of the chambers, the number of chambers, and the number of 

revolutions of the drum per unit time. The volumetric flow rate is transmitted via RS-

232 to the computer and is recorded using a LabVIEW program. Temperature and 

pressure were measured at the gas meter inlet to enable correction of the volumetric 

flow rate using an RTD probe (Omega Engineering, P-L Series) and an absolute 
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pressure transducer (Omega Engineering, PX409-USBH Series), respectively. The 

volumetric flow rate was corrected to SLPM based on the ideal gas law as  

 𝑉 = 𝑉 𝑝𝑇𝑝 𝑇 (B.1)

 

where 𝑉  (LPM) is the volumetric flow rate at pressure 𝑝 (kPa) and temperature 𝑇 (K) 

in liters per minute calculated by the gas meter, and 𝑝  and 𝑇  are standard pressure 

and temperature (i.e., 101.3 kPa and 25 °C, respectively). This allowed for direct 

comparison with the flow rate set by the MFC. 

 A sample calibration curve for a 50 SLPM MFC dispensing methane is shown 

in Figure B.2. A total of 10 calibration points were tested starting from 5 SLPM and 

increasing by increments of five. The plot demonstrated a very good linear fit. A 

maximum bias uncertainty of 0.1 SLPM was calculated based on a 95% confidence 

interval. This is smaller than the measurement uncertainty communicated in the MFC 

manual, which is ± (0.8% of reading + 0.1 SLPM). 

 

 
Figure B.2: 50 SLPM MFC calibration curve for methane. 
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Appendix C Gas Chromatograph Calibration Standards 
and Uncertainties 
 

The gas chromatograph (GC) was calibrated using the calibration standards listed in 

Table C.1. 

 

Table C.1: GC calibration standards. 

Standard 
Gas species (mol %) 

H2 CO CO2 CH4 C2H6 C3H8 C4H10 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  

6 19.93   4.971 4.994 5.07 65.035  

9  3.005 19.95 57.055  19.99 
10  0.6016 10.01 85.396  3.992 
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  

13   0.01 49.97 0.1 49.9 0.02 
14   0.09969 99.79971 0.1006 
15   0.0402 0.001 0.001 0.001 0.001 99.905802 0.05 

 

To quantify CCE and EIs for the carbon based species (i.e., THC, CO2, and CO), the 

calibration curves for these species were used. A sample calibration curve for CH4 is 

shown in Figure C.1. 
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Figure C.1: GC calibration curve for CH4. 
 

A linear regression was applied to each calibration curve to generate a linear 

equation. The bias uncertainties were defined as the largest deviation from a 95% 

confidence interval and are listed in Table C.2. The precision uncertainty was 

calculated based on repeated measurements from the GC. This was accomplished by 

filling a 100 L Tedlar bag with a sample of the exhaust products representative of an 

actual experiment. The sample was injected and analyzed by the GC five consecutive 

times to obtain five concentrations for each carbon based species. The precision 

uncertainty for each species was then calculated using the student t distribution. This 

procedure was performed three times. The largest uncertainty for each species was 

selected as the characteristic precision uncertainty and are shown in Table C.2. The 

total uncertainty for each species was also calculated and is summarized in Table C.2. 

 

Table C.2: Uncertainties associated with each carbon based species. 

Species Uncertainty (ppm) 
Bias, Bx Precision, Px Total, Ux 

CH4 0.02 38.2 38.2 
C2H6 0.001 22.8 22.8 
C3H8 0.015 2.1 2.1 
CO2 0.009 67.9 67.9 
CO 0.014 11.8 11.8 
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Appendix D Uncertainty Analysis of CCE and EI 
 

This section will outline expressions for calculating the uncertainty in CCE and EI 

evaluated using propagation of uncertainty. The CCE was expressed in Eq. 2.6 and 

the uncertainty is defined as 

 (∆𝜂) =
CO ,produced

∆𝑛CO ,produced +
FG

∆𝑛FG . (D.1)

 

The molar flow rate of produced CO2, 𝑛CO ,produced, was expressed in Eq. 2.5, and the 

error is defined as 

 ∆𝑛CO ,produced = CO ,produced

CO ,plume
∆𝑋CO ,plume +

CO ,produced

plume
∆𝑛plume + CO ,produced

CO ,∞ ∆𝑋CO ,∞ +
CO ,produced

∞
∆𝑛∞ + CO ,produced

CO ,FG
∆𝑋CO ,FG + CO ,produced

FG
∆𝑛FG .  

(D.2)

 

It was assumed that no CO2 was present in the fuel gas since high purity fuels were 

used. Then Eq. D.2 can be simplified to 

 ∆𝑛CO ,produced = CO ,produced

CO ,plume
∆𝑋CO ,plume +

CO ,produced

plume
∆𝑛plume + CO ,produced

CO ,∞ ∆𝑋CO ,∞ + CO ,produced

∞
∆𝑛∞ .  

(D.3)

 

Eq. 2.6 was manipulated to isolate for the molar flow rate of the plume, 𝑛plume. Then 

the error in 𝑛plume is defined as 
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∆𝑛plume = plume

FG
∆𝑛FG + ∑ plume

k,∞ ∆𝑋k,∞ +
plume

CO ,FG
∆𝑋CO ,FG + ∑ plume,plume

∆𝑋 ,plume .  
(D.4)

 

As mentioned earlier, CO2 is assumed not to be present in the fuel gas. Eq. D.4 can 

then be simplified to 

 ∆𝑛plume = plume

FG
∆𝑛FG + ∑ plume

k,∞ ∆𝑋k,∞ +
∑ plume,plume

∆𝑋 ,plume .  
(D.5)

 

The error in the molar flow rate of the fuel gas, 𝑛FG, is based on the mass flow rate of 

the fuel and is defined as 

 ∆𝑛FG = FG

FG
∆𝑚FG = ∆ FG.  (D.6)

 

The molar flow rate of ambient air is defined based on the control volume illustrated 

in Figure 2.5. It is expressed as  

 𝑛 = plume 𝑛plume − FG 𝑛FG.  (D.7)

 

Then the error in 𝑛  can be defined as 

 (∆𝑛 ) =
plume

∆𝑛plume +
FG

∆𝑛FG .  (D.8)

 

Finally, the error in CCE can be simplified to 
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(∆𝜂) =
CO ,produced

CO ,produced

CO ,plume
∆𝑋CO ,plume +

CO ,produced

plume

plume

FG

∆ FG + ∑ plume

k,∞ ∆𝑋k,∞ +
∑ plume,plume

∆𝑋 ,plume + CO ,produced

CO ,∞ ∆𝑋CO ,∞ +
CO ,produced

∞ plume

plume

FG

∆ FG + ∑ plume

k,∞ ∆𝑋k,∞ +
∑ plume,plume

∆𝑋 ,plume +
FG

∆ FG +
FG

∆ FG . 

(D.9)

 

The uncertainties associated with the species mole fractions 𝑋k,∞  and 𝑋 ,plume  are 

listed in Table C.2 of Appendix C. The error in mass flow rate of the fuel gas, 𝑚FG, 

is based on the uncertainty of the mass flow controller. The EI of gas-phase species 

was expressed in Eq. 2.9 and the uncertainty is defined as 

 ∆𝐸𝐼 = ,plume
∆𝑋 ,plume + ,∞ ∆𝑋 ,∞ +

plume
∆𝑛plume +

FG
∆𝑚FG .  

(D.10)

 

The above expression can be simplified to 

 ∆𝐸𝐼 = ,plume
∆𝑋 ,plume + ,∞ ∆𝑋 ,∞ +

plume

plume

FG

∆ FG + ∑ plume

k,∞ ∆𝑋k,∞ +
∑ plume,plume

∆𝑋 ,plume +
FG

∆𝑚FG .  

(D.11)

 

The error in BC emissions is defined as 
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(∆𝐸𝐼 ) = ,measured
∆𝑓 ,measured +

cell
∆𝑇cell +

plume
∆𝑃plume +

plume

plume

FG

∆ FG + ∑ plume

k,∞ ∆𝑋k,∞ +
∑ plume,plume

∆𝑋 ,plume ,  

(D.12)

 

where the soot mas fraction, 𝑓 ,measured, is defined in Eq. 2.1 and the error is defined 

as 

 ∆𝑓 ,measured = ,measured

abs
∆𝐵abs = ∆ abs

MAC
.  (D.13)
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Appendix E Adiabatic Flame Temperature 
 

The adiabatic flame temperature is the temperature of the products of a combustion 

reaction when no heat is lost to the surroundings and no work is extracted from the 

flow. It can be solved by applying an energy balance to a chemically reacting steady-

flow system and assuming an isoenthalpic process (i.e., ∆H = 0), which is expressed 

as 

 ∑ 𝑛 ℎ° + ℎ(𝑇) − ℎ° = ∑ 𝑛 ℎ° + ℎ(𝑇ad) − ℎ° , (E.1)

 

where the terms on the left represent the enthalpy of the reactants and the terms on the 

right represent the enthalpy of the products. A schematic of the combustion system 

used in the present study is shown in Figure E.1. 

 

 
Figure E.1: Combustion system for analyzing adiabatic flame temperature. 
 

The adiabatic flame temperature was calculated for each experimental set using an 

online STANJAN calculator. A required input was the initial equilibrium temperature 

of the non-reacting mixture based on 

 ∑ 𝑚 〈𝑐 , 〉𝑇 = ∑ 𝑚 〈𝑐 , 〉 𝑇 , (E.2)

 

where 𝑚  is the mass flow rate of each component of the mixture, namely, the fuel 

gas, assist stream and ambient air, 〈𝑐 , 〉 (J/kg·K) is the representative specific heat 

capacity for the temperature of interest, and 𝑇  (K) is the initial temperature of the 

component. The equilibrium temperature, 𝑇 , can be isolated as 
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𝑇 = ∑ 〈 , 〉∑ 〈 , 〉 . (E.3)

 

The mass flow rate of each component of the mixture, namely, the fuel gas, assist 

stream and ambient air constituted stoichiometric combustion when CCE = 100%. 

For a CCE < 100%, proportionally less air participated in the reaction. 


