
 

Experimental Modelling of Black Carbon Emissions from Gas Flares in 

the Oil and Gas Sector  

 

by 

 

Parvin Mehr 

 

 

 

 

 

A thesis submitted to The Faculty of Graduate Studies and Research 

in partial fulfilment of the degree requirements of 

 

 

Master of Applied Science 

in 

Aerospace Engineering 

 

 

 

 

 

 

Ottawa-Carleton Institute for 

Mechanical and Aerospace Engineering 

 

 

Department of Mechanical and Aerospace Engineering 

Carleton University 

Ottawa, Ontario, Canada 

August 2020 

 

 

 

Copyright © 2020 

Parvin Mehr   



ii 

 

Abstract 

Experiments examined the effects of flow conditions and fuel chemistry on the soot 

emissions from turbulent buoyant diffusion flames burning methane-dominated alkane 

fuels mixtures representative of upstream oil and gas sector flares.  Soot (elemental carbon) 

in the captured plumes was measured via thermal-optical analysis.  Yields were calculated 

within precisely-quantified uncertainties following a mass-balance procedure using CO2, 

CO, and CH4 gas analyzers.  Experiments considered six flare diameters (12.7−76.2 mm), 

exit velocities up to 9.5 m/s, and thirteen multi-component fuel mixtures.  Reynolds 

number times Froude number squared was shown to be a useful criterion to separate 

differing soot emissions trends which were aligned with the transition buoyant and 

transition shear sub-regimes of turbulent buoyant flames as defined by Delichatsios (1993).  

Soot emission rates in each regime were well-predicted by new empirical models based on 

flame volumetric flow and global mixing rate and were lower than emission factors used 

in current pollutant inventories. 
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Chapter 1 Introduction 

1.1 Flaring 

Gas flaring is the widespread industrial process of disposing of unwanted flammable gases 

via combustion. Although flaring of gaseous hydrocarbons (especially methane1) can 

reduce global warming effects relative to simply venting gases into the atmosphere, flaring 

produces other highly undesirable pollutants including soot, oxides of nitrogen, carbon 

dioxide (CO2), and sulphur dioxide depending on the flare gas stream.  Satellite data 

indicate global flared volumes exceed 140 billion m3 annually (World Bank 2018), which 

is equivalent to ~18% of the total natural gas consumption of the USA in 2018 (US EIA 

2019) or ~32% of the annual gas consumption in the European Union (Statista 2020).   

 Combustion-generated soot is a known health hazard (U.S. EPA 2010; Pope III et 

al. 2002), and black carbon (BC), a principal constituent of soot, is a critical climate forcer.  

Recent studies suggest BC may be the second-most important climate-forcing agent after 

carbon dioxide (Bond et al. 2013; Jacobson 2010; Ramanathan and Carmichael 2008; IPCC 

2007).  Flaring is thought to be an especially important source of BC in the Arctic, where 

emissions from large flared volumes in Russia may be efficiently transported over the arctic 

(Law and Stohl 2007; Stohl 2006) and ultimately deposited on the arctic snow and ice pack 

where it reduces surface albedo (Flanner et al. 2007; Clarke and Noone 1985). 

 
1 Methane's estimated global warming potential is 34 times greater than that of carbon dioxide (Gasser et 
al. 2017). 
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1.2 Flare Types 

The term “flare” is commonly applied to a range of non-premixed or partially premixed 

combustion devices and may include both ground flares (“pit flares”) and elevated flares 

with flames established on the exit of a vertical stack. The latter is much more common 

since it avoids having an open flame at ground level and can aid in dispersion of pollutants, 

heat, noise, and objectionable odours. 

 Mixing of flare gas and combustion air can be “unassisted” or “assisted”. Steam-

assisted flares inject high-pressure steam via engineered burner tips to promote mixing and 

entrainment of air and are predominantly found in refineries and chemical plants (EPA 

2000).  Air-assisted flares instead use forced air to provide the combustion air and promote 

mixing required for smokeless operation. The principal advantage of air-assisted flares is 

that they can be used where steam is not available or is not economical due to large flared 

gas volumes (EPA 2000).  Similarly, pressure-assisted flares use the vent stream pressure 

to promote mixing at the burner tip. By contrast, unassisted flares generally just have 

simple flare tips (potentially just an open pipe) without any auxiliary provision for active 

mixing of air into the flame. These types of flares are common at upstream oil and gas 

exploration and production sites. Satellite data suggest that 90% of all global flaring is 

associated with upstream oil and gas production (Elvidge et al. 2015).   

 Flares may also be broadly classed into three categories based on their type of 

operation (McEwen and Johnson 2012).  Emergency flares are intermittent and typically 

involve large, very short duration, unplanned releases of flammable gas that is combusted 

to ensure safe operation of the facility.  Process flares (non-routine flaring) may involve 

large or small releases of gas over durations ranging from hours to days. In the upstream 
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oil and gas industry, this can include flaring during well testing to evaluate the size of a 

reservoir, or during blow-downs or evacuation of tanks and equipment (McEwen and 

Johnson 2012).  

Production flares (routine flaring) generally involve smaller, more consistent gas 

volumes and much longer durations that may extend indefinitely during oil production in 

situations where associated gas is not being conserved. The primary focus of the present 

work is production and process flaring using simple unassisted “pipe-flares” typical of the 

upstream oil and gas sector. These types of flares are common throughout the world and 

have been seen during field work in Ecuador (Conrad and Johnson 2017), Mexico (Conrad 

and Johnson 2017; Johnson et al. 2013), and Uzbekistan (Johnson et al. 2011).   

1.3 Field Measurements of BC from Flares 

The measurement of BC emissions from large-scale flares in the field remains a difficult 

task for several reasons.  These include variable atmospheric conditions, temporal and 

spatial inhomogeneity of the plume, sampling challenges due to the elevated nature of the 

flame and the rapid dispersion of the emissions in the atmosphere, uncontrolled turbulent 

entrainment and dilution of the plume with air, and large site-to-site variation of flares.  To 

date, a limited amount of work exists in which experimental measurements of flares have 

progressed beyond lab-scale.  

McDaniel (1983) reported one of the first instances of soot measurements from a 

flare at scale, in which samples were extracted from the plume of a 101.6 mm outside 

diameter flare under highly controlled conditions.  Soot concentrations in the plume were 

measured for three individual tests with the flare burning crude propylene (approximately 
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80% propylene, C3H6, and 20% propane, C3H8).  Only the concentration of soot in the 

plume was reported (rather than emission rates or yields) with values of 40, 177 and 274 

μg/L for “smoking” flares operated without steam- or air-assist labelled as lightly, average, 

and heavily-smoking flares, with the non-visibly-smoking flares assumed to emit zero.  

 Pohl et al. (1986) carried out tests using propane diluted with nitrogen (N2) and 

burner diameters of 76.2, 152.4, and 304.8 mm. While the focus of their experiments was 

on determining carbon conversion efficiency, they observed soot from smoky flares 

accounted for less than 0.5% of unburned fuel. Allen and Torres (2011) made particulate 

measurements of flares, but only for flares employing steam- and air-assist technology 

(Fortner et al. 2012), which are not relevant to the present study.  

Allen et al. (2016) conducted a review and assessed estimates of emissions of BC 

from flaring in upstream oil and gas operations in the United States.  They noted the general 

lack of soot data and suggested that for natural gas production facilities and associated gas 

flares, combustion efficiencies and BC emissions should be measured under a variety of 

operating conditions and in multiple production basins. 

More recently, an optical technique for quantifying in-situ BC mass emission rates 

from flares known as sky-LOSA has been deployed in field measurements (Conrad and 

Johnson 2017; Johnson et al. 2010, 2011, 2013).  This method is based on line-of-sight 

attenuation of sky light through a flare plume coupled with image correlation velocimetry.  

In these limited field trials, flares have been found to have BC emission rates that vary by 

orders of magnitude, from 0.003 g/s to 53.7 g/s. Measured BC yields on a mass of BC per 

volume of flare gas basis ranged from 0.03 g/m3 to 3.85 g/m3. 
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Schwarz et al. (2015) used aircraft sampling and estimated an upper bound emission 

factor for all the BC sources in the Bakken region of North Dakota of 0.57 ± 0.14 g/m3.  

Weyant et al. (2016) flew transects through individual gas flares in the same geographical 

region as Schwarz et al. (2015) and sampled BC, CO2, and methane (CH4) using 

instruments onboard an aircraft. They estimated BC emission factors (𝐸𝐹𝐵𝐶) from targeted 

flares, using Equation (1.1):  

 𝐸𝐹𝐵𝐶 = 1000𝐹
𝐶𝐵𝐶

𝐶𝐶𝑂2
+ 𝐶𝐶𝐻4

+ 𝐶𝐵𝐶
 (1.1)  

where CBC, CCO2, and CCH4 are mass concentrations of carbon in each species in g/m3 and 

F is the estimated carbon mass fraction of the flare gas in grams carbon per grams of 

hydrocarbons in the fuel (estimated as 0.79 from Brandt et al. (2016)).  Weyant et al. (2016) 

reported average BC yields of 0.13 ± 0.36 g/m3 (0.14 ± 0.12 g/kg). 

 Gvakharia et al. (2017) used the same aircraft campaign data as used in Schwarz et 

al. (2015), but a different method, to estimate BC yields from 37 unique flares.  BC 

emission factors were calculated using Equation (1.1)  (i.e., same as Weyant et al., 2016, 

with the same assumed hydrocarbon fraction of 0.79 in the flare gas).  Gvakharia et al. 

(2017) reported BC yields ranging from 0.000492 – 0.35 g/m3 (0.0004 to 0.287 g BC per  

kg of hydrocarbons) in the fuel for flares in the Bakken region of North Dakota and found 

no clear relationship between estimated yields and aircraft-level wind speed.  Gvakharia et 

al. (2017) reported a mean BC yield value of 0.066 ± 0.009 g/m3 (0.053 ± 0.008 g/kg) for 

their measurements. When comparing their results with previous studies, they assumed a 

flare gas density of 1.23 ± 0.14 kg/m3 (Brandt et al. 2016), to convert from g/kg to g/m3. 
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 Figure 1.1 compares measured or estimated flare BC yields from the limited field 

studies discussed above. There are significant discrepancies among the published data, 

even among the three studies that measured flares within the Bakken region.  The estimated 

upper-bound yield of 0.57 g/m3 reported by Schwarz et al. (2015) is consistent with the 

laboratory measurements of McEwen and Johnson (2012) discussed below, but is twice the 

highest emission value observed by Gvakharia et al. (2017) and four times the mean BC 

yield of Weyant et al. (2016).  Measurements for the four individual flares in Ecuador 

presented by Conrad and Johnson (2017) varied more than two orders of magnitude, which 

was attributed to the diverse measured flare gas compositions even within this small 

geographic region.  The heaviest-sooting flare (labeled by the authors as EC-O3) emitted 

∼7 times more BC mass per flared gas volume than the estimated upper bound of Schwarz 

et al. (2015) for the Bakken region and the lightest-sooting flare (EC-O2) was within the 

range of Weyant et al. (2016) measurements. Overall, the mean BC emission of 1.83 g/m3 

for the four Ecuador flares was much higher than those of the Bakken. 
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Figure 1.1: Comparison of flare BC yields from various field studies of flares.  Value for Schwarz et 

al. (2015) was reported as an upper bound with error bars (although their calculation is not 

explained).  Solid bar for Weyant et al. (2016) indicates their estimated mean value with error bars 

representing the standard deviation (the negative error value of 0.23 g/m3 is a result of subtracting 

the standard deviation of 0.36 g/m3 from the mean value of value 0.13 g/m3 given in their paper).  For 

Gvakharia et al. (2017), the solid bar indicates reported mean value (with the error bar representing 

95% confidence interval about the mean) and the adjacent hatched bar indicates the range of 

reported yields.  Weyant et al. (2016) assumed flare gas density of 0.9 ± 0.2 kg/m3 whereas Gvakharia 

et al. (2017) assumed flare gas density of 1.23 ± 0.14 kg/m3.  Data from Conrad and Johnson (2017) is 

for four individual flares, where error bars indicate 95% confidence limits in each measured value. 

 Weyant et al. (2016) note that if the average BC yield from their measurements in 

the Bakken region is spatially and temporally representative of global flaring, then the 

GAINS model emission factor (Stohl et al. 2013) is more than an order of magnitude high; 

this magnitude of global flaring emissions would be similar to that of other low-BC 

emitting sectors, such as global aviation and power plant emissions of BC (~ 20 Gg BC) 

(Bond et al. 2013).  However, the BC yields of field measurements by Conrad and Johnson 

(2017) would suggest that the emission factor used within the GAINS model is ∼10% low.  

These discrepancies highlight the overall uncertainty in flare emissions and the limited 

utility of simple mean BC yields derived from small data sets in small geographic regions. 
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1.4 Flare Flow Regimes and Aerodynamic Parameters  

In the absence of crosswind, vertical pipe flares are in essence “simple” non-premixed 

flames. However, as shown by Delichatsios (1993b), even this basic configuration has 

multiple regimes.  Figure 1.2 outlines the non-premixed flame regime diagram from 

Delichatsios (1993b) which is based on fire dynamics and the physical properties of 

turbulent diffusion flames.  This diagram enhances the classical Hottel and Hawthorne 

(1948) laminar-turbulent transition plot by adding the turbulent momentum and turbulent 

buoyant regimes.  The ordinate of Figure 1.2 is the burner Reynolds number: 

 𝑅𝑒 =  
𝑉𝑒 𝐷𝑒

𝜈
 (1.2)  

where Ve, De and 𝜈 are the exit velocity [m/s], burner diameter [m], and kinematic viscosity 

[m2/s] respectively2.  

The abscissa is the modified fire Froude number:  

 𝐹�̃� =
𝑉𝑒

√𝑔 𝐷𝑒(𝐴𝐹 + 1)3 2⁄
 (1.3)  

where AF is the air-fuel ratio (mass) and 𝑔 is the gravitational constant (9.81 m/s2).  It 

should be noted that Figure 1.2 is only applicable for common hydrocarbons with similar 

adiabatic flame temperatures (𝑇𝑎𝑑) as mentioned by Delichatsios (1993b). 

 
2 Delichatsios (1993b) does not specify the temperature and pressure at which the exit velocity and 
kinematic viscosity are determined.  
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Figure 1.2: Estimated flare regimes in Turbulent flame regimes identified by Delichatsios (1993b).  

Hatched region represents the estimated range of conditions expected for upstream flares in Alberta, 

Canada taken from McEwen and Johnson (2012) 

Based on his observations, Delichatsios (1993b) noted that jet flames have two 

distinctive regions: a transition region close to the burner, and the region encompassing the 

rest of the flame.  Based on the behaviour of these two regions, he then distinguished seven 

flame types: 

1. Purely laminar where both regions are laminar, and momentum dominated. 

2. Purely laminar where both regions are laminar, and buoyancy dominated. 

3. Laminar across the flame, momentum dominated near the burner, but buoyancy 

dominated downstream. 

4. Momentum dominated near the burner and turbulent buoyant in the main flame. 

5. Contains a buoyant transition region and the main flame is purely turbulent buoyant  

6. Purely turbulent buoyant with a momentum transition region 

7. Purely turbulent momentum with a controlled inertial transition region.  
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McEwen and Johnson (2012) determined the estimated range of conditions expected 

for upstream flares in Alberta, Canada – indicated by the hatched area in Figure 1.2 – by 

calculating the Reynolds number and global Froude number based on fuel properties of 

data received from the Petroleum Technology Alliance of Canada (PTAC) (private 

communication between PTAC and Dr. Matthew Johnson, 2007).  The bounding lower red 

line represents a 76.2 mm burner and the upper blue line represents a 254 mm burner. 

According to Delichatsios (1993b), flames within this range could all be classed as 

“turbulent-buoyant”, although they span both the transition-buoyant and transition-shear 

sub-regimes.  The focus of current work is thus on regions 4, 5, and 6 since these are the 

closest regions to the estimated range of conditions for upstream flares.  

1.5 Effect of Crosswind 

Flares in the upstream oil and gas (UOG) industry are open to the air and are thus frequently 

subjected to crossflow wind conditions. This further complicates the regime description.  

Gollahalli and Nanjundappa (1995) suggested that non-premixed flames from circular 

burners in crosswind can be divided to three distinct zones: a planar recirculation vortex 

attached to the burner tube in its wake, a second axisymmetric flame which follows the 

first zone downstream, and the junction of the two zones with an intense mixing of jet and 

cross-flow streams.  Similar observations were made by Johnson et al. (2001b).  Huang 

and Wang (1999) argued that the flow fields of non-premixed flames from stacks in 

crossflow exhibit five different modes depending on the jet-to-wind momentum flux ratio: 

down-wash, crossflow-dominated, transitional, jet-dominated, and strong jet modes.  

Detailed study of vorticial structures in cold-flowing jets in strong crossflow has revealed 
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numerous complex interactions among the shear layer, inner pipe flow, and stack wake 

vortices that vary with condition (Cameron et al. 2011). 

 However, despite several studies investigating the effects of crosswind on various 

aspects of turbulent diffusion flames (e.g. Botros and Brzustowski, 1979; Brzustowski et 

al., 1975; Ellzey et al., 1990; Gollahalli et al., 1975; Huang and Wang, 1999; Huang and 

Yang, 1996; Gollahalli and Nanjundappa, 1995; Kalghatgi, 1981; Johnson and Kostiuk, 

2002; Johnson, Wilson, et al., 2001; Johnson and Kostiuk, 2000), almost none has focused 

on how crosswind influences soot emissions.  Ellzey et al. (1990) studied the soot yield 

from small diameter (1.19 to 2.41 mm) propane diffusion flames in crossflow and co-flow 

configurations.  They observed that soot yields decreased with the scaled product of fuel 

jet and crossflow air velocities and attributed the reduction in soot yield to higher mixing 

from increased air velocity. The effect of crosswind on BC emissions is an obvious area 

for future work, however the goal of the present work is to examine the quiescent wind 

condition in which soot yield may be at a maximum (i.e. a worst-case scenario for flare 

emissions). 

1.6 Lab-scale BC Emission Studies  

Although fundamental research into soot formation is a central field of combustion 

research, only a few studies have sought to quantify BC emission yields from turbulent 

diffusion flames.  Becker and Liang (1982, 1983) studied soot generation efficiency (SGE, 

defined as the amount of fuel carbon converted to carbon in the form of soot and emitted 

from the flame) of various alkane and alkene fuels. They used small burner inner diameters 

(0.69 – 15.9 mm) over a broad range of the buoyancy Richardson ratio (Ri), spanning the 
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transition from buoyant to shear for turbulent diffusion flames. In their work, SGE and Ri 

were expressed as: 

 𝑆𝐺𝐸 =
�̇�𝑠𝑜𝑜𝑡

�̇�𝑐𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝑓𝑢𝑒𝑙
 (1.4)  

 
𝑅𝑖 =  

𝐹𝑙𝑎𝑚𝑒′𝑠 𝑏𝑢𝑜𝑦𝑎𝑛𝑐𝑦

𝑠𝑜𝑢𝑟𝑐𝑒 𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚 𝑓𝑙𝑢𝑥
=

𝜋𝑔𝜌∞𝐿𝑓
3

4�̇�0

=
𝐿𝑓𝜌∞

𝐹𝑟2𝐷𝑒𝜌𝑒
 

(1.5)  

where 𝜌∞ is the ambient density, 𝐿𝑓 is the flame length [m] and �̇�0 [N] is the source 

momentum flux defined as the product of the mass flow rate (�̇�) and 𝑉𝑒 of the flare gas 

exiting the burner.  Based on Equation (1.5), the higher values of Ri  represent buoyancy 

dominated flames.  Becker and Liang (1982) found a strong correlation between SGE and 

both Ri and characteristic residence time (𝜏r
∗) and suggested that either could be used as 

the scaling parameter for soot emissions.  They defined 𝜏r
∗ as: 

 𝜏𝑟
∗ ≡

𝜌∞𝑆𝐿𝑓
3

�̇�𝑒
 (1.6)  

 Figure 1.3 shows the SGE results from Becker and Liang (1982), scaled by both Ri 

and 𝜏r
∗.  They suggested that SGE rises with Ri and approaches plateau at high Ri values. 

However, as seen in Figure 1.3a, this is not the case for acetylene (C2H2), which appears 

to peak and then decrease at higher Ri.  For other fuels such as propane and ethylene (C2H4), 

not enough points exist at high Ri to definitively identify a plateau. Similarly, as seen in 

Figure 1.3b, it is not clear whether a plateau limit is indicated at high 𝜏r
∗ (especially for 

C2H2 and C3H8).   



27 

 

 

Figure 1.3: SGE results from Becker and Liang (1982), shaded symbols mean horizontal source 

flames. (a) SGE scaled by Ri. (b) SGE scaled by 𝝉𝒓
∗ . 

 Becker and Liang (1982) questioned the strong influence of Ri – an aerodynamic 

parameter – on SGE and argued that the quantity of soot should predominately depend on 

only a chemical parameter such as the first Damköhler ratio (Da1), represented by 𝜏𝑟
∗.  

However, they speculated that perhaps the presence of the flame length and jet mass flux 

at the burner exit in both 𝜏𝑟
∗ and Ri caused this ambiguity. In the context of a published SGE 

of 0.0075 for laminar ethylene diffusion flames (Wright 1974; Chakraborty and Long 

1968c, 1968b, 1968a), Becker and Liang (1982) suggested that the limit for turbulent 

ethylene flames at high Ri in their work (0.0045) means that turbulent flames with slow 

mixing (large 𝜏r
∗) may behave roughly like a wrinkled laminar diffusion flame and hence 

the soot yields are alike.  

 Sivathanu and Faeth (1990), Sivathanu et al. (1988), and Gore and Faeth (1988, 

1986), studied SGE for various alkenes and propane for burner diameters from 5 to 

234 mm.  Unlike Becker and Liang (1982, 1983) who sampled soot concentrations, 

Sivathanu et al. (1988), Sivathanu and Faeth (1990), and Gore and Faeth (1986, 1988), 
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measured soot via optical measurements.  Sivathanu and Faeth (1990) also estimated 𝜏r
∗ 

using flame photography, where 𝜏r
∗ was defined as the time from shutting off the fuel to 

the time that all luminosity of the flame disappeared.  Although this was different from 

Becker and Liang (1982) who calculated 𝜏r
∗ using the measured flame length (following 

the method in Becker and Liang, 1978), Sivathanu and Faeth (1990) similarly found that, 

for all fuels except propane, SGEs were largely a function of 𝜏r
∗ and increased with 

increasing residence time – tending toward asymptotic values when 𝜏r
∗ was roughly ten 

times longer than that of a laminar flame at the normal smoke point. 

 Figure 1.4 attempts to compare various SGE  results from the literature on common 

axes (Ri as defined by Equation (1.5)).  Unfortunately, Ri is not consistently defined by 

different authors.  Sivathanu and Faeth (1990), Sivathanu et al. (1988), and Gore and Faeth 

(1988, 1986) defined Ri as: 

 𝑅𝑖𝐹 = 
𝑔𝐷𝑒

𝑉𝑒
2  (1.7)  

which simplifies the effects of buoyancy and is quite different from the definition of Becker 

and Liang (1982) and McEwen (2010) who used Equation (1.5).  By taking the ratio of the 

two formulations: 

 
𝑅𝑖𝐵
𝑅𝑖𝐹

= 
𝜌∞

𝜌𝑒
 (

𝐿𝑓

𝐷𝑒
)
3

 (1.8)  

Equation (1.8) suggests that for the conditions shown in Figure 1.4 the Ri used by Becker 

et al. (𝑅𝑖𝐵) is on the order of six million greater than that used by Faeth et al. (𝑅𝑖𝐹).  

Available data in the literature with sufficient information to calculate Ri using Equation 

(1.5) are shown in Figure 1.4.   
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Figure 1.4: SGE s from literature scaled by Ri as defined by Equation (1.5).  Data from Sivathanu and 

Faeth (1990) were recalculated in terms of this Ri using digitized data from Figure 9 in their paper 

and information referenced in a private communication between Sivathanu and Canteenwalla (2007) 

[May 30, 2006].  The “Other mixtures” of McEwen (2010) were four and six component methane-

based natural gas mixtures categorized into three groups of light, medium and heavy.  

 Trends in Figure 1.4 are not all consistent. In some cases, SGE data show a general 

rise and plateau trend with increasing Ri (e.g. C2H2 and C3H8 data of Becker and Liang 

(1982, 1983) and C2H4 and C3H6 data of Sivathanu and Faeth (1990)).  However, this trend 

is not as obvious in other cases. The C3H8 data of Sivathanu and Faeth (1990) show a 

declining trend at higher Ri and the pure methane and methane-based mixture SGE data of 

McEwen (2010) do not show a plateau at all and instead seem to rise to a peak and then 

quickly fall with increasing Ri.   

 The transition from a rise to plateau or subsequent fall also seems to occur over a 

very wide range of Ri.  In the results of Becker and Liang (1982, 1983) the plateau region 

starts at Ri ~ 2000 for all fuels except C2H2, which seems to have clear transition at 
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Ri ~ 200.  The peak of the rise/fall trend in the results of McEwen (2010) appears at 

Ri ~ 20000, as does the transition to a plateau for the C2H4 data of Sivathanu and Faeth 

(1990).  However, the C3H6 data of Sivathanu and Faeth (1990) likely reach an apparent 

plateau at 10 < Ri  <200.   

 Finally, noting the log scales on the figure, agreement on SGE values at similar Ri 

for the same fuel are generally poor among authors. In the worst case, data for C2H4 from 

Becker and Liang (1982, 1983) and Sivathanu and Faeth (1990) show more than an order 

of magnitude difference at Ri ~ 200.  Results from Figure 1.4 for the “plateau” region only 

– at longer characteristic residence times (high Ri) where at least in some cases SGE appears 

relatively independent of burner operating conditions – are summarized in Table 1.1, which 

also includes some additional literature data with insufficient information to be plotted in 

Figure 1.4.   

Table 1.1: SGEs for diffusion flames in the “plateau region” in still air with reactants initially at 

normal temperature and pressure from literature (Sivathanu and Faeth 1990a; Sivathanu et al. 1988) 

Source 
SGE [-] 

Ethylene Acetylene Propylene Propane 

Sivathanu and Faeth (1990) a 0.019 0.2 0.069 - 

Sivathanu et al. (1988) a 0.010 0.11 - - 

Gore and Faeth (1986, 1988) a 0.012 0.21 - - 

Newman and Steciak (1987) a 0.017 - 0.063 0.021 

Becker and Liang (1982, 1983) b 0.0045 0.1 - 0.0045 
a Estimated from soot volume fraction measurements using a soot density of 1100 kg/m3 from 
Newman and Steciak (1987).  
b For 𝜏r

∗ (as defined in Becker and Liang (1982, 1983)) greater than 180 s for ethylene, 70 s for 
acetylene, and 180 s for propane. 

 

 As shown in Table 1.1, there is considerable disagreement in SGE data for identical 

fuels even within this restricted region.  SGE data for C2H2 from Sivathanu and Faeth 

(1990) and Gore and Faeth (1986) are twice those of Sivathanu et al. (1988) and Becker 

and Liang (1982, 1983).  The SGE data of Sivathanu et al. (1988) for C2H4 is twice the 
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asymptotic value reported by Becker and Liang (1982, 1983).  Moreover, for  C2H2, C2H4, 

and C3H8, the yields reported by Becker and Liang (1982, 1983) are generally lower than 

the rest of the cited sources by a factor of ~ 2–4.  Sivathanu et al. (1988) suggested this 

discrepancy could be due to incomplete collection of soot (a common problem with probe 

sampling methods) or effects of additional uncertainties in soot densities. Soot generation 

efficiencies from Sivathanu et al. (1988) and Gore and Faeth (1986) are 30 - 40% lower 

than the value reported by Newman and Steciak (1987) for C2H4. Sivathanu et al. (1988) 

speculated that this can be attributed to the fact that Newman and Steciak (1987) used Mie 

scattering theory and refractive indices for soot from Tien and Lee (1982), while their 

results are for the Rayleigh scattering approximation using refractive indices from Dalzell 

and Sarofim (1969).  The SGE values of Sivathanu and Faeth (1990) for propylene and 

ethylene are in good agreement with the values reported by Newman and Steciak (1987).   

 In the context of gas flares, there are almost no data in the literature for natural gas-

like (methane-like) fuels as relevant to flaring other than the limited methane data from 

Becker and Liang (1982, 1983) and data from McEwen (2010)).  McEwen (2010) studied 

the total soot emissions from turbulent diffusion flames representative of associated gas 

flares by performing quantitative emission measurements on laboratory-scale flares for a 

range of burner diameters (12.7 – 76.2 mm), exit velocities, and fuel compositions (both 

pure fuels and C1-C4 alkane mixtures relevant to flared gases).  He attempted to scale his 

results using several parameters cited in the literature, including the fire Froude number 

(Delichatsios 1993), Ri (Becker and Liang 1982), 𝜏r
∗ (Sivathanu and Faeth 1990a), and a 

smoke-point- normalized soot generation efficiency (Canteenwalla 2007).  Among these, 

Frf  suggested by Delichatsios (1993) proved the most effective.  McEwen and Johnson 



32 

 

(2012) presented a preliminary empirical relationship between fuel heating value and soot 

yield. Assuming a heating value of 45 MJ/m3, they reported emissions as large as 0.51 g/m3 

consistent with the upper limit of Schwarz et al. (2015) from field measurements. 

 From the discussion above, it is observed that there is disagreement in magnitudes 

of soot emissions measured by different authors even when test conditions are comparable. 

Furthermore, there is no general model to predict SGE trends for different fuels/conditions 

and while there may be indications of some trends, most data are not for the fuels relevant 

to the flaring in the oil and gas industry. Figure 1.5 shows the estimated regime ranges for 

the subset of cited sources; critically, none is within the estimated regime range of upstream 

flares, though a few are close (McEwen and Johnson 2012; Ellzey et al. 1990; McDaniel 

1983).  The limited total soot emission data available in the literature and the lack of data 

relevant to upstream oil and gas flaring both in terms of fuel composition and flow regime 

region highlight the need for the present work. 
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Figure 1.5: Comparison of flare regime with estimated regimes of available literature updated from 

McEwen (2010) 

1.7 Flare BC Emission Factors 

Policy makers and governments typically rely on pollutant inventories to track emissions 

and support decision making. These inventories are typically generated using simple 

emission factors, which relate the emitted quantity of a pollutant of interest to an input 

quantity of fuel. Emission inventories for BC and co-emitted substances have been 

developed at different scales from global to urban (Raga et al. 2018).  Sun et al. (2007) and 

Bond et al. (2004) produced some of the earliest BC emission estimates. The seminal 

review of Bond et al. (2013) estimated global black carbon emissions using information 

available at that time.  The International Institute for Applied Systems Analysis (IIASA) 

has used the Greenhouse Gas and Air Pollution Interactions and Synergies (GAINS) model 

to develop global emissions of BC and all co-emitted air pollutants (Wagner et al. 2007).  

 The quantities of pollutant emissions generated from flaring depend on myriad 

factors including the rate and extent of fuel-air mixing and the flame temperatures achieved 
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and maintained. The US EPA Compilation of Air Pollutant Emissions Factors (AP-42,  

U.S. EPA, 1995) suggests that “properly operated flares” should achieve at least 98% 

combustion efficiency in the flare plume, meaning that hydrocarbon and carbon monoxide 

(CO) emissions amount to less than 2% of hydrocarbons in the gas stream. However, 

several experiments have shown that under certain conditions (e.g., strong crosswind, low 

heating value, excess steam- or air-assist) the carbon conversion efficiency can be reduced 

(Torres et al. 2012a, 2012b, Johnson and Kostiuk 2000, 2002; Johnson et al. 2001; Pohl et 

al. 1986) and the portion of unburned or partially reacted species emitted from the flare can 

increase. 

For regulatory reporting purposes and inventory development, estimates of flare-

generated pollutant emissions are generally calculated based on simple emission factors. 

For flares, black carbon emission factors relate the mass of emitted BC to the quantity of 

gas flared. Table 1.2 summarizes available black carbon emission factors for flares as 

reviewed by Corbin (2014).  As indicated in the table, most current factors are ultimately 

sourced from a very limited number of primary studies and published values. In general, 

there is limited information available on the primary source of these emission factor data 

or their applicability to upstream oil and gas flares.  

 Moreover, as pointed out in various studies (Huang et al. 2015; Johnson et al. 2011, 

2013; Stohl et al. 2013), BC emission factors for flares vary significantly among different 

oil and gas fields.  The available emission factors in Table 1.2 are defined using various 

units, which highlights the lack of consistency or knowledge on the appropriate scaling of 

emission factors for different flare gases with a potentially wide range of chemical 

properties.  In addition, the work of previous researchers such as Sivathanu and Faeth 
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(1990) and Becker and Liang (1982) has demonstrated that soot emissions vary with flow 

conditions and fuel, hence a single emission factor applied to all conditions may be 

inappropriate.  Current flare black carbon emission factors are in general overly simplified 

and of questionable validity.  

 Poorly estimated emission magnitudes adversely impact the accuracy of national 

and international pollutant inventories and prevent sound policy decisions. Better 

emissions quantification remains a critical experimental research challenge. Numerous 

studies emphasize the necessity of continued work in the quantification of emissions and 

development of emission factors for flaring activities in particular (e.g. Stohl et al. (2013), 

U.S. EPA (2012) and Arctic Council (2011)). 

Table 1.2: Summary of soot emission factors taken from Corbin (2014) 

Standard Emission Factor 
as Reported 

EF 
[g/Kg] 

Flare Gas Primary Source 

AP 42, Vol I, 
Sec 2.4 
U.S. EPA (1998) 

17 lb/106 DSCF 
Methane 

0.32a Methane Enclosed Flares 

AP 42, Vol I, 
Sec 13.5 US EPA 
(1995) 

0, 40, 177, 274 
μg/L exhaust 
gasb 

0, 0.5, 2.19, 3.4 Crude 
Propylene 

(McDaniel 1983) 

WebFIRE  
U.S. EPA (2016) 

53 lb/106 SCF 1a Landfill Gas Confidential Report No. 
ERC-55, April 21, 1991 

ARPEL (Franklin 
and Leahey 
1998)  

0.0023, 0.0021 
kg/m3-gas-
burnedc, 43.0 
tonnes/PJ-fired 

2.7a, 2.5a, 
2.28a, d 

Solution Gas 
(Sweet, Sour), 

Natural Gas 
Steam Assisted 

USEPA External 
Combustion Sources, 
4/93, Table 1.3-10, New 
Source Performance 
Standards for Fossil Fuel 
Fired Burners 

CAPP (2007) 2.5632 kg/103 

m3 
3.2a Solution Gas USEPA WebFIRE 6.22, 

April 21, 1991. Landfill 
gas adjusted to 45 
MJ/m3 HHV 

EEA (Trozzi et al. 
2013) 

2.6 kg/Mg-
throughput 

2.6 Flaring in Oil 
and Gas 

Extraction 

Villasenor et al. (2003) 

NAEI (2012) 0.7e, 0.31f x10-6 
kt/t 

0.7, 0.31 Upstream Gas 
Production 

Unknown 

Villasenor et al. 2.1 g/Sm3 2.5a Sour Gas US EPA AP 42 
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(2003) (2001)/ARPEL (1998) 
a  Assumed gas density of 0.85 Kg/m3 

b Estimated from plume concentration data using procedure of (McEwen 2010) 
c  Values given are for “Solution Gas Combustion Heavy Crude Oil Primary (Sweet)/Thermal (Sour) 
Facilities” respectively.  
d Calculated for an assumed HHV of 45 MJ/m3 

e PM10
 

f PM2.5
 

1.8 Objectives of the Current Study  

As discussed, flares in the UOG industry are most often elevated flames stabilized on 

simple vertical pipes (i.e. pipe flares), creating large-scale, open-atmosphere, buoyancy-

driven, turbulent non-premixed flames. Despite the simplicity of this design, accurate 

estimation of BC emissions to meet new international reporting regulations (e.g. ECCC, 

2017) and support informed policy decisions is challenging due to the limited literature for 

these primarily buoyancy-dominated turbulent non-premixed flames, the questionable 

relevance of existing emission factor models (see McEwen and Johnson (2012)), and the 

challenges of in-situ field measurements (Johnson et al. 2013).  Few works have considered 

the multicomponent alkane fuel mixtures and flow regimes relevant to most upstream 

flares. There is a clear need for advanced models integrating and accelerating the soot 

emission scaling and predictions.  

 The primary objectives of the current research were to: i) perform controlled 

parametric experiments on large, turbulent-buoyant flames burning multicomponent fuel 

mixtures typical of UOG sector flares; ii) investigate the effect of key aerodynamic 

parameters, flame regimes, flame structure, and fuel compositions on BC yield trends in 

turbulent diffusion flames of practical interest; and iii) evaluate practical methods to model 

and predict BC emissions from this critically important atmospheric source.  This work 

was undertaken with the aim of scaling flare soot emissions through a better understanding 
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of the effect of various parameters including the flow conditions and fuel compositions. 

The results of this thesis are an important step toward developing experimentally based 

models to predict soot emissions from turbulent diffusion flares used in industry. Such a 

model will help industry to meet its federally mandated reporting requirements, support 

better informed regulations and policy decisions, and provide industry with a framework 

for emissions reduction. 

1.9 Thesis Layout 

Chapter 2 provides the background knowledge and theory that is required to comprehend 

the study. The information will consist of the current state of research in scaling soot 

emissions. Chapter 3 presents the methodology and experimental set up. Results are 

presented and discussed in Chapter 4, and predictive models for black carbon emissions in 

different flow regimes are developed. Chapter 5 concludes the principal outcomes in 

relation to the objectives and discusses implications of the work and ways it might be 

improved and extended. 
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Chapter 2 Literature Review 

2.1 Soot Formation in Flames 

The processes of soot formation, growth, and oxidation in practical environments are 

highly complex, as they are correlated with interdependent and coupled parameters such 

as temperature, pressure, mixture fraction, and strain rate (Kent and Honnery 1987).  Soot 

formation and oxidation are in-flame processes; therefore, even though soot formation may 

occur in a flame, the soot could be completely oxidized, which would result in no soot 

being emitted post-flame.  Hence, while a certain parameter may increase soot formation 

it does not necessarily indicate an increase in soot emitted from the flame.  

An important point is that soot formation is a slow process compared to the 

production of other chemical species (Frenklach and Wang 1994; Harris and Weiner 1985; 

Bockhorn et al. 1984; Liew et al. 1984; Haynes and Wagner 1981) and in general can be 

organized into six stages: pyrolysis of fuel, polycyclic aromatic hydrocarbon (PAH) 

formation, formation of precursor particles, soot inception, surface growth and soot 

agglomeration, and soot oxidation (Richter and Howard 2000).  Soot oxidation is itself a 

complex process that depends on three main factors: mixing rate, temperature, and species 

concentrations (Kent and Bastin 1984).  Numerous investigations have attempted to 

elucidate the mechanism and kinetics of soot formation and burn-out in flames, mostly for 

laminar premixed and diffusion flames (e.g. Gülder 1999; Moss et al. 1995; Frenklach and 

Wang 1994; Glassman 1988; Santoro and Semerjian 1984; Magnussen et al. 1979; 

Magnussen 1975).  Although a comprehensive detailed model for soot formation and 



39 

 

oxidation remains elusive, several general observations can be made as are reviewed in this 

chapter. 

2.1.1 Effect of Temperature 

Flame temperature is an extremely important parameter since it affects the chemical 

kinetics in soot formation and oxidation.  In diffusion flames, soot particles are observed 

to grow to a maximum diameter and volume fraction at some intermediate height in the 

flame (Hu et al. 2004; Santoro and Semerjian 1984).  After this formation and growth 

region, oxidation processes begin to dominate, and the soot concentration is generally 

observed to decrease.  The soot formation rate increases with an increase in temperature 

for a diffusion flame (Gülder and Snelling 1993; Kent and Wagner 1984).  However, the 

soot oxidation also increases with temperature but will cease if the temperature falls below 

a certain value depending on the fuel used (Kent and Bastin 1984; Kent and Wagner 1984); 

thus, there is a competing effect between the two mechanisms. Whether the particles 

survive and are emitted is determined by the local flame conditions.  

 Some studies have identified the temperature in the early formation zone (see Kent 

and Wagner (1984)) and the radiation transfer throughout the flame region (see Markstein 

and De Ris (1985); Kent and Wagner (1984)) as important factors in determining the 

ultimate fate of the soot particles.  Other researchers such as Coppalle and Joyeux (1994), 

Kent and Bastin (1984), Nishida and Mukohara (1982), and Haynes and Wagner (1981) 

have made soot volume fraction (SVF) measurements within the flame to gain an 

understanding of how temperature affects soot formation and oxidation.  Glassman (1998) 

suggested that the flame temperature of soot within the elevated temperature region has an 

important effect on soot formation.  The overall soot released from a diffusion flame was 
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seen to decrease with an increase in temperature.  Glassman (1998) postulated that the soot 

volume fraction exiting the flame and causing soot emission is related to the growth time 

of the particles formed before flame oxidation occurs, which can be described using 

distance between isotherms.  Furthermore, Glassman (1998) suggested that this distance 

determines the incipient particle formation temperature and stoichiometric flame 

temperature which are indicative of the strength of the temperature gradient.   

While temperature influences soot formation and destruction processes in a flame, 

soot concentration within the flame simultaneously influences temperature via heat transfer 

through incandescent radiation from soot particles (Tsurikov et al. 2005); hence, 

temperature and soot formation/destruction are intrinsically coupled.  Numerous attempts 

to assess the soot–temperature interaction in a turbulent environment via different 

techniques have been reported.  Sivathanu and Faeth (1990b) extended their previous 

studies (Sivathanu and Faeth 1990a; Sivathanu et al. 1988) and measured instantaneous 

soot volume fractions and temperatures of turbulent non-premixed flames burning various 

alkenes and propane.  They found strong correlations between soot volume fractions and 

temperatures for each fuel.  These correlations depended on fuel type but were essentially 

independent of burner operating condition. 

The flame temperature is also influenced by the fuel structure which ultimately 

affects the soot formation.  The temperature of air mixed with the fuel can affect both the 

nucleation rate and growth of ultrafine particles (< 100 nm).  The addition of diluents 

(further discussed in section 2.1.2) can also affect soot formation, in part through an 

influence on temperature.  Kent and Bastin (1984), Santoro and Semerjian (1984) and Kent 

and Wagner (1984) investigated the influence of temperature on the evolution of the soot 
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particle field by adding nitrogen to the fuel and varying fuel flow rates.  They observed 

that at higher fuel flow rates, maximum temperatures in the particle formation region were 

higher, leading to increased soot concentration.  At later stages (i.e. increased τr*), flames 

with larger soot concentrations exhibit lower temperatures, which facilitate soot particle 

survival in the oxidation region of the flame.  

 The flame temperature is affected by the flame structure as well.  Becker and 

Yamazaki (1978) studied the mean temperature field in vertical free turbulent diffusion 

flames and found that maximum temperature levels in vertical turbulent diffusion flames 

are inversely proportional to the cubic root of Ri.  They attributed this to buoyancy 

producing a different large eddy structure from that at the forced convection limit as Ri 

approaches zero.  

 Although a universal theory for soot emission as a function of some temperature 

parameter is not given in any of the sources from literature, the discussion above highlights 

the important influences of flame temperature on soot formation and how different 

parameters can effect the flame temperature itself.  Gülder (1999) identifies several other 

important parameters besides the flame temperature such as the fuel molecular structure 

and the presence of diluents in the fuel which will be discussed in the following sections. 

2.1.2 Effect of Dilution 

The characteristic flame temperature, residence time, flame diameter, and fuel and oxidant 

mole fractions are the main parameters which help to assess the relative influences of the 

thermal, concentration, and chemical effects of gaseous additives on soot formation.  

Adding a gaseous diluent to the fuel side of a diffusion flame has a threefold effect on soot 
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formation (excluding the changes in chemical reaction rates as a result of a change in 

temperature) (Gulder 1995):  

1. change in the amount of carbon per unit mass of the fuel gas mixture,  

2. change in the flame temperature field, and  

3. changes in species concentrations.  

Schug et al. (1980) distinguished two classes of diluents based on their ability to 

reduce or increase the sooting tendency of a diffusion flame.  Most diluents – such as 

carbon dioxide and water vapor – were found to act like inert gases in decreasing the 

tendency to soot.  The effectiveness of these diluents was found to be proportional to their 

molar specific heats and therefore deemed purely thermal.  On the other hand, non-inert 

additives such as oxygen have been observed to both promote and inhibit the sooting 

tendency substantially when trace amounts were added to fuels (Haynes and Wagner 1981; 

Schug et al. 1980).  Several studies have attempted to elucidate the role of both classes of 

diluents (inert and non-inert) in soot formation and oxidation for various diffusion flames.  

For non-inerts, Gulder (1995) studied the impact of the addition of oxygen on soot 

formation in a diffusion flame for a given flow condition (alkane fuels and burner exit 

diameter of 12.7 mm).  He observed that although oxygen increased soot formation in 

propane and n-butane flames, dilution with oxygen suppressed soot formation in a methane 

diffusion flame.  The suppression effect in the methane flame was reduced when the 

adiabatic flame temperature was decreased by reducing the temperature of the reactants.  

Furthermore, Gulder (1995) postulated this suppression to be due to the reduction in 

acetylene concentration in the pyrolysis products as the oxygen mole fraction in methane 

was increased.  Many other researchers have reported enhancements in soot formation by 
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addition of oxygen to acetylene and ethylene flames (Du et al. 1990; Hura and Glassman 

1989, 1987; Kent and Bastin 1984; Schug et al. 1980; Wright 1974; Jones and Rosenfeld 

1972; Dearden and Long 1968; Chakraborty and Long 1968c).   

Hura and Glassman (1987) observed that the presence of small amounts of oxygen 

in ethylene caused a substantial increase in the radical pool (primarily H atoms).  

Subsequently, this increased the pyrolysis rate over a wide range of temperatures.  This 

observation was found to be very weak in propane flames.  Hura and Glassman (1987) 

suggested that oxygen addition does not have any significant catalytic effect on the 

pyrolysis of alkanes.  In contrast to Hura and Glassman (1987) and Wright (1974) who 

observed an increase in soot upon oxygen addition to propylene diffusion flames, Jones 

and Rosenfeld (1972) reported a decrease in the rate of soot formation.  Despite Hura and 

Glassman (1988) reporting a suppressive effect when adding oxygen to propane and 

isobutane diffusion flames, Wey et al. (1984) observed a significant increase in soot 

concentrations.  The conclusions of Hura and Glassman (1987) and Wey et al. (1984) were 

in contrast with findings of Du et al. (1990) which may be associated with their 

investigation being on a counter flow diffusion flame.   

 The effects of addition of various inert substances to the fuel stream also have been 

investigated, though not as broadly as non-inerts.  Simple dilution by inert gases, such as 

argon, helium, and nitrogen generally decreases the tendency to soot (Kuo and Acharya 

2012).  When CO2 or water (H2O) is added to the fuel, there is a considerable reduction in 

soot-forming tendency.  Arthur and Napier (1955) observed that a concentration of 45% 
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CO2 completely supresses luminosity3 in methane/air diffusion flames.  Magnussen et al. 

(1979) studied the effects of inert diluents on combustion of turbulent acetylene flames and 

concluded that addition of nitrogen and water vapor to acetylene reduces the amount of 

soot.  Flügel et al. (2009) also investigated this matter but on methane diffusion flames and 

observed the same result as Magnussen et al. (1979) and Arthur and Napier (1955).  From 

the above discussion it is observed that adding a single substance (inert or non-inert) can 

greatly influence sooting of the flame.  

2.1.3 Fuel Mixture Effects 

The influence of fuel chemistry on the chemical mechanisms of soot formation is 

exceedingly complex and to date not fully understood.  As discussed in Chapter 1, previous 

works on soot emissions from turbulent flames published in the literature have typically 

considered pure fuels comprised of heavier sooting alkene or alkyne hydrocarbons and/or 

propane.  To the authors’ knowledge, only the soot emission measurements of Becker and 

Liang (1982) include data from methane, ethane, and propane turbulent diffusion flames, 

i.e. the species most relevant to flare gas mixtures typical of the UOG sector.  To evaluate 

the onset of soot formation for various pure fuels in diffusion flames, Calcote and Manos 

(1983) and Olson et al. (1985) defined a rational threshold soot index (TSI).  They observed 

that alkynes have a higher tendency to soot in comparison to alkanes and alkenes, and that 

the sooting tendency increased with increasing number of carbon atoms in the molecule.  

Furthermore, aromatic character greatly increased the tendency of a fuel to soot, whereas 

isomeric or cyclic structures for alkanes or alkenes had a small effect on increasing this 

 
3 The yellow flame is luminous due to small soot particles in the flame which are heated to incandescence.  
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tendency.  The presence of multi-ring structures, including saturated rings also increased 

the tendency to soot.  

For a fuel mixture, a measured increase of the measured soot concentration relative 

to the concentration expected from the added fuel is defined as a synergistic effect.  The 

presence of synergistic effects in the sooting propensity of binary fuel mixtures of different 

compositions as well as conflicting explanations for such effects is evident in various 

experiments from literature (Trottier et al. 2007; J. Hwang et al. 1998; Glassman 1989; 

Frenklach et al. 1988; Schug et al. 1980). Frenklach et al. (1988) attributed the presence of 

the synergistic effect in the sooting propensity of numerous mixtures to the acetylene-based 

inception and growth mechanisms.  By contrast, Hwang et al. (1998) interpreted the 

synergy as evidence that the traditional role of acetylene in first aromatic ring formation 

and growth may not be solely responsible.  Hwang et al. (1998) analyzed ethylene/propane 

mixtures to assess whether odd-carbon-numbered species could contribute to this synergy.  

They suggested that the presence of odd-carbon-numbered species such as propargyl 

(C3H3) have a role.  This path was further studied through measuring and simulating the 

effect of oxygen addition on the sooting propensity of an ethylene flame (Hwang et al. 

1998). 

 Trottier et al. (2007) evaluated the sooting behaviour of various binary fuel 

mixtures to clarify the roles of propargyl and methyl radicals (CH3). They discovered a 

synergistic effect for some mixtures which resulted in a higher soot concentration. 

Furthermore, this effect was seen to be very temperature dependent for some mixtures such 

as methane/ethylene. Through simulations, Trottier et al. (2007) suggested a direct 

correlation between the synergy effect in the fuel mixtures and the concentration of n-C4H5 
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and n-C4H3.  This was traced back to the interaction between methyl radical and C2H4 

species which form a vinyl radical (C2H3) that leads to the acetylene-based pathway of soot 

formation.  

 Canteenwalla (2007) measured soot yield for different fuel mixtures flowing at a 

constant volumetric flow rate. Based on his results, some fuel mixtures exhibited 

synergistic effects, the magnitude of which was less significant when the largest diameter 

burner was used. Furthermore, he observed a much smaller synergistic effect for 

methane/ethane mixtures (relevant to typical flared gases) compared to other mixtures. 

This difference can potentially be due to the change in turbulence characteristics which 

greatly alters the parameters that affect the synergistic soot chemical kinetics, such as the 

mixing rate. 

2.1.4 Effect of Turbulent Mixing and Entrainment 

Turbulent mixing plays a crucial role in non-premixed combustion with initially segregated 

reactants (Vervisch and Poinsot 1998).  Analysing the effects of turbulent mixing on 

turbulent sooting flames is a highly complex task.  Areas of limited knowledge include the 

role of turbulence in controlling soot formation and the importance of soot preferential 

diffusion during turbulent mixing (Bisetti et al. 2012).  Mixing can be viewed as a three-

stage process spanning the full spectrum of space-time scales of the flow (Dimotakis 2000; 

Dornbrack 1998; Eckart 1948). The three stages are entrainment, dispersion (or stirring), 

and diffusion.  Because turbulent buoyant jets are by definition dominated by mixing of 

large-scale eddies, one may neglect molecular diffusion processes.  Even though the flow 

can be laminar around the burner rim, this region is small relative to the total extent of the 

flames (Delichatsios 1987).   
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 The degree of turbulent mixing can also be categorized into three levels (Zhou et 

al. 2019; Dimotakis 2005).  In the simplest case (Level 1, passive-scalar mixing), mixing 

is passive and occurs between passive scalars.  Such mixing is not coupled to the flow 

dynamics (negligible differential-diffusion effects).  Examples of Level 1 mixing include 

mixing of density-matched gases, dispersion and mixing of nonreacting trace markers such 

as pollutants, mixing between streams with small temperature differences, and small-

particle smoke/clouds (Dimotakis 2005). 

Level-2 mixing is coupled to the flow dynamics such as mixing of different density 

fluids in an acceleration/gravitational field (Meshkov 1969; Richtmyer 1960; Taylor 1950; 

Rayleigh 1882).  Examples include mixing of the temperature and salinity fields in large-

scale ocean currents (e.g. Wunsch and Ferrari 2004; Adkins et al. 2002; Wunsch 2002).  

Level 2 mixing arises in stably stratified and unstable inhomogeneous (variable-density) 

flows subjected to forced pressure gradients, or external force/acceleration fields.  An 

important characteristic that distinguishes Level-2 from Level-1 mixing is the generation 

of baroclinic vorticity that is driven by misalignments between pressure and density 

gradients, or, equivalently, temperature gradients in the flow.  The generated vorticity 

results in internal instability that can/will increase density iso-surface generation and, by 

extension, mixing.  

Level-3 mixing produces changes to the fluid properties such as composition, 

density, enthalpy conversion/release, pressure increase, etc.  Most combustion phenomena 

are therefore classified as level-3 since mixing alters the fluid.  Despite the crucial role that 

level-2 and level-3 mixing play, progress in the study of turbulent mixing has mostly been 

confined to level 1 studies in this hierarchy and is largely based on empirical data.  Theory, 
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modeling, and even empirical knowledge of  level-2 and level-3 mixing is less well 

developed and can fairly be characterized as an open research topic at this time  (Dimotakis 

2005).  

Level-3 mixing brings reactants together, leading to product formation and energy 

release that alters the mean molar mass, specific heat capacity and ratio, mixture transport 

properties, temperature, and density.  Changes in density influence momentum transport 

and pressure relaxation and entrainment (Miller et al. 1998; Hermanson and Dimotakis 

1989; Wallace 1981; Kennedy and Kent 1979; Batt 1977).  These parameters are also 

strongly coupled to buoyancy effects, which in turn determine the small-scale environment 

where mixing and combustion ultimately occur.  For instance, the increase of molecular 

transport with temperature decreases local Re, modifying mixing (Dimotakis 2005). 

The effect of mixing on soot formation is quantified by the local flame strain rate.  

For most combustion, the competition between finite chemical rates and mixing rates (local 

strain rates) has important consequences and the relationship is parameterized by Da1 

(Dimotakis 2005).  When Da1 is small, at high strain rates or slow chemistry, combustion 

of typical reactants is usually locally quenched.  In the context of emissions, at low flow 

rates soot formation chemistry is faster than the mixing rate (Kent and Bastin 1984).  Kent 

and Bastin (1984) observed that SVF decreases with increasing strain rates.  In addition, 

the rate of this decrease is higher at high mixing rates in turbulent jet flames.  More 

recently, Qamar et al. (2005) performed laser-induced incandescence (LII) measurements 

on turbulent non-premixed flames with varying global mixing rates and confirmed that 

increasing mixing rates reduces SVF.  They defined the global mixing rate as the inverse 
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of global residence time, which was calculated as the volume flow rate of fuel divided by 

the flame volume (Turns and Myhr 1991).  

The mixing rate of the jet fluid with the ambient fluid is also controlled by the rate 

of entrainment. Variable density and temperature impact the large scales of turbulence 

which control entrainment.  The rate of entrainment affects the residence time through the 

flame and the overall chemical reaction. Therefore, the entrainment of the jet is of 

fundamental interest as an important factor for soot formation in a reacting jet (Han and 

Mungal 2001; Broadwell and Lutz 1998; Chen and Driscoll 1991; Hawthorne et al. 1948). 

Entrainment of air into fires is induced by the buoyant upward flow of the hot gases which 

are replaced by the cold ambient air drawn into the flame.  Mixing of flammable gases and 

air occurs as large eddies emerge from the base of the fire and then roll over and submerge 

fresh ambient air into the fire.  The fire column oscillates vertically at a natural frequency 

which is decreased by increase of the burner diameter (Delichatsios 1987). 

The entrainment into a turbulent jet has been studied extensively in the past (e.g. 

Muniz 2003; Becker and Yamazaki 1978; Hill 1972; Maczyński 1962; Ricou and Spalding 

1961).  Ricou and Spalding (1961) measured the gross amount of entrained fluid into a free 

jet and derived a simple relation for the entrainment in the momentum-driven region which 

is expressed as:  

 
�̇�

�̇�𝑒
= 𝐶𝑒

𝑥

𝑑∗
 (2.1) 

where �̇� is the jet mass flux, �̇�𝑒 is the initial jet mass flux, 𝐶𝑒 is the entrainment coefficient, 

x is axial distance from the burner origin and 𝑑∗ is the equivalent source diameter defined 

as (Dahm and Maymant 1990; Becker and Yamazaki 1978): 
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 𝑑∗ = 𝐷𝑒√
𝜌𝑒

𝜌∞
 (2.2) 

Hill (1972) used the same direct measurement method as Ricou and Spalding 

(1961), but resolved the entrainment rate at different axial positions.  Becker and Yamazaki 

(1978) extended Hill's (1972) study and include the effect of buoyancy in reacting jets.  

They measured the local entrainment rate of the highly buoyant region to be more than 15 

times larger than the momentum driven 𝐶𝑒.  Delichatsios et al. (1984) and Zukoski et al. 

(1981) used the Ricou and Spalding (1961) measurement technique and predicted that the 

entrainment rate of air in a buoyant turbulent diffusion flame is proportional with the height 

above the burner exit to the power of 2.5.   

Delichatsios et al. (1984) observed that the entrainment rate was influenced by the 

burner diameter and was less for the smaller of two nozzles (12 and 23 mm).  Heat release 

rate also affected the entrainment but only for the smaller burner.  For the larger nozzle the 

entrainment rate was independent of the total heat release rate.  Han and Mungal (2001) 

and Muñiz and Mungal (2001) expanded the works of Takagi et al. (1981), Becker and 

Yamazaki (1978), and Ricou and Spalding (1961) and found that increases in both heat 

release and co-flow speed reduce the local entrainment rates while buoyancy increases 

entrainment.  

Summarizing the previous studies, it is observed that the local entrainment rate 

varies with many parameters including heat release, buoyancy, co-flow speed, and axial 

position.  However, since a global entrainment rate for the flame is desired rather than a 

local entrainment rate, the flame length could be used as a measure of the mixing rate. 
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Furthermore, a definitive explanation for the reduction of soot in flames with increasing 

global mixing rates is still missing.  Although various mechanisms have been postulated, 

a preferred explanation would relate turbulent mixing to increased soot residence times 

(e.g. Yoo and Im 2007; Qamar et al. 2005).  

2.1.5 Residence Time 

The residence time of soot particles in a flame has been hypothesised to correlate with soot 

emission, since it would represent the amount of time spent in the reaction zone where 

competing growth and oxidation reactions are taking place.  It is generally thought that 

there should be some residence time of maximum soot yield, where the soot particle exits 

the flame after undergoing maximum growth, but before being oxidized extensively (e.g. 

Karataş and Gülder 2012; Gülder 1993; Sivathanu and Faeth 1990b).  Physically, 𝜏r
∗ 

represents the time required for a stoichiometric mixture of hot products to pass through a 

volume equal to that occupied by the visible flame; it is expected to be proportional to the 

residence time in a final homogeneous eddy (Turns and Myhr 1991).  

As discussed in Chapter 1, Sivathanu and Faeth (1990b) have shown that soot yield 

values increase with residence time, but become constant at some transition, suggesting 

that after the transition, competing soot particle growth and oxidation rates negate each 

other.  However, they observed a decrease in their measured residence time on their 

smallest diameter burner (5 mm burner) when fuel flow rates were increased.  They 

suggested that 𝜏r
∗ from Becker and Liang (1982) may not apply at long 𝜏r

∗ as the residence 

time scaling laws change when buoyant jet flame conditions are approached.  

Köylü and Faeth (1992) studied the structure of soot for buoyant turbulent diffusion 

flames.  Similar to Sivathanu and Faeth (1990b), they defined 𝜏r
∗ as the time between the 
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termination of fuel flow at the burner exit and the disappearance of all flame luminosity.  

They found that the physical properties of soot vary with fuel type but are relatively 

independent of 𝜏r
∗ for long residence times (i.e. 𝜏r

∗ roughly more than an order of magnitude 

longer than the laminar smoke point residence time of the fuel).  Canteenwalla (2007) 

compared the calculated 𝜏r
∗ with measured 𝜏r

∗ using Sivathanu (1990)’s data and argued 

that the calculated 𝜏r
∗ tends to under-predict the actual 𝜏r

∗ and may not be an appropriate 

scaling parameter for all conditions.   

 From an industrial perspective, it is not practical to measure residence time in an 

open flare.  Therefore, the residence time must be related to other known parameters in the 

field, such as the exit velocity and burner diameter.  A useful parameter to accomplish this 

could be the Froude number (Fr), commonly defined as: 

 𝐹𝑟 =  
𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚

𝑏𝑢𝑜𝑦𝑎𝑛𝑐𝑦
=

 𝑉𝑒

√𝑔𝐷𝑒

 (2.3)  

Canteenwalla (2007) scaled measured τr* with 𝐹𝑟 using Sivathanu's (1990) data.  He found 

that the measured τr* increases with Fr until a certain point at which the trend reverses and 

the measured residence time begins to decrease.  It was speculated that this could be the 

same effect mentioned above by Sivathanu et al. (1988) where the residence time scaling 

laws change at large τr*  (same as large Froude numbers).  Canteenwalla (2007) also 

defined a new residence time assuming no acceleration occurs in the flame.  McEwen 

(2010) attempted to plot his data as a function of the buoyancy residence time defined by 

Canteenwalla (2007).  His data for the 50.8 mm and 76.2 mm burners appeared to lie on a 

diagonal line, which he attributed to the fact that flow conditions for these burners had not 

reached the plateau region that his 38.1 mm burner exhibited.   
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 Another useful parameter for scaling τr* is the strain rate, given as:  

 𝑠𝑡𝑟𝑎𝑖𝑛 𝑟𝑎𝑡𝑒 =  
 𝑉𝑒

𝐷𝑒
 (2.4)  

Kim and Yoon (2007) measured the velocity field of turbulent hydrogen diffusion flames 

using particle image velocimetry (PIV) and discovered that the flame residence time is 

proportional to the inverse of the strain rate (Equation (2.4)), both locally and globally.   

From the discussion in section 2.1.4 and above paragraphs, pollutant 

formation/destruction rates are strongly influenced by both macro and micro-mixing; thus 

it is imperative to examine how the mixing characteristics vary while changing the burner 

scale.  The large mixing time scale can be automatically kept unaltered using a constant 

residence time scaling principle (Weber 1996).  Since it is not practical to measure 

residence time in an industrial site, the residence time must be related to other known 

parameters in the field, such as the exit velocity and burner diameter.  The Froude number 

(Equation (2.3)) and strain rate (Equation (2.4)) may be useful as surrogates for the flame 

residence time.  Moreover, when combined with some sort of estimate for the characteristic 

velocity through the flame or velocity profile, an accurate estimate of a particle’s residence 

time in the flame may be given using the flame length.  

2.2 Flame Length 

The visible flame length is a well-studied parameter of turbulent diffusion flames 

(Delichatsios 1993; Peters and Göttgens 1991; Kalghatgi 1984; Becker and Liang 1978; 

Günther and Lenze 1966; Hawthorne et al. 1948).  Hawthorne et al. (1948) measured 𝐿𝑓 

visually and observed that flame length increases slowly as the relative contribution of 
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buoyancy to the entrainment process disappears; 𝐿𝑓 then approaches an asymptotic value 

at an infinite value of the Froude number, corresponding to completely suppressed 

buoyancy.   

 Becker and Liang (1978) developed a theory for visible flame length estimation in 

both the buoyant and momentum regions based on their buoyancy parameter (√𝑅𝑖
3

).  They 

assumed that the Reynolds number was high enough to ensure fully developed turbulence 

and therefore had no influence on the flame length.  Becker and Liang (1978) argued that 

flame length equations in the literature, such as those of  Günther and Lenze (1966) and 

Hawthorne et al. (1948), significantly underestimate the actual result.  Results from Becker 

and Liang (1978) for hydrogen flames were about 15% longer than predictions from 

models of Hawthorne et al. (1948), Steward (1970) and Vienneau (1964).  However, the 

data of Becker and Liang (1978) for saturated hydrocarbons agreed reasonably well with 

those of Steward (1970) and Vienneau (1964) on methane, ethylene, propane, butane, and 

of Becker and Yamazaki (1977, 1978) on hydrogen-stabilized propane flames. 

For turbulent gas diffusion flames in the buoyancy-dominated regime, the non-

dimensional flame length data is shown to be a function of the Fr  (Sonju and Hustad 1984; 

Kalghatgi 1981b; Becker and Liang 1978; Becker and Yamazaki 1978; Steward 1970; 

Vienneau 1964; Wohl et al. 1949; Hawthorne et al. 1948).    Delichatsios (1993b) provides 

a robust solution for flame length estimation in both the buoyant and momentum regimes 

based on the 𝐹𝑟𝑓.  𝐿𝑓 is calculated by: 
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 𝐿𝑓 = 

13.5𝐹𝑟𝑓
0.4(𝑆 + 1)𝐷𝑒√

𝜌𝑒

𝜌∞

(1 + 0.07𝐹𝑟𝑓
2)

0.2  (2.5)  

where 𝐹𝑟𝑓  is defined as:  

 𝐹𝑟𝑓 =
𝑉𝑒 𝑆

3
2

(
𝜌𝑒

𝜌∞
)

1
4 (𝑔𝐷𝑒)

1
2

(
𝑇∞

(𝑇𝑎𝑑 − 𝑇∞)
)

1
2
 (2.6)  

McEwen (2010) measured visible flame length using the method described in detail by 

Canteenwalla (2007), which was based on the work of Johnson and Kostiuk (2000).  He 

also calculated 𝐿𝑓 using the theories of Blake and McDonald (1993), Delichatsios (1993b), 

and Peters and Göttgens (1991) to assess their level of agreement.  He found the calculated 

𝐿𝑓 from models of Blake and McDonald (1993) and Delichatsios (1993b) to be in accord, 

while the flame length predictions from Peters and Göttgens (1991) were on average about 

16% shorter.  Delichatsios' (1993b) theory is deemed to predict 𝐿𝑓 well and is used as one 

of the scaling parameters in the models presented in Chapter 4. 
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Chapter 3 Methodology 

The experimental setup described below was originally commissioned by Corbin (2014), 

and is located at Carleton University.  The Carleton University Flare Facility (CUFF), as 

shown in Figure 3.1, can accommodate flames up to approximately 3 metres in length at 

flare gas flow rates of up to 600 standard litres per minute (SLPM, 0°C and 101.325 kPa), 

depending on the composition of flare gas.  Distinct components of the facility include the 

modular turbulent diffusion burner, the fuel delivery system, sampling hood and aerosol 

dilution tunnel, and analysis instruments. 

 

Figure 3.1: Schematic of the Carleton University Flare Facility taken from Conrad and Johnson 

(2019a) 

The turbulent diffusion burner was previously used in the works of Corbin (2014),  

McEwen (2010), and Canteenwalla (2007) and is discussed in section 3.1.  A brief 
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overview of the fuel delivery system and all components upstream of the burner including 

the mass flow controllers (MFC), liquid storage and handling, and other related 

components is also provided. Section 3.2 discusses the sampling instrumentation and the 

flame imaging equipment and includes details of the camera and associated hardware as 

well as a brief discussion of the imaging procedure.  Finally, sections 3.3, 3.4, and 3.5 

summarize the sampling protocols, test matrix, and BC calculation and analysis. 

3.1 Experimental Setup  

Designed by Canteenwalla (2007), the modular burner (Figure 3.2) includes stacks with 

five different exit diameters (inner diameters of 12.7, 25.4, 38.1, 50.8, and 76.2 mm; inner 

to outer diameter ratios of 0.89), all of which were used in the current work.  For the present 

work, an additional burner with 71.35 mm outer diameter / 63.5 mm internal diameter was 

also designed and manufactured. The flare gas is delivered via tubing to the bottom of the 

burner and flows through a settling section and contraction sections before exiting the 

stack.  

 The fuel delivery system combined components that were initially in gaseous and 

liquid states. Gaseous fuels flowed from pressurized cylinders through six independently 

controlled Brooks and Bronkhorst MFCs, which controlled and metered the flows.  Prior 

to reaching the MFCs, gases were fed through coiled lengths of tubing immersed in a ~20°C 

water bath to counter the effects of Joule-Thomson cooling when passing through pressure 

regulators on the cylinders. The MFCs were calibrated using dry piston provers (Mesa 

Labs, various models), for each specified gas and flow range.  These calibrations allowed 

accurate operation over the full scale of the controller with an uncertainty of approximately 

±0.1–1%, depending on the controller.   
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Figure 3.2: Schematic of turbulent diffusion burner taken from Canteenwalla (2007). 

Liquid-phase fuels were flow-controlled using Coriolis flow meters (Bronkhorst, 

various models) and vaporized and mixed with a methane carrier gas prior to being mixed 

with the gaseous fuel species. Figure 3.3 shows the main components of the liquid fuels 

handling system. The dispensing pressure vessels were filled with liquid fuels and 

pressurized to ~ 50-70 psig with nitrogen gas. The liquid exiting each vessel was filtered, 

fed through a 3-way valve (which could be used to flush the lines with N2), and directed to 

a Coriolis MFC. The liquids were then mixed in a manifold and sent to a vaporizer 

(Bronkhorst CEM-W-303b). The liquids were vaporized and combined with a carrier gas 

stream (methane) in the vaporizer which, along with the MFCs, was powered and 

controlled by the PSU/controller. The vaporized species and methane carrier stream were 

transported via heated line (maintained at ~80°C to prevent condensation) to a manifold 

where they were mixed with the gaseous fuel components. With this fuel delivery system, 



59 

 

it was possible to generate flare gas mixtures with up to nine individually metered 

components (C1-C7 alkanes, CO2, and N2).  

 

Figure 3.3: Main components of liquid fuels handling system: (1) PSU/controller. (2) Dispensing 

pressure vessels. (3) Filter. (4) 3-way valve. (5) Coriolis MFC. (6) Mixing manifold. (7) Vaporizer’s 

inlet. (8) Heated line. 

Total flow rates during tests ranged from 6.8 to 275.23 SLPM. It should be noted 

that there are three different “standard” temperatures used in this thesis to be consistent 

with different reporting conventions. Standard temperature for the mass flow controllers is 

0°C. Standard temperature for volumetric reporting in the oil and gas sector is 15°C. 

Standard reference temperature for combustion calculations and the temperature at which 

various aerodynamic parameters in the thesis are computed (e.g. Froude number) is 25°C. 

In all cases, standard pressure is defined as 101325 Pa. However, in Chapter 4, the 

parameters used in modelling (including Reynolds and Froude numbers) are all converted 

to be at oil and gas sector standard conditions of 15°C and 101325 Pa. 

As indicated in Figure 3.1, the vertical flame was surrounded by two concentric 

settling screens to help isolate the flame from disturbances and air currents in the lab.  The 
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inner and outer screens had respective diameters of 2.6 and 3.66 m and were Phifer 

BetterVue PVC Coated Fiberglass, with 0.008 thread diameter, 18 by 18 mesh. The flame 

and initial plume of products freely entrained air through these screens. The entire product 

plume along with additional entrained air from the lab were then captured into a hexagonal 

exhaust hood (1.8 m edge length, 3.1 m included diameter). Prior to being exhausted from 

the laboratory, samples of diluted combustion products were extracted from the exhaust 

duct for gas- and solid-phase analysis. In configuration experiments performed by Corbin 

(2014), concentration measurements obtained by traversing a sampling probe across the 

duct diameter at different fan speeds and flare gas flow rates showed that the species in the 

exhaust system are well-mixed and that the single-point sampled concentrations were 

representative of the average concentrations. 

3.2 Emissions Analysis Instrumentation  

3.2.1 Gas-phase Measurements and Sample Train 

Two Los Gatos Research (LGR) cavity ringdown (CRD) gas analyzers were used to 

measure emitted gaseous species in the current work. CH4 and C2H2 were measured by an 

Ultraportable Acetylene / Methane Analyzer (Model 915-0043).  This instrument had a 

rated measurement range of 0.002 – 100 ppm for both species.  CO2 and CO were measured 

with an LGR CO/CO2 Analyzer (Model 913-0029) with rated ranges of 5 – 50000 ppb for 

CO and 2 – 10000 ppm for CO2.  These instruments were span checked daily for CO, CO2, 

and CH4 during experiments. Both CRDs had manufacturer specified total uncertainties of 

±1% over the specified ambient temperature range (10 – 35 0C).  The ranges of the 

concentrations observed in the experiments were ~ 1.8 – 12.6, 0 – 10.5, 820 – 8300, 0.24 

– 4.89 ppm for CH4, C2H2, CO2, and CO respectively. 
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The measurement principle of the CRD is based on laser-absorption spectroscopy 

whereby the wavelength-dependent absorption of laser light directed through a sample is 

related to the mixing ratio of the absorbing species using Beer’s Law, expressed as: 

  
𝐼0
𝐼𝑣

= e−𝑠𝐿𝜍𝑃𝜙𝑣  (3.1)  

where 𝐼𝑣 is the transmitted intensity through the sample at frequency 𝑣,  𝐼0 is the reference 

laser intensity prior to entering the cell, P is the gas pressure, s is the absorption line 

strength of the probed transition, L is the optical path length, ς is the mixing ratio and ϕv is 

the line shape function of the transition at frequency 𝑣. In this case: 

  ∫𝜙(𝑣)𝑑𝑣 = 1 (3.2)  

The measured absorption spectrum combined with measured gas temperature and pressure 

in the cell, effective path length, and known line strength are then used to determine a 

quantitative measurement of mixing ratio directly.  

The two CRDs were connected to a gas-species sample train that drew directly from 

the main exhaust duct. As shown in Figure 3.4, the sample probe for this gas-phase stream 

was a stainless steel probe connected to a 3/8” diameter flexible nylon tube.  An in-line 

3-way solenoid valve adjacent to the exhaust duct allowed automated switching of the 

sample flow to draw from either the duct or the ambient air in the room. The nylon line fed 

into a 10 nm particulate filter (Gas-phase filters – United Filtration Systems, model 12-57-

40S) which prevented fouling of the gas phase instruments by soot. The filtered sample 

flow then branched out via ¼” tee-fittings and one-way valves (one for each instrument) 

which were connected to the inlets of the instruments using ¼” nylon tubing.  
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Figure 3.4: Gas-phase sample train. 

3.2.2 Solid-phase Measurements and Sample Train 

Sampled carbonaceous aerosols were classified as elemental carbon (EC) or organic carbon 

(OC) and quantified using a Sunset Laboratory Semi-Continuous thermal-optical OCEC 

analyzer (Model 4).  This instrument quantifies OC and EC in aerosol (soot) samples 

collected on an internal quartz filter via controlled thermal pyrolysis and oxidation under 

specific temperature protocols and within a constrained environment.  For the present 

experiments, flare-generated aerosols were measured using the NIOSH 5040 protocol.  The 

particulate-phase sampling train, flow path, and instrument arrangement are shown in 

Figure 3.5.  The main exhaust duct fed a secondary sampling tunnel via 1” diameter 

stainless steel tubing.  

 When necessary under high sooting conditions, the combustion products in the 

secondary sampling tunnel could be further diluted with compressed air filtered to remove 
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organics and particulate. A three-wavelength photoacoustic spectrometer (Droplet 

Measurement Technologies model PASS3) was used to get a real-time estimate of 

elemental carbon concentrations to be able to set the required dilution level and sampling 

times for each test, as further discussed in section 3.3.  The dilution level was quantified 

using a CO2-balance on the sampling tunnel, where CO2 volume fraction in the combustion 

products (𝜒𝐶𝑂2,𝑑𝑢𝑐𝑡), shop air (𝜒𝐶𝑂2,𝑎𝑖𝑟), and diluted mixture (𝜒𝐶𝑂2,𝑠𝑎𝑚𝑝𝑙𝑒) were cyclically 

measured using a non-dispersive infrared detector (LI-COR model LI-850).  The dilution 

factor was defined as: 

  𝛿 =
𝜒𝐶𝑂2,𝑑𝑢𝑐𝑡 − 𝜒𝐶𝑂2,𝑎𝑖𝑟

𝜒𝐶𝑂2,𝑠𝑎𝑚𝑝𝑙𝑒 − 𝜒𝐶𝑂2,𝑎𝑖𝑟
 (3.3)  

 Samples were then drawn from the secondary sampling tunnel using a ¼” port 

which split (using a ¼” splitter) into two streams, one of which went to the sample inlet of 

the OCEC instrument.  Samples were then pulled through the 3/8” stainless steel ball valve 

port located at the back of the OCEC unit, across the mounted quartz filter, through a mass 

flow meter and out to the remote sample pump for a specified sample time.  After each 

sample, the instrument automatically closed off the sample port, purged the analytical flow 

path with helium and performed the thermal/optical analysis.  The optical analysis was 

performed in three stages using the three support gases of helium, helium/methane, 

helium/oxygen4.  

 Analysis of the composition of solid-phase carbonaceous flare emissions was 

performed using the OCECgo software tool (Conrad and Johnson 2019b), which aids in 

 
4 For a more detailed description refer to Conrad and Johnson (2019b) 
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objective determination of the “split point” between OC and EC fractions of the collected 

soot and permits comprehensive, Monte Carlo-based analysis of measurement 

uncertainties.  As observed by Conrad and Johnson (2019a), through detailed analysis of 

attenuation vs. evolved carbon plots (Nicolosi et al. 2018) for each flare measurement the 

present data highlighted that organic flare emissions were reasonably considered to be gas-

phase and non-pyrolyzing.  Consequently, the elemental component of measured carbon 

was entirely responsible for light absorption in the visible spectrum and was therefore, by 

definition, equivalent to BC.  Therefore, the elemental component of OCEC-measured 

carbon mass was used in the quantification of BC yield. 

 

 

Figure 3.5: Solid-phase sampling train - Schematic of the solid-phase sampling tunnel showing the 

sampling locations (indicated by red stars) for quantification of secondary dilution and OCEC flow 

path.  Green arrows show the flow path during sampling by the OCEC instrument and red arrows 

show the flow path during the interval between samples. 
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3.3 Sampling Protocol 

The standard used for performing measurements on the lab-scale flare was based on that 

used by Corbin (2014).  The most important aspects of the sampling protocol were: 

1. to measure ambient concentrations of relevant species before and after each test to 

verify effective plume capture,  

2. to allow adequate warm-up time such that conditions reached a steady- state, and  

3. to monitor flare gas temperatures at the outlet of the thermal heating bath to ensure 

a consistent flow of the individual flare gas components.  

 The experiment was controlled using software written in LabVIEW.  Ambient 

concentrations of CO2, CO, CH4, C2H2, H2O in the laboratory were averaged over 30 s 

before and after each test (i.e. pre- and post- test backgrounds) using the gas-phase 

instruments described in section 3.2.1.  The average of the pre- and post-test backgrounds 

was used in the calculations of combustion efficiency and species yields.  To ensure 

accurate measurement of the background concentrations at the sampling location, the two 

double doors of the laboratory closest to the sampling location were kept closed for the 

time leading up to and during each test (open doors otherwise could potentially affect 

background readings for the dilution tunnel system).  However, as described in detail by 

Corbin (2014), the methodology is not at all sensitive to variations in background 

concentrations during a test. 

 The warm-up period and the steady state criteria were evaluated based on several 

measured temperatures (most importantly, the burner exit temperature and duct inlet 

temperature) and gas and particulate concentrations.  Temperatures were considered steady 

if the deviation during the test was less than 5°C from the final temperature.  The measured 

duct concentrations of CO, CO2, and CH4 were deemed to have reached steady state if the 
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coefficient of variation (CV) during the test was less than 1%.  After reaching the steady 

state, solid and gas-phase species were sampled for durations of 3-15 minutes depending 

on the test condition and determined as follows.  Prior to the start of sampling with the 

OCEC instrument, the dilution of the sampling tunnel was set based on apparent soot 

concentrations estimated using the PASS3 photoacoustic particle analyzer.  Specifically 

the absorption value for the red laser (Babs,red) at 870 nm in the PASS3 instrument was used 

to set the required dilution level and sampling time.  For medium and heavy sooting fuels, 

the dilution was adjusted so that Babs,red ≈ 6,000.  The sample flow rate through the OCEC 

instrument was then set to 2 SLPM and the sample was collected for 6 minutes.  For light 

fuels where no dilution was used, the sample volume (in standard litres, SL) required to 

get a robust reading from the filter in the OCEC instrument (𝑉𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑) was estimated using 

Equation (3.4)). 

  𝑉𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 [SL] ≈
6,000

𝐵𝑎𝑏𝑠,𝑅𝑒𝑑
× 11.0 (3.4)  

If the estimated required sampling volume was less than ~ 42 SL, the sampling time was 

set to 6 minutes and the sampling flow rate through the OCEC instrument was adjusted 

based on Equation ((3.5). 

  �̇� ≈
𝑉𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑

0.9 × 6 𝑚𝑖𝑛𝑢𝑡𝑒𝑠
 (3.5)  

Otherwise, the flow rate was set to 8 SLPM and solid-phase species were sampled for ~12-

15 minutes.  
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3.4 Flare Gas Compositions and Test Matrix 

Thirteen fuel compositions were studied in the present work as summarized in Table 3.1. 

These include the mixtures previously described by Conrad and Johnson (2019a) and an 

additional “AB-H6” mix.  The AB-H6 mixture was added to investigate the difference 

between emissions from an only-gas fuel versus a mixture comprising both gas and liquids.  

Table 3.1: Studied flare gas compositions and key bulk fuel properties. 

Jurisdiction Alberta Bakken Ecuador 
North 

Sea 
Russia Experimental 

          Fuel ID 
Species 

AB-M9 AB-H9 AB-H6 BK-1 BK-2 EC-O3 EC-O4 NS-A RU-G1 RU-G2 
CH4/ 
C3H8 

C3H8 C3H6 

C1 86.4 75.68 75.16 49.1 57.8 40.82 55.22 82.48 73.96 77.05 50 - - 

C2 6.83 11.52 11.44 21.0 20.0 8.16 7.63 8.09 3.08 5.29 - - - 

C3 2.36 6.06 6.02 15.0 11.4 16.93 11.65 4.06 7.87 8.24 50 100 20 

nC4 0.97 2.60 4.48 6.72 3.81 14.75 8.79 1.53 6.79 4.28 - - - 

iC5 0.33 0.78 - 2.15 0.93 6.81 3.95 0.40 2.35 1.24 - - - 

nC6 0.13 0.23 - 0.87 0.22 2.06 1.37 0.16 0.63 0.3 - - - 

nC7 0.18 0.21 - 0.78 0.15 1.38 0.94 0.15 0.57 0.27 - - - 

N2 1.62 1.70 1.69 3.66 5.22 3.37 4.12 1.43 1.90 1.56 - - - 

CO2 1.22 1.22 1.21 0.7 0.57 5.71 6.31 1.7 2.85 1.76 - - - 

C3H6 - - - - - - - - - - - - 80 

MW 
[kg/kmol] 

19.03 21.77 21.76 29.13 25.22 36.57 30.31 20.07 24.8 22.72 30.07 44.01 42.48 

HHVV 

[MJ/m3] 
41.52 46.96 46.97 60.99 52.32 71.28 57.75 43.27 51.34 48.39 65.76 93.86 88.42 

CHR  [−] 0.27 0.29 0.29 0.33 0.31 0.355 0.331 0.278 0.306 0.295 0.333 0.375 0.469 

C # 1.18 1.38 1.38 1.93 1.63 2.45 1.96 1.25 1.58 1.44 2 3 3 

�̇�𝒔𝒑,𝒎𝒊𝒙  

[
𝒌𝒈

𝒔
] E-05 

2.85 2.59 2.44 1.74 1.99 1.32 1.60 2.68 2.12 2.34 1.69 1.02 0.33 

S 0.059 0.059 0.059 0.061 0.061 0.065 0.066 0.059 0.061 0.06 0.059 0.063 0.063 

AF 16.03 15.9 15.9 15.4 15.3 14.4 14.03 15.8 15.2 15.7 16.09 15.7 14.8 

(
𝝆𝒆

𝝆∞

)
𝟏/𝟒

 
0.904 0.934 0.934 1 0.968 1.06 1.02 0.914 0.966 0.944 1.01 1.114 1.105 

𝑻∞

(𝑻𝒂𝒅 − 𝑻∞)
 

0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.148 0.14 

Notes: Volumetric higher heating value (HHVV) is reported at industry standard conditions of 15°C and 1 atm. CHR is the 
ratio of the number of carbon atoms to hydrogen atoms in the fuel mixture. C# is mean number of carbons in 
hydrocarbons of flare gas. 

 

These compositions broadly cover those expected of associated flare gas in the 

upstream oil and gas industry in terms of key fuel chemical properties known to influence 
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sooting propensity of non-premixed flames. Ten of the mixtures were based on flare gas 

samples from field measurements in five globally relevant oil and gas jurisdictions, where 

resolved compositions were adapted to accommodate the fuel capabilities of the 

CUFF (Conrad and Johnson 2019a).  Three additional, easily replicated reference fuel 

mixtures – pure propane, crude propylene, and an equal mixture by volume of methane and 

propane – were also studied.  

In the global UOG industry, flared gases are typically dominated by alkane 

hydrocarbons, but can contain minute amounts of unsaturated hydrocarbons (see Conrad 

and Johnson (2017); Curiale and Frolov (1998)), which are known to significantly affect 

the sooting propensity of non-premixed flames (see Glassman (1988)).  Notwithstanding 

the potential influence of trace constituents, the flare gas mixtures tested herein span the 

likely range of composition for the upstream sector in terms of the tabulated bulk fuel 

metrics (e.g. molecular mass (MW), carbon-hydrogen ratio (CHR), mean carbon number 

of hydrocarbons in the fuel (C#), smoke point mass flow rate (�̇�𝑠𝑝,𝑚𝑖𝑥), and higher heating 

value (HHVv)) from which a BC emission factor model is desired.  As discussed further in 

section 4.3.1, the latter four parameters were considered as a means to scale fuel chemistry 

effects in empirical models for black carbon emissions.  Although these parameters are 

distinct, Figure 3.6 shows how these parameters are closely correlated by plotting the first 

three as a function of HHVv.  
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Figure 3.6: Correlation among  considered chemistry scaling parameters and HHVv, (a) C#; (b) 

CHR; (c) �̇�𝒔𝒑,𝒎𝒊𝒙. 

 

To evaluate the effect of aerodynamic parameters on BC yield, measurements were 

also completed over a broad range of diameter and flow rates.  Table 3.2 summarizes the 

flow range for each burner diameter and fuel.  Further detail of the current test conditions 

can be found in Appendix A.  
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Table 3.2: Test matrix of current study – Ranges of volumetric flow rates tested in SLPM (0°C, 

101.325 kPa) for each burner diameter and fuel. 

             De [mm] 
Fuel 12.7 25.4 38.1 50.8 63.5 72.6 

AB-M9 - - - 79.1  - - 

AB-H9 20.5 – 66.2 27.4 – 247.0 20.5 – 245.2 27.4 – 273.8 68.5 – 239.6 41.1 – 239.2 

AB-H6 6.8 – 74.1 13.63 – 258.9 20.43 – 245.2 13.6 – 245.3 17.0 – 238.4 20.4 – 245.3 

BK-1 - 18.9 – 235.9 14.6 – 198.2 18.8 – 169.9 23.6 – 236.0 28.3 – 185.7 

BK-2 - 80.27 – 263.8 45.9 – 275.2 - - - 

EC-O3 - - - 158.2 - - 

EC-O4 - 56.4 – 150.5 - 158.2 - - 

NS-A - - - 158.2 - - 

RU-G1 - - - 157.1 - - 

RU-G2 - - - 158.2 - - 

CH4/C3H8 - - - 79.1 - - 

C3H8 - - - 79.1 - - 

Crude 
Propylene 

- 
8.1 – 79.1 

- - - - 

       

 The regime map of Delichatsios (1993) shown in Figure 1.2 was used as a guideline 

for the design of the conditions tested.  For design of the current test matrix, the flow rate 

and diameters were selected so that the resulting Re and 𝐹�̃� coordinates would encompass 

as much as possible the shaded inclined rectangle in Figure 1.2, and thereby closely 

approximate the estimated aerodynamic regime of typical UOG flares (see also Figure 

4.11).  The upper boundary was selected based on the maximum flow rate achievable where 

the combustion products can be entirely captured by the emissions collection system. The 

lower boundary was determined based on the turn down ratio of the current equipment, in 

this case the minimum achievable liquid flows. 

3.5 BC Yield Calculation and Analysis  

To compute BC yield (𝑌𝐵𝐶) with precisely quantified uncertainties at the CUFF, 

simultaneous and accurate knowledge of three main data is required:  
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1. Carbon mass concentration in the solid phase in the sampling and dilution tunnel 

(𝜚𝐵𝐶, [g/m3]), 

2. Volumetric dilution factor of the diluted combustion products as they enter the 

solid-phase sampling and dilution tunnel (𝛿1, [−]), and 

3. Volume of diluted combustion products as they are captured into the fume hood 

relative to the flare gas volume (𝛿2, [−]).  

such that: 

  YBC = ϱBCδ1δ2 (3.6)  

The carbon mass concentration in and dilution factor of the solid-phase sampling and 

dilution tunnel were quantified in the same manner as Conrad and Johnson (2019a).  

Carbon mass present in the extracted sample was measured with a thermal-optical 

organic/elemental carbon analyzer (as per Section 3.2.2) and the sampled volume was 

measured with a high-accuracy thermal mass flowmeter (Bronkhorst EL-FLOW Prestige). 

Together these quantities yield the carbon mass concentration in the sampling tunnel (𝜚𝐵𝐶). 

The dilution of the sampling tunnel (𝛿1) was quantified using a CO2-balance on the 

sampling and dilution tunnel, with CO2 quantities measured using a non-dispersive infrared 

detector (LI-COR LI-850).  The dilution of the raw combustion products (𝛿2) was 

quantified using the carbon-balance method of Corbin and Johnson (2014), in which 

volume fraction measurements of gas-phase carbonaceous species in the exhaust duct and 

ambient background were obtained using cavity ringdown instruments.  These data enabled 

calculation and comparison of the molar flow rate in the duct with the controlled molar 

flow rate of the flare gas to directly yield the dilution factor.  
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One critical consideration in the measurement of BC yield at the CUFF is the loss 

of particulate through deposition in the exhaust and sampling systems via myriad 

mechanisms. Importantly, neglecting these effects engenders negative bias in yield 

measurements. In contrast to previous studies (Corbin 2014; McEwen and Johnson 2012; 

Canteenwalla 2007), in the present work particulate sampling losses are considered using 

a particle size-dependent deposition model (for a detailed description refer to Appendix B).  

Thermophoretic and aspiration losses were identified as the main loss mechanisms. Across 

broad measurement conditions at the CUFF, particulate losses were estimated to have a 

magnitude of 8% by mass. Thus, all data shown in this thesis have been corrected to 

account for particle sampling losses by applying an 8% increase to the raw measured yields. 

A detailed uncertainty analysis was performed to propagate instrument accuracies 

and calibration uncertainties through the non-linear equation for BC yield via Monte Carlo 

(MC) methods as detailed in Appendix C.  Experimental repeatability, which encapsulates 

other unquantifiable sources of uncertainty, was estimated based on 5–6 repeated 

measurements of BC yield from medium and heavy fuels, flared at both low and high flow 

rates.  Table C.14 in Appendix C summarizes the details of all the repeated tests. Twice 

the average of coefficient of variation of the nominal results from these tests was used as a 

measure of the 95% confidence in the experimental precision. In this MC method the 

computed bias error and estimated experimental precision error were summed in 

quadrature to determine the total uncertainty of each BC yield measurement. In general, 

total measurement uncertainties in BC yield were closely symmetric with a typical 95% 

confidence interval of ± 21.9 % (2σ), where the repeatability and bias error were 17.0% 

(2CV) and 13.8% (2σ), respectively.   
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Chapter 4 Results, Analysis and Discussion 

Soot yield measurements were completed for a wide range of operating conditions as 

presented in section 4.1.  Section 4.2 discusses attempts to correlate data with parameters 

suggested by the literature.  New phenomenological correlations for scaling of soot 

emissions in different flame regimes are presented in section 4.3 and explained in terms of 

macro flame dynamics.  Finally, in section 4.4 the correlations are compared with currently 

available emission factors to be able to recommend changes to inventory procedures based 

on this work. 

4.1 Black Carbon Yield Results 

Black carbon yields (i.e., mass of BC emitted per mass of fuel burned) from diffusion 

flames were measured over a broad range of fuel mass flow rates, flare gas compositions, 

and flare diameters.  As noted in Section 3.2.2, for the present experiment the elemental 

carbon measured by the OCEC analyser was found by Conrad and Johnson (2019a) to be 

entirely responsible for light absorption in the visible spectrum.  Therefore, the measured 

EC is by definition equivalent to BC.  

Figures 4.1–4.3 show BC yield results for three different fuel mixtures (AB-H6 and 

AB-H9 representing common Alberta flare gas mixtures, and BK-1 representing flare 

compositions from the Bakken region of North Dakota), six different burner diameters and 

a range of fuel flow rates.  Each point on the graph shows a single measurement.  In all 

figures the solid black and dashed brown error bars show the total and bias error 

respectively, as further detailed in Appendix C.  In general, the error bars (both total and 

bias error) tend to shrink as the flare gas flow rate increases. 
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The measured soot yields were similar for the Alberta-based flare gas mixtures – 

which have similar MW, CHR, �̇�𝑠𝑝,𝑚𝑖𝑥, and HHVv as detailed in Table 3.1 – and remained 

below 1.7 gBC/kgfuel in all cases.  Over similar flow conditions, BC yields for flares burning 

the BK-1 mixture were ~2.6 times higher, peaking at 4.6 gBC/kgfuel in the present range of 

experiments.  For all fuels, the larger diameter flares (i.e. 63.5, and 76.2 mm exit diameters) 

showed a consistent decreasing trend of BC yield with increasing flow rate.  The smaller 

diameter flares sometimes exhibited an up/down trend at low mass flow rates (i.e. 12.7 and 

38.1 mm in Figure 4.1, only 38.1 mm in Figure 4.2), but otherwise showed the same general 

decreasing trend toward higher fuel mass flows.  This is an indication of potentially 

different flow or flame regimes as further discussed below. Moreover, BC emissions from 

the larger flares (especially the 63.5 and 76.2-mm diameter flares) tracked more closely 

than the smaller diameters.  The smallest flare (12.7 mm diameter) showed substantially 

lower yields than the other burners as also observed by McEwen (2010) and Canteenwalla 

(2007).  This difference was not simply due to internal flow turbulence, however.  In Figure 

4.1 the experiments with the 12.7-mm diameter burner included a internal turbulence grid 

to promote fully-developed turbulent flow at the exit plane (see Canteenwalla (2007) for 

further details of the grid), but this grid was removed for the 12.7-mm burner data shown 

in Figure 4.2.  The different with and without the grid is negligible compared to the 

difference with the next largest (25.4-mm diameter) burner.  Although the higher flow rates 

from the 12.7 mm flare with the turbulence grid (Figure 4.1) arguably showed a similar 

decreasing trend to that of the larger flares, in all cases the BC yields were much lower 

than those of the larger flares.  Consistent with the work of McEwen and Johnson (2012), 

data for the 12.7 mm were excluded from the experimental modelling presented below.  
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Figure 4.1: Soot yield from diffusion flames burning AB-H6 fuel mixture. 

 

Figure 4.2: Soot yield from diffusion flames burning AB-H9 fuel mixture. 
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Figure 4.3: Soot yield from diffusion flames burning BK-1 fuel mixture. 

4.2 Comparison with Literature 

As discussed in Chapter 1, several researchers have sought to scale soot emissions from 

turbulent flames over different aerodynamic regimes using parameters including Ri 

(Becker and Liang 1982), 𝜏𝑟
∗ (Sivathanu and Faeth 1990a), and 𝐹𝑟𝑓 (McEwen 2010).  

Figure 4.4 and Figure 4.5 plot available SGE data (as defined by Equation (1.4)) vs. Ri and 

𝐹𝑟𝑓.  The current results have been compared to results from Corbin (2014), McEwen 

(2010), Sivathanu and Faeth (1990) and Becker and Liang (1982).  As shown in Figure 4.4, 

despite exhibiting similarly shaped trends, there is an order of magnitude shift in the values 

of Ri between the data of Becker and Liang (1982) and those of the current work.  

Notwithstanding differences in flow conditions, compositions, and measurement 
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techniques and sampling protocols, this suggests that Ri alone is not sufficient to predict 

soot emissions.  

 

Figure 4.4: Scaling of emissions with Ri - Comparison of experimental results with Becker and Liang 

(1982) 

The fire Froude number (𝐹𝑟𝑓) suggested by McEwen (2010) was also tested in an 

attempt to scale soot yield values, as shown in Figure 4.5.  The current experiments again 

show a similar trend to Becker and Liang (1982), but the magnitudes differ.  Differences 

in values may be attributed to differences in flow conditions, fuel compositions, and 

sampling protocol.  The data for C3H8 of Sivathanu and Faeth (1990) seems to complete 

the trend of Becker and Liang (1982).  However, the data for C2H4 of Sivathanu and Faeth 

(1990) are notably higher SGE than that of Becker and Liang (1982), possibly due to the 

difference in sampling method as mentioned previously in section 1.6.  McEwen's (2010) 

data (on predominantly lighter fuels) do not show any clear trend with 𝐹𝑟𝑓 and have lower 

yields in comparison to the rest. 
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Figure 4.5b compares experimental results for similar methane-based fuel mixtures 

including data from Corbin (2014) and McEwen (2010) with pure methane and their “Hvy-

4 mix” (74.54% methane, 15.47% ethane, 6.863% propane, and 3.16% n-butane), and pure-

methane results from Becker and Liang (1982).  The methane data of Corbin (2014) and 

McEwen (2010) have similar maximum SGE  but the SGE from the methane flames studied 

in Becker and Liang (1982) on much smaller burners (2.5 - 10.9 mm) are at least an order 

of magnitude higher.  The Hvy-4 component fuel mixture used by Corbin (2014) and 

McEwen (2010) is comparable to the present AB-H9 and AB-H6 mixtures, since these 

fuels have similar properties.  As it can be seen from Figure 4.5b, with the exception of a 

few cases from McEwen (2010), data for Hvy-4 by Corbin (2014) and McEwen (2010) 

align well with current results using AB-H9 and AB-H6.  Overall, while these comparisons 

with the literature suggest Froude number is an important parameter, it alone is insufficient 

to scale results. 
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Figure 4.5: Scaling of SGE with 𝑭𝒓𝒇. (a) Comparison of experimental results for multiple fuels with 

Corbin (2014), McEwen (2010), Sivathanu and Faeth (1990) and Becker and Liang (1982); (b) 

Comparison of experimental results for methane-based fuels including AB-H9 and AB-H6 (present 

work), 4-mix Hvy. (74.54% methane, 15.47% ethane, 6.863% propane, and 3.16% n-butane) from 

Corbin (2014) and McEwen (2010), and methane from Becker and Liang (1982) 
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 Other attempts at predicting soot emissions from flares have neglected aerodynamic 

effects and simply scaled emissions by the heating value of the fuel.  This approach is 

commonly taken in deriving the simple emission factors that are used in most current 

pollutant inventory reporting as further discussed in Section 4.4.  Figure 4.6 shows 

volumetric BC yield versus the volumetric higher heating value.  Figure 4.6a shows the 

current results for various fuels but same diameter and exit velocity and fits from Johnson 

and Tyner (2019), Conrad and Johnson (2017), and McEwen and Johnson (2012).  When 

the aerodynamic parameters (i.e. 𝐷𝑒 and 𝑉𝑒) are held constant, it is clear that emissions are 

strongly sensitive to the heating value of the fuel.  This is in agreement with Conrad and 

Johnson (2017) and McEwen and Johnson (2012), who developed an empirical correlation 

between BC emissions and HHVv.  However, as it can be seen in Figure 4.6b, when 

expanding the aerodynamic parameters and for a broader range of conditions, these simple 

functions are no longer valid.  This demonstrates the need for a more robust model that 

considers aerodynamic effects as well as fuel composition effects. 
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Figure 4.6: BC yield vs HHVv, (a) Results from current tests for a single set of aerodynamic 

parameters (𝑽𝒆= 1.42 m/s,  𝑫𝒆= 50.8 mm) and data/fit from Johnson and Tyner (2019), Conrad and 

Johnson (2017) and McEwen and Johnson (2012); (b) Results for a broader range of aerodynamic 

conditions. 

4.3 Scaling of Soot Emissions 

Figure 4.7 plots the BC mass emission rate as a function of 𝐷𝑒
2𝑉𝑒 for a single fuel 

composition (AB-H6). This allows the influence of aerodynamics on black carbon 

emissions to be seen, independent of fuel chemistry effects.  The 𝐷𝑒
2𝑉𝑒 parameter represents 

the volume flow rate.  It should be noted that unless specified otherwise, all parameters 

used in modelling (including Re and Fr) are calculated at oil and gas sector standard 

conditions of 15°C and 101325 Pa. If a single-valued volume-based emission factor for 

flare black carbon was representative (e.g. the CAPP (2007) recommended factor of 2.5632 

g/m3 for reporting to Canada’s National Pollutant Release Inventory or Stohl et al. (2013)’s 

suggested factor of 1.6 g/m3 based on the GAINS model (Wagner et al. 2007)), then there 
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would be single linear trend in Figure 4.7 that would also be independent of the fuel 

composition.  Figure 4.7 demonstrates that the actual mechanisms are more complex.  

Interestingly, emission rate data for the larger diameters (50.8-76.2) seem to mostly 

align about a single curve that bounds the data to the upper left.  The remaining data appear 

to fan out to the right at emission rates below the upper bound.  This difference in trends 

suggests that soot emissions may fall into different regimes, consistent with or possibly 

related to the regime map for non-premixed diffusion flames proposed by Delichatsios 

(1993) as discussed in Section 1.4.   

 

Figure 4.7: BC Rate scaled with 𝑫𝒆
𝟐𝑽𝒆 for single fuel (AB-H6) with fanned curves.  Solid symbols fall 

in the “transition buoyant” regime and remaining data (open and shaded symbols) fall in the 

“transition shear” regime as defined by Delichatsios (1993a).  Shaded symbols can also be 

categorized into an extended transition buoyant regime as further discussed below.  

McEwen and Johnson (2012) suggested BC yield trends may be related to the 

regime map for non-premixed diffusion flames proposed by Delichatsios (1993), which 

categorizes flame structure by Re and 𝐹�̃�.  The data in Figure 4.7 are overlaid on 

Delichatsios's (1993) regime map in Figure 4.8.  Conditions of the solid filled symbols fall 
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in the “transition buoyant” regime defined by Delichatsios (1993) whereas the open 

symbols fall in the “transition shear” regime.  As defined by Delichatsios (1993), the 

shaded symbols would also fall in the transition shear regime.  However, the trends in data 

in Figure 4.7 suggest that for the purposes of modelling BC yield, these points are better 

aligned with the buoyant regime data as further discussed below.   

 

Figure 4.8: Points shown in Figure 4.7 overlaid on Delichatsios's (1993) regime map. Solid symbols 

fall in the “transition buoyant” regime and remaining data fall in the “transition shear” regime as 

defined by Delichatsios (1993).  Dashed blue line suggests a modified division between these regimes 

(further discussed below) which extends the buoyant regime to include the shaded points. 

For practical context in the target application of upstream gas flaring, McEwen and 

Johnson (2012) estimated  representative minimum and maximum flare diameters to be 3” 

(76.2 mm) and 10” (254 mm), with a 4” (101.6 mm) being “typical” as suggested by 

Johnson et al. (2001).  Common velocities were suggested to fall in the range of 0.1– 6 m/s.  

The region of operating conditions is indicated by the inclined shaded rectangle in Figure 

4.8; the lower and upper bounding lines represent 76.2 mm and 254 mm burners 

respectively with velocities of 0.1 m/s and 6 m/s defining the lower left and upper-right 
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extents. Thus, upstream flares would similarly be expected to span the transition buoyant 

and transition shear regimes, with higher exit velocities and lower flare diameters generally 

falling in the transition shear regime, and lower velocities and larger diameters falling in 

the transition-buoyant regime.  

In deriving the diagonal line on the left hand side of the regime map that segregates 

flames where the transition from laminar to turbulent conditions is affected by inertia (left 

side) or by buoyancy (right side), Delichatsios (1993) reasoned that: 

“If laminar to turbulent transition occurs because of buoyancy, observations 

show that a torroidal (bulbous) vortex is formed at transition, and the 

transition length is independent of the nozzle diameter and the flow rate. In 

contrast, for an inertia-controlled transition, the instabilities are sinusoidal and 

the transition length decreases as the nozzle exit velocity increases.” 

He proposed that the buoyancy transition length, 𝑙𝐵, Equation (4.1), should depend on 

kinematic viscosity, 𝜈, and the buoyancy force, 𝑔
(𝑇𝑎𝑑−𝑇∞)

𝑇∞
.  

𝑙𝐵~(
𝜈2𝑇∞

(𝑇𝑎𝑑 − 𝑇∞)𝑔
)

1
3

 (4.1) 

Delichatsios (1993) then suggested that “inertia will control transition if a Froude number 

based on the buoyant transition length and the nozzle velocity is greater than one” 

(Equation (4.2)).   

𝑉𝑒

(𝑙𝐵𝑔
(𝑇𝑎𝑑 − 𝑇∞)

𝑇∞
)

1
2

= 𝐶′ > 1 
(4.2) 

This criterion for transition makes sense when interpreting the Froude number as the ratio 

of inertial and buoyancy forces.  Substituting Equation (4.1) into Equation (4.2), 
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𝑉𝑒

[(
𝜈2𝑇∞

(𝑇𝑎𝑑 − 𝑇∞)𝑔
)

1
3
𝑔

(𝑇𝑎𝑑 − 𝑇∞)
𝑇∞

]

1 2⁄
= 𝐶′ 

(4.3) 

Raising each side to the power of 3 and rearranging gives: 

𝑉𝑒
3

(
𝜈2𝑇∞

(𝑇𝑎𝑑 − 𝑇∞)𝑔
)

1
2
𝑔3 2⁄ [

(𝑇𝑎𝑑 − 𝑇∞)
𝑇∞

]
3 2⁄

=
𝑉𝑒

3

𝜈𝑔
(𝑇𝑎𝑑 − 𝑇∞)

𝑇∞

= 𝐶 
(4.4) 

Noting 𝑅𝑒 =
𝑉𝑒 𝐷𝑒

𝜈
 and defining a Froude number based on temperature 𝐹𝑟𝑇

2 =
𝑉𝑒

2

𝑔 𝐷𝑒
(𝑇𝑎𝑑−𝑇∞)

𝑇∞

, 

leaves:  

(
𝑉𝑒 𝐷𝑒

𝜈
) (

𝑉𝑒
2

𝑔 𝐷𝑒

𝑇∞

(𝑇𝑎𝑑 − 𝑇∞)
) = 𝑅𝑒𝐹𝑟𝑇

2 = 𝐶 (4.5) 

Returning to the data of Figure 4.7, if the symbols are coloured by the magnitude 

of the 𝑅𝑒𝐹𝑟𝑇
2 parameter and replotted in Figure 4.9, the relevance of this parameter in 

delineating the trends in the black carbon emissions data is apparent.  At lower values of 

𝑅𝑒𝐹𝑟𝑇
2, data for different diameters seem to follow a similar trend (light purple coloured 

symbols), whereas at higher values of 𝑅𝑒𝐹𝑟𝑇
2, each diameter branches out and potentially 

reaches different plateaus (within the limit of the available data).  If a threshold value of 

𝑅𝑒𝐹𝑟𝑇
2= 9000 is empirically chosen, then the overlapping data showing a similar trend (i.e. 

all of the solid and shaded symbols in Figures 4.7 and 4.8) would have 𝑅𝑒𝐹𝑟𝑇
2 values below 

this limit.   
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Figure 4.9: BC Rate scaled with 𝑫𝒆
𝟐𝑽𝒆 for a single fuel (AB-H6) where data points are coloured by 

𝑹𝒆𝑭𝒓𝑻
𝟐, suggesting the importance of this parameter in delineating regimes. 

 It is worth noting that in his paper, Delichatsios (1993) plotted his regime map using 

a  “global” or “modified fire Froude number”, which he defines as 𝐹�̃� =
𝑉𝑒

√𝑔 𝐷𝑒(𝐴𝐹+1)3 2⁄  , 

where AF is the air-to-fuel mass stoichiometric ratio.  Unfortunately, elsewhere in his paper 

he defines 𝐹�̃� =
𝐹𝑟𝑠

(𝐴𝐹+1)3 2⁄ , which given his definition of the source Froude number as 𝐹𝑟𝑠 =

𝑉𝑒

√𝑔 𝐷𝑒(𝜌𝑠 𝜌∞⁄ )1 4⁄  , implies that 𝐹�̃� also includes a density ratio term, such that 𝐹�̃� =

𝑉𝑒

√𝑔 𝐷𝑒(𝐴𝐹+1)3 2⁄ (𝜌𝑒 𝜌∞⁄ )1 4⁄ = 𝐹𝑟𝑔 .  For clarity, this latter definition is denoted here as 𝐹𝑟𝑔 

(consistent with McEwen (2010)).  However, since the ratio (𝜌𝑒 𝜌∞⁄ )1 4⁄  is generally close 

to one (i.e., varies from 0.904 to 1.06 over the full range of fuels shown in Table 3.1), the 

distinction between 𝐹�̃� and 𝐹𝑟𝑔 is unlikely to be important. 

 Substituting 𝐹�̃� =
𝑉𝑒

√𝑔 𝐷𝑒(𝐴𝐹+1)3 2⁄   instead into Equation (4.4), 
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(
𝑉𝑒 𝐷𝑒

𝜈
) (

𝑉𝑒
2

𝑔 𝐷𝑒

𝑇∞

(𝑇𝑎𝑑 − 𝑇∞)
)

1

(𝐴𝐹 + 1)3
= 𝑅𝑒𝐹�̃�2

𝑇∞

(𝑇𝑎𝑑 − 𝑇∞)
=

𝐶

(𝐴𝐹 + 1)3
 (4.6) 

and rearranging leaves: 

𝑅𝑒𝐹�̃�2 =
(𝑇𝑎𝑑 − 𝑇∞)𝐶

𝑇∞(𝐴𝐹 + 1)3
 (4.7) 

 Delichatsios (1993a) suggested 𝑅𝑒𝐹�̃�2 = 1.46 as a criterion for separating the 

“rather smooth” transition from the transition-buoyant and transition-shear sub-regimes of 

turbulent buoyant flames, which is what is plotted on his regime diagram.  He suggested 

this value “based on (their) experience with such flows”, referencing Delichatsios (1987) 

which reports experiments on jet flames and pool fires burning heavier fuels such as 

ethylene, propane, and propylene5.  Assuming representative values of  𝑇𝑎𝑑 ≈ 2200K and 

AF ≈ 15 for these fuels, then 
(𝑇𝑎𝑑−𝑇∞)

𝑇∞(𝐴𝐹+1)3
 ≈ 0.00158, which is within the range of 0.00135 ≤ 

(𝑇𝑎𝑑−𝑇∞)

𝑇∞(𝐴𝐹+1)3
 ≤ 0.00195 for the present fuel mixtures listed in Table 3.1.  Thus for the right 

hand side of Equation (4.7) to be equal to 1.46 as suggested by Delichatsios (1993a), 𝐶 

would be ~749–1081.  This range of 𝐶 is about an order smaller than the value of 9000 

suggested in the present work.  Similarly, if 𝐹𝑟𝑔 =
𝑉𝑒

√𝑔 𝐷𝑒(𝐴𝐹+1)3 2⁄ =
𝑉𝑒𝑆

3
2

√𝑔 𝐷𝑒(
𝜌𝑒
𝜌∞

)

1
4

 is instead 

substituted into Equation (4.4), then, 

 
5 Fuels are not explicitly specified in the Delichatsios (1987)’s paper, they only mention “for common fuels 

burning in air AF > 10” and “for hydrocarbon fuels or vapor gases from most combusting materials”; 

however, propane is mentioned in a footnote and caption of figure 6 of the paper. Delichatsios et al. (1992) 

used data from Delichatsios (1987) in figure 3 and mention a fuel mixture of C3H6/C2H4/N2.  
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and a similar range of 793 ≤ 𝐶 ≤ 872 would be required to make the right-hand side equal 

to 1.46.  However, both the criterion suggested by Delichatsios (1993) and that suggested 

by the current data are empirically derived and may represent different observations – the 

present transition value is based on measured shifts in soot emissions trends whereas 

Delichatsios (1993a) work was based on observations of flame appearance.   

 In summary, the present experiments support the importance of the general 

parameter 𝑅𝑒𝐹𝑟2 in distinguishing the transition buoyant and transition shear sub-regimes 

of turbulent buoyant flames.  Based on the presently measured trends in soot emission rates, 

transition values of 𝑅𝑒𝐹𝑟𝑇
2≈9000, 𝑅𝑒𝐹𝑟𝑔

2≈14.6, or 𝑅𝑒𝐹�̃�2≈12.7 are all suggested as 

useful means in delineating regimes depending on which version of the Froude number is 

used.  Returning to the data of Figure 4.7, if 𝑅𝑒𝐹�̃�2≈12.7 is used to distinguish regimes, 

then all of the shaded symbols would be moved into the transition buoyant regime, which 

appear to match the trend of the solid filled symbols.  The transition line between regimes 

would then be redrawn as shown by the dashed blue line in Figure 4.8.   

 Sections 4.3.1 and 4.3.2 describe the modeling process for transition buoyant and 

shear regimes.  For each regime, scaling was first attempted for a single fuel to consider 

aerodynamic effects independently of fuel chemistry effects.  The candidate model was 

then extended to multiple fuels through the use of an empirically determined chemistry 

scaling parameter.  

𝑅𝑒𝐹𝑟𝑔
2 =

(𝑇𝑎𝑑 − 𝑇∞)𝑆3𝐶

𝑇∞ (
𝜌𝑒

𝜌∞
)

1
2

 
(4.8) 
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4.3.1 Black Carbon Emissions Model for the Transition Buoyant Regime 

Using 𝑅𝑒𝐹�̃�2 < 12.7 as a criterion to distinguish the transition buoyant regime, Figure 

4.10a plots these data for the AB-H6 fuel mixture.  Points shown in green correspond to 

the original regime as defined by Delichatsios (1993); points in grey show the additional 

points that are included when modifying the regime separation criterion.  Overlaid are two 

very similar empirical power-law fits6 in the form of 𝑓(𝑥) = 𝑎𝑥𝑏, with equations and 

properties as summarized in Table 4.1.  The fit shown in green is to data in the transition 

buoyant regime as originally defined by Delichatsios (1993) whereas the fit shown in grey 

is to all data in the figure.  The dashed lines show the 95% prediction interval of each fit.  

The close similarity of these two fits further justifies the empirical criterion of defining the 

transition buoyant regime as 𝑅𝑒𝐹�̃�2 < 12.7.  In physical terms, this simple model suggests 

that, within this regime, BC rate is simply scaled with the volume flow rate, i.e. higher flow 

rates produce greater BC rate independent of the flare diameter or exit velocity alone.  

 Figure 4.10b plots the accuracy of the model in predicting the individual 

experimental data points.  Data are shown as a histogram of the percentage error (E%) in 

predicted soot emission rate defined as: 

E% = 
BC Ratetheoretical  [

g
s] − BC Rateactual  [

g
s]

BC Rateactual  [
g
s]

 × 100% (4.9) 

Again, the green bars are only considering data in the regime as originally defined by 

Delichatsios (1993) whereas the grey bars are for all data in Figure 4.10a.  The range of 

 
6 Additional and more complicated fits were also considered using the Table Curve software utility 
(https://systatsoftware.com/products/tablecurve-2d/); however the power law fit was ultimately judged 
to be the best compromise of goodness of fit and overall simplicity.  

https://systatsoftware.com/products/tablecurve-2d/
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errors is similar for both fits.  Overall, this result suggests that for a single fuel in the 

turbulent buoyant regime, the simple scaling with flow rate can predict soot emissions 

within ±20%.   

 

Figure 4.10: Empirical power-law fits of soot emission rate data for the transition buoyant and 

extended buoyant regimes for a single fuel (AB-H6). (a) Emission rate models; (b) Histogram of 

model error in predicting individual data points 

Table 4.1: Summary of models shown in Figure 4.10 – for AB-H6 

Transition 
Buoyant 
Regime  

General model: 
 

Coefficients (with 95% confidence 
bounds) 

Goodness of fit: 

Original 𝐵𝐶 𝑟𝑎𝑡𝑒 [
𝑔

𝑠
] = 𝑎(𝐷𝑒

2𝑉𝑒)
𝑏 a [

𝑔

𝑚3]
 =     0.2707 (0.162, 0.3794) 

 
b =     0.8124 (0.7452, 0.8797) 

SSE: 2.787e-07 
R2: 0.9835 
Adjusted R2: 0.9826 
RMSE: 0.0001244 

Extended 𝐵𝐶 𝑟𝑎𝑡𝑒 [
𝑔

𝑠
] = 𝑎(𝐷𝑒

2𝑉𝑒)
𝑏 a [

𝑔

𝑚3] =     0.299 (0.2052, 0.3929) 

 
b =     0.8245 (0.7694, 0.8796) 

SSE: 7.694e-07 
R2: 0.9841 
Adjusted R2: 0.9836 
RMSE: 0.0001575 

𝐷𝑒 is in [m] and 𝑉𝑒 is in [m/s] at 15°C, 101.325 kPa. 

 

The results and model of Figure 4.10 are encouraging for understanding the black 

carbon emissions patterns of a single fuel; however, a practically useful model would also 
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need to account for variations in flare gas compositions.  While the complexities of soot 

formation chemistry likely preclude a general model, attempts were made to find a 

practically useful empirical scaling parameter that could reasonably predict sooting 

behaviour over a range of alkane mixtures relevant to flaring in the upstream oil and gas 

sector.  As discussed in Chapter 3, Section 3.4, several parameters were considered to 

account for chemical effects on black carbon emissions including the higher heating value 

of the fuel, the ratio of carbon to hydrogen atoms in the fuel (CHR), the estimated sooting 

propensity of the fuel from laminar flame data, and the mean carbon number of 

hydrocarbons in the fuel (𝐶#).  The estimated sooting propensity was represented by an 

estimated smoke point mass flow rate for the fuel mixture (�̇�𝑠𝑝,𝑚𝑖𝑥) 
7, calculated as: 

 �̇�𝑠𝑝,𝑚𝑖𝑥 = ∑�̇�𝑠𝑝𝑖𝑌𝑖 (4.10) 

where �̇�𝑠𝑝𝑖 and 𝑌𝑖 are the smoke point mass flow rate and mass fraction of the species.  C# 

was calculated via Equation (4.11):  

 𝐶# =
𝑐𝑖𝑋𝑖

∑𝑋𝑖
 (4.11) 

where 𝑐𝑖 is the number of carbon atoms in the ith hydrocarbon species and 𝑋𝑖 is the mol 

fraction of that species in the fuel mixture.  It should be noted that inert species (i.e. CO2 

and N2) were excluded in the above calculation.  An alternative C# was also considered 

including using CO2 in the denominator, i.e., where 𝑐CO2 = 1 and 𝑋CO2 ≠ 0.  However, 

 
7 The smoke point is a parameter that has been used by other authors (Sivathanu and Faeth 1990a; Schug 
et al. 1980) to normalize the soot emissions produced from different fuels. The authors are aware that 
this parameter is highly arbitrary, but it is justified based on the need for a practical correlation. 
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negligible differences between the two methods were observed.  Therefore, C# calculated 

via Equation (4.11) was used as a parameter in the modeling.  

 Data for all methane-dominated flare gas mixtures (excluding the 12.7 mm burner, 

see Section 4.1) within the modified transition buoyant regime (i.e., data shown to the left 

of the dashed blue line in Figure 4.11) were considered in developing the empirical model.  

For these data, HHVv ranged from ~ 41.5 – 71.3 MJ/m3, CHR from 0.27 – 0.36, C# from 

1.18 – 2.45, and �̇�𝑠𝑝,𝑚𝑖𝑥 from 0.013 – 0.029 g/s.  Models were attempted by empirically 

scaling the BC emission rate by the selected chemistry parameters as shown in Figure 

4.12a, c, e, and g.  Tests using two additional mixtures, pure propane and crude propylene 

(a mixture of 80% propylene and 20% propane), are shown on each of the plots but were 

not used in developing the empirical models.  These data are shown to illustrate the limits 

of this approach when attempting to scale results to other non-methane dominated 

compositions.  
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Figure 4.11: Flare conditions for current work overlaid on the regime map of Delichatsios (1993).  

The dashed blue line shows the modified criterion for distinguishing the transition buoyant and 

transition shear regimes (𝑹𝒆𝑭�̃�𝟐=12.7) suggested by the current data.  Anticipated range of typical 

upstream flares as suggested by McEwen and Johnson (2012) is indicated by the inclined shaded 

rectangle. 

 Figure 4.12a, c, e, and g show empirical models scaled by HHVv, CHR, �̇�𝑠𝑝,𝑚𝑖𝑥, 

and C# as chemistry parameters, respectively.  Overlaid on each figure is a power-law fit 

in the form of 𝑓(𝑥) = 𝑎𝑥𝑏, with dashed lines indicating the 95% prediction interval.  The 

fit equations and properties are summarized in the table below each figure.  It should be 

noted that the exponents on chemistry parameters are purely empirical.  The adjacent 

figures (Figure 4.12b, d, f, and h) are histograms of the percentage error of each model 

when predicting the experimental data.  

Using the various chemistry scaling parameters, the available data are predicted 

within ±35–63% as shown on the corresponding error histograms.  The distribution of E% 

is right skewed for HHVv and �̇�𝑠𝑝,𝑚𝑖𝑥 chemistry parameters (Figure 4.12b and Figure 

4.12f) and symmetrical for CHR and C# (Figure 4.12d and Figure 4.12h).  Although HHVv 
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would be the simplest parameter to use in a practical model since these data are often 

available for individual flares, Figure 4.12b shows a +40/-60 % range in the prediction 

error.  For the range of methane-dominated alkane flare gas mixtures considered, this is 

higher than the ±35% range when using C# as a scaling parameter (Figure 4.12h), which 

has the lowest prediction error of the four parameters considered.  CHR is the second-best 

scaling parameter with E% of +50/-40% (Figure 4.12d).  �̇�𝑠𝑝,𝑚𝑖𝑥 has a similar range of 

E% to HHVv ±63% (Figure 4.12f). 

While C# appears to be an effective parameter in scaling black carbon emissions 

for similar, methane-rich, alkane-based flare gas mixtures, this parameter is likely not valid 

for predicting emissions from other mixtures.  If attempting to scale other non-methane 

based fuel mixtures, then Figure 4.12e suggests that �̇�𝑠𝑝,𝑚𝑖𝑥 (representing the laminar 

flame sooting propensity) is likely a better scaling parameter to use.   

Comparing Figure 4.12h (scaling with multiple fuels) to Figure 4.10b (scaling for 

AB-H6 only) shows an absolute increase in the range of E% of ~15% (i.e. from ±20 to 

±35%).  This added error shows the limits of modelling fuel chemistry effects with a single 

scaling parameter.  Nevertheless, for the purpose of estimating black carbon emissions of 

methane-rich flare gas mixtures in the buoyant regime, C# is suggested as a useful scaling 

parameter according to the model shown in Figure 4.12g.  This model scales emissions 

data within ±35% over the range of tested diameters (25.4 – 76.2 mm), exit velocities 

(0.079 – 1.66 m/s), and methane-rich flare gas mixtures.   The model is compared with the 

current emission factors in section 4.4.   
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Figure 4.12: Empirical scaling of fuel chemistry effects on BC Rate of alkane-based flare gas 

mixtures (i.e. excluding propylene) in the modified turbulent buoyant regime (𝑹𝒆𝑭�̃�𝟐 < 𝟏𝟐. 𝟕) based 

on (a-b) higher heating value, HHVv; (c-d) carbon to hydrogen atom ratio, CHR; (e-f) smoke point 

mass flow rate, �̇�𝒔𝒑,𝒎𝒊𝒙, and (g-h) mean carbon number of the fuel, C#. 
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Figure 4.12: (continued) Empirical scaling of fuel chemistry effects on BC Rate of alkane-based flare 

gas mixtures (i.e. excluding propylene) in the modified turbulent buoyant regime (𝑹𝒆𝑭�̃�𝟐<𝟏𝟐.𝟕) 

based on (a-b) higher heating value, HHVv; (c-d) carbon to hydrogen atom ratio, CHR; (e-f) smoke 

point mass flow rate, �̇�𝒔𝒑,𝒎𝒊𝒙, and (g-h) mean carbon number of the fuel, C#. 
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4.3.2 Black Carbon Emissions Model for the Transition Shear Regime 

Recognizing the importance of the 𝑅𝑒𝐹�̃�2 parameter in distinguishing the transition 

buoyant and transition shear regimes as illustrated in Figure 4.10, it was initially attempted 

to extend the model of Figure 4.10 into the shear regime by considering the fit coefficients 

as functions of 𝑅𝑒𝐹�̃�2.  Using MATLAB, different curves of the general form f(x) = axb 

were fitted to points with similar 𝑅𝑒𝐹�̃�2 as summarized in Table 4.2.   

Table 4.2: Summary of curve fit coefficients for various 𝑹𝒆𝑭�̃�𝟐 

𝑹𝒆𝑭�̃�𝟐 

Coefficients  

a b 

43.2 0.3809 0.945 

102.3 0.2678 0.904 
 

Again, using MATLAB, the coefficients of these fits (a and b) were then expressed as 

functions of 𝑅𝑒𝐹�̃�2 as shown in Table 4.3.   

Table 4.3: Summary of fitted lines for each coefficient in Table 4.2 

Coefficient 
Obtained 
from Table 4.2 

Function relating the 

coefficient to 𝑹𝒆𝑭�̃�𝟐 

Coefficient 

a f(x) = p1x + p2 p1 = -0.00191 
p2 = 0.4636 

b f(x) = p1x + p2  p1 = -0.00069 
p2 =0.975 

 

 Finally, a test set of a and b coefficients were calculated using the expressions in 

Table 4.3 at an intermediate value of 𝑅𝑒𝐹�̃�2= 59.3.  The predicted function is shown in red 

in Figure 4.13.  Unfortunately, the red line intersects the yellow line; hence showing the 

prediction to be inaccurate.  The is potentially due to insufficient data points for this type 

of generalized approach or more likely that soot emissions within the shear regime scale 

differently than within the buoyant regime. 
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Figure 4.13: Attempted scaling of BC Rate with 𝑫𝒆
𝟐𝑽𝒆 for a single fuel (AB-H6) where fit coefficients 

are functions of 𝑹𝒆𝑭�̃�𝟐.  Yellow, blue, and green coloured lines are fits through data with similar 

𝑹𝒆𝑭�̃�𝟐 values; red line is a test fit based on empirical coefficients from Table 4.3.    

 Using the 𝑅𝑒𝐹�̃�2 ≥ 12.7 as a criterion to distinguish the transition shear regime, a 

separate empirical model was sought to correlate the soot emissions data.  Several 

parameters were considered, initially focussing on a single fuel mixture (AB-H6) to attempt 

to understand aerodynamic effects for a fixed chemistry.  Figure 4.14 shows the candidate 

empirical model with the tightest correlation, which links soot emissions normalized by 

𝑉𝑒𝐷𝑒
3 with the inverse flame length, 

1

𝐿𝑓
.  Overlaid is an empirical power-law fit in the form 

of 𝑓(𝑥) = 𝑎𝑥𝑏 with dashed lines showing the 95% prediction interval.  Figure 4.14b shows 

a histogram of percentage residual between the empirical model fit and individual data 

points; which suggests that for this single fuel in the turbulent shear regime, the scaling can 

correlate soot emissions within ±16%.  To understand the apparent utility of this model, a 

potential physical basis for the empirically determined parameters was sought.  
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Figure 4.14: (a) Empirical power-law fit of soot emission rate data for the modified transition shear 

regime for a single fuel (AB-H6); (b) Histogram of model error in predicting individual data points 

 Rearranging the empirical power law fit from Figure 4.14 implies: 

 BC Rate = 31.82
𝑉𝑒𝐷𝑒

3

𝐿𝑓
1.58 (4.12) 

To understand the potential physics behind this model, the right-hand side of Equation 

(4.12) contains the term 
𝑉𝑒

𝐿𝑓
, which can be interpreted as the inverse of mixing time.  The 

remaining term, 
𝐷𝑒

3

𝐿𝑓
0.58, might then be considered as a representation of an effective mixing 

volume: 

 mixing volume = area × length ≡  𝐷𝑒
2 ×

𝐷𝑒

𝐿𝑓
0.58 (4.13) 

where the extraneous 0.58 root term and units of m2.58 may be explained by the fact that 

shear flames are S-shaped and the true mixing volume would be a portion of an idealized 
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cylinder.  The combination of effective mixing volume divided by mixing time suggests 

that BC emission rates scale with the mixing rate within the transition shear regime. 

Alternatively, the 
𝐷𝑒

2

𝐿𝑓

𝑉𝑒

 term in Equation (4.12) may be considered to represent the 

turbulent mixing coefficient (eddy diffusivity) (Hawthorne et al. 1948) and 
𝐷𝑒

𝐿𝑓
0.58 term as 

the mixing length.  This would imply,  

 mixing rate =  diffusivity × mixing length (4.14) 

which again suggests that the emission rate for a single fuel in the transition shear regime 

is simply scaled by the mixing rate.  

As for the buoyant regime, attempts were made to extend this simple model for a 

single fuel to find a practically useful empirical scaling parameter that could reasonably 

predict sooting behaviour over a range of alkane mixtures relevant to flaring in the 

upstream oil and gas sector.  All methane-dominated mixture data within the modified 

transition shear regime (i.e. data shown to the right of the dashed blue line in Figure 4.11, 

including flare diameters from 25.4 – 50.8 mm, exit velocities from 1.75 – 9.15 m/s, and 

methane-rich flare gas mixtures as shown in Table 3.1) were considered in developing the 

empirical model.  For these data, HHVv ranged from 46.86 – 60.99 MJ/m3, CHR from 0.29 

– 0.33, C# from 1.38 – 1.96 and, �̇�𝑠𝑝,𝑚𝑖𝑥  from 0.016 – 0.026 g/s.  Models were attempted 

by scaling the BC emission rate by each of the selected chemistry parameters.   

 Figure 4.15a, c, e and g show the empirical model scaled by CHR, �̇�𝑠𝑝,𝑚𝑖𝑥, C#, and 

HHVv as chemistry parameters, respectively.  Also included on each plot are data for a test 

mixture of crude propylene (black circles).  Overlaid on each figure is a power-law fit to 
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the methane-dominated mixture data (i.e. excluding the test crude propylene data) in the 

form of 𝑓(𝑥) = 𝑎𝑥𝑏, with dashed lines indicating the 95% prediction interval.  The fit 

equations and properties are summarized in the table below each figure.  Again, it should 

be noted that the exponents on chemistry parameters are purely empirical. The adjacent 

figures (Figure 4.15b, d, f and h) are histograms of the percentage error of each model 

when predicting the experimental data.   

All four of the chemistry scaling parameters predict the emission rates of methane-

dominated flare gas mixtures within ±20–40% as shown on the corresponding error 

histograms.  The distribution of E% is also symmetrical for each of these chemistry 

parameters.  The lowest total error (within +36/-20%) is achieved using the HHVv 

parameter as plotted in Figure 4.15g, although the prediction using the C# parameter is 

nearly as good (+12/-32%).  HHVv would be the simplest parameter to use in a practical 

model since these data are often available for individual flares.  The model is compared 

with the current emission factors in section 4.4. 

While HHVv does appear to be an effective parameter in scaling black carbon 

emissions for similar, methane-rich, alkane-based flare gas mixtures, this parameter is 

likely not valid for predicting emissions from other mixtures.  Data for crude propylene 

(black circles) are not well scaled by HHVv as shown in Figure 4.15e.  If attempting to 

scale other non-methane based fuel mixtures, then Figure 4.15a suggests that CHR  is likely 

a better scaling parameter to use.  Figure 4.15 (e) and (g) are replotted without the 

propylene data in Appendix D to enable a better comparison of the goodness of fit to the 

data. 
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Figure 4.15: Empirical scaling of fuel chemistry effects on BC Rate of alkane-based flare gas 

mixtures (i.e. excluding propylene) in the modified turbulent shear regime (𝑹𝒆𝑭�̃�𝟐 ≥ 𝟏𝟐. 𝟕) based on 

(a-b) carbon to hydrogen atom ratio, CHR; (c-d) smoke point mass flow rate, �̇�𝒔𝒑,𝒎𝒊𝒙; (e-f) mean 

carbon number of the fuel, C#; and (g-h) higher heating value, HHVv. 
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Figure 4.15: (continued) Empirical scaling of fuel chemistry effects on BC Rate of alkane-based flare 

gas mixtures (i.e. excluding propylene) in the modified turbulent shear regime (𝑹𝒆𝑭�̃�𝟐≥𝟏𝟐.𝟕) based 

on (a-b) carbon to hydrogen atom ratio, CHR; (c-d) smoke point mass flow rate, �̇�𝒔𝒑,𝒎𝒊𝒙; (e-f) mean 

carbon number of the fuel, C#; and (g-h) higher heating value, HHVv. 

To summarize, the soot emission rates for vertical flares in the extended buoyant 

regime are best scaled using the empirical model presented in Figure 4.12g, which suggests 
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that emissions are primarily driven by the flow rate of the flare and fuel chemistry, 

independent of flare diameter or exit velocity.  Within the modified shear regime, the 

empirical model shown in Figure 4.15g provides the best scaling, which implies that 

emissions are scaled by the mixing rate.  Figure 4.16 compares experimentally measured 

versus the empirically predicted soot emission values for these two models.  Figure 4.16a 

is for the extended buoyant regime whereas Figure 4.16b is for the modified shear regime.  

The black dashed lines indicate the ideal 1:1 correspondence and the red solid lines show 

linear fits to the data.  These results suggest that, within the range of the available 

experimental data, these models are useful predictors of soot emission rates. 

 

Figure 4.16: Experimentally measured  vs. empirically predicted soot emission rates for methane-

rich multicomponent flare mixtures (See Table 3.1).  (a) Comparison of results within the extended 

transition buoyant regime, on 25.4 to 76.2 mm diameter flare stacks with exit velocities ranging from 

0.079 to 1.66 m/s, Figure 4.12g; (b) Comparison of results within the modified transition shear 

regime, 25.4 to 50.8 mm diameter flare stacks with exit velocities ranging from 1.75 to 9.15 m/s, 

Figure 4.15b 

4.4 Implications and Comparison with Current EFs and Field Data  

To better understand the implications of the presented models and their possible use in 

estimating flare emissions in conditions beyond those which could be tested in the lab, 
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comparisons were made with currently published emission factors and with limited 

available field measurement data.  

4.4.1 Comparisons with Current Emission Factors 

Table 4.4 (reproduced and updated from Table 1.2 in Chapter 1) shows relevant particulate 

matter and black carbon emission factors currently used in the oil and gas industry.  The 

available emission factors are organized by those scaled by flare gas volume (i.e. U.S. EPA 

(1998), APREL (Franklin and Leahey 1998), CAPP (2007) and Villasenor et al. (2003)), 

those scaled by flare gas mass (i.e. EEA (Trozzi et al. 2013) and NAEI (2012)), and models 

based on flare gas energy content (i.e. McEwen and Johnson (2012) and Conrad and 

Johnson (2017)).  Figure 4.17 directly compares the emission factors from Table 4.4 with 

the models derived in the present work for vertical flares in the buoyant and shear regimes.  

Two example flare diameters are considered: a 2 inch (50.8 mm) diameter flare (consistent 

with the scale of the present experimental data) and a 6 inch (152.4 mm) diameter flare 

(representative of a common flare size in the upstream oil and gas sector).   

Depending on the emission factor, different scenarios needed to be assumed to 

permit a direct comparison as summarized in the rightmost column of Table 4.4.  For 

emission factors scaled by volume of the flare gas, for the assumed diameter of either 

50.8 mm or 152.4 mm, an array of velocities was considered.  For the buoyant regime 

(𝑅𝑒𝐹�̃�2 < 12.7), velocities range from 0.5 to 1.998 m/s and for the shear regime (𝑅𝑒𝐹�̃�2 ≥

12.7), velocities range from 2 to 4.1 m/s for both burners.   

The BC emission rate implied by the volumetric emission factor was then 

calculated for the corresponding velocity and flow rate and plotted.  For emission factors 

scaled by mass, a flare gas density of 0.77 kg/m3 was assumed; for factors scaled by HHVv, 
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a value of 41.52 MJ/m3 was assumed; and where relevant the C# was taken as 1.18 – i.e., 

where necessary all fuel property data were chosen to match that of the AB-M9 (Alberta 

9-component medium) mixture.  For calculating the flame length (using Equation (2.5)) as 

required for the proposed model for the modified shear regime, values for the AB-M9 were 

again assumed, specifically that S = 0.059 and 𝑇𝑎𝑑=2229.03K, and the ambient temperature 

(𝑇∞) and density (𝜌∞) were chosen as 288.15K and 1.17 kg/m3, respectively.   
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Table 4.4: Summary of currently available particulate matter and BC emission factors for flares 

(Reproduced and updated from Table 1.2) 

Standard Emission Factor 
as Reported 

Flare Gas Primary Source Assumptions Made 
when Plotting on 

Figure 4.17 

Volume-based Emission Factors 

AP 42, Vol I, 
Sec 2.4 
U.S. EPA (1998) 

17 lb/106 DSCF 
Methane 

Methane Enclosed Flares Buoyant: n/a 
Shear: S = 0.059 
𝑇𝑎𝑑=2229.03K 
𝑇∞ =288.15K 

𝜌∞ = 1.17 kg/m3  
WebFIRE  
U.S. EPA (2016) 

53 lb/106 SCF Landfill Gas Confidential Report 
No. ERC-55, April 21, 

1991 

ARPEL (Franklin 
and Leahey 
1998)  

0.0021 kg/m3-
gas-burneda 

Solution Gas 
(Sweet, Sour), 

Natural Gas 
Steam Assisted 

USEPA External 
Combustion Sources, 

4/93, Table 1.3-10, 
New Source 
Performance 

Standards for Fossil 
Fuel Fired Burners 

CAPP (2007) 2.5632 kg/103 m3 Solution Gas USEPA WebFIRE 6.22, 
April 21, 1991. Landfill 

gas adjusted to 45 
MJ/m3 HHV 

Villasenor et al. 
(2003) 

2.1 g/Sm3 Sour Gas US EPA AP 42 
(2001)/ARPEL (1998) 

Mass-based Emission Factors 

EEA (Trozzi et al. 
2013) 

2.6 kg/Mg-
throughput 

Flaring in Oil & 
Gas Extraction 

Villasenor et al. (2003) Buoyant: 𝜌𝑒  = 
0.77 kg/m3 

Shear:  
𝜌𝑒  = 0.77 kg/m3 

S = 0.059 
𝑇𝑎𝑑 =2229.03K 
𝑇∞ =288.15K 

𝜌∞ = 1.17 kg/m3  

NAEI (2012) 0.31c x10-6 kt/t Upstream Gas 
Production 

Unknown 

Weyant et al. 
(2016) 

0.14 g/kg Emission 
plumes from 
26 individual 
flares in the 

Bakken 
formation in 

North Dakota. 

Weyant et al. (2016) 

Energy-based Emission Factors 

McEwen and 
Johnson (2012) 

YBC g/m3 = 
0.0578HHVv - 
2.09 

Upstream UOG Conrad and Johnson 
(2017) 

Buoyant: HHVv = 
41.52 MJ/m3 

Shear: HHVv = 41.52 
MJ/m3  

S = 0.059 
𝑇𝑎𝑑 =2229.03K 
𝑇∞ =288.15K 

𝜌𝑒  = 0.77 kg/m3 
𝜌∞ = 1.17 kg/m3  

Conrad and 
Johnson (2017) 

YBC g/m3 = 
0.1069HHVv - 
4.18 

Upstream UOG Conrad and Johnson 
(2017) 

a  Values given are for “Solution Gas Combustion Heavy Crude Oil Primary (Sweet)/Thermal (Sour) Facilities” 
respectively.  
b Volume unit of measurement is defined as Cubic meter at a temperature of 15°C and a pressure of 101.325 kPa 
c PM2.5
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The variety of scaling approaches and inconsistency of predicted emission rates among the 

different factors highlights the problems with current reporting for flares and black carbon 

emissions inventories.  As is apparent in Figure 4.17, most factors are high relative to the 

current data; but some switch from high to low in the two regimes which highlights limits 

of simple factors.  For instance, EFs reported by U.S. EPA (1998) and NAEI appear to 

underestimate BC rate in the extended buoyant regime; however, the same EFs in the 

modified shear regime are close to the predicted rate of soot production for a 152.4 mm 

flare.   

For the buoyant regime, at an assumed diameter of 50.8mm (consistent with the 

range of the current experimental data), the EF factor reported by U.S. EPA (2016) is the 

closest to the current model (Figure 4.17a); however at an assumed diameter of 154.2 mm 

(Figure 4.17c), the current model is more closely aligned with the EF models suggested by 

McEwen and Johnson (2012) and Conrad and Johnson (2017) and emission factors of 

NAEI (2012) and U.S. EPA (1998).  For the shear regime, assuming a 152.4 mm burner, 

the predicted emissions are similar to the models of McEwen and Johnson (2012) and 

Conrad and Johnson (2017) and the emission factors of NAEI (2012) and U.S. EPA (1998); 

however, McEwen and Johnson (2012) and Conrad and Johnson's (2017) models diverge 

slightly and predict higher emissions than the current model at higher values of the scaling 

parameter.  At a smaller assumed diameter of 50.8 mm (Figure 4.17b), the current model 

for the shear regime predicts lower emissions than all of the current factors except Weyant 

et al. (2016), NAEI (2012) and U.S. EPA (1998).  While it is not possible to know, this 

may be attributable to most currently available emission factors being linked with 

measurement in the buoyant regime.   
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Figure 4.17: Comparison of EFs from the literature with current models (dark purple line) for a flare 

burning AB-M9 for two different assumed diamters.  Volume, mass, and energy based EFs are 

shown by solid, dashed, and dotted lines repectively. Comparison assuming a 50.8-mm diameter flare 

within the (a) extended Buoyant Regime and (b) modified transition shear regime; Comparison 

assuming a 152.4-mm diameter flare within the (c) extended Bouyant Regime and (d) modified 

transition shear regime. 

In the context of emissions reporting in Canada, the CAPP emission factor –

currently used for flare black carbon reporting in Canada through the National Pollutant 

Release Inventory (NPRI) (ECCC 2017b) – is the highest among all of the factors and 
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notably higher than the present models would suggest.  Consistent with previous work (i.e. 

McEwen and Johnson, 2012; Conrad and Johnson, 2017) this suggests that this factor is 

questionably relevant for flares in the upstream energy industry and could be significantly 

overestimating emissions in Canada. 

4.4.2 Comparisons with Available Field Measurements 

Figure 4.18 attempts to compare the developed empirical models with the very limited 

published field measurement data (three points, Conrad and Johnson, 2017) that have 

quantitative data for individual flares and necessary velocity, diameter, and composition 

information to allow a direct comparison.  Of these three points, two are in the buoyant 

regime and one is in the shear regime.  Although it is difficult to draw conclusions from so 

few points, the present model and two field measured data points in the buoyant regime 

appear to agree within uncertainties (which overlap, Figure 4.18a).  For the shear regime 

(Figure 4.18b), the single field data point is much higher than predicted.  However, this 

may be attributable to a heavier flare gas composition.  As noted in section 4.3.2, the range 

of HHVv used for scaling the data in the modified shear regime was from ~ 46.86 – 60.99 

MJ/m3; the HHVv of the field data point is much higher at 71.3 MJ/m3. 
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Figure 4.18: Comparison of field measured data (Conrad and Johnson 2017; Gvakharia et al. 2017; 

Weyant et al. 2016) with suggested models. The purple points show predicted BC rates with same 

conditions as Conrad and Johnson 2017 (152.4 mm and EC-O1/EC-O3, 304.8 mm and EC-O4). The 

grey shaded area shows the range of EF reported by Gvakharia et al. 2017. The purple line shows the 

predicted EF by present models with similar conditions to Gvakharia et al. 2017 and Weyant et al. 

2016. (assumed flare composition of BK-1). (a) Buoyant Regime (b) Shear Regime 

Also included on Figure 4.18 are data from the airplane measurements of Weyant 

et al. (2016) and Gvakharia et al. (2017).  Weyant et al. (2016) reported an emission factor 

of 0.14 ± 0.12 g/kg derived from measurements during airplane transects through flare 

plumes; however, they had no knowledge of the flare exit velocity or diameter so it is not 

possible to identify the regime.  Similarly, airborne measured values reported by Gvakharia 

et al. (2017) ranged from 0.0004 to 0.287 g/kg but have no information on flare De  and Ve.  

If the emission factors reported by Weyant et al. (2016) and Gvakharia et al. (2017) are 

assumed to be in the buoyant regime, the present model overpredicts the corresponding 

soot production with values ~721-1205% higher than Weyant et al. (2016)’s factor and  

~300-537% above the upper limit of Gvakharia et al. (2017) (Figure 4.18a).  However, if 

these factors are assumed to represent the shear regime then the agreement is closer, 
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matching Weyant et al. (2016)’s factor within +7.8 to +163% and falling within the range 

of values of Gvakharia et al. (2017) (although +788 to +2069% above their median value, 

(Figure 4.18b).   

It is possible that differences between lab- and field-measured emissions may be 

partially or fully attributable to crosswind effects which are not considered in the present 

experiments.  Although Weyant et al. (2016) stated that the measured wind speed (in range 

of 3.6–6 m/s) during sampling was not correlated with BC mass EF, small scale 

experiments on 2.16-mm propane flares in crossflow by Ellzey et al. (1990) suggest soot 

emissions are reduced as crosswind is increased.  Future experiments under crosswind 

conditions are highly recommended as are further field measurements to increase the 

availability of in situ validation data.  Nevertheless, the newly derived models presented in 

this thesis appear to align reasonably well with the limited field data currently available 

and are suggested as a significant improvement over the single-valued emission factors 

commonly used in most pollutant inventories.   
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Chapter 5 Conclusion and Future Work 

5.1 Conclusions  

Soot emissions from vertical turbulent diffusion flames (flares) burning a variety of 

multicomponent fuel mixtures have been studied.  Using a thermal/optical analyzer, soot 

emissions were quantified in terms of the elemental carbon (black carbon) yield for a broad 

range of conditions comprising six different burner exit diameters (12.7 – 76.2 mm), flow 

rates ranging from 6.8 to 275.23 SLPM, and thirteen fuel mixtures representative of flared 

gases in the upstream oil and gas sector.   

 Experiments were focussed on flames in the “transition-buoyant” and “transition-

shear” sub-regimes of vertical turbulent buoyant non-premixed flames as defined by 

Delichatsios (1993).  As suggested by McEwen and Johnson (2012), these regimes span 

conditions most relevant to flares at upstream oil and gas production sites.  For the full 

range of experiments with methane-dominated alkane flare gas mixtures, soot emission 

rates remained below 0.016 g/s and yields below 1.7 gsoot / kgfuel or 4.6 gsoot/m
3

fuel.   

Soot emissions were observed to vary with both flame aerodynamics and fuel 

chemistry with differing trends that were roughly aligned with Delichatsios’ sub-regimes 

of turbulent buoyant non-premixed flames.  The product of the Reynolds number with the 

square of the Froude numbers was shown to be a useful criterion in distinguishing these 

trends, where based on the present results, data with 𝑅𝑒𝐹�̃�2 < 12.7 were classed as 

transition-buoyant and data with 𝑅𝑒𝐹�̃�2 ≥ 12.7 as transition-shear.   

New empirical correlations for scaling of soot emissions in these redefined sub-

regimes were presented and explained in terms of macro flame dynamics.  For the 
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transition-buoyant regime (𝑅𝑒𝐹�̃�2 < 12.7) soot emission rates were simply scaled with the 

flare volume flow rate while scaling different alkane fuel mixtures by the mean carbon 

number of the fuel.  For the transition-shear regime (𝑅𝑒𝐹�̃�2 ≥ 12.7), soot emissions were 

scaled by the effective mixing rate in the flame, with higher heating value emerging as a 

better parameter to scale different fuel compositions.  These models were able to predict 

soot emission rates within ±35% over the range of conditions for methane-dominated flare 

gas mixtures presented in this thesis.  However, the simple chemistry scaling is expected 

to limit the model to similar gas mixtures and was not effective at predicting test flares 

burning crude propylene.   

Despite these limitations, these models appear to be a significant improvement over 

the single-valued emission factors commonly used in most pollutant inventories.  

Consistent with the review of McEwen and Johnson (2012) who questioned the relevance 

of available emission factors to flare gas compositions and operating conditions typical of 

upstream flaring, most current emission factors were found to significantly overpredict the 

soot yields for the methane-based flare gas mixtures considered in the present work.  

Similarly, although previous simple heating value based models of Johnson and Tyner 

(2019), Conrad and Johnson (2017), and McEwen and Johnson (2012) are likely accurate 

for a narrow range of aerodynamic conditions, the present results show that flame 

aerodynamics should be considered when extending these predictions to a broader range 

of conditions.  Finally, the present empirical models also compare reasonably well with the 

very limited published field measurement data on soot emissions from flares (Conrad and 

Johnson (2017), Weyant et al. (2016) and Gvakharia et al. (2017)).  Although it was 

difficult to draw conclusions from so few field measured data points, the present models 
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predict emissions within the range of the available field data where differences could be 

attributed to variations in fuel chemistry or unknown velocity and diameter (regimes) of 

the measured flares. 

In short, a key outcome of this work is the demonstration of at least two distinct 

regimes of soot emission for turbulent buoyant diffusion flames.  The combination of 

aerodynamic and chemical effects precludes the use of single-valued emission factors that 

are common in current pollutant inventories.  The developed preliminary empirical 

relationships offer an alternate approach to predicting flare soot emissions that considers 

the influence of both chemistry and aerodynamic effects on BC rate.  If fuel composition 

is known at a particular flare site, an emission estimate based on the fuel, burner diameter 

and exit velocity can be calculated. This could be an important improvement over the 

current single emission factor approach, especially considering the questionable origins of 

the factors currently available. 

5.2 Future Work 

It is recommended that further work be completed to expand the understanding of the 

parameters that influence soot released from turbulent diffusion flames.  Specifically, 

experiments using a larger span of flow conditions with different burner diameters should 

be conducted to help establish a more universal scaling parameter.  As the Carleton 

University flare facility currently exists, there is little opportunity to increase the flow rate 

beyond what was done in the current work, and a new enclosure and dilution tunnel system 

would most likely be needed to increase the fuel flow rates significantly.  An accurate 

measure of soot residence time could also be carried out using techniques such as Laser 

Doppler Velocimetry (LDV) and/or Particle Image Velocimetry (PIV).  To investigate the 
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effects of crosswinds on soot yield, tests need to be carried out in a wind tunnel with the 

ability to collect and measure particulates. Finally, further field measurements are highly 

recommended to facilitate deeper comparisons.  Although the present results agree 

surprisingly well with the limited available field data, extending these models to larger 

scales as part of reporting valid emission factors will ultimately require combination of 

field measurements and larger scale experiments.  
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Table A.5: AB_H9 test conditions with density of 0.86 kg/m3 at 15°C 

De 
[mm] 

�̇�a 

[SLPM] 
Veb 

[m/s] 
Re c  

Lf b 

[m] 
BC Ratec 

[g/s] 

BC Rate 
Uncertainty 
[g/s] 

BC Yieldc 

[g/kg] 

BC Yield 
Uncertainty 
[g/kg] 

BC Yieldc 

[g/m3] 

BC Yield 
Uncertainty 
[g/m3] 

𝑹𝒆𝑭�̃�𝟐c 𝑭�̃�c 

12.7 

20.5 2.95 3153 0.76 9.78E-05 9.96E-06 0.29 0.03 0.27 0.03 47.40 0.12 

27.4 3.93 4204 0.85 1.28E-04 1.02E-05 0.29 0.02 0.27 0.02 112.39 0.16 

34.2 4.92 5255 0.93 1.36E-04 1.11E-05 0.24 0.02 0.23 0.02 219.38 0.20 

40.0 5.74 6113 0.99 1.96E-04 1.65E-05 0.30 0.03 0.28 0.02 347.46 0.24 

47.9 6.88 7358 1.07 2.42E-04 2.34E-05 0.31 0.03 0.29 0.03 603.57 0.29 

54.8 7.87 8408 1.13 2.75E-04 2.53E-05 0.31 0.03 0.29 0.03 899.65 0.33 

57.5 8.25 8769 1.15 2.36E-04 1.98E-05 0.26 0.02 0.23 0.02 1027.55 0.34 

66.2 9.51 10135 1.21 3.20E-04 2.87E-05 0.30 0.03 0.27 0.02 1583.14 0.40 

25.4 

27.4 0.98 2102 0.85 7.02E-04 6.82E-05 1.58 0.15 1.46 0.14 1.62 0.03 

41.1 1.47 3153 1 8.75E-04 8.62E-05 1.32 0.13 1.21 0.12 5.45 0.04 

68.5 2.46 5254 1.23 1.09E-03 1.05E-04 0.99 0.10 0.91 0.09 25.25 0.07 

82.1 2.95 6305 1.32 1.27E-03 1.14E-04 0.96 0.09 0.88 0.08 43.66 0.08 

109.5 3.93 8406 1.49 1.22E-03 1.15E-04 0.69 0.06 0.63 0.06 103.43 0.11 

123.2 4.42 9457 1.56 1.34E-03 1.29E-04 0.67 0.06 0.62 0.06 147.33 0.12 

136.9 4.92 10508 1.63 1.35E-03 1.28E-04 0.61 0.06 0.56 0.05 202.10 0.14 

149.88 5.38 11504 1.69 1.50E-03 1.34E-04 0.62 0.06 0.57 0.05 265.13 0.15 

162.57 5.83 12452 1.74 1.56E-03 1.39E-04 0.60 0.05 0.54 0.05 337.73 0.16 

177.12 6.36 13595 1.8 1.49E-03 1.32E-04 0.52 0.05 0.48 0.04 437.47 0.18 

190.74 6.84 14640 1.86 1.43E-03 1.32E-04 0.46 0.04 0.43 0.04 546.25 0.19 

204.37 7.33 15686 1.91 1.44E-03 1.29E-04 0.43 0.04 0.40 0.04 671.95 0.21 

217.98 7.82 16731 1.96 1.39E-03 1.25E-04 0.39 0.04 0.36 0.03 815.38 0.22 

231.62 8.31 17779 2 1.45E-03 1.31E-04 0.39 0.03 0.36 0.03 978.38 0.23 

245.25 8.8 18824 2.05 1.45E-03 1.30E-04 0.37 0.03 0.34 0.03 1161.35 0.25 

247.016 8.86 18947 2.06 1.42E-03 1.30E-04 0.36 0.03 0.33 0.03 1184.93 0.25 

38.1 

20.5 0.32 1051 0.76 4.31E-04 3.95E-05 1.30 0.12 1.19 0.11 0.06 0.01 

41.1 0.66 2102 1.00 9.96E-04 6.89E-05 1.50 0.10 1.38 0.10 0.48 0.02 

61.6 0.98 3153 1.18 1.59E-03 1.09E-04 1.60 0.11 1.47 0.10 1.64 0.02 

82.2 1.31 4204 1.33 2.29E-03 1.56E-04 1.72 0.12 1.58 0.11 3.86 0.03 
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102.7 1.64 5254 1.45 2.68E-03 2.15E-04 1.61 0.13 1.48 0.12 7.54 0.04 

143.8 2.29 7356 1.66 1.77E-03 1.35E-04 0.76 0.06 0.70 0.05 20.70 0.05 

159.1 2.54 8128 1.73 1.69E-03 1.34E-04 0.66 0.05 0.60 0.05 28.03 0.06 

184.8 2.95 9457 1.83 1.87E-03 1.49E-04 0.62 0.05 0.57 0.05 44.07 0.07 

205.4 3.28 10508 1.91 1.81E-03 1.43E-04 0.54 0.04 0.50 0.04 60.42 0.08 

224.8 3.59 11503 1.98 1.94E-03 1.70E-04 0.53 0.05 0.49 0.04 78.77 0.08 

245.2 3.91 12549 2.05 1.90E-03 1.65E-04 0.48 0.04 0.44 0.04 102.28 0.09 

50.8 

27.4 0.25 1051 0.85 7.36E-04 5.99E-05 1.66 0.14 1.53 0.12 0.03 0.005 

54.8 0.49 2102 1.13 1.48E-03 1.17E-04 1.67 0.13 1.54 0.12 0.20 0.010 

82.2 0.74 3153 1.33 2.14E-03 1.59E-04 1.61 0.12 1.48 0.11 0.69 0.015 

109.5 0.98 4203 1.49 2.41E-03 1.83E-04 1.36 0.10 1.25 0.10 1.64 0.020 

136.9 1.23 5254 1.63 2.71E-03 2.02E-04 1.22 0.09 1.13 0.08 3.19 0.025 

164.3 1.47 6306 1.75 4.22E-03 3.04E-04 1.59 0.11 1.46 0.11 5.52 0.030 

191.7 1.72 7357 1.86 4.91E-03 3.44E-04 1.58 0.11 1.46 0.10 8.78 0.035 

273.8 2.46 10509 2.14 3.02E-03 2.30E-04 0.68 0.05 0.63 0.05 25.63 0.049 

63.5 

68.5 0.39 2101 1.23 1.37E-03 1.22E-04 1.24 0.11 1.20 0.11 0.10 0.007 

102.7 0.59 3152 1.45 2.06E-03 1.83E-04 1.24 0.11 1.14 0.10 0.35 0.011 

136.9 0.79 4203 1.63 2.52E-03 2.22E-04 1.14 0.10 1.05 0.09 0.83 0.014 

170.15 0.97 5232 1.77 3.24E-03 2.95E-04 1.17 0.11 1.08 0.10 1.59 0.017 

205.4 1.18 6305 1.91 3.62E-03 3.31E-04 1.09 0.10 1.00 0.09 2.79 0.021 

239.6 1.38 7356 2.03 4.15E-03 3.75E-04 1.07 0.10 0.99 0.09 4.44 0.025 

76.2 

41.1 0.16 1051 1.00 8.49E-04 6.80E-05 1.28 0.10 1.18 0.09 0.01 0.003 

82.2 0.33 2102 1.32 1.50E-03 1.14E-04 1.13 0.09 1.04 0.08 0.06 0.005 

123.5 0.49 3163 1.56 2.02E-03 1.45E-04 1.01 0.07 0.93 0.07 0.21 0.008 

164.3 0.66 4204 1.75 2.74E-03 2.44E-04 1.03 0.09 0.95 0.08 0.48 0.011 

205.4 0.82 5254 1.91 3.23E-03 2.19E-04 0.97 0.07 0.89 0.06 0.95 0.013 

239.2 0.95 6115 2.03 3.71E-03 2.64E-04 0.96 0.07 0.88 0.06 1.51 0.016 
a at 0°C     b at 25°C     c  at 15°C 
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Table A.6: BK_1 test conditions with density of 1.15 kg/m3 at 15°C 

De 
[mm] 

�̇�a 

[SLPM] 

Veb 

[m/s] 
Re c  

Lf b 

[m] 
BC Ratec 

[g/s] 

BC Rate 
Uncertaint
y 
[g/s] 

BC 
Yieldc 

[g/kg] 

BC Yield 
Uncertainty 
[g/kg] 

BC Yieldc 

[g/m3] 

BC Yield 
Uncertainty 
[g/m3] 

𝑹𝒆𝑭�̃�𝟐c 𝑭�̃�c 

25.4 

18.9 0.68 2096 0.82 1.87E-03 1.65E-04 4.58 0.40 5.64 0.50 0.84 0.02 

28.3 1.02 3143 0.96 1.79E-03 1.58E-04 2.91 0.26 3.59 0.32 2.83 0.03 

37.8 1.35 4190 1.08 2.64E-03 2.33E-04 3.23 0.28 3.98 0.35 6.71 0.04 

66 2.37 7333 1.35 2.95E-03 2.62E-04 2.06 0.18 2.54 0.23 35.98 0.07 

75.5 2.71 8383 1.42 2.30E-03 2.06E-04 1.41 0.13 1.74 0.16 53.75 0.08 

85 3.05 9430 1.49 3.00E-03 2.65E-04 1.63 0.14 2.01 0.18 76.40 0.09 

94.4 3.38 10480 1.55 2.99E-03 2.71E-04 1.46 0.13 1.80 0.16 105.01 0.10 

103.8 3.72 11520 1.61 3.17E-03 2.82E-04 1.41 0.13 1.73 0.15 139.58 0.11 

113.3 4.06 12573 1.67 3.86E-03 3.56E-04 1.57 0.15 1.94 0.18 180.98 0.12 

141.6 5.08 15717 1.83 3.89E-03 3.60E-04 1.27 0.12 1.56 0.14 353.65 0.15 

151 5.42 16763 1.88 4.05E-03 3.73E-04 1.24 0.11 1.53 0.14 429.30 0.16 

160.4 5.76 17805 1.92 4.34E-03 4.16E-04 1.25 0.12 1.54 0.15 514.61 0.17 

169.9 6.09 18854 1.97 4.08E-03 3.92E-04 1.11 0.11 1.37 0.13 610.98 0.18 

179.3 6.44 19908 2.01 3.98E-03 3.83E-04 1.03 0.10 1.26 0.12 719.05 0.19 

188.8 6.77 20955 2.05 4.29E-03 4.15E-04 1.05 0.10 1.29 0.12 838.78 0.20 

198.2 7.12 22002 2.09 4.19E-03 4.05E-04 0.98 0.09 1.20 0.12 970.62 0.21 

207.7 7.46 23050 2.13 3.94E-03 3.80E-04 0.88 0.08 1.08 0.10 1115.86 0.22 

217 7.79 24098 2.17 3.89E-03 3.68E-04 0.83 0.08 1.02 0.10 1275.00 0.23 

235.9 8.47 26194 2.24 3.82E-03 3.58E-04 0.75 0.07 0.92 0.09 1634.52 0.25 

38.1 

14.6 0.23 1065 0.73 8.38E-04 8.15E-05 2.69 0.26 3.27 0.32 0.03 0.006 

28.3 0.45 2095 0.96 1.73E-03 1.64E-04 2.83 0.27 3.48 0.33 0.25 0.011 

42.5 0.68 3143 1.13 2.54E-03 2.41E-04 2.76 0.26 3.40 0.32 0.83 0.016 

56.6 0.90 4191 1.27 3.09E-03 2.96E-04 2.52 0.24 3.10 0.30 1.97 0.022 

70.8 1.13 5239 1.39 3.05E-03 2.91E-04 1.99 0.19 2.45 0.23 3.86 0.027 

85.0 1.36 6287 1.49 5.07E-03 4.83E-04 2.75 0.26 3.39 0.32 6.66 0.033 

99.1 1.58 7335 1.58 6.03E-03 5.68E-04 2.81 0.26 3.46 0.33 10.57 0.038 

111.4 1.78 8226 1.67 5.24E-03 5.15E-04 2.13 0.21 2.63 0.26 15.77 0.043 
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127.4 2.03 9431 1.75 6.11E-03 5.28E-04 2.21 0.19 2.73 0.24 22.60 0.049 

141.6 2.26 10478 1.83 5.97E-03 5.13E-04 1.94 0.17 2.40 0.21 31.01 0.054 

155.8 2.48 11526 1.90 5.98E-03 5.13E-04 1.77 0.15 2.18 0.19 41.27 0.060 

169.9 2.71 12574 1.97 5.87E-03 5.08E-04 1.60 0.14 1.97 0.17 53.59 0.065 

182.9 2.91 13536 2.02 5.47E-03 4.69E-04 1.38 0.12 1.70 0.15 66.89 0.070 

198.2 3.16 14669 2.09 5.22E-03 4.53E-04 1.21 0.11 1.50 0.13 85.09 0.076 

50.8 

18.8 0.17 1039 0.82 1.47E-03 1.38E-04 3.58 0.34 4.42 0.42 0.01 0.004 

37.8 0.34 2095 1.08 2.06E-03 1.82E-04 2.52 0.22 3.10 0.27 0.10 0.007 

56.6 0.51 3145 1.27 2.91E-03 2.59E-04 2.37 0.21 2.92 0.26 0.35 0.011 

75.5 0.68 4192 1.42 4.37E-03 3.83E-04 2.67 0.23 3.29 0.29 0.84 0.014 

94.4 0.85 5239 1.55 5.45E-03 4.75E-04 2.67 0.23 3.28 0.29 1.63 0.018 

113.3 1.02 6286 1.67 6.13E-03 5.35E-04 2.50 0.22 3.08 0.27 2.82 0.021 

132.2 1.19 7334 1.78 7.25E-03 6.36E-04 2.53 0.22 3.12 0.27 4.48 0.025 

151.0 1.36 8384 1.88 8.02E-03 6.98E-04 2.45 0.21 3.02 0.26 6.69 0.028 

169.9 1.52 9431 1.97 9.05E-03 8.22E-04 2.46 0.22 3.03 0.27 9.51 0.032 

63.5 

23.6 0.14 1047 0.89 1.61E-03 1.48E-04 3.14 0.29 3.87 0.36 0.01 0.003 

47.2 0.27 2095 1.18 2.35E-03 2.13E-04 2.29 0.21 2.83 0.26 0.05 0.005 

70.8 0.4 3143 1.39 4.09E-03 3.73E-04 2.67 0.24 3.29 0.30 0.18 0.008 

94.4 0.54 4191 1.55 5.36E-03 4.84E-04 2.62 0.24 3.23 0.29 0.43 0.010 

118 0.67 5239 1.70 6.18E-03 5.64E-04 2.42 0.22 2.98 0.27 0.83 0.013 

141.6 0.81 6287 1.83 7.09E-03 6.56E-04 2.31 0.21 2.85 0.26 1.44 0.015 

165.2 0.95 7335 1.94 8.46E-03 7.71E-04 2.36 0.22 2.91 0.27 2.29 0.018 

188.8 1.08 8383 2.05 9.10E-03 8.11E-04 2.23 0.20 2.74 0.24 3.42 0.020 

212.4 1.22 9430 2.15 9.67E-03 8.73E-04 2.10 0.19 2.59 0.23 4.87 0.023 

236 1.35 10478 2.24 1.09E-02 9.81E-04 2.14 0.19 2.63 0.24 6.68 0.025 

76.2 

28.3 0.11 1048 0.96 1.88E-03 1.68E-04 3.07 0.27 3.78 0.34 0.004 0.002 

56.6 0.23 2096 1.27 2.71E-03 2.42E-04 2.21 0.20 2.72 0.24 0.03 0.004 

85.0 0.34 3143 1.49 3.63E-03 2.17E-04 1.97 0.12 2.43 0.14 0.11 0.006 

113.3 0.45 4191 1.67 4.59E-03 2.82E-04 1.87 0.11 2.31 0.14 0.25 0.008 

141.6 0.56 5240 1.83 5.51E-03 2.99E-04 1.80 0.10 2.21 0.12 0.49 0.010 

169.9 0.68 6290 1.97 6.90E-03 3.56E-04 1.87 0.10 2.31 0.12 0.85 0.012 

185.7 0.74 6862 2.04 7.13E-03 3.63E-04 1.78 0.09 2.19 0.11 1.11 0.013 
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Table A.7: AB_H6 test conditions with density of 0.86 kg/m3 at 15°C 

De 
[mm] 

�̇�a 

[SLPM] 
Veb 

[m/s] 
Re c  

Lf b 

[m] 
BC Ratec 

[g/s] 

BC Rate 
Uncertainty 
[g/s] 

BC 
Yieldc 

[g/kg] 

BC Yield 
Uncertainty 
[g/kg] 

BC Yieldc 

[g/m3] 

BC Yield 
Uncertainty 
[g/m3] 

𝑹𝒆𝑭�̃�𝟐c 𝑭�̃�c 

12.7 

6.8 0.97 1050 0.49 2.17E-04 2.01E-05 0.17 0.02 0.15 0.01 1.71 0.04 

13.62 1.95 2102 0.65 3.92E-04 3.49E-05 0.19 0.02 0.17 0.02 13.75 0.08 

20.43 2.93 3152 0.76 3.68E-04 3.30E-05 0.22 0.02 0.20 0.02 46.35 0.12 

27.25 3.91 4204 0.85 3.48E-04 3.11E-05 0.22 0.02 0.21 0.02 110.01 0.16 

34.06 4.89 5254 0.93 3.41E-04 3.07E-05 0.25 0.02 0.23 0.02 214.81 0.20 

40.88 5.87 6305 1.00 3.13E-04 2.85E-05 0.47 0.04 0.44 0.04 371.22 0.24 

47.69 6.85 7356 1.07 1.39E-04 1.24E-05 0.44 0.04 0.41 0.04 589.75 0.28 

54.49 7.83 8406 1.12 9.83E-05 8.93E-06 0.39 0.04 0.36 0.03 880.13 0.32 

61.31 8.8 9457 1.18 7.15E-05 6.51E-06 0.37 0.03 0.34 0.03 1253.81 0.36 

68.13 9.78 10509 1.23 4.14E-05 3.82E-06 0.36 0.03 0.33 0.03 1720.92 0.40 

74.95 10.76 11560 1.28 1.85E-05 1.78E-06 0.18 0.02 0.16 0.02 2291.58 0.45 

25.4 

13.63 0.48 1051 0.65 3.31E-04 3.17E-05 1.50 0.14 1.38 0.13 0.20 0.01 

26.72 0.95 1992 0.83 5.01E-04 4.66E-05 1.20 0.11 1.11 0.10 1.45 0.03 

40.87 1.47 3152 1.00 8.22E-04 7.73E-05 1.24 0.12 1.10 0.10 5.40 0.04 

68.12 2.45 5254 1.23 8.84E-04 8.15E-05 0.80 0.07 0.74 0.07 25.00 0.07 

81.75 2.93 6305 1.32 9.86E-04 9.00E-05 0.75 0.07 0.69 0.06 43.22 0.08 

95.36 3.42 7355 1.41 1.05E-03 1.01E-04 0.68 0.07 0.63 0.06 68.53 0.10 

109 3.91 8407 1.48 1.16E-03 1.10E-04 0.66 0.06 0.61 0.06 102.34 0.11 

122 4.4 9457 1.56 1.23E-03 1.18E-04 0.62 0.06 0.57 0.05 145.67 0.12 

136.25 4.89 10508 1.62 1.27E-03 1.18E-04 0.58 0.05 0.53 0.05 199.87 0.14 

149.9 5.38 11560 1.69 1.34E-03 1.29E-04 0.55 0.05 0.51 0.05 266.10 0.15 

163.5 5.87 12610 1.74 1.34E-03 1.24E-04 0.51 0.05 0.47 0.04 345.21 0.17 

175.08 6.29 13499 1.79 1.26E-03 1.15E-04 0.44 0.04 0.41 0.04 423.75 0.18 

190.75 6.85 14712 1.86 1.19E-03 1.09E-04 0.39 0.04 0.36 0.03 548.37 0.19 

204.37 7.34 15763 1.91 1.22E-03 1.11E-04 0.37 0.03 0.34 0.03 674.48 0.21 

217.99 7.83 16813 1.96 1.32E-03 1.22E-04 0.37 0.03 0.34 0.03 818.46 0.22 

231.63 8.32 17865 2.01 1.33E-03 1.26E-04 0.36 0.03 0.33 0.03 981.88 0.23 

243.91 8.76 18809 2.05 1.32E-03 1.19E-04 0.33 0.03 0.31 0.03 1146.29 0.25 
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258.9 9.29 19968 2.10 1.33E-03 1.25E-04 0.32 0.03 0.29 0.03 1371.15 0.26 

38.1 

20.43 0.32 1050 0.76 5.18E-04 4.88E-05 1.57 0.15 1.44 0.14 0.06 0.01 

40.87 0.65 2101 1.00 9.71E-04 8.95E-05 1.47 0.14 1.35 0.12 0.47 0.02 

61.31 0.98 3152 1.18 1.50E-03 1.36E-04 1.51 0.14 1.39 0.13 1.60 0.02 

81.76 1.304 4203 1.32 2.05E-03 1.85E-04 1.55 0.14 1.43 0.13 3.79 0.03 

102.19 1.63 5254 1.45 2.12E-03 1.89E-04 1.28 0.11 1.18 0.11 7.41 0.04 

143.06 2.28 7356 1.65 2.10E-03 1.86E-04 0.91 0.08 0.83 0.07 20.32 0.05 

163.5 2.6 8407 1.74 2.10E-03 1.88E-04 0.79 0.07 0.73 0.07 30.34 0.06 

183.93 2.93 9457 1.83 2.12E-03 1.90E-04 0.71 0.06 0.66 0.06 43.19 0.07 

204.4 3.26 10508 1.91 2.21E-03 1.97E-04 0.67 0.06 0.61 0.05 59.25 0.08 

224.81 3.58 11559 1.98 2.39E-03 2.16E-04 0.66 0.06 0.61 0.05 78.87 0.08 

245.18 3.91 12606 2.05 2.42E-03 2.18E-04 0.61 0.05 0.56 0.05 102.31 0.09 

50.8 

13.6 0.12 525 0.65 3.33E-04 3.09E-05 1.51 0.14 1.39 0.13 0.003 0.002 

27.25 0.24 1051 0.85 7.36E-04 6.93E-05 1.67 0.16 1.54 0.14 0.03 0.005 

54.5 0.49 2101 1.12 1.38E-03 1.32E-04 1.57 0.15 1.44 0.14 0.20 0.010 

81.74 0.73 3152 1.32 1.74E-03 1.60E-04 1.32 0.12 1.21 0.11 0.67 0.015 

109 0.97 4203 1.48 2.16E-03 1.97E-04 1.23 0.11 1.13 0.10 1.60 0.020 

136.23 1.22 5253 1.62 2.65E-03 2.43E-04 1.20 0.11 1.11 0.10 3.12 0.024 

163.5 1.46 6305 1.74 3.48E-03 3.20E-04 1.32 0.12 1.21 0.11 5.40 0.029 

190.75 1.71 7356 1.86 3.79E-03 3.47E-04 1.23 0.11 1.13 0.10 8.58 0.034 

245.3 2.2 9457 2.05 2.98E-03 2.70E-04 0.75 0.07 0.69 0.06 18.23 0.044 

63.5 

17.02 0.097 525 0.71 3.93E-04 3.86E-05 1.43 0.14 1.31 0.13 0.002 0.002 

34.06 0.19 1050 0.93 7.28E-04 7.06E-05 1.32 0.13 1.22 0.12 0.01 0.003 

67.7 0.38 2088 1.23 1.39E-03 1.31E-04 1.27 0.12 1.17 0.11 0.10 0.007 

100.8 0.58 3107 1.44 2.02E-03 1.86E-04 1.24 0.11 1.14 0.11 0.33 0.010 

136.25 0.78 4203 1.62 2.65E-03 2.45E-04 1.20 0.11 1.11 0.10 0.82 0.014 

169.3 0.97 5222 1.77 3.03E-03 2.78E-04 1.11 0.10 1.02 0.09 1.57 0.017 

202.86 1.16 6257 1.90 3.49E-03 3.17E-04 1.06 0.10 0.98 0.09 2.70 0.021 

238.41 1.36 7355 2.03 4.04E-03 3.64E-04 1.05 0.09 0.96 0.09 4.39 0.024 

76.2 

20.43 0.08 525 0.76 4.43E-04 4.34E-05 1.34 0.13 1.23 0.12 0.001 0.001 

40.8 0.16 1047 1.00 8.07E-04 7.65E-05 1.22 0.12 1.13 0.11 0.01 0.003 

81.74 0.32 2101 1.32 1.58E-03 1.50E-04 1.20 0.11 1.10 0.10 0.06 0.005 

121.83 0.48 3131 1.55 2.03E-03 1.86E-04 1.03 0.09 0.95 0.09 0.20 0.008 
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161.79 0.64 4159 1.74 2.66E-03 2.38E-04 1.01 0.09 0.93 0.08 0.46 0.011 

204.37 0.81 5254 1.91 3.40E-03 3.16E-04 1.03 0.10 0.95 0.09 0.93 0.013 

245.26 0.97 6305 2.05 4.06E-03 3.74E-04 1.02 0.09 0.94 0.09 1.60 0.016 
a at 0°C     b at 25°C     c  at 15°C 

 

Table A.8: BK_2 test conditions with density of 0.99 kg/m3 at 15°C 

De 
[mm] 

�̇�a 

[SLPM] 
Veb 

[m/s] 
Re c  

Lf b 

[m] 
BC Ratec 

[g/s] 

BC Rate 
Uncertainty 
[g/s] 

BC 
Yieldc 

[g/kg] 

BC Yield 
Uncertainty 
[g/kg] 

BC Yieldc 

[g/m3] 

BC Yield 
Uncertainty 
[g/m3] 

𝑹𝒆𝑭�̃�𝟐c 𝑭�̃�c 

24.5 

80.27 2.88 7347 1.37 1.45E-03 1.30E-04 0.97 0.09 1.03 0.09 54.41 0.09 

103.21 3.7 9445 1.52 1.60E-03 1.44E-04 0.83 0.07 0.88 0.08 115.62 0.11 

126.15 4.53 11545 1.64 1.78E-03 1.64E-04 0.75 0.07 0.80 0.07 211.11 0.14 

149.08 5.35 13644 1.76 1.84E-03 1.67E-04 0.66 0.06 0.70 0.06 348.39 0.16 

171.97 6.17 15741 1.86 2.07E-03 1.84E-04 0.64 0.06 0.68 0.06 534.96 0.18 

194.95 6.99 17843 1.95 2.13E-03 1.89E-04 0.58 0.05 0.62 0.06 779.10 0.21 

217.89 7.82 19942 2.04 2.08E-03 1.85E-04 0.51 0.05 0.54 0.05 1087.50 0.23 

240.76 8.64 22031 2.13 2.23E-03 2.00E-04 0.49 0.04 0.53 0.05 1467.31 0.26 

263.76 9.47 24140 2.21 2.21E-03 2.31E-04 0.45 0.05 0.48 0.05 1928.82 0.28 

50.8 

45.87 0.41 2099 1.10 1.84E-03 1.63E-04 2.13 0.19 2.28 0.20 0.16 0.009 

91.74 0.82 4198 1.45 3.08E-03 2.70E-04 1.79 0.16 1.91 0.17 1.27 0.017 

137.62 1.23 6297 1.70 4.30E-03 3.84E-04 1.67 0.15 1.78 0.16 4.28 0.026 

275.23 2.47 12595 2.24 5.19E-03 4.57E-04 1.01 0.09 1.07 0.09 34.26 0.052 
a at 0°C     b at 25°C     c  at 15°C 
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Table A.9: EC_O4 test conditions with density of 1.24 kg/m3 at 15°C 

De 
[mm] 

�̇�a 

[SLPM] 
Veb 

[m/s] 
Re c  

Lf b 

[m] 
BC Ratec 

[g/s] 

BC Rate 
Uncertainty 
[g/s] 

BC 
Yieldc 

[g/kg] 

BC Yield 
Uncertainty 
[g/kg] 

BC Yieldc 

[g/m3] 

BC Yield 
Uncertainty 
[g/m3] 

𝑹𝒆𝑭�̃�𝟐c 𝑭�̃�c 

25.4 

56.44 2.03 6285 1.25 2.64E-03 2.46E-04 2.08 0.19 2.66 0.25 28.42 0.067 

75.28 2.7 8381 1.40 2.74E-03 2.48E-04 1.62 0.15 2.07 0.19 67.41 0.090 

94.09 3.38 10478 1.53 2.56E-03 2.30E-04 1.21 0.11 1.55 0.14 131.65 0.112 

112.9 4.05 12573 1.64 2.70E-03 2.44E-04 1.06 0.10 1.36 0.12 227.47 0.135 

131.72 4.73 14665 1.75 2.94E-03 2.72E-04 0.99 0.09 1.27 0.12 361.20 0.157 

150.53 5.4 16760 1.85 3.04E-03 2.74E-04 0.90 0.08 1.15 0.10 538.99 0.179 

50.8 158.20 1.42 8808 1.88 8.74E-03 7.94E-04 2.45 0.22 3.14 0.29 9.74 0.03 
a at 0°C     b at 25°C     c  at 15°C 

 

Table A.10: Other fuels test conditions 

De 
[mm] 

Fuel 𝝆𝒆
a �̇�b 

[SLPM] 

Ve c 

[m/s] 
Re c  𝑹𝒆𝑭�̃�𝟐a 

Lf c 

[m] 
BC Ratea 

[g/s] 

BC Rate 
Uncertainty 
[g/s] 

BC 
Yielda 

[g/kg] 

BC Yield 
Uncertainty 
[g/kg] 

BC 
Yielda 

[g/m3] 

BC Yield 
Uncertainty 
[g/m3] 

50.8 

NS-A 0.79 158.23 1.42 5466 4.39 1.67 1.89E-03 1.71E-04 0.80 0.07 0.68 0.06 

RU-G2 0.89 158.22 1.42 6361 5.27 1.74 4.14E-03 3.92E-04 1.55 0.15 1.49 0.14 

CH4/C3

H8 
1.19 79.11 0.71 4767 0.93 1.49 5.47E-03 4.86E-04 3.09 0.27 3.93 0.35 

EC-O3 1.44 158.21 1.42 11487 11.97 2.04 1.57E-02 1.42E-03 3.65 0.33 5.65 0.51 

RU-G1 0.98 157.98 1.42 4595 6.27 1.79 6.09E-03 5.49E-04 2.09 0.19 2.19 0.20 

C3H8 1.74 79.1 0.71 7979 1.66 1.71 1.14E-02 1.00E-03 4.39 0.39 8.19 0.72 

25.4 

C3H6 

1.68 

8.13 0.28 1511 0.12 0.65 1.03E-02 1.11E-03 40.27 4.34 71.96 7.68 

C3H6 16.5 0.57 3075 0.96 0.86 1.68E-02 1.62E-03 32.32 3.11 58.06 5.58 

C3H6 41.2 1.43 7686 15.03 1.25 3.45E-02 3.18E-03 26.54 2.44 47.69 4.39 

C3H6 57.6 2.07 10762 44.18 1.46 4.43E-02 3.91E-03 24.31 2.15 43.67 3.86 

C3H6 82.3 2.96 15375 128.83 1.68 5.28E-02 4.70E-03 20.31 1.81 36.48 3.25 

50.8 AB-M9 0.75 79.11 0.71 2565 0.49 1.24 8.30E-04 6.84E-05 0.74 0.06 0.60 0.05 
a at 0°C     b at 25°C     c  at 15°C 
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Appendix B Sampling Loss Calculations 

Aerosol instruments are prone to sample losses in the sampling lines that feed them.  

Several loss mechanisms can affect measured results in sample extraction and 

transportation.  The FlareNet Particle Penetration Calculator (FPPC) can quantify and 

account for sampling losses from various mechanisms (Babaee 2020).  This allows robust 

quantification of measurement uncertainties and is an essential component of developing 

scientifically defensible particulate matter emission factor data and models.  For 

calculating particle penetration coefficients these loss mechanisms were considered: 

• Diffusion 

• Sedimentation 

• Thermophoresis 

• Inertial deposition (in turbulent flow, flow through bends and contractions) 

• Sampling probe loss 

 The principle driving forces for these mechanisms are gravitational, inertial, and 

diffusive.  The importance of each of these mechanisms depends on the particle size 

distribution and density.  Generally, larger particles are more strongly influenced by 

gravitational and inertial forces, whereas smaller particles with higher diffusion 

coefficients are more easily lost due to diffusion.  Experimental measurements of soot 

particle effective density taken at CUFF were used for the calculations to estimate loss 

mechanisms.  The parameters for the FPPC are presented in Table B.11. 
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Table B.11: Parameters used for penetration coefficient calculations 

Parameter Definition Unit 

 𝜂 Transport efficiency - 

 𝑆ℎ Sherwood number - 

 𝐷 Particle diffusion coefficient m2/s 

 𝐿 Length of tube m 

 𝑄 Volumetric flow rate m3/s 

 𝑅𝑒 Reynolds number - 

Sc Schmidt number - 

Vts Particle settling velocity m/s 

d Tube inner diameter m 

Vt Turbulent inertial deposition velocity m/s 

U Average inlet sampling velocity m/s 

θ Tube inclination angle Deg 

T Temperature K 

Pr Prandtl number - 

Kth Thermophoretic number m 

�̇� Mass flow rate Kg/s 

�̇� Heat flux/heat loss calculated using the 
ambient air 

J/s 

R Insulation m2K/W 

ρ Density Kg/m3 

Cp Air specific heat JK/Kg 

k Thermal conductivity W/mK 

f Darcy friction factor - 

Stk Stokes number - 

φ Bend angle Rad 

A Area m2 

θc Contraction angle Deg 

U0 Wind speed m/s 

θs Sampling probe angle deg 

 

B.1. Diffusion Losses 

Small particles diffuse from high to low particle concentrations and can deposit on walls 

of sample tubing, as illustrated in Figure B.1.  The transport efficiency mainly is dependent 

of Re and the concentration gradient.  
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Figure B.1: Schematic illustration of diffusion of particles to the wall of a sample tube 

The transport efficiency is modelled by: 

 𝜂 =  e−ξSh (B.1) 

where,  

 
ξ =  

πDL

Q
 

(B.2) 

For laminar flow, the Sherwood number (Sh) may be estimated using the correlation of 

Sinha (1972): 

 Shlaminar =  3.66 + 
0.2672

ξ+0.10079ξ
1
3

 (B.3) 

For turbulent flow, the Sherwood number correlation of Friedlander and Marlow (1977) 

may be used: 

 
Shturbulent=  0.0118 Re

7

8 Sc
1

3 
(B.4) 

From the equations it is observed that for laminar flow the transport efficiency depends on 

only ζ and has no reliance on the tube diameter. Therefore, to increase transport efficiency, 

ζ can be kept small by either keeping L small or increasing Q. 

B.2. Sedimentation Losses 

Sedimentation, i.e. losses due to gravitational settling, are an important loss mechanism for 

large particles moving at a low speed.  Relatively large particles settle out due to their 

weight inside the tube, depositing on the lowermost surface as dictated by the acceleration 

of gravity (Figure B.2).  
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Figure B.2: Schematic ilustration of sedimentation losses in a sampling tube 

The transport efficiency for this mechanism can be modelled in laminar flow by (Heyder 

and Gebhart 1977): 

 ηlaminar =1 − 
2

π
 [2k√1 − k

2

3 − k
1

3√1 − k
2

3 + arcsin (k
1

3)] (B.5) 

where, 

k =  
3LVts

4dU
 cos θ =  

3

4
Z cos θ  for 

Vts sin θ

U
≪ 1 

(B.6) 

For turbulent flow, the transport efficiency can be modelled using: 

 
ηturbulent = e

−dLVts cosθ

Q = e
−4Z cosθ

π  
(B.7) 

The criterion expressed by 
Vts sinθ

U
≪ 1 states that the axial component of a 

particle’s settling velocity should be small compared to the average gas velocity in the tube.  

Furthermore, for both laminar and turbulent flow, the deposition depends on Zcosθ, which 

is also known as the gravitational deposition parameter.  Decreasing Z yields higher 

transport efficiency and can be achieved by decreasing L, increasing Q or decreasing d for 

a given Q. 

B.3. Thermophoresis 

As illustrated in Figure B.3,  if a temperature gradient exists within the tubing there is a 

difference in momentum of the air molecules as a function of temperature, which creates a 

net flux of aerosol particles from hot to cold areas in a tube.  This results in particle 
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transport towards the colder side and deposition on the walls, if the walls are colder than 

the air inside the tube.  

 
Figure B.3: Thermophoresis 

To calculate thermophoresis losses, temperatures of the gas at the inlet and outlet and wall 

temperature are necessary.  To outlet temperature can be calculated by estimating the heat 

loss in the tube given knowledge of the insulation resistance and ambient temperature. For 

laminar flow the following equation is used (Lin and Tsai 2003) for the transport 

efficiency: 

 ηlaminar = (
Texit

Tentrance
)
PrK𝑡ℎ

8

 (B.8) 

where, 

 
Texit = Tentrance + 

Q̇

ṁCp
 

(B.9) 

For turbulent flow Romay et al. (1998) proposed: 

 ηturbulent = (
Twall + (Tentrance − Twall)e

−πDhL
ρQCp

Tentrance
)

PrKth

 (B.10) 

 
8 parameters for calculating Kth include Cunningham correction factor, Knudson number and the ratio of 
thermal conductivity of fluid to particle. 
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where, 

 
Twall =  Tambient + 

Q̇R

A
 

(B.11) 

 
h =

kNu

D
  

(B.12) 

 

Nu =  

f
8 Pr(Re − 1000)

1 + 12.7√f
8

(Pr
2
3 − 1)

 

(B.13) 

 f =   (0.79 logRe − 1.64)−2 (B.14) 

Losses from this mechanism can be avoided by heating the line to gas temperature or 

cooling the gas to the line temperature via dilution. 

B.4. Inertial Deposition 

B.4.1. Turbulent Flow  

The turbulent inertial impaction loss is the inertial deposition of large particles due to the 

curved streamlines (eddies) in a turbulent flow.  Large particles cannot follow these 

streamlines due to their high inertia and are deposited on the walls of the tube.  The 

transport efficiency for this mechanism is modelled by: 

 𝜂 =  e
−πdLVt

Q  (B.15) 

η can be increased by increasing the tube diameter, decreasing Q or L. 

B.4.2. Flow through Bend 

When the sample flow direction is diverted in a bend, larger aerosol particles deviate from 

the gas flow due to their inertia and deposit on the wall of the bend.  For the transport 

efficiency Crane and Evans (1977) propose: 
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 ηlaminar = [1 + [
Stk

0.171
]

0.452Stk
0.171

+2.242

]

−2ϕ
π

 (B.16) 

 η𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 = e−2.823Stkϕ (B.17) 

This mechanism depends strongly on Re and the radius of curvature of the bend.  The 

curvature ratio (which is the ratio of radius of the bend to radius of the tube) should be on 

the order of 4 or higher (i.e. abrupt turns should be avoided) to minimize losses.  Also, to 

obtain a higher transport efficiency through bends, the Stokes number should be kept small.  

If the flow is laminar and the Stokes number can be kept less than 0.05, losses from inertial 

impaction in the bend will be minimal (Brockmann 2011a). 

B.4.3. Flow through Contraction 

In tubing contraction, there is also a change in the direction of the streamlines, as shown in 

Figure B.4, which larger particles cannot completely follow.  Consequently, particles may 

deposit on the walls in front of the contraction.  The transport efficiency can be kept high 

with a lower Stokes number and is modelled by (Muyshondt et al. 1996): 

 

𝜂 =  1 −
1

1 + (
Stk(1 − 

Aout

Ain

3.14e−0.0185θc
)

−1.24 

(B.18) 
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Figure B.4: Schematic of inertial deposition in a tube contraction and bend 

 

B.5. Sampling Probe Loss 

A sampling probe may be used in various configurations with respect to gravity and the 

ambient gas stream flow direction, as shown in Figure B.5 and Figure B.6.  
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Figure B.5: Isoaxial sampling conditions taken from (Brockmann 2011b).  The limiting streamline 

represents the boundary between the gas that enters the inlet and gas that does not. 
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Figure B.6: Anisoaxial sampling conditions taken from (Brockmann 2011b).  The limiting streamline 

represents the boundary between the gas that enters the inlet and gas that does not. 
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Sampling probe losses depend on the inlet efficiency, which itself depends on the ambient 

gas velocity, inlet geometry, size and position, the gas velocity, and particle aerodynamic 

diameter.  There are two components to the inlet efficiency, namely the aspiration 

efficiency and the transmission efficiency. 

B.5.1. Probe Aspiration Efficiency 

The aspiration efficiency is the ratio of the number concentration of particles that enter the 

sampling probe cross section to the number concentration of particles in the environmental 

air.  Hangal and Willeke (1990) and Liu et al. (1989) give the following relationship for 

the aspiration efficiency in moving air under isoaxial9 sampling conditions: 

 sub − isokinetic sampling10 ∶ 𝜂 =  1 + 
[
U0

U − 1]

[1 + 
0.418
Stk

]
 (B.19) 

 

super − isokinetic sampling11 ∶ 𝜂 =  1 + 
[
U0

U − 1]

[
 
 
 

1 + 
0.506√U0

U
Stk

]
 
 
 

 

(B.20) 

Contrary to super-isokinetic conditions, in sub-isokinetic conditions, sampling particles 

with enough inertia that lie outside the limiting streamline, can cross the limiting streamline 

to be aspirated into the nozzle.  

 
9 where the probe is facing directly upstream and sample flow is aligned with the gas flow. 
10 where U0 > U 
11 where U0 < U 
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Under non-isoaxial12 (anisoaxial) sampling conditions, the equations (B.19 and (B.20 are 

no longer valid.  For an aspiration angle ,0 < θs < 60, Durham and Lundgren (1980) give 

the following equation for the aspiration efficiency based on experiments: 

 
𝜂 = 1 + [

U0

U
cosθs − 1]

1 − [1 + [2 + 0.617 (
U
U0

)] Stḱ ]
−1

1 − [1 + 2.617Stḱ ]
−1 [1

− [1 + 0.55Stke0.25Stḱ ]] 

(B.21) 

where, 

 
Stḱ = Stk e0.22θs   for 0.02 ≤ Stk ≤ 4      0.5 ≤

U0

U
≤ 2,        0° ≤ θ ≤ 60ο 

(B.22) 

For aspiration angles from 61 to 90 degrees, Hangal and Willeke (1990) give: 

 
𝜂 = 1 + [

U0

U
cosθs − 1] [3Stk

√
U
U0]     for 0.02 ≤ Stk ≤ 0.2, 0.1 ≤

U0

U

≤ 2,  

(B.23) 

 45° ≤ θ ≤ 90ο  

B.5.2. Probe Transmission Efficiency 

The probe transmission efficiency is the ratio of the aerosol particle number concentration 

behind the sampling probe to the particle number concentration in front of the sampling 

probe.  The losses arise from gravitational settling in the nozzle from free stream turbulence 

effects.  Liu et al. (1989) give an expression for the transmission efficiency for isoaxial, 

sub-isokinetic sampling: 

 
12 when the gas flow and sampling flow directions are not parallel. 
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 𝜂 =  

1 +

U0

U − 1

1 +
2.66

Stk
2
3

1 +

U0

U − 1

1 +
0.418
Stk

       for 1 ≤ U0 ≤ 10,     0.01 ≤ Stk ≤ 1 (B.24) 

For equation (B.24), in addition to the gravitational loss mentioned previously, there are 

losses from inertial impaction on the inner wall of the nozzle by particles with velocity 

vectors toward the wall caused by expanding streamlines.  Hangal and Willeke (1990) 

assume that the formation of eddies in the sampling probe enhance the deposition of 

particles for super-isokinetic sampling, in addition to gravitational settling occured from 

turbulent deposition of particles in the vena contracta formed.  They give a theoretically 

derived relationship for the transmission efficiency valid in the ranges 0.02 ≤ Stk ≤ 4 and 

0.25 ≤ U0/U ≤ 1, as: 

 𝜂 =  e−75Iv
2
 (B.25) 

where, 

 
Iv =  0.09 [Stk

U − U0

U0
]
0.3

 
(B.26) 

Iv is the parameter describing inertial losses in vena contracta.  For anisoaxial sampling, 

they give an extended equation: 

 𝜂 =  e(Iv+Iw)2 (B.27) 

where 0.25 ≤ U0/U ≤ 1 and: 

 Iv = 0.09 [Stk cosθ
U − U0

U0
]
0.3

 (B.28) 
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otherwise, Iv = 0.  The direct impaction loss parameter (I𝑤), depends on the sampling 

direction and is the given by: 

 Downward sampling: I𝑤 = 𝑆𝑡𝑘√
𝑈0

𝑈
𝑠𝑖𝑛(𝜃 − 𝛼) sin (

𝜃−α

2
) (B.29) 

 
Upward sampling: I𝑤 = Stk√

U0

U
sin(θ + α) sin (

θ+α

2
) 

(B.30) 

where, 

 
α = 12 [(1 −

θ

90
) − e−θ] 

(B.31) 

In anisoaxial sampling the losses arise from gravitational settling in inlet the from free 

stream turbulence effects and turbulent deposition of particles in the vena contracta formed.  

Additionally, losses occur from the impaction of particles on the inside leading edge facing 

the free streamline. 

B.6. FlareNet Particle Penetration Calculator (FPPC) 

B.6.1. Flare Sampling System 

Figure B.7 shows the schematic of the Carleton University particle sampling system and 

the same schematic arranged for the FPPC code respectively. The lines consist of multiple 

sections, and each section has its own properties such as inner diameter, inclination angle, 

gas temperature, flow rate etc. The rectangles indicate the starting and ending of each 

section, when a parameter changes. The code calculates the transport efficiency for each 

section and multiplies the outcome of each section to obtain the total transport efficiency. 
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Figure B.7: Sampling system's schematic - a) Sampling system layout b) Sampling system 

configuration in the FPPC code 

B.6.2. Running the Code 

The FPPC code is written in Python language (Babaee 2020) and has the equations for loss 

mechanisms based on Brockmann (2011).  It is linked to an input Excel file where the user 

can input properties of each section such as inner diameter, gas temperature and flow rate, 

etc.  Some variables are pre-defined in the code such as standard temperature and pressure 

and smallest and biggest particle diameter. 



155 

 

B.7. Assumptions 

As mentioned privously, the line consists of multiple sections, and each section has its own 

properties. The user should provide these properties to have the proper calculation. 

Therefore, there is the assumption that each section is independent of another and the 

accuracy of the result depends on the accuracy of the input data. The equations used in 

calculating the inlet efficiencies are by considering a thin-walled nozzle . This is an 

idealized sampler which does not disturb the ambient flow and has no rebound of particles 

from the leading edge into the sampler. 

B.8. FlareNet Mass Loss Calculator (FMLC) 

FMLC is also written in Python language (Babaee 2020) and it uses the fitted particle 

penetration coefficients calculated with FPPC program and particle size distribution from 

scanning mobility particle analyzer (SMPS) to calculate mass losses of different flare 

condition, as shown in Figure B.8.  

 

Figure B.8: FMLC inputs and outputs 

The measured AB-M9 size distribution recorded in May 2018 FlareNet campaign at the 

CUFF was used for the mass loss calculation (Test ID: 20180529-c). For different test 

conditions (sampling direction and dilution of 1-5), it was observed that mass losses for 
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the EC/OC instrument (which is the main instrument for quantifying BC) was ~ 8% (range 

of 6.9-11.01%). 
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Appendix C Uncertainty Analysis 

Uncertainties in measured emission rates were calculated using Monte Carlo (MC) 

analysis. Separate contributions of the systematic error (alternatively called “bias error” or 

“instrument accuracy”), denoted by b, and the precision error (or random error), denoted 

by P, to the total uncertainty were considered.  The systematic error represents the inability 

of the equipment to measure the correct value.  Each instrument will have its own 

associated systematic error, which is propagated through to the final measurement.  The 

precision error is the scatter in repeated measurements caused by random error.  Sections 

C.1 and C.2 explain the setup of the MC method.  Sections C.3 and C.4 provide detail about 

the calculation of precision and propagation of errors.  

C.1. Flare and Gas-Phase Measurement Uncertainties   

Consider time-resolved data containing 𝑁 measurements of some value, 𝑥𝑛 ∀ 𝑛 ∈  1…𝑁.  

For each measurement there is some value of absolute bias, bn ≥ 0, based on instrument-

reported accuracy and calibration uncertainty.  A time-averaged approach is taken for gas-

phase concentrations, MFC flow rates and dilution factor13, since we assume that these data 

must be steady and that the measured parameter is constant in time. From the LabView 

visual interface that controls the flare experiment we are given: 

 𝑥𝑛 ∀ 𝑛 ∈  1…𝑁 (C.1)  

 𝑏𝑛 ∀ 𝑛 ∈  1…𝑁 (C.2)  

 
13 More detailed in S4.5 of Conrad and Johnson (2019b). 
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From which the mean measurement value and mean absolute bias are computed as: 

 �̅� =
1

𝑁
∑ 𝑥𝑛

𝑁

𝑛=1

 (C.3)  

 

�̅� =
1

𝑁
∑ 𝑏𝑥𝑛

𝑁

𝑛=1

 

(C.4)  

Let  𝜉𝑏 represent 𝑀 × 1 Monte Carlo vector (where “𝑀” is the number of MC draws) to 

perturb measurement according to bias and it is pulled randomly from the standard normal 

distribution: 

 𝜉𝑏,𝑚~𝒩(0, 1) ∀ 𝑚 ∈  1…𝑀 (C.5)  

The MC vector of the time-average of parameter x, �⃗� of size 𝑀 × 1, is then: 

 �⃗� = �̅� + �̅�𝜉𝑏 (C.6)  

where, 𝑀 = 106.  The inputs are:  

• unfiltered time-resolved MFC data, 

• filtered background data,  

• unfiltered instrument data, and  

• unfiltered dilution data.  

C.2. Solid-Phase Measurement Uncertainties  

Calibration uncertainties for the ECOC instrument were rigorously computed using a MC 

method as described in detail by Conrad and Johnson (2019a). The time-integrated 

procedure is used for the OCEC sample volume14, which is known to have a significant 

start-up transient. It is assumed throughout this analysis that time-resolved data is obtained 

at a constant frequency, every Δ𝑡 seconds.  From the flow meter we are given: 

 𝑥𝑛 ∀ 𝑛 ∈  1…𝑁 (C.7)  

 
14 More detailed in S4.4.2 of Conrad and Johnson (2019b) 
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From which we compute: 

 �̃� = Δ𝑡 ∑ 𝜅𝑛𝑥𝑛

𝑁

𝑛=1

 (C.8)  

where 𝜅𝑛 is the integration kernel for point n. Absolute bias from the instrument’s reported 

relative accuracy (𝑏𝑟𝑒𝑙) is quantified by: 

 𝑏𝑛 = 𝑏𝑟𝑒𝑙𝑥𝑛 (C.9)  

such that: 

 �̃� = Δ𝑡 ∑ 𝜅𝑛𝑏𝑛

𝑁

𝑛=1

= 𝑏𝑟𝑒𝑙�̃� (C.10)  

Then,  

 �⃗� = �̃�(1 + 𝑏𝑟𝑒𝑙𝜉𝑏) (C.11)  

where 𝜉𝑏 is obtained from equation (C.5). 

C.3. BC Yield Uncertainties  

As mentioned in Chapter 3, BC Yield (𝑌𝐵𝐶) is obtained quite simply by multiplying BC 

concentration (𝜚𝐵𝐶) in the sampling tunnel by volumetric dilution factor of the diluted 

combustion products as they enter the solid-phase sampling and dilution tunnel (𝛿1, [−]), 

and volume of diluted combustion products as they are captured into the fume hood relative 

to the flare gas volume (𝛿2, [−]) Equation (3.6). 𝜚𝐵𝐶 is the ratio of EC mass to sampled 

volume at standard conditions (�̇�). Uncertainty in 𝑌𝐵𝐶  is quantified using a MC analysis, 

which propagates uncertainties in mEC and �̇� (as per section C.2) and 𝛿1 and 𝛿2 (as per 

section C.1).  
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C.4. Precision Uncertainties  

Table C.14 summarizes the repeated tests and their statistical parameters. Repeatability of 

𝑌𝐵𝐶 (i.e., precision of the flare experiment as a whole) was estimated using the average 

coefficient of variation (𝐶𝑉̅̅ ̅̅ ) of repeats summarized in Table C.14. 𝐶𝑉̅̅ ̅̅  is multiplied by two 

to obtain the 95% confidence interval. Repeatability (P) is summed in quadrature with the 

uncertainty of 𝑌𝐵𝐶 (b) acquired from the MC results of section C.3 to obtain total 

uncertainty (𝑢𝑇) for a specific measurement.  The total uncertainty was calculated as: 

 𝑢𝑇  [
𝑔

𝑚3
] = √(𝑏 [

𝑔

𝑚3
])

2

+ (𝑃 [
𝑔

𝑚3
])

2

 (C.12)  

The precision error is calculated by: 

 𝑃 = 2𝐶𝑉̅̅ ̅̅  (C.13)  

The precision error is only calculated at the final stage of uncertainty analysis as it is 

assumed that the scatter in contributing components of the final uncertainty will be 

propagated to the scatter of the final calculated value. Note that all tests include 8% 

deposition loss correction.  

Table C.14: Summary of the repeated tests and their statistical parameters. The test tag is defined as: 

Fuel Composition_ Diameter in inches_ Flow rate in SLPM. where 𝝁, SD, and SE are mean, standard 

deviation, and standard error of the data points. 

Test tag Fuel Diameter 
[mm] 

Flow 
rate 
[SLPM] 

Number 
of 
repeats 
(n) 

μ 

[
𝑔

𝑚3
] 

SD 

[
𝑔

𝑚3
] 

SE 

(SD/√𝑛) 

2 CV % 
(Mean/SD) 

AB_H9_1p00_25.96 AB_H9 25.4 25.96 5 1.33 0.14 0.061 20.6 

AB_H9_1p00_77.88 AB_H9 25.4 77.88 6 0.79 0.06 0.024 14.9 

BK_BR_2p00_161.06 BK_BR 50.8 161.06 5 2.71 0.21 0.095 15.6 
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Appendix D Additional Figures 

 

 

Figure 4.15: (re-plotted) Empirical scaling of fuel chemistry effects on BC Rate of alkane-based flare 

gas mixtures (i.e. excluding propylene) in the modified turbulent shear regime (𝑹𝒆𝑭�̃�𝟐 ≥ 𝟏𝟐. 𝟕) based 

on (a-b) carbon to hydrogen atom ratio, CHR; (c-d) smoke point mass flow rate, �̇�𝒔𝒑,𝒎𝒊𝒙; (e-f) mean 

carbon number of the fuel, C#; and (g-h) higher heating value, HHVv. 


