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Abstract 

A repeatable soot sampling protocol was developed to measure soot emission factors 

(EF) from lab-scale flares burning fuel compositions representative of solution gas flares 

typical of the Alberta upstream oil and gas industry. A gravimetric analysis system was 

employed as well as a Laser Induced Incandescence (LII) system. Results showed that 

accurate soot EFs can be quantified and that results from the two measurement 

techniques were in good agreement. For the range of conditions tested (burner inner 

diameter of 12.7-76.2 mm, exit velocity 0.1-2.2 m/s, and several 4- and 6-component fuel 

mixtures consisting of 74.5 to 91.1% methane), measured soot emission rates were less 

than 1 g soot/kg fuel (or 0.84 kg soot/10 m fuel). These values are lower than the 

current EF used in Canada (2.5632 kg soot/10 m fuel). A simple empirical relationship 

was established for the emission factor as a function of the fuel heating value for a range 

of conditions, which is a significant improvement over the single EF approach currently 

adopted. 
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Chapter 1 

1 Introduction 

Flaring is the common practice of burning off unwanted, flammable gas in an open 

atmosphere flame. Flaring is used extensively in the upstream oil and gas (UOG) 

industry as well as in downstream petrochemical and other industrial processes. While 

the composition of flared gas can vary significantly, in general, the major constituent is 

methane. Since methane has a Global Warming Potential1 (GWP) 25 times higher than 

CO2 on a mass basis [IPCC, 2007], flaring significantly reduces greenhouse gas (GHG) 

emissions that would occur if the gas were simply vented to atmosphere. However, 

flaring can produce soot and other pollutant species that have negative effects on air 

quality and the environment [e.g. Pohl et al., 1986; Strosher, 2000]. Several of these 

emissions are monitored by the National Pollutant Release Inventory (NPRI), an agency 

of Environment Canada, but the methods of soot estimation (i.e. particulate matter, PM) 

are at best oversimplified and of questionable accuracy. This project was initiated in 

response to the critical need for improved methods to estimate soot emissions from 

1 calculated on a 100 year time-scale 

1 
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flaring activity and to enable improved prediction and management of their impact in 

Canada, and globally. 

Current soot emissions estimates are derived from multiplicative emissions factors 

defined as mass of particulate matter produced per mass of fuel burned or per rate 

chemical energy release though combustion. As discussed in detail in Section 1.1.4 

below, the recommended procedures for estimating soot for UOG flares [CAPP, 2007] 

are derived from data that may not be applicable to open-atmosphere flames, calling into 

question the accuracy of current soot, or PM2.51, emissions estimates for flaring in 

Canada. This is a critical issue for responsible management of flaring given that soot has 

been implicated as a significant health hazard [Pope et al., 2002] that has been linked to 

serious, adverse cardiovascular, respiratory, reproductive, and developmental effects in 

humans [USEPA, 2008]. Furthermore, soot is also recognized as an important source of 

anthropogenic radiative forcing of the planet's surface [Hansen et al., 2000; Ramanathan 

and Carmichael, 2008]. A recent estimate [Bond et al., 2007] of annual releases of the 

black carbon (or elemental carbon - the most significant climate forcing component of 

soot [IPCC, 2007) from energy-related combustion was approximately 4400 Gg in the 

year 2000. However it was not known how much flaring contributed to these global 

estimates. 

1.1 Flaring 

Gas is typically flared because it has been deemed uneconomic to process2 or it may be 

flared due to leakages, purges, or an emergency release of gas in a facility. The United 

1 PM2.5 is defined as particulate matter with diameters less than 2.5 ^m. 
2 i.e. if it is far from a gas pipeline or if it is 'sour' and thus includes sufficient amounts of toxic H2S to 
make it uneconomic to process. 
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States Energy Information Administration (USEIA) estimates that 102.8 billion m3 of gas 

were flared or vented worldwide in 2005 [USEIA, 2008]. Analysis of satellite imagery 

using visible light camera data suggests that global flaring rates may exceed 135 billion 

m3 annually [Elvidge et al., 2009]. Environment Canada has identified the province of 

Alberta as the most significant source of flaring in Canada [EC, 2005], Alberta flaring 

data is available from the Energy Resources Conservation Board of Alberta (ERCB), 

which tracks the amount of gas flared and vented anually from the UOG industry in 

Alberta. Based on these data from the ERCB, Alberta's UOG industry flared 

approximately 0.723 billion m of gas in 2007 and 0.691 billion m of gas in 2008 

[ERCB, 2009]. The Province of British Columbia flared an additional one-third of that 

amount or 0.234 billion m3 of gas in 2005 [BCOGC, 2008]. Data for other oil-producing 

provinces such as Saskatchewan, Newfoundland, and Nova Scotia were not publicly 

accessible. 

Emission data reported to the NPRI is categorized by source category and province. 

Of the 3795 UOG sites1 that reported to the NPRI in 2007, 3106 were located in Alberta 

(~82%), 336 were located in British Columbia (-8.9%), and 332 were located in 

Saskatchewan (~8.5%). Thus, the NPRI data support the assumption that flaring from the 

UOG will be concentrated in Alberta. This is illustrated in Figure 1.1, a Google Earth 

image of a map developed by Environment Canada, showing the 2007 calendar year 

NPRI data for the UOG industry. This image depicts all UOG industry sites reporting to 

the NPRI, not just those reporting PM2.5 emissions. 

1 Defined as sites with the North American Industry Classification (NAICS) code 2111 - Oil and Gas 
Extraction. Note that reporting to NPRI is based on exceedance of various thresholds set by NPRI. As 
discussed later in this thesis, there are thousands more UOG facilities emitting PM than those currently 
reporting to NPRI. 
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Of the 3106 UOG sites reporting data in Alberta, only 1231 (-40%) reported PM2.5 

emissions, which includes emissions from all sources. The percentage of reporting flare 

sites which report PM2.5 is likely even lower than 40%. This low percentage is possibly a 

consequence of the reporting threshold value assigned to PM2.5 emission of 0.3 tonnes per 

annum1, which is approximately equivalent to a volume of 117,000 m3 of gas (calculated 

based on the current recommended emission factor as discussed below in Section 1.1.4). 

If an estimated release is less than the threshold reporting value, no data need be reported 

to the NPRI. 

Figure 1.1 - Image from Google Earth of 2007 NPRI data for UOG Industry 

1 The threshold decreases to 0.15 tonnes for stacks that are greater than 50 m above grade. However, it is 
worth noting that stack height is not included in the NPRI database and that a typical stack height for a 
solution gas flare operating in the Alberta UOG industry is 10 m [Johnson et al., 2001a]. 
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Detailed data of solution gas flaring from crude oil and crude bitumen batteries1 has 

been made available to our research group by the ERCB [Private communication between 

Dr. Matthew Johnson and the ERCB]. Flaring from these batteries is the largest single 

contributor to flaring in the UOG industry in Alberta, representing approximately 48% of 

all gas flared in 2007 and 2008 [ERCB, 2009]. Figure 1.2 shows the approximately log-

normal distribution of battery/flare volumes in Alberta. The NPRI threshold reporting 

volume for PM emissions is superimposed on the graph as a vertical blue line. These 

data suggest that approximately 74% of all oil and bitumen batteries that flare would not 

need to report PM2.5 data, unless reporting was triggered by threshold exceedance for 

another compound such as NOx or CO (although this is unlikely). 

^ MM) 

Number of 
Batteries Flaring 

Cumulative % of 
Gas Flared 

Cumulative % of 
Flaring Batteries 

PM,, Threshold 

1111111 -
0.1 1 10 100 1000 

Volume of Gas Flared in 2007 (103 m3) 

Figure 1.2 - Number of batteries and cumulative percentages of gas flared 

1 A battery is a typically small upstream facility that is fed by one or more wells, where primary separation 
of oil, water, and "solution gas" (a.k.a. associated gas) takes place. A battery typically has a single flare to 
process any surplus gas. 
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1.1.1 Categorization of Flares 

Flares can roughly be grouped into three main categories: emergency flares, process 

flares, and production flares [Johnson et al., 2001a], Emergency flaring typically occurs 

when there is a safety concern for the plant personnel or the plant itself. Under an 

emergency condition (fire, compressor failure, valve rupture, over pressure, etc.), large 

volumes of gas may need to be disposed of quickly, and under these conditions the flow 

rates and exit velocities may be quite high. Process flares are typically used to dispose of 

gas at lower flow rates on a continuous or intermittent basis during normal processes at 

refineries and petrochemical plants. Production flaring can be further split into two 

categories: well testing and solution gas flaring. Well test flaring usually occurs during 

the development of a gas well, when gas may be flared at very high flow rates for a 

period of a few days. By contrast, solution gas flaring typically occurs when the gas 

produced during the installation of an oil well (i.e. solution gas) is deemed uneconomic to 

conserve, in which case flaring may continue for the life of the oil-well. Typically, 

solution gas flares operate at relatively low flow rates and exit velocities when compared 

to emergency, or well test flares. However, due to their overwhelming number and 

continuous emission, solution gas flares are the dominant source of flaring in the UOG 

industry in Alberta [Johnson et al., 2001a]. 

1.1.2 Solution Gas Flares 

Solution gas is a term used to describe dissolved gas that is released from oil when its 

pressure is reduced from the higher reservoir pressure to atmospheric pressure. Once oil 

has been brought to the surface, it is separated from water and solution gas at a battery. 
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The water is re-injected into the well and the solution gas may be conserved (i.e. used for 

on-site fuel or directed into a pipeline for processing and sale), flared, or vented. 

A typical solution gas flare in Alberta nominally comprises a 4" (101.6 mm) inner 

diameter pipe stack 10 m in height [Johnson et al., 2001a]. This is in contrast to 

commercial flares (i.e. flares used in the manufacturing industry, petroleum refining, and 

landfill and wastewater applications), which are more complicated in design and could 

include a commercial burner tip, pilot, and smoke suppressant. Commercial burner tips 

can be complex designs including wind protection, steam injection, and pilot flame 

integration. The pilot, if present, is used to keep the flare lit on start-up and in case of 

low energy density or high crosswinds. There are two kinds of smoke suppressants 

commonly used in commercial flares: steam and compressed air. While there are many 

options available for improving flare performance, these are rarely, if ever, exercised 

with the smaller and often remotely-located UOG solution gas flares typically found in 

Alberta. 

1.1.3 Flare Efficiency and Soot 

Few published studies have appeared in the literature on actual emission rates of soot and 

overall efficiency from flares. Some of the earliest research dates to the early 1980's 

with a series of reports commissioned by the USEPA [McDaniel, 1983], In this work, 

samples were collected from a 8" (203.2 mm) diameter flare burning propylene with exit 

velocities from 2.3-4.2 m/s. The soot measurements made in this work were of exhaust 

gas soot concentration only, and since the dilution of the samples was not known, data 

were not directly relatable to fuel consumption. Using the same facility as McDaniel 

[1983], Pohl et al. [1986] studied the effect of soot on combustion efficiency from flares 



Chapter 1 - Introduction 8 

burning propane with burner diameters ranging from 3" (76.2 mm) to 12" (304.8 mm) 

and exit velocities ranging from 0.03 m/s to 30 m/s. The effect of soot on combustion 

efficiency was studied as part of a larger project which was commissioned to establish the 

combustion efficiency of large-scale flares typical of downstream refineries or upstream 

well-tests, and to investigate if any physical characteristics had influences on the 

combustion efficiency. Specifically, they wanted to answer the following questions: 

1. How does soot affect the measured combustion efficiency? 

2. Can overall flare efficiencies be estimated from measurements at a single 

position? 

3. How does the inability to close the mass balance on the products affect the 

measured combustion efficiency? (i.e. if soot is neglected, can efficiency still be 

determined from major gaseous species concentrations alone?). 

4. How can the results be extrapolated to large-scale flares? 

5. Which operating conditions result in low combustion efficiency? 

The work was a collaborative project between the Energy and Environmental 

Research Corp. and the USEPA. The combustion efficiency, rjc, was awkwardly defined 

as the fraction of CO2 divided by the amounts of CO2, CO, hydrocarbons, and soot in the 

dilution corrected combustion products. This work is relevant to the current research 

because they found that burner diameter and the presence of soot did not influence flare 

efficiency and "soot accounts for less than 0.5 percent of the unburned hydrocarbons 

emitted by flares" in most cases [Pohl et al., 1986], They did observe that the volumetric 

heating value of the fuel had an effect on the combustion efficiency, where lower heating 



Chapter 1 - Introduction 9 

values led to less stable flames, resulting in lower combustion efficiencies. They also 

found that combustion efficiencies, using their definition, were generally greater than 98 

percent. 

Further to the work by Pohl et al. [1986], the work by Kostiuk et al. [2004] 

considered smaller scale flares with lower exit velocities more typical of solution gas 

flares found in the Alberta UOG industry. They examined the influence of cross winds 

on flare combustion efficiency and concluded that in general, at quiescent conditions, a 

flare would typically have combustion efficiencies (defined as the carbon conversion 

efficiency, i.e. the mass of carbon in produced CO2 divided by the mass of carbon in the 

hydrocarbon fuel) greater than 99.5 percent. This number would drop slightly with 

increasing crosswinds, and at high wind speeds would decrease dramatically due to a fuel 

stripping mechanism [Johnson and Kostiuk, 2000; Johnson et al., 2001b]. It was also 

found that crosswinds slightly decreased the amount of soot produced, in agreement with 

the work of Ellzey et al. [1990] who studied small-scale propane diffusion flames in 

cross-flow. The current research only focuses on quiescent wind conditions (i.e. zero 

cross-flow), which would represent the "worst case" sooting scenario. 

1.1.4 Emission Factors 

The threshold values discussed previously (Section 1.1) were calculated using the PM 

emission factor published in an NPRI guide developed by CAPP for use in the UOG 

industry [CAPP, 2007], This guide provides several procedures to aid industry members 

in reporting emissions properly to the NPRI. It should be noted that the guide explicitly 

stipulates that "use of the report or any information contained will be at the user's sole 

risk," but recommends its use so emissions reporting will be both consistent and 
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comparable between upstream oil and gas companies. For lack of alternative methods for 

estimating PM emissions from flares, it is likely that the method supplied in the guide is 

used widely. The guide specifies simple emission factors based on volumes of gas flared. 
•> -J i 

The factor is published as 2.5632 kg PM2.5/IO m gas flared . Given the wide variation 

in flare emissions associated with large variations in meteorological conditions, fuel 

composition, fuel flow rates, flare size, and flare design, this approach to estimating 

emissions is at best oversimplified. 

Review of the cited sources in the CAPP NPRI guide reveals that the emission 

factor used to estimate production of soot from flares is based on a confidential report 

from the USEPA entitled "Data from flaring landfill gas" [USEPA, 1991], The emission 

factor is published in USEPA's Factor Information Retrieval Data System (FIRE) 

database as 0.85 kg soot per 103 m3 of fuel [USEPA, 2009], The CAPP guide lists a 

value of 2.5632 kg soot per 103 m3 of fuel, and notes that this value has been "corrected" 

for a gas with a heating value of 45 MJ/m3, which is typical of flare gas in the UOG 

industry. The CAPP guide does not specify how this apparent factor of three correction 

was derived, although it may have resulted from an assumed linear scaling of soot 

emission with heating value, since landfill gas could be expected to have a heating value 

on the order of 15 MJ/m3 based on the landfill gas composition work of Eklund et al. 

[1998]. The USEPA has also published emission factors for industrial flares [USEPA, 

1995] derived from published research of McDaniel [1983]. 

Table 1.1 shows a comparison of emissions factors for flare-generated soot 

currently in use. As can be seen the emission factors vary by orders of magnitude. Of 

1 This number was used to back-calculate the amount of gas needed to produce 300 kg of PM2.5 to establish 
the threshold value mentioned in section 1.1. 
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the three factors for flares reported in USEPA's WebFIRE database, the first two were 

largely derived from measurements on enclosed flares (although full details of the 

measurements are not publicly available) burning gas compositions1 that would have 

limited relevance to UOG flares. The third factor, as reported, is up to four orders of 

magnitude higher than the other two values. However, quite significantly, there is an 

apparent clerical error in the form of a swap of units from jug PM per 10" m exhaust gas 

to lb PM per 106 BTU between the emission factor as reported in USEPA AP-42 [1995] 

and the value reported in USEPA WebFIRE [2009]; both are attributed to the same data 

source. The gas used is also reported incorrectly, as the fuel used in the cited sources of 

USEPA AP-422 is pure propylene, not the mixture mentioned in Table 1.1. The USEPA 

was contacted for background information on the factors as reported, and once 

confirmation was made that they were indeed reported as incorrect, it was brought to 

their attention. Unfortunately, contact with the USEPA has since ceased, and as of 

March 2009, the factor is still published incorrectly. Moreover, none of these factors are 

based on any measurements from actual solution gas flares (the CAPP guide value is 

derived from the 0.85 kg PM per 10 m of fuel value from Web FIRE) and none give any 

consideration to operating conditions of a flare including wind speed, exit velocity, 

detailed fuel composition, flare size, or flare tip design, even though these parameters can 

significantly affect soot production. These discrepancies and simplifications bring into 

question the validity and credibility of the emission factors used for such a potentially 

1 Pure methane and landfill gas. 
2 [McDaniel, 1983], 
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significant source of PM emissions1. The lack of accurate guidelines for NPRI reporting 

of soot from flares in the UOG industry is a primary motivation for the current work. 

Table 1.1 - Comparison of Current Emission Factors 

Standard Original Emission 
Factor as Reported 

Emission Factor (kg 
PM per 103 m3 of fuel) Gas 

CAPP Guide [2007] 2.5632 kg PM per 10J mJ 

fuel 2.5632a Solution Gasb 

USEPA WebFIRE 
[2009] v.6.25 

53 lb PM per 106 ft3 gas 0.85 Landfill Gas0 

USEPA WebFIRE 
[2009] v.6.25 

17 lb PM per 10° ft3 gas 0.27 Methane USEPA WebFIRE 
[2009] v.6.25 

0-274 lb PM per 106 BTU 5301d 80% Propylene, 
20% Propanee 

USEPA AP-42 [1995] 
Vol. I, section 13.5 

0 - 2 7 4 P M per 10_3m3 

exhaust gas 
0, 0.5, 2.2, 3.4s 80% Propylene, 

20% Propane6 

aThe excess significant figures in this emission factor are as reported in the CAPP Guide [2007]. 
b Solution gas typically contains a significant portion of methane, although the CAPP guide only specifies 
that the heating value is taken to be 45 MJ/m3. 
c While the source for this emission factor is not publicly available and the composition of landfill gas 
varies, a "typical" composition could be 56% methane, 37% C02 , 1% 0 2 , and trace amounts of other gases 
[Eklund etal., 1998], 
d Based on a fuel heating value of 45 MJ/m3 (1 BTU = 1055.06 J). 
e The fuel reported in these sources is incorrect. Review of the cited sources notes that the fuel is pure 
propylene [McDaniel, 1983]. 
f The range of 0 - 274 is based on the "smoking level" of the flare: non-smoking flares, 0 //g/L; lightly 
smoking flares, 40 //g/L; average smoking flares, 177 yWg/L; and heavily smoking flares, 274 /<g/L. 
g The method used to calculated these values are shown in Appendix A. 

1.2 Objectives 

The preceding discussion has clearly demonstrated the need for improved emission 

factors for estimating PM produced by solution gas flares. Since total emission 

measurements are very difficult to perform in the field, a predictive emission model 

based on field-measurable scaling parameters was desired. The goal of this research was 

to experimentally measure total soot emissions from the over-fire region of turbulent 

diffusion flames at conditions relevant to solution gas flares typical of the Alberta UOG 

industry. The test conditions were selected to scale to full-size flares based on fuel exit 

1 From Figure 1.2, approximately 85% of oil and bitumen batteries in Alberta flared volumes above the 
current NPRI reporting threshold for PM. Assuming this percentage applies to all flared gas sources and 
taking the CAPP PM emission factor at face value, then reportable PM25 from flared gas in Alberta 
represents 38.8% of all UOG reported PM2 5, or 1506 tonnes. 



Chapter 1 - Introduction 13 

velocity and burner size in order to match relevant flow regimes. The research was 

carried out as part of the Lab-Scale Flare (LSF) project at Carleton University in 

collaboration with the National Research Council of Canada (NRC) and with the support 

of Natural Resources Canada (NRCan) and CAPP. In summary, the main research 

objectives were to: 

1. Modify the LSF facility to include a gravimetric sampling system and 

accommodate larger fuel flow rates 

2. Develop a new sampling protocol for the new gravimetric and existing Laser 

Induced Incandescence (LII) sampling systems. 

3. Use the upgraded facility and new sampling protocol to generate soot yield data 

for a wide range of operating conditions, including various fuel compositions, 

burner diameters, and fuel exit velocities 

4. Investigate options for improved, yet practically implementable methods of 

predicting soot emissions based on fuel properties, burner size, and fuel flow rate 

Chapter 2 outlines the relevant theory for soot production and scaling of turbulent 

diffusion flames. Details of the experimental approach, implementation, and data 

reduction are presented in Chapter 3. Results are presented in Chapter 4, followed by 

discussion in Chapter 5, and conclusions and recommendations in Chapter 6. 



Chapter 2 

2 A Brief Overview of Soot Formation Theory 

The soot formation process is very complex, involving several steps of chemical and 

physical growth and reduction [Appel et al., 2000; Bockhorn et al., 2002]. Although the 

mechanisms of soot formation are still not fully understood, key influencing parameters 

include fuel chemistry, fuel flow field, and temperature of the particles in the flame 

[Santoro and Semerjian, 1984; Kent and Wagner, 1984; Glassman, 1998], Combining 

the complexities of soot formation and turbulent flame kinetics poses an extremely 

difficult problem. Most literature studies on soot formation have focused on laminar 

flames, and more specifically on the soot volume fraction inside the laminar flame as 

opposed to the total emission from the flame. While the spatially-resolved soot volume 

fraction inside a flame is important for understanding the soot formation process, the total 

soot emission is desired for emission reporting. The total soot yield, YS, is a useful 

measure of the soot emitted from the flame, as defined in equation 2.1. 

14 
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tn Y s=-issL (2.1) 
m f u e , 

where msoot and mfue, are the mass flow rates of soot and fuel, respectively. Recognizing 

the limitations imposed by the non-existence of a universal model to predict soot 

emission, the present work is focused on the development of a semi-empirical, 

experimental model for soot emission rates of diffusion flames based on basic flame 

characteristics. 

2.1 Formation of Soot 

The process of soot formation is summarized here based on the review by Richter and 

Howard [2000]. It is generally accepted that soot formation in a flame occurs in several 

steps as listed below and shown schematically in Figure 2.1. 

1. Pyrolysis of fuel 

2. Polycyclic Aromatic Hydrocarbon (PAH) formation 

3. Formation of precursor particles 

4. Particle inception 

5. Surface growth and particle agglomeration 

6. Particle oxidation 

Soot production begins with the formation of molecular precursors that are thought 

to be heavy PAHs (typically benzene) [Frenklach and Warnatz, 1987]. These PAHs are 

formed after fuel pyrolysizes into small hydrocarbon radicals. Nucleation of particles 

from heavy PAH molecules subsequently occurs as mass is converted from molecular to 

particulate systems. The heavy PAH molecules form nascent soot particles with a 
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diameter of approximately 1.5 nm [Richter and Howard, 2000], These particles then 

grow as mass is added via the addition of gas phase molecules and/or other PAH 

molecules [Senkan and Castaldi, 1996; Smedley et al., 1992], 

SOnfn 
CoapMiQfl 

Surface Growth arid 
Coagulation 

P«f6ci» Inception 
Particle Zona 

Fuel and OxidiiOf (premised) 

Figure 2.1 - A Pictorial approximation of the soot formation process [Richter and Howard, 2000] 

The next steps in the process are coagulation and agglomeration, which occur via 

reactive particle-particle collisions, where particles bond with particles. This 

significantly increases the particle size and decreases the number of particles without 

changing the total mass of soot present in an agglomerate [Skjoth-Rasmussen et al., 

2004; Richter and Howard, 2000; McKinnon and Howard, 1992], Finally, oxidation 

decreases the mass of PAH and soot particles through reactions with oxygen radicals to 

form CO and CO2 [Neoh et al., 1982], The final mass of soot emitted from a flame is the 

result of the competing effects of growth and oxidation, which are always ongoing 

throughout the flame. 
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2.2 Turbulent Jet-Diffusion Flames 

A diffusion flame (i.e. a non-premixed flame) is defined as a flame where the reactants of 

combustion (fuel and oxidizer) remain separate prior to combustion, but diffuse and mix 

together in the reaction zone. Turbulent jet-diffusion flames may be broadly classed into 

two categories depending on whether the turbulence is generated by instabilities present 

in the cold flow, or by the large buoyancy forces present in the flame [Delichatsios, 

1993 a]. The turbulence could be defined by the turbulence of the cold flow of fuel, but 

these instabilities may not carry through to the flame due to laminarization effects that 

could be present near the nozzle [Takagi et al., 1980]. Alternatively, a laminar cold flow 

could transition to a turbulent flame after the nozzle exit, where transition is affected 

either by buoyancy-induced instabilities or shear-laminar type instabilities at the burner 

exit. 

In this sense, the physical flame can be broken into two zones as proposed by 

Delichatsios [1993 a]: 1) a zone close to the nozzle exit referred to as the transition region, 

and 2) a zone encompassing the rest of the flame. These two zones can both be purely 

laminar, can both be purely turbulent, or the transition region can be laminar while the 

rest of the flame is turbulent. 

The laminarization effect at the nozzle exit is attributed to the increase in kinematic 

viscosity due to the rapid temperature rise here. The associated decrease in density and 

associated density gradients drive the buoyancy-induced instabilities downstream in the 

flame [Takagi et al., 1980; Delichatsios, 1993a]. The "category" of turbulence regime 

generated will depend on the magnitude of the buoyancy forces to the inertia forces in the 

flame. This theory has led to the common use of a flame-derived Froude number, Fr, in 
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several studies on turbulent diffusion flames to define the flame regime as momentum- or 

buoyancy-driven, [e.g. Becker and Liang, 1978; Peters and Gottgens, 1991; Blake and 

McDonald, 1993; Delichatsios, 1993a] 

An early such use was in the work of Becker and Liang [1978] when attempting to 

scale visible flame lengths of turbulent diffusion flames. They did not, however, develop 

the idea of a buoyancy parameter (Froude number); this was suggested by Homsy in 

1969, whose results were unpublished. While Becker and Liang did not explicitly refer 

to this parameter as a Froude number, examination of the scaling parameter reveals that 

its definition is similar. 

There exists a critical value of Froude number above/below which the flame will 

transition from buoyancy-driven to momentum-driven. The momentum-driven regime is 

defined as the regime where the flame length becomes independent of flow conditions. 

This is in stark contrast to the continually increasing flame length with Froude number of 

a buoyancy-driven flame. This is a well-documented trend, which was acknowledged as 

early as 1949 in the early flame length work of Hottel and Hawthorne [1949]. 

Depending on how the Froude number is defined, the transition value will vary. 

Within flame length related literature alone, several different forms of Froude number 

have been used, not including variations of the Richardson ratio, Ri{. One of the most 

common forms used is the source Froude number, Frs: 

1 The Richardson ratio is the square of the inverse of the Froude number. 
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X 1/4 

(2.2) 

where ue is the exit velocity, g is the acceleration due to gravity, de is the burner inner 

diameter, and prr and pe are the respective gas densities of the ambient air and of the fuel 

at the exit plane of the burner. For the current analysis, all fuel parameters (density, 

velocity, etc.) used in the calculation of this and all subsequent parameters were 

calculated at the cold flow conditions. To account for differences in stoichiometry, it has 

been suggested [Peters and Gottgens, 1991; Blake and McDonald, 1993; Delichatsios, 

1993a] that the air-to-fuel ratio be included in the Froude number calculation. For 

diffusion flames, it is simple to replace the air-to-fuel ratio with the conserved scalar 

value of the stoichiometric mixture fraction,^, since the equivalence ratio is always close 

to unity as shown in Equation 2.3. 

where AFS is the stoichiometric air-to-fuel mass ratio. Delichatsios [1993a] has suggested 

that this term be included raised to the power of 3/2 as shown in Equation 2.4, which 

define a so-called global Froude number. Blake and McDonald [1993] suggest that this 

term be included raised to the power of 3, and Peters and Gottgens [1991] suggest that it 

should be included as the inverse of the square root. While these five authors disagree as 

to how the term should be included in the Froude number calculation, they at least agree 

it is important. This disagreement is one reason why there are many forms of the Froude 

number, each having unique buoyancy to momentum transition values. 
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Fr = 
u f 2

 ' P-, (2.4) 
V AW (gde)U2 

Independent of the value of the exponent attributed to fs, this general form of the 

Froude number still does not account for the buoyancy forces generated by the large rise 

in temperatures within the flame. Delichatsios [1993a] has suggested that a characteristic 

force per unit volume inside the flame plume at mean peak conditions be included, given 

by Equation 2.5. 

Apf AT, 
= (2-5) 

P f T«> 

where AT/ is the characteristic temperature rise resulting from combustion calculated as 

Tad ~ T^ where Taci is the adiabatic flame temperature. This is combined into 

Delichatsios's final Froude number, termed the fire Froude number, Fry, as shown in 

Equation 2.6. Through his experimental work, he determined that a flame will transition 

from buoyancy-dominated turbulence to momentum-dominated turbulence at a value of 

approximately Fr/= 5. 
fil 2 
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2.2.1 Turbulent Regimes and Flares 

A critical aspect of attempting to compare results at different physical scales is the 

determination of the "regime" of a jet-diffusion flame. As discussed above, the turbulent 

regime has been loosely defined by Delichatsios [1993 a] as being either buoyancy- or 

momentum-dominated. Turbulence in the buoyant regime is caused by large density 

gradients in the flame, which in turn cause instabilities and turbulence. By contrast, the 
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turbulence in the momentum regime is caused by the turbulence inherent in the cold flow 

gas stream. Within the buoyant regimes, Delichatsios has identified other sub-regimes 

based on the mode of transition. The difference in generation of turbulence may be of 

importance when scaling flames. 

Delichatsios [1993a] has identified these regimes graphically as is shown in Figure 

2.2. The main regimes of interest in the present work were the turbulent buoyant 

(transition buoyant) and turbulent buoyant (transition shear) regimes. It should be noted 

that the abscissa in Figure 2.2 is the global Froude number, not the fire Froude number, 

and the ordinate is the cold flow Reynolds number. It is also noted that Delichatsios 

expected the transition between regimes to be smooth so that the lines in Figure 2.2 

should not represent a sudden transition, and that the figure is only valid for hydrocarbon 

fuels. Equation 2.7 governs the line separating the two regimes of interest. 

Re = \ A6Fr~2 (2.7) 

Figure 2.2 - Turbulent flame regimes identified by Delichatsios [1993a] 
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The line defined by Equation 2.7 was developed based on the differences between 

the transition lengths at the burner exit. A transition that is dominated by buoyancy will 

exhibit a toroidal vortex near the exit and the transition length will be independent of 

flow rate and burner size. In contrast, an inertial transition exhibits sinusoidal 

instabilities and the transition length decreases as the nozzle exit velocity increases 

[Delichatsios, 1993a]. Anecdotally, this difference was visually observed in the present 

work while operating the LSF under different operating conditions. 

To determine where solution gas flares fit into these regimes, and where test 

conditions should be set, the estimated conditions for solution gas flares representative of 

those found in Alberta were superimposed on the regime map of Delichatsios [1993a] 

(Figure 2.3). The Reynolds number and global Froude number were calculated based on 

fuel properties determined from data received from the Petroleum Technology Alliance 

of Canada (PTAC) [private communication between PTAC and Dr. Matthew Johnson, 

2007], which will be discussed further in Chapter 3. Minimum and maximum expected 

flare diameters were estimated to be 3" (76.2 mm) and 10" (254 mm), with a 4" 

(101.6 mm) being "typical" as suggested by Johnson et al. [2001a]. While it is extremely 

difficult to estimate actual flow rates and exit velocities typical of solution gas flares in 

Alberta, Johnson et al. [2001a], in an analysis of reported monthly volume data for 

approximately 4500 solution gas batteries in Alberta, suggested that typical exit velocities 

were less than 6 m/s, although this value is uncertain since it was not known if these 

flares were operating continuously or intermittently. 

The estimated range of conditions expected for solution gas flares in Alberta is 

indicated by the hatched region in Figure 2.3. The bounding lower red line represents the 
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76.2 mm burner and the upper blue line represents the 254 mm burner. The range of exit 

velocities used was 0.1 to 6 m/s. As can be seen, according to the theory of Delichatsios 

[1993 a], the range of flame conditions could all be classed as "turbulent-buoyant", 

although they span both the transition-buoyant and transition-shear sub-regimes. 

Experiments performed in the present work were therefore designed to span both sub-

regimes under the assumption that the regime of the flame may impact the soot yield. 

10"3 10"2 10"1 10° 101 102 

Global Froude number, Frg 

Figure 2.3 - Estimated flare regimes: red line represents a 76.2 mm (3") burner and the blue line 
represents a 254 mm (10") burner. The range for each burner was estimated based on a minimum 

exit velocity of 0.1 m/s (which gave values in the lower left of the shaded region) and a maximum exit 
velocity of 6 m/s (which gave values in the upper right). 

2.2.2 Flame Length 

Flame length is a well-studied parameter of jet-diffusion flames that is relatively simple 

to measure visually. When combined with some sort of estimate for the characteristic 

velocity through the flame or velocity profile, the flame length can be used to give an 

accurate estimate of a particle's residence time, TR, in the flame. The residence time of 

soot particles in a flame has been hypothesised to correlate with soot emission, as the 
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residence time of the particle would represent the amount of time spent in the reaction 

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

there should be some residence time of maximum soot yield, i.e. the soot particle exits 

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

Sivathanu and Faeth [1990] 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. 

Hottel and Hawthorne [1949] were among the first researchers to suggest a flame 

length correlation for flames in the momentum regime. Becker and Liang [1978] 

developed a theory for flame length estimation in both the buoyant and momentum 

regions based on their buoyancy parameter, which is similar to Equation 2.2 aside from 

the fact that the density ratio is raised to the power of 1 as opposed to 1/4. Blake and 

McDonald [1993] also offered a theory based on dimensional analysis for the buoyant 

regime. Their work differed in that they calculated a theoretical lateral flame dimension, 

or flame width, to non-dimensionalize the flame length, where most others used the 

burner exit diameter. Peters and Gottgens [1991] provided approximate solutions to the 

flame length scaling laws by means of an analytical approach based on simplified 

treatment of the governing equations, i.e. continuity, momentum in the vertical direction, 

integrated radial momentum, and the mixture fraction. The downside to their approach is 

that it required several empirical constants that were different for different fuels. 

Delichatsios [1993a] provided a robust solution for flame length estimation in both the 

buoyant and momentum regimes based on the fire Froude number defined in Section 2.2. 
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The three theories of Blake and McDonald, Peters and Gottgens, and Delichatsios 

were compared to assess their level of agreement. The calculations were done for 

burners of 12.7 mm and 76.2 mm, and exit velocities ranging from 0.1 m/s to 3 m/s. Fuel 

properties (densities, viscosity, stoichiometry, flame temperature) were based on data 

from PTAC [private communication between PTAC and Dr. Matthew Johnson, 2007] to 

be discussed further in chapter three. The results are displayed in Figure 2.4 below. The 

models of Blake and McDonald and Delichatsios show reasonable agreement, but the 

flame length predictions from Peters and Gottgens are 16.4% shorter. This may be 

attributed to the fact that the empirical constants used by Peters and Gottgens were for 

propane since no other information was available, while the other calculations were based 

on more specific fuel properties. The work of Delichatsios includes robust theories for 

both the momentum and buoyant regimes; his work was used to compare the measured 

flame length data that accompanied soot yield measurements in the present work. 

35 1 1 I I I I I I I I I |_ 

Peters and Gottgens [1991] 
Blake and McDonald [1993] 
Delichatsios [1993a] 

o • I ' I 1 I 1 I 1 I 1 
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Burner Exit Velocity, ue (m/s) 

Figure 2.4 - Comparison of flame length theories 
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2.3 Soot Emissions from Turbulent Diffusion Flames and Flares 

There is a wealth of information in the literature on soot in laminar diffusion flames, but 

much less for turbulent diffusion flames. Work on laminar flames has typically focused 

on developing analytical models to predict soot formation and developing comparative 

indices for different fuels. The most common of these indices is the so-called smoke-

point measurement, which is determined experimentally by increasing the fuel flow-rate 

until the tip of the laminar flame opens up (forming soot "wings") and smoke is observed 

to escape from the tip [Turns, 2000]. The smoke-point is usually referred to by the flow 

rate or the corresponding flame length observed at the smoke-point condition. 

Several authors, [e.g. Kent, 1986; Schalla and McDonald, 1953] have provided a 

set of smoke-point measurements for a large number of gaseous and liquid fuel laminar 

flames. Calcote and Manos [1983] and Olson et al. [1985] instead suggested a threshold 

sooting index (TSI) for evaluating soot formation, calculated based on the smoke-point 

and molecular weight of the fuel with some experimentally-determined coefficients used 

to correct for differences in the amount of air required to burn a given quantity of 

different fuels. The value of TSI is then normalized to span a range of 0-100, where the 

minimum measured TSI (corresponding to ethane) is assigned a value of 0 and the 

maximum measured TSI (corresponding to naphthalene) is assigned a value of 100. The 

smoke-points and TSI values relevant to the current work are listed in Table 2.1. 

Although TSI and smoke-point data for laminar flames cannot be directly used to predict 

soot emissions from turbulent flames, they can provide a relative estimate of the variation 

attributable to fuel chemistry effects. 
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Table 2.1 - Comparison of relevant sooting tendency measurements 

Fuel Smoke-point (mg/s) 
[Kent, 1986] 

Smoke-point (mg/s) [Schalla 
and McDonald, 1953] 

TSI [Calcote and 
Manos, 1983]a 

TSI [Olson 
etal., 1985]" 

Methane - 34.53" - -

Ethane - 16.52 0 1.5 
Propane 7.87 10.15 1.3 1.7 
Butane0 7.00 8.6 1.6 2.0 

a TSI values were calculated based on data of Schalla and McDonald [1953], 
b Value was calculated from a fifth order polynomial curve fit of Schalla and McDonald [1953] data for 
alkane fuels of C2 - C9. 
c Assumed n-butane. 

2.3.1 Turbulent, Vertical, Free Jet-Diffusion Flames 

Total soot emission from turbulent flames has been studied in the past [e.g. Becker and 

Liang, 1982; Sivathanu and Faeth, 1990; Delichatsios, 1993b]. However, most of these 

works typically considered pure fuels composed of heavier sooting alkene or alkyne 

hydrocarbons. Where alkanes have been studied, it has typically only been for propane. 

Becker and Liang [1982] studied the soot emissions from the alkane family of fuels more 

thoroughly. To the present author's knowledge, their data are the only measurements of 

the total soot emission from methane, ethane, and propane1 diffusion flames in the 

literature. Rather than the soot yield, Becker and Liang [1982] presented their results in 

terms of the soot generation efficiency (SGE) defined according to Equation 2.8: 

m 
SGE = (2.8) 

f f i carbon 

where msoot and mcarbon are the mass flow rates of soot and fuel carbon, respectively. 

This factor could be expected to better describe the conversion of carbon to soot for 

different fuels. Becker and Liang showed that while they could not develop a theory for 

scaling the SGE, they were able to show that the values changed under different flow 

conditions. These differing flow conditions were identified by a Richardson ratio (Ril), 

1 Also studied were hydrogen, CO, ethene, and ethyne (or acetylene). 
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as defined in Equation 2.9. As can be seen, there is a heavy dependence of Rii on the 

flame length, and if flame length values vary slightly, large discrepancies in calculated 

Rii values can appear. Becker and Liang [1982] also defined a global characteristic 

residence time of material in a flame, TR, according to Equation 2.10. This residence 

time is analogous to the first Damkohler number, Dai, and the SGE is found to follow a 

trend for this residence time similar to that of the Rii. Both of these terms will be 

investigated further in Chapter 5 as a potential means to correlate the data collected in the 

present work. 

3 / \ 
P« 

MJ2 (2.9) 
V re 

* Pcofs^f TR= ; (2.10) 

mfi,el 

Sivathanu et al. [1988] recorded measurements of the soot volume fraction inside 

and above turbulent diffusion flames. While their results were in fair agreement with the 

work of Becker and Liang [1982], they did not provide any new correlation parameters. 

The work of Sivathanu and Faeth [1990] showed some simple correlations of the 

measured SGE with a smoke-point normalized residence time, f , as defined in Equation 

2.11: 

(2.11) 

Tsp 

where TR is the measured residence time and rsp is the measured smoke-point residence 

time. 

Sivathanu and Faeth [1990] had defined residence time as the time interval between 

the interruption of the fuel flow, and the disappearance of all flame luminosity. The 
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interruption was caused by rapidly moving a shutter across the exit of the burner. While 

the current experimental setup did not permit a duplication of this particular 

measurement, their work highlights the importance of the residence time in the literature. 

In the work of Delichatsios [1993b], simple soot yield measurements were made for 

several fuels, including propane. He presented a reasonable correlation for the scaling of 

soot yield with a calculated smoke-point heat release rate and stoichiometric ratio shown 

in Equation 2.12. The smoke-point heat release rate was calculated according to 

Equation 2.13: 

Y.~Svf, (2.12) 

Ssp=rhfue,spAHc (2.13) 

where mfue, sp is the mass flow rate at the smoke-point and AHC is the heat of combustion. 

While the heat release is an easy parameter to monitor, the smoke-point heat release is 

difficult to calculate for multi-component fuel mixtures. Compounding this problem is 

the lack of measurements of the smoke-point for methane, since the flame becomes 

unstable before it starts to smoke [Turns, 2000]. 

Glassman [1998] has suggested that the flame temperature and length of time that 

soot particles reside at these elevated temperatures will have an effect on the soot 

formation. Glassman postulated that what controls the soot volume fraction that exits the 

flame and causes soot emission is the distance between the isotherms that specify the 

incipient particle formation temperature and stoichiometric flame temperature (indicative 

of the strength of the temperature gradient). This distance establishes the growth time of 

the particles formed before flame oxidation of the soot occurs. While a universal theory 
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for soot emission as a function of some temperature parameter is not given, it highlights 

the importance of the flame temperature on the soot formation. 

Another work on soot yield was completed by Ouf et al. [2008], which focused on 

the effects of over-ventilating the flame. Specifically they were interested in changes in 

the size distributions of the primary particles and soot aggregates, morphology, and soot 

yield. To quantify the amount of ventilation, they proposed a global equivalence ratio, 

GER, as shown in Equation 2.14. 

AF 
GER = * (2.14) AF 

experiment 

where AFexperiment is the air-to-fuel ratio of the entire sampling system. While this is a 

useful parameter for scaling in an enclosed system, it is not directly applicable to open 

flames. Specifically, Ouf et al. [2008] found that the global equivalence ratio strongly 

influences the soot particle size, but does not play a predominant role in other soot 

morphological properties or emission. 

Canteenwalla [2007] recorded measurements of soot yield from pure and simple 

mixtures of methane, ethane, and propane in the first iteration of the LSF project. 

Recognizing the importance of a residence time scaling parameter in the literature, he 

used a constant acceleration equation of motion to develop a buoyant residence time. 

This buoyant residence time calculation is shown in Equation 2.14; the buoyant 

acceleration is shown in Equation 2.15. 
-u„ + Jul +2aRL, 

tr,B = — — (2-14) 

aB = 
T V 1
 CO / 

g (2.15) 
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A smoke-point-normalized fuel mixture flow rate was developed by Canteenwalla 

[2007] in an attempt to collapse multiple SGE measurements of binary mixtures into a 

single curve. The results were promising, but did not work for mixtures that exhibited a 

synergistic effect, where the measured SGE was higher for the mixture than would be 

produced by either pure fuel. In his work, the methane/ethane mixtures produced the 

synergistic effect, thought to be the result of an interaction between a methyl radical 

(CH3) and ethylene (C2H4) which form a vinyl radical (C2H3) that leads to an 

acetylene-based pathway to soot formation as hypothesized by Trottier et al. [2007]. 

2.3.2 Turbulent Diffusion Flames in Cross-Flow Conditions 

Flares in the UOG industry are open to the air and it is expected that these flares will 

frequently be subjected to cross-flow wind conditions. The most relevant study of soot 

emissions from cross-flow flames was completed by Ellzey et al. [1990]. Prybysh [2002] 

also conducted limited studies of soot emissions from jet-diffusion flames in cross-flow, 

although these results were not published other than in his M.A.Sc. thesis. Both Ellzey et 

al. [1990] and Prybysh [2002] studied soot yields from turbulent propane flames under 

cross-flows in a wind tunnel for various burner exit diameters. Ellzey et al. [1990] 

concluded that except at very low cross-flow conditions, ~0.7 m/s, the cross-flow 

conditions produced less soot than the same condition with a co-flow. Similar trends 

were reported by Prybysh [2002]. Ellzey et al. [1990] attributed the reduction in soot 

with increased cross-flow velocities to enhanced mixing and showed that soot yield 

correlated with the product of the exit velocity and cross-flow velocity. 

The study of Ellzey et al. [1990] is important in that it identifies the cross-flow as 

reducing the total soot emission from turbulent diffusion flames. The magnitude of this 
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dependence is illustrated in Figure 2.5, which plots data from both Prybysh [2002] and 

Ellzey et al. [1990], where the soot yield (displayed as a percentage) is shown to have an 

exponential decay with increasing mixing ratio, defined as the product of the fuel jet exit 

velocity and crosswind velocity. While flares will be subjected to crosswind in practice, 

the work of this thesis details only the soot emissions at quiescent conditions. In this 

sense, measurements made in this study will represent the "worst case" scenario since 

any cross-flow would reduce the total soot emission. 

3 " 9fl O mm Hamoter Shark i 

0 1 2 3 4 5 
Mixing Ratio (Ux * U,) 

Figure 2.5 - Soot yield (displayed as a percentage) as a function of the mixing ratio as defined by 
Ellzey etal. [1990] for the data of Prybysh [2002] fitted to his exponential model and the power model 

of Ellzey et al. [1990]. Reproduced from Prybysh [2002]. 

2.3.3 Flares 

Soot measurements have been made from an industrial scale flare with an exit diameter 

of 203.2 mm burning propylene with exit velocities from 2.3-4.2 m/s by McDaniel 

[1983]. The soot measurements were taken post-flame by a probe just above the flame 

tip. The oxygen concentration was not measured in the sampled gas stream, so the 
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measured soot concentrations could not be converted to the more useful soot yields 

because the amount of dilution was unknown. These measurements have been converted 

to soot yields for comparison by assuming an undiluted sample and complete combustion 

as detailed in Appendix A. The work of Pohl et al. [1986] measured soot concentrations, 

but did not provide any useful data in terms of concentrations or soot emission factors. 

2.4 Summary of soot measurement data 

Soot data from the relevant sources discussed above are listed below in Table 2.2. If 

values were published as SGE, they have been converted to Ys. Global Froude numbers 

were estimated where sufficient information was provided. 

Table 2.2 - Summary of relevant soot data 

Source Fuel Range of d, 
(mm) 

Range of ue 
(m/s) 

Range of 
Fr, Estimated Regimes Range of 

Y, 1 

Becker and 
Liang [1982] 

Methane 2 . 5 - 1 0 . 9 1 3 - 7 5 0 . 8 9 -
6.96 

Turbulent buoyant, transition 
shear; turbulent momentum 

0.000882 -
0.00214 

Becker and 
Liang [1982] Ethane 2 . 5 - 2 0 . 9 9 - 6 2 0 . 5 3 -

4.94 
Turbulent buoyant, transition 
shear; turbulent momentum 

0.000401 -
0.00200 

Becker and 
Liang [1982] 

Propane 0 . 7 - 1 0 . 9 8 - 1 2 7 0 . 6 6 -
19.76 

Turbulent buoyant, transition 
shear; turbulent momentum 

0.000392 -
0.00575 

Sivathanu and 
Faeth [1990] 

Propane 50 - 234 0 .0063-0 .1448 0 . 0 0 0 1 -
0.0027 

Turbulent buoyant, transition 
buoyant 

0.007960 -
0.01710 

Delichatsios 
[1993b] Propane - - - - 0.00820 

Ellzey et al. 
[1990] 

Propane 216 0 . 7 0 2 - 1.671 0 . 1 9 -
0.46 

Turbulent buoyant, transition 
shear 

0.08600 -
0.09190 

McDaniel 
[1983] Propylene 203.2 2 . 3 - 4 . 2 0 . 0 2 -

0.036 
Turbulent buoyant, transition 

shear 
0.00050 -
0.00337 

Canteenwalla 
[2007] 

Methane 2 5 . 4 - 5 0 . 8 0 . 1 3 4 - 1.796 0.0028 -
0.052 

Turbulent buoyant, transition 
buoyant & transition shear 

0 . 0 0 0 0 1 -
0.00011 

Canteenwalla 
[2007] Ethane 1 2 . 7 - 5 0 . 8 0 . 0 4 5 - 4 . 9 9 1 0.0008 -

0.18 
Turbulent buoyant, transition 

buoyant & transition shear 
0.00020 -
0.00100 

Canteenwalla 
[2007] 

Propane 1 2 . 7 - 5 0 . 8 0.008 - 4.286 0.0001 -
0.16 

Turbulent buoyant, transition 
buoyant & transition shear 

0.00270 -
0.00600 

Comparing propane between the works cited above, the soot yield varies from 

3.92 x 10"4 to 9.190 x 10"2 kg soot/kg fuel, a range of two orders of magnitude. Figure 

2.6 displays the estimated regime ranges for several literature sources and shows that 

none of the cited literature is in the estimated regime of solution gas flares. The limited 
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total soot emission data available in the literature and the lack of total soot emission data 

for fuel mixtures relevant to solution gas flaring in Alberta highlight the need for the 

present work. 

Literature Regimes - Fuel 

Estimated Flares Regime - Solution gas 

| Sivathanu and Faeth [1990] - Propane 

Ellzey et al. [1990] - Propane 

McDaniel [1983] - Propylene 

|| 11111 Becker and Liang [1982] - Methane, 
LLJ-l-l-lJ Ethane, and Propane 

Global Froude number, Fr„ 

Figure 2.6 - Comparison of flare regime with estimated regimes of available literature. 



Chapter 3 

3 Experimental Setup 

The purpose of the LSF project is to generate flames relevant to those of solution gas 

flares in the UOG industry and measure the total soot emission at zero crosswind 

conditions. The experimental setup described below was originally commissioned by 

Canteenwalla [2007], and is located at NRC facilities. 

A modular burner and fuel delivery system were employed to permit a wide range 

of operating conditions. Fuel mixtures consisting of any or all of CH4, C2H6, C3H8, 

C4H10, CO2, and N2 could be metered, mixed, and delivered to the burner as shown in 

Figure 3.1. All of the combustion products from the LSF were collected using an 

enclosure and dilution tunnel. Emission sampling was done from the dilution tunnel 

(DT) and samples were collected on filters or measured by an LII system and used to 

calculate the total soot emission rates. 

Compared to the original apparatus used by Canteenwalla [2007], several major 

changes to the setup were made to support the research presented in this thesis. Most 

notably, these included modifications to the fuel delivery system, increased dilution 

capabilities, an improved DT flow measurement technique, and a new gravimetric 

35 
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sampling system. An additional burner tip with an inner diameter of 76.2 mm was added 

to extend the capabilities of the experimental setup from the previous maximum of 

50.8 mm. 

cJc] Screw Down Valve 

' ^ p r ^ Dual Stage Pressure Regulator 
MFC 

Flash Back Arrestor 

Mass Flow Controller 

Figure 3.1 - Schematic of Lab Scale Flare (LSF) fuel delivery system, enclosure, and dilution tunnel. 

3.1 Turbulent Diffusion Burner 

The modular burner originally designed by Canteenwalla [2007] was intended to allow 

for burner tip sizes of up to 76.2 mm (although only sizes up to 50.8 mm were used in his 

work). The burner was composed of five main components: the diffuser, settling 

chamber, converging nozzle, turbulence generating grids, and burner exit tube as shown 

in Figure 3.2. 
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Burner Exit -

Turbulence Generating ^ " t a n 

Grid 
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Diffuser 

Figure 3.2 - Schematic of the LSF [Canteenwalla, 2007]. 

In the current work five different burners, with inner diameters of 0.5" (12.7 mm), 

1" (25.4 mm), 1.5" (38.1 mm), 2" (50.8 mm), and 3" (76.2 mm), were used. The outer 

diameter of the burner tips were machined to match the ratio of the inner to the outer 

diameter of a standard 4" NPS pipe used in a "typical" flare, which was 0.89. The exit 

lengths of the burners are listed in Table 3.1. The turbulence generating grids were 

placed such that the velocity profiles at the exit plane mimicked those of fully developed 

turbulent pipe flow, and so that the turbulence intensity in the core of the flow was 

approximately 3 - 6 % for all burners. For details of the turbulence intensity 

measurements and calculations, see Appendix A from Canteenwalla [2007], 

Table 3.1 - Burner Tip Dimensions 

Burner Inner Total Burner Exit Length from Turbulence 
Diameter (mm) Length (mm) Grid to Burner Exit (mm) 

12.7 133 127 
25.4 133 127 
38.1 133 77 
50.8 266.7 254 
76.2 381 375 
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3.2 Fuel Delivery System 

The fuel delivery system includes six separate Brooks mass flow controllers (Smart 

Series models 5850S/BC (3), 5851S/BD (1), 5853S/BE (1), 5850S/BA (1)) that control 

the flows of the individual component gases supplied in pressurized cylinders. Using 

these controllers, it was possible to generate fuel mixtures of up to 6-components 

comprising methane, ethane, propane, butane, carbon dioxide, and nitrogen. Total flow 

rates of the mixtures ranging from 5 to 110 standard litres per minute (SLPM, where 

standard is defined as 101325 Pa barometric pressure and 273 K temperature) could be 

achieved. Each mass flow controller was calibrated following one of two procedures, 

depending on the maximum flow rate of that controller, as outlined in Appendix B. 

These calibrations allowed accurate operation over the full scale of the controller with an 

uncertainty of approximately ± 1-3 %, depending on the controller calibration1. 

Downstream of the flow controllers the fuel components were thoroughly mixed in a 1 m 

long, 50.8 mm diameter, vertical mixing chamber filled with glass beads. 

3.2.1 Fuel Mixture Compositions 

Up to six separate components of the fuel mixture (four hydrocarbons and two inerts) 

were chosen based on the analysis of data from solution gas samples at 2908 oil 

production sites in Alberta. These data were received as a private communication 

through the technical steering committee of PTAC, specifically to support this work 

[private communication between Dr. Matthew Johnson and PTAC, 2007], Analysis of 

these data has shown that methane is the major constituent of the gases being flared. 

1 Calibrations are given in Appendix B. 
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Table 3.2 shows the average concentrations by volume of all gases sampled and Figure 

3.3 plots these same data along with 10th and 90th percentiles of species concentration. 

Table 3.2 - Average well composition from 2908 sites in Alberta. C1-C7 represents the number of 
carbon atoms in the hydrocarbon compound. 

Species Average Composition (%) 
CI 83.395 
C2 6.902 
C3 3.045 
C4 1.412 
C5 0.503 
C6 0.204 
C7 0.339 

H2S 1.075 
c o 2 1.863 
N2 1.217 
He 0.029 
H2 0.018 

100 

Data from 2908 distinct oil 
production sites in Alberta 

Mean Concentration 

CMCo^fiocor-corNicNi O O O O O O C M O Z I O 
Gas Species 

Figure 3.3 - Mean, 10th, and 90th Percentile Solution Gas Concentrations [private communication 
between Dr. Matthew Johnson and PTAC, 2007] 

To reduce the complexity of the experiment, surrogate mixtures were used based on 

the six most abundant components (i.e. mixtures of C1-C4, C02, and N2). Higher 

hydrocarbons C5 through C7, He, and H2 were not included in the test mixtures due to 

their low concentrations. Hydrogen sulphide (H2S) was also neglected primarily due to 
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its extreme toxicity1, but also because it was absent from most fuel mixtures (a.k.a. sweet 

gas). While the average fraction of H2S in the sampled flare gas was also quite low at 

1.075 %, the 75th percentile concentration was even lower at 0.23 %. Thus, H2S only 

affected a small portion of the sites tested, and had very low concentrations at the 

majority of those sites. 

Although detailed speciation of hydrocarbon components was not available in the 

provided data, typical components in natural gas from both dry and wet reservoirs are 

alkane-based [Smith et al., 1992], Furthermore, results from a limited sampling of six 

operating flares in Alberta have also confirmed that the principle hydrocarbons were all 

alkane-based [Kostiuk et al., 2004], Thus, in the present work the hydrocarbon fuel 

species CI through C4 were assumed to be alkanes. 

In the case of the C4 fuel component, butane, two isomers exist: z'so-butane and n-

butane. In the present experiments C4 was assumed to be exclusively rc-butane, since it 

accounted for approximately ~ 65 % of the total butane volume fraction in the provided 

samples, and ^-butane was economical to use for these tests. The work of Schalla and 

McDonald [1953] is one of the few studies to measure sooting tendencies of both n- and 

/so-butane with the same experimental setup. While the two fuels have very different 

smoke-point flow rates (Table 3.3), their TSI values, which should be a better measure of 

sooting tendency and which were calculated using the same data of Schalla and 

McDonald [1953], suggest more comparable performance. If a mixture of 65% «-butane 

1 The Material Safety Data Sheet (MSDS) [AirLiquide, 2008] for H2S classifies it as a toxic, flammable, 
colorless, liquefied gas. There are many adverse health effects from low and high concentration exposures 
including inflammation and irritation of the eyes at exposure concentrations of less than 10 ppm. Above 50 
ppm, there is an intense tearing, blurring of vision, and pain when looking at light. Exposures can be fatal 
as well, if exposed to the gas for more than 30 minutes at concentrations of 600 ppm or greater. 
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and 35% z'so-butane were used, ideal gas mixing laws estimate that the sooting tendency 

would only increase by ~15%. This represents a small increase when the amount of 

butane (1.412% by volume) in the average PTAC mixture is considered, and the effects 

of neglecting zso-butane in the mixture were deemed negligible. 

Table 3.3 - Comparison of sooting tendencies of n- and iso-butane 

/t-Butane wo-Butane 65% n- / 35% iso-
Butane Mixture 

Smoke-point [Schalla and McDonald, 1953] 
(mg/s) 8.60 4.01 7.00 

TSI [Calcote and Manos, 1983] based on 
smoke-points of Schalla and McDonald [1953] 1.6 2.2 1.81 

TSI [Olson et al., 1985] based on smoke-points 
of Schalla and McDonald [1953] 2.0 2.8 2.28 

Surrogate test mixtures of flare gas were created by scaling selected component 

concentrations by their concentrations in the full mixture as listed in Table 3.4. Lighter 

and heavier fuel mixtures were also created (Table 3.4) to investigate the effects of fuel 

th 

composition on soot yield. To create the light mixture, the 90 percentile methane 

concentration was chosen as an upper bound and the remaining fuel concentrations were 

determined based on their relative concentrations in the average fuel mixture (i.e. propane 

to ethane ratio constant, etc.). The heavy mixture was created in the same manner except 

t h 

that the 10 percentile methane concentration was chosen as a lower bound. The same 

process was repeated neglecting the diluents of CO2 and N2 to create pure fuel mixtures. 

The concentrations of all surrogate gas mixtures used in this study are summarized in 

Table 3.4 and illustrated in Figure 3.4. 
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Table 3.4 - Average, Heavy, and Light fuel mixtures 

Species Purity (%) Average Mixture (%) Light Mixture (%) Heavy Mixture (%) Species Purity (%) 6-Mix 4-Mix 6-Mix 4-Mix 6-Mix 4-Mix 
Methane 99.0 85.24 88.01 91.14 91.14 74.54 74.54 
Ethane 99.0 7.06 7.28 4.23 5.38 12.17 15.47 

Propane 99.0 3.11 3.21 1.87 2.38 5.37 6.83 
n-Butane 99.0 1.44 1.5 0.87 1.1 2.49 3.16 

c o 2 99.99 1.91 0 1.14 0 3.28 0 
N2 99.999 1.24 0 0.75 0 2.15 0 

100 

90 -

80 -

CO <U 

70 

60 -
a> x 
g S 
O <B 

u ro 40 WO) 
<D O O t <D 3 
Q-C/3 

(/) 

50 -

30 -

20 -

10 -

6-Component Light Mixture 

6-Component Mean Mixture 

6-Component Heavy Mixture 

4-Component Light Mixture 

4-Component Mean Mixture 

4-Component Heavy Mixture 

fl.B r l 
O CM o CO O o 

Gas Species 

CM O o 

Figure 3.4 - Light, Average, and Heavy 6-mix surrogate fuel mixtures 

3.2.2 Enclosure and Emission Collection System 

The LSF enclosure remained relatively unchanged from the work of Canteenwalla 

[2007], which was designed based on the work of Sivathanu and Faeth [1990]. The LSF 

burner was centered inside the 1.5 x 1.5 by 2.6 m tall sheet metal enclosure that sat 

50 mm above the floor. The front of the enclosure had two doors, one made of steel sheet 

metal and the other of Plexiglas to provide visual access to the LSF. The top of the 

enclosure contracted and directed the entire exhaust plume and entrained dilution air into 

a 152.4 mm I.D. insulated, galvanized steel pipe. The 152.4 mm pipe acted as a dilution 

tunnel where the combustion products and room air were mixed and provided a steady 
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medium from which to extract emission samples as shown in Figure 3.5. The flow of 

diluted exhaust was assisted by an industrial centrifugal fan capable of drawing 

13,000 LPM through the DT and controlled using a variable speed motor and controller. 

The fan was a Cincinnati Fan cast aluminum pressure blower (model PB-14A) with a 6" 

inlet and 12 !4" diameter fan wheel. The fan was mounted on the shaft of a WEG 

general-purpose three-phase, 3 HP motor in a NEMA 56 frame (F 56 H) with a rated 

speed of 3450 rpm. The controller was a Leeson SM series variable frequency drive that 

was controlled by a computer via a variable current (4-20 mA) input. 

Figure 3.5 - Diagram of dilution tunnel and components 

In designing his experiment, Canteenwalla [2007] followed literature [Chang et al., 

2004] that suggested any dilution ratio (defined according to Equation 3.1) above 20 

should produce consistent results, but his results showed that this was not the case. 

Instead, he observed that the total soot emission as measured by the LII would change 

under different dilution ratios. This effect could not be isolated or corrected, and 

followed no noticeable trends. Prior to commencing the present work, it was decided to 

revisit the determination of an appropriate dilution ratio for soot sampling. 
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Q. 

DilutionAir 
Products 

(3-1) 

Several pertinent measurement protocols for soot sampling of stationary sources 

were reviewed to identify any critical parameters that may help control the dilution ratio 

effects. These included the USEPA [2005] Engine Testing Procedures (ETP), the 

USEPA [2000] Emissions Measurement Centre (EMC) Method 5 - Particulate Matter 

from stationary sources, and the UNECE [2008] Vehicle Regulation No. 49. These three 

protocols were analyzed to ensure that the current DT arrangement did not violate any 

recommendations from these protocols. Although no specific guidelines existed for 

sampling from lab-scale flares, the consulted protocols were useful because they suggest 

general equipment and arrangements for the size of the DT, the DT flow rate 

measurement method, the sample probe type, the distance from the flow measurement 

and sample probe to the nearest disturbance, minimum DT flow rates, and conditions 

from the sample probe to the sampling device. The system developed for the LSF met or 

exceeded most standards. Table 3.5 compares the experimental setups as stipulated under 

the different standard sampling methods as well as the updated conditions used in the 

present setup. 

Most minimum requirements were met, except for the diameter of the dilution 

tunnel as specified in the UNECE regulation [2008], the iso-kinetic sampling condition, 

and the temperature upstream of the filter from USEPA ETP [2005], The UNECE 

regulation is for heavy vehicles where the exhaust is expected to be extremely hot 

initially, and to contain very high concentrations of soot. 
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Table 3.5 - Comparison of sampling protocols 

Current Setup USEPA ETP [2005] UNECE Reg. 
49 [2008] 

USEPA EMC 
[2000] 

Intended 
application Lab-scale flares PM from engines PM from 

heavy vehicles 
PM from 

stationary sources 
DT diameter 6" Not specified >8" 4-12" 

Flow 
measurement 

Pitotrake, 17 
measurements 

Critical flow venturi, 
PDP, subsonic venturi, Critical flow 

venturi, PDP 
Standard Pitot 

tube 
Flow 

measurement 
Pitotrake, 17 
measurements ultrasonic flow meter 

Critical flow 
venturi, PDP 

Standard Pitot 
tube 

Sample inlet Pitot tube, 14", 
upstream facing Upstream facing probe Upstream 

facing probe 
Elbow or button 
hook (1/8 - V") 

Elbow to flow 
measurement 21.2 diameters >10 diameters Not specified >16 diameters 

Elbow to 
sample inlet 24.47 diameters Not specified >10 diameters >8 diameters 

DT flow rates Min Re of 
10,000 Min Re of 4,000 Min Re of 

4,000 Not specified 

Temperature 
upstream of 

filter 

<52°C 
(maintained 

within ±5°C) 
47 ±5°C 

<52°C 
(maintained 

within ±3°C) 
120 ±14°C 

Iso-kinetic 
conditions? No Approximate Yes Within 10% 

Sample device 
distance from 
sample port 

0.5 m, insulated As close as possible, 
insulated <1.0 m Immediate 

It was decided that the most important aspect of the DT was that the exhaust gases 

be fully mixed to ensure that the extracted sample was representative of the average 

concentration and that the exact diameter was less important. The fully mixed 

requirement was satisfied by ensuring that the Reynolds number was higher than 4000, 

and that the sample inlet was sufficiently far downstream of any disturbances to ensure 

that the exhaust gases were completely mixed. To ensure that the exhaust gases were 

indeed well mixed, a traverse of the duct was completed to measure the soot volume 

fraction profile using the LII device (see section 3.3.2 for LII details). This test was 

completed both at the minimum and maximum expected DT flow rates. The results of 

these tests, summarized in Figure 3.6 (a), showed that for the limiting flow rate condition, 

the exhaust in the dilution tunnel was well mixed. Similar results for the maximum flow 

rate condition are shown in Figure 3.6 (b). To ascertain the importance of iso-kinetic 
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sampling, tests were completed with the sample probe facing downstream. The results of 

these tests are included in Figure 3.6, and showed no discernable difference from the 

measurements performed with the probe facing upstream. This led to the conclusion that 

iso-kinetic sampling was not a critical parameter in the sampling protocol. 
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Figure 3.6 - Soot concentration traverse at fan speeds of (a) 15 % and (b) 100 %. Error bars 
represent standard deviations of LII measured fv 

When comparing sampling conditions between the cited sampling protocols, it 

became evident that all protocols controlled the temperature upstream of the sampling 

device (typically a filter assembly). For the present work, temperature was directly 

related to the dilution ratio in the DT. More dilution air lowered the DT temperature and 

increased the dilution ratio. Thus, the temperature upstream of the measurement device 

was monitored and controlled instead of directly monitoring and controlling the dilution 

ratio. The three referenced protocols all suggested a different upstream temperature, so 

the median value of 52±5°C was chosen for the current protocol. 
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3.2.2.1 Measurement of Sample Duct Flow Rate 

A major departure from the previous experimental configuration of Canteenwalla [2007] 

was in the measurement of the flow rate in the DT. In the work of Canteenwalla [2007], 

an averaging Pitot tube was used to find the total flow rate. However, it was determined 

that this led to an unknown uncertainty in the flow rate measurement because the 

averaging Pitot tube assumed an axi-symmetric velocity profile which vertical and 

horizontal Pitot probe traverses showed not to be the case. 

For the current work, the flow rate was measured using a permanently installed 

Pitot probe rake. The rake consists of 17 Pitot probes that were positioned to measure 

representative velocity profiles in the horizontal and vertical directions as shown in 

Figure 3.7. The single port probes only measured the total pressure and so it was 

necessary to measure the static pressure separately using four static ports that were cut 

into to the DT at 90° intervals on the same plane as the inlet to the Pitot probes. The 

static ports were offset from the probe's angular orientation by 45° to avoid any potential 

impacts from the Pitot probe closest to the wall, also shown in Figure 3.7. The four static 

taps were connected into one manifold, and the averaged static pressure was measured 

and used for calculations of density in the DT and as a reference for differential pressure 

measurements. 

The Pitot probes were constructed of 3.175 mm O.D. stainless steel tubing with an 

I.D. of 1.588 mm. A custom bending tool was created to ensure that each tube was bent 

to 90° within ± 0.5°. The minimum length of the probe neck was determined based on 

the empirical work of Prandtl as summarized by Goldstein [1996]. This work suggests 

that the probe tip should be no less than 10 pipe diameters ahead of the stem, and in the 
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current setup, the minimum distance is 24 pipe diameters. Attached directly to each Pitot 

probe was a bare wire thermocouple located 10 pipe diameters downstream (31.75 mm) 

from the tip of the probe. 

Figure 3.7 - Diagram of Pitot probes and static ports. Radial probe locations in mm 

The static taps were securely fastened and sealed to the outside of the DT. The 

inside bore of the taps were then drilled out through the DT wall, so that the tap had a 

constant diameter through to the exit. The tap dimensions were designed according to 

Prandtl as summarized by Goldstein [1996]. Each tap hole was filed flat on the inside of 

the DT to ensure that there were no countersinking or rounding effects at the taps. 

The differential pressure was measured at each of the seventeen Pitot tubes by an 

individual variable capacitance pressure transducer (Ashcroft XLdp, IXLdp). Depending 

on the location of the Pitot probe within the duct, an appropriately ranged pressure 

transducer was used (from 0.5 to 2.5 inches of H2O full-scale). The local density was 

calculated at each Pitot probe based on the average static pressure and the temperature 

measured at the probe. Using the differential pressure, or dynamic pressure, and the gas 
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density determined using the measured temperature along with the ideal gas assumption, 

the velocity at the Pitot was calculated using Equation 3.2. 

2 P 
(3.2) 

" I ' 

The seventeen individual velocity measurements yielded four radial velocity 

profiles in the horizontal and vertical directions. Assuming zero velocity at the DT wall, 

the velocities were combined using an uneven trapezoidal numerical integration from 

r = 0 at the centre to r= 76.2 mm at the wall to find the flow rate. Equation 3.3 is the 

general equation for an unevenly spaced trapezoidal numerical integration. The real 

integral is shown in Equation 3.4. The general form of numerical integration was 

modified using an area substitution for the volume flow rate expression as shown in 

Equation 3.5. Each profile was integrated assuming that the profile was constant ± 45° 

from each line of integration, j = 1 to 4: 

1=0 

Qd,j = \<r)\dA = \u{r)^rdr (3.4) 

^ (=0 ^ 

where u is the discrete velocity data, r is the radial location, and n is the number of 

discrete data points, which for all four cases is six (w/ at r = 0, U2 at r = 41.1 mm, us at 

r = 53.6 mm, U4 at r = 63.6 mm, U5 at r = 72.2 mm, and U6 = 0 at r = 76.2 mm). These 

four partial flow rates were summed to give the total flow rate through the dilution 

tunnel. A similar integration process was completed using the Simpson's 1/3 rule, which 

resulted in a DT flow rate that was lower by ~0.55%, a negligible amount. An example 



Chapter 3 - Experimental Setup 50 

of the four radial profiles (two in the horizontal and vertical directions) are shown in 

Figure 3.8. 

Location of Probe from Wall (mm) 

Figure 3.8 - Velocity profiles in the horizontal and vertical directions at a fan speed of 100% 

3.3 Soot Sampling System 

Two different techniques were used to measure the soot volume fraction in the dilution 

tunnel. Measurements were initially completed using a new gravimetric analysis system 

and sampling protocol, and additional data were collected using an LII method. The 

work of Canteenwalla [2007] originally used an LII instrument for all soot volume 

fraction measurements, but it was believed that the chosen method might have been 

introducing considerable uncertainty in the results. Subsequent to his work, defects were 

found with the instrument he used, confirming this suspicion. It was therefore decided to 

change the primary measurement method to the gravimetric system, where filters 

deposited with soot were measured pre- and post-test to determine the amount of soot 
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collected. The gravimetric-based measurements would also provide a baseline for 

comparing LH-based measurements. 

3.3.1 Gravimetric Analysis 

Gravimetric analysis is a relatively straightforward technique in which the mass of soot 

(msoot) collected on a filter is determined by measuring the difference in filter weight 

before and after sampling. The volume of exhaust gas drawn through the filter, Vsampie, is 

measured, and when combined with an assumed soot density, psoot, from literature, the 

soot volume fraction can be determined. The soot volume fraction was then simply the 

ratio of the sampled soot volume to the sampled exhaust gas volume, as shown in 

Equation 3.6. 

in 
/ , = f ~ (3-6) 

Psoot sample 

3.3.1.1 Soot Sampling Train 

The sampling train was composed of five main components as shown in Figure 3.9. 

These were: a sample probe, a secondary dilution system, a filter holder, a total flow 

measurement device, and a vacuum pump. This sampling arrangement was modelled 

after generic sampling systems used to measure PM in diesel engine exhaust, which 

typically employ some combination of a primary DT as discussed previously and 

secondary dilution if required in their filter sampling setup [USEPA, 2005]. 

The sample probe was a 6.35 mm I.D., 9.50 mm O.D. stainless steel tube bent into 

the shape of a Pitot probe. The neck of the probe was 110 mm long, with the remaining 

section of pipe extending 76.2 mm to the DT wall, and a further 200 mm outside the 
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insulated DT. This extension of the probe beyond the exterior of the DT wall was 

insulated with 25 mm thick fibreglass insulation. 

Dilution Tunnel 

Qsampk 

1 
MFC — 4 — 

Shop Air Supply 

To Exhaust 

MFC | Mass Flow Controller 

Filter Holder 

g> Ball Valve 

<S> Differential Pressure Transducer 

Tup Temperature Upstream of Filter 

TDOWN Temperature Downstream of Filter 

Quick Connect 

Figure 3.9 - Schematic of Gravimetric sampling train. 

The secondary dilution system was attached downstream of the probe and was 

simply a controlled, room temperature air supply used to cool the raw exhaust gases to 

the required temperature upstream of the filter, i.e. < 52°C. The secondary dilution air 

was introduced through a t-joint. After a short section of piping (6.35 mm I.D., 75 mm 

long) the temperature of the gas was measured using a standard K-type thermocouple. 

A full flow quick-connect fitting was located downstream of the temperature 

measurement (65 mm) to allow easy switching between selected measurement methods 

(gravimetric or LII). A ball valve was placed downstream of the quick-connect 

(100 mm) to seal off the filter holder between tests and prevent contamination of the 

filters. The filter holder was mounted immediately downstream of the ball valve. A 

custom-designed and manufactured aluminum filter holder was developed to ensure an 

even distribution of soot particles on the filter and to ensure that the filter holder did not 

induce a significant pressure drop in the sampling train (many of the filter holders 
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available for purchase had very sharp expansions and contractions). As discussed in 

section 3.3.1.2, 47 mm filters were used. The main purpose of the filter holder was to: 1) 

support the filter, 2) seal the filter into the flow stream, 3) minimize losses in the system, 

and 4) allow easy removal of filters without sample loss, contamination, or destruction. 

A schematic of the filter holder is shown in Figure 3.10 along with a photograph of the 

filter assembled as installed in the current setup. 

Filter Holder Top 

Threaded Section 

O-Ring 

Aluminum Foam 
Support 

Filter Holder Base 

Figure 3.10 - Schematic of filter holder and photograph of filter assembly, pictured here without the 
secondary dilution device (all dimensions in mm). 

The filter was supported in the holder by a 12.7 mm thick piece of sintered nickel 

foam, counter-sunk into the holder to provide a flush surface to support the filter. The 

foam support was 45 mm in diameter, leaving a 1 mm annular ring of metal as a sealing 

surface. The seal was achieved using a 2 mm thick o-ring. The two halves of the filter 
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holder were threaded, and when assembled, compressed the o-ring onto the filter creating 

a seal between the filter and the seal surface. This seal ensured that no gas or particles 

could bypass the filter. Losses were minimized by avoiding sharp contractions, 

expansions, or abrupt changes of area in the filter holder. 

The positive seal of the filter holder was checked following the procedure set forth 

by the Air Resources Board (ARB) of California [ARB, 2008]. In this method, the intake 

nozzle (inlet of the quick-connect) was plugged and the vacuum pump turned on. The 

vacuum pressure was adjusted to 15 inches of mercury and after the pressure gauge had 

settled, the flow rate was monitored to ensure it remained below 0.566 LPM during a 30 s 

period. If the leak rate was found to be satisfactory, the plug was removed and testing 

commenced. This test method is used as a quality assurance technique for measurements 

taken following the USEPA EMC [2000] test method and is thus considered appropriate 

here. 

Photographs of filters deposited with soot are shown in Figure 3.11. The images 

show that the filter holder evenly distributes the sample across the filter face, and the 

white ring around the edges shows that the o-ring is providing the positive seal necessary 

to prevent leakage. The white dots and lines apparent on the filter are due to the support 

material downstream of the filter, which prevents gas flow through the filter at these 

locations. 
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Figure 3.11 - Photographs of filters deposited with small (left) and large (right) amounts of soot 

Flow through the filter surface was measured using a mass flow controller (Brooks 

Smart series 5851S/BD). This flow rate and all other parameters were recorded every 0.5 

seconds by a Lab VIEW program that controlled the experiment. The total volume of 

exhaust sample drawn through the filter was calculated as the summation of each 

recorded flow rate multiplied by the time step as shown in Equation 3.7. For the case 

where secondary dilution was used, Vsampie was found using the continuity equation, 

where the sample flow rate was calculated as the difference of the total flow rate and the 

secondary dilution flow rate (controlled via Brooks Smart series model 5850S/BD) 

corrected to dilution tunnel temperatures as shown in Equation 3.8: 

where N is the duration of the test, Ps is the static pressure in the dilution tunnel, and Tor-

is the temperature at the centreline of the dilution tunnel. The sample was drawn using a 

GAST Motor Mounted Rotary Vane oil-less vacuum pump, model 1423 (25" Hg 

maximum vacuum, 13.2 CFM open flow). 

t=N 

(3.7) 

P-MW 
(3.8) 
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3.3.1.2 Filter Selection 

For the present work, typical soot aggregate primary particle sizes are in the range of 30-

51 nm. Although aggregate sizes were not directly measured, Canteenwalla [2007] 

measured aerodynamic diameters of less than 1 /um for soot generated under similar 

conditions using a scanning mobility particle sizer (SMPS), and detailed soot morphology 

measurements by Koylii and Faeth [1992] for similar flames burning propane noted that 

primary particles were clustered into aggregates with an average of 226 particles per 

aggregate.. Due to their small size, care was exercised in selecting a filter which would 

efficiently trap all sizes of soot aggregate while also allowing sufficient face velocity for 

a timely acquisition of sufficient soot for gravimetric analysis. There is no established 

standard for filtering soot as demonstrated by the range of filter diameters and material 

types suggested from the standards consulted (Table 3.6). 

Table 3.6 - Comparison of Filter requirements 

Protocol Filter size (dia.) Filter Material 
Current Setup 47 mm Millipore Fluoropore PTFE membrane 

USEPA EMC [2000] N/A glass fibre filters 
USEPA [2005] 40 CFR Part 1065 47 mm PTFE-coated glass fibre filter 

UNECE [2008] regulation 49 47-70 mm fluorocarbon glass fibre 

The work of John and Reischl [1978] provides a basis for comparing filter 

efficiencies for several material types and brands. Their work showed that glass fibre 

filters typically have a higher filtration efficiency compared to cellulose membrane filters 

or nuclepore filters. It also showed that polytetrafluoroethylene (PTFE) filters have 

filtration efficiencies comparable to glass fibre filters, the filtration efficiency increases 

with decreasing rated pore size, and the filtration efficiency is relatively unaffected by 

changes in the filter face velocity. The tests of John and Reischl [1978] for PTFE filters 
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were conducted on Millipore Fluoropore 47 mm diameter filters with rated pore sizes1 of 

3 pm and 1 jum. The filter efficiencies for the 3 pm pore filter range from 97 to >99.9 % , 

while the efficiency for the 1 jum pore filter was always >99.9 %, regardless of filter face 

velocity. Since filter efficiency increases with decreasing pore size, a Fluoropore PTFE 

filter with a rated pore size of 0.22 pm was used in the present work. The decreased pore 

size should only increase the filtration efficiency and still allows for filter face velocities 

in the range suggested by Brock [1983] of 1 cm/s < Uface <100 cm/s. 

The filter handling procedures before and after tests are equally important for 

ensuring consistent, reliable results. The temperature and relative humidity of the 

conditioning environment as well as the electrostatic charge build-up on the filter can 

affect the measured mass of the filters if they are not properly controlled [Tsai et al., 

2002; Taylor, 2006]. In the tests of Tsai et al. [2002], four different materials were 

tested; glass fibres, mixed cellulose ester (MCE) filters, polyvinyl chloride (PVC) filters, 

and Teflon filters. They concluded that the hygroscopicity of the filter determines the 

extent to which temperature and relative humidity affect the measured filter mass. The 

MCE filters were affected most severely by relative humidity and were known to be 

hydrophilic. They therefore recommended the use of filters that are hydrophobic in 

nature for aerosol sampling. Although they did not specifically test PTFE filters, the 

Fluoropore PFTE membrane filters are hydrophobic. Tsai et al. [2002] also suggested 

that neutralizing the electrostatic charge of the filters before measurement could increase 

the precision of the results. In the present work, each filter was neutralized using an 

1 Rated pore size refers to the size (diameter) of the largest pore. 
" In the work of John and Reischl [1978], the apparatus was able to detect particles as small as 0.0025 //m 
and the efficiencies are considered valid down to particles of this size. 
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alpha ionizing Po210 electrical charge neutralizer (NRD Staticmaster, model 2U500) prior 

to weighing. 

The filter diameters suggested by the consulted standards were in the range of 

47-70 mm diameter. A 47 mm diameter filter was selected for the present work because: 

l ) the work of John and Reischl [1978] was completed on 47 mm filters, 2) the 

Fluoropore 47 mm filters allows for the required sample flow rates and filter face 

velocities, and 3) this size of filter was easier to handle and required a smaller filter 

holder than a 70 mm filter. The Millipore Fluoropore PTFE membrane filter with a 

diameter of 47 mm and a rated pore size of 0.22 /urn (Millipore model number 

FGLP04700) was selected for the current work. 

3.3.1.3 Filter Handling 

To maximize the precision of the gravimetric measurements, filters were conditioned in a 

room of fixed temperature and relative humidity. The exact temperature and relative 

humidity of the conditioning room were monitored as part of the sampling protocol. 

Table 3.7 shows the different conditions as suggested by the standards mentioned 

previously and the conditions implemented in the current setup. Included in this table is 

the USEPA TP 714C [1994] sampling protocol in addition to the previously mentioned 

protocols. USEPA TP 714C was the standard followed in the work of Tsai et al. [2002], 

and is the standard used to control the set points of the clean room facilities used at the 

NRC. Of specific importance is the pre-test to post-test change in conditions, noted by 

the ± after the temperature and relative humidity in Table 3.7. The tight controls on the 

environmental conditions ensure no moisture or buoyancy biases are incurred. Each filter 

was conditioned in the climate-controlled clean room for a minimum of 8 hours before a 
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pre-test measurement, and for 8-56 hours for a post-test measurement. Filters were 

weighed using a Mettler Toledo electronic microbalance (model UMX2), which had a 

resolution of 0.1 jug and was isolated from vibrations with an air suspension isolation 

table (Kinetic Systems Inc., Vibraplane). As stated above, in the present work, each filter 

was neutralized using an alpha ionizing Po210 electrical charge neutralizer (NRD 

Staticmaster, model 2U500) prior to weighing. 

Table 3.7 - Comparison of conditioning requirements 

Protocol Conditioning 
room temp. 

Conditioning 
room dew 

point 

Conditioning 
room R.H. 

Time for pre 
conditioning 

Time for 
post 

conditioning 

Current Setup 20-27 ±2°C N/A 35-68 ±10% 8 hours 8-56 hours 

USEPA EMC 
[2000] N/A N/A N/A N/A N/A 

USEPA [2005] 40 
CFR Part 1065 22 ±1°C 9.5 ±1°C N/A 30 min. 60 min. 

UNECE [2008] Reg. 
49 22 ±3°C 9.5 ±3°C 45 ±8% 60 min. 8 hours max. 

USEPA [1994] TP 
714C 20-30 ±6°C N/A 30-70 ±10% 8 hours 1-56 hours 

Eight filters were used for each test condition, although some would be discarded 

due to contamination or breakage. This included one control filter per test, which was 

handled in the same manner as the other filters, but was not used to collect soot. This 

control filter was used to detect any impact the handling procedures may have on the 

measured soot mass (typically less than 2% of soot mass) and each test was adjusted by 

this offset. Two blank control filters were kept in the clean room environment at all 

times and were used to detect any drifting of the balance or clean room environmental 

conditions as recommended by USEPA TP 714C [1994], This test procedure 

recommends that if the value of these control filters should change by more than ±2.0% 

of the test average primary filter loading (i.e. soot mass) from pre-test to post-test, that 

the samples be discarded and the test repeated. A control filter deposited with soot was 
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also monitored long term to ensure that the mass of deposited soot did not vary with time. 

Figure 3.12 shows the variation in mass for all three control filters with time. The mean, 

standard deviation, and standard deviation of the means for the control filters are given in 

Table 3.8. These control filters were also used to verify that filter and soot mass were not 

deviating with temperature or relative humidity as shown in Figure 3.13. The slope of 

the linear curve-fit of blank filter 1 for the temperature and relative humidity plot is 

•-2.072 x 10"5 mg/°C and -5.259 x 10"5 mg/% R.H., respectively, both negligible amounts 

over the range of conditions experienced. Similar trends were found for the second blank 

filter and the sooty control filter. 
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Figure 3.12 - Mass of control filters with time. Key to symbols on Y-axes. Solid black lines represent 
the cumulative averages. 

Table 3.8 - Mean, standard deviation, and standard deviation of the means of control filters 

Filter Average 
Mass (mg) 

Standard 
Deviation (mg) 

Standard Deviation 
of the Mean 

Blank 1 99.8895 0.0015 0.00016 
Blank 2 95.5841 0.0018 0.00019 

Sooty Filter 105.4383 0.0026 0.00028 



Chapter 3 - Experimental Setup 61 

99.9 • 

o> 
£ 99.895 • 

99.89 • 
J2 
GO 
M— 
o (0 
jo 99.885 • 

99.88 • 

J • I • I • I • L 

U 
: : + 

+ . 

+ 

i—1—r T T 

t . 

_i L 

- } - Data 

— — Linear Fit 

I + 
+ 

++ 

—. 1 1 1 1 1 1— 
18 20 22 24 26 28 30 40 50 60 70 

Clean Room Temperature (°C) Clean Room Relative Humidity (%) 
(a) (b) 

Figure 3.13 - Variation of blank filter 1 mass with (a) temperature and (b) relative humidity 

3.3.2 Laser Induced Incandescence 

LII is a recently-developed technique used for measuring the soot volume fraction in a 

gas. The reader is referred to Snelling et al. [2005] for a detailed description of the 

theory behind a commercial version of the apparatus manufactured by Artium 

Technologies (model LII200) which was used for the tests performed in this work. The 

following quote was reproduced from the manufacturer's brochure for a brief description: 

"In simple terms, the technique employs a pulsed laser with light pulse 
duration below 20 nanoseconds which is used to rapidly heat the soot 
particles from the local ambient temperature to close to the soot vaporization 
temperature (2500 to 4500 K). Incandescence from the heated soot particles 
is detected by photodetectors, and the signals are recorded for subsequent 
analyses. Analysis involving the laser light energy absorption by the soot 
particles, and the subsequent cooling process, is used to calculate the soot 
volume fraction and primary particle size. The main advantages of this 
technique are that it provides real time measurements, has a large dynamic 
range, and only measures the black carbon particulate. At the high 
temperatures experienced, all volatile components that may have been 
condensed on the soot particles will be promptly evaporated, and most other 
non-refractory particles will have evaporated or undergone sublimation. Due 
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to this selectivity, LII does not measure the total particle mass, but the total 
soot particle mass." 

It is therefore expected that the soot volume fraction determined by gravimetric analysis 

will be slightly higher due to the presence of these non-evaporated or unsublimated 

volatile particles. 

The LII200 system uses the self-calibrating LII methodology as described in 

Snelling et al. [2005]. Briefly, absolute intensity calibrated soot incandescent emission is 

measured at two wavelengths by photomultiplier tubes equipped with narrowband 

interference filters (400 nm, 780 nm). From the measurement of incandescence at two 

wavelengths, the soot particle temperature and soot volume fraction are determined. 

Figure 3.14 shows a schematic of the LII system used in the experiment and Equation 3.9 

shows the general formula for calculation of the soot volume fraction: 

Figure 3.14 - Schematic of Artium LII system [Canteenwalla, 2007] 

/ v = 
V ' EXP (3.9) 

_ \2nc2h / 
V<»bGEXP 6 

where VEXP is the experimental voltage signal 
rj is the calibration factor 

is the wavelength 
a>b is the laser beam thickness 
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GEXP is the experimental detector gain 
c is the speed of light 
hp is the Planck constant 
k is the Boltzmann constant 
E{m,i) is the absorption function 
Tp is the particle temperature 

3.3.2.1 Sampling Train 

The sampling train employed in the LII measurement was nearly identical to that 

described for the gravimetric process except for two main differences: the LII instrument 

was installed between the filter holder and the inlet temperature measurement location 

and the LII instrument was connected to the sample probe via a 3 m heated sample line 

(Technical Heaters, Inc. Series 212 Model 10 feet). The measurement cell of the LII 

device was also heated, and both of these components (cell and sample line) were 

maintained at the recommended temperature of 338 K to reduce the impact of 

thermophoretic losses in the sampling train. A schematic of the setup is shown in Figure 

3.15. A filter was installed at the outlet of the LII to remove soot particles which could 

damage the thermal sensor inside the mass flow controller downstream. 

Figure 3.15 - Schematic of LII sampling train 
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3.4 Flame Imaging 

Flame length was measured using the method described in detail by Canteenwalla [2007], 

which is based on the work of Kostiuk et al. [2000]. The technique involved analysis of 

video images (720 x 480 pixels interlaced, 30 fps) of the luminous flame, converted to 

digital files on a computer using a Lab VIEW routine. A mean image was created by 

averaging over 140 frames from a 120 second period. From the mean flame image, the 

flame length was arbitrarily defined as the distance from the burner exit tip to the 10% 

contour line. The reader is referred to Canteenwalla [2007] for a detailed description of 

the Lab VIEW code routine used to calculate the length. 

3.5 Sampling Protocol 

Due to the large number of test conditions, a standard protocol was developed to ensure 

repeatable results. Of specific importance were the warm-up time, DT conditions, and 

sampling duration. Additionally, it was necessary to clean the optical windows of the 

LII200 prior to each test session due to observed deposition of soot for some test 

conditions. The windows were cleaned with isopropanol prior to each test session. 

The warm-up time was determined by monitoring several different temperature 

measurements on start-up, including the gas temperatures at the burner exit, inside the 

enclosure, in the DT, and upstream of the filter or heated sampling line. Once these 

temperatures reached stable values (generally around ~30 minutes), testing would 

commence. 

Sampling losses were deemed negligible based on the detailed analysis of the LSF 

sampling system by Canteenwalla [2007]. Details of this analysis can be found in 
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Appendix C of his work. He concluded that the sampling efficiency was typically greater 

than 97%, and therefore it should be expected that the sampling losses in the system are 

not greater than 3%. 

The DT conditions were discussed in more detail in section 3.2.2, but the most 

critical aspect was that of the gas temperatures directly upstream of the filter. The fan 

speed could be changed to increase or decrease the amount of primary dilution air 

required to cool the exhaust gas to the desired temperature. If the primary dilution air 

alone was not sufficient to cool the exhaust gases to the desired temperature, the 

secondary dilution device was activated to add a controlled amount of shop air to the 

sample. Although control of the exhaust gas temperature was not deemed necessary for 

LII operation it was decided that conditions for measurements should be identical 

between gravimetric and LII tests. 

The temperature control was chosen as a replacement of the DR control used by 

Canteenwalla [2007] following the review of relevant standards summarized in Table 3.5 

and discussed in Section 3.2.2 above. In his work, Canteenwalla found that the soot yield 

varied depending on the DR, leading to a correction protocol based on a standard DR of 

50. To ensure that the DR was not having an affect using the constant temperature 

protocol, several tests were carried out using the 25.4 mm burner at 0.5 m/s burning the 

average 6-component fuel mixture. The fan speed was varied from 20-100% while the 

temperature upstream of the sample location was held to <52°C by use of the secondary 

dilution device. The results of these tests for both gravimetric and LII results are shown 

in Figure 3.16, and show negligible differences at the different fan speeds used, 

establishing that the current protocol is satisfactory. During these tests the sample flow 
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rate changes based on the amount of secondary dilution added, which again shows that 

isokinetic sampling is not necessary as the change in the strength of the sink (the sample 

probe) in the DT does not affect the soot yield. 
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Figure 3.16 - Soot yield as a function of the DT fan speed for tests using the 25.4 mm burner using the 
average 6-component fuel mixture at 15.2 SLPM 

The sampling duration for gravimetric tests was based on the minimum amount of 

sample required to ensure reasonable uncertainties. It was determined that a minimum of 

50 /ug of soot should be obtained for each test to ensure reasonable uncertainties 

(< -15%). By basing the test time on the amount of soot required, this meant that the test 

time could vary between five minutes for heavy sooting conditions to one hour for low 

sooting conditions. 

Test duration for the LII tests was determined via a convergence criterion applied to 

the time resolved data being recorded. Figure 3.17 shows a typical LII test, including the 

instantaneous data points, the cumulative average, and the upper and lower bounds of the 

final uncertainty (to be described in detail in section 3.7). As can be seen, there is a 

general settling of the bounds of uncertainty defined by the component contributors to 



Chapter 3 - Experimental Setup 67 

uncertainty, namely the systematic and precision uncertainties. Eventually, the precision 

uncertainty becomes small in comparison to the systematic uncertainty, and more data 

will not lead to a reduction in the estimated uncertainty. The confidence interval (95% 

confidence level) of the test is calculated and a test will be considered complete if this 

value is less than 0.5% of the mean, and the calculated uncertainty and average become 

stable. The choice of 0.5% is somewhat arbitrary; however testing has shown this to be a 

reasonable protocol for producing repeatable results. 

Figure 3.17 - Typical soot yield data for a test with the 25.4 mm burner using the average 6-
component fuel at 15.2 SLPM 

During LII operation, anomalous soot volume fraction data points (1-2 orders of 

magnitude above the average) were occasionally observed. These erroneous data points 

resulted in large confidence intervals and were most likely due to large dust particles in 

the room air or possibly large soot particles deposited on the DT or sampling line walls 

being re-entrained into the flow. Chauvenet's criterion was used to filter these erroneous 
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points (Figure 3.18) from the soot volume fraction data output from the LII instrument1. 

Chauvenet's criterion will discard a data point if the probability of obtaining the 

particular deviation from the mean is less than l/(2n), where n is the total number of 

sample points. 
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Figure 3.18 - Comparison of L I I test (a) with and (b) without the points deemed outliers by 
Chauvenet's Criterion 

3.6 Soot Factor Equations 

The simplest and most common form of emission factor is based on the emitted mass of a 

pollutant per mass or volume of combusted fuel. The current factor given in the NPRI 
"5 -J 

guide [CAPP, 2007] defines the emission factor in units of kg soot/10 m fuel. While 

volumes of gas are more readily measured in the flaring industry, the composition and 

density of the gas can vary from site to site, making a mass-based emission factor more 

practical. The soot yield, Ys, has been defined as the mass of soot per mass of fuel 

1 Calculation of the soot yield from the unfiltered soot volume fraction data resulted in an average increase 
of ~1%, a negligible amount in the context of the overall uncertainty as shown in section 3.7 
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burned. Another form of this equation used in the literature [Sivathanu and Faeth, 1990; 

Becker and Liang, 1982] is the soot generation efficiency (SGE), defined as the mass of 

soot per mass of fuel-bound carbon. 

Since it was deemed impractical to collect all of the soot generated from the 

dilution tunnel, the mass of soot was determined by measuring a representative sample as 

discussed in Section 3.3. The soot volume fraction, fv, which was measured by either 

gravimetric or LII techniques, was multiplied by the volume flow in the DT (QDT) to 

determine the volumetric flow of soot in the DT (Qsoot). The soot volume fraction in a 

sample drawn from the DT was defined as fv = Vsoot / Vsampie, where Vsoot was the volume 

of soot within the sample volume, Vsampie. For iso-kinetic conditions, or when iso-kinetic 

conditions are not necessary, this definition of the volume fraction is equivalent to 

fv = Qsoot / QDT, where Qsoot and QDT are the volume flow rates of soot and exhaust gases 

through the DT. 

It was shown in section 3.2.2 that iso-kinetic conditions were not necessary to 

achieve unbiased sampling of the soot particles, most likely because the particles were 

very small and readily tracked the flow. Assuming that all the soot measured was 

generated from the flare, the mass emission rate of soot could be determined from 

Equation 3.10. 

msoo, =P soot f v Q DT (3.10) 

This assumption was valid as background measurements made with the LII instrument 

detected no measureable soot volume fraction, with an instrument detection limit of 

0.001 ppb, when the LSF was not operating. The soot density can be assumed constant 

with temperature, but the exhaust gas densities can not. Assuming ideal gas behaviour, 
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the measured soot volume fraction at the sample location was related to conditions in the 

dilution tunnel via Equation 3.11. 

( T / \ 
f = f sample/ G U I 

J v.DT J v,sample / T VJ •1 1 ^ 1 DT 

Combining Equations 3.10 and 3.11, the general form of the soot yield equation is given 

in Equation 3.12. 

Y ™soot Psootfit,sampleQDT^sample ^ J 2 ) 

Wfuel ^fuel^DT 

For LII tests, the general form of Equation 3.12 was used, where fVrsampie was the soot 

volume fraction measured by the LII and Tsampie was the temperature of the LII sample 

cell. In cases where secondary dilution was added, the volume fraction measured by the 

LII needed to be corrected by the addition of air via Equation 3.13. 

( • 

(3.13) 
\mtotal 171 dilution 

f v . sample .fvj.ll 

Combining this with the general form of the soot yield equation yields Equation 3.14. 

(3.14) Y = 1 s.LII 
Psoot fv,LIl QdT Tsample 

m fuel T^T 

mto,al 

V mtotal 171 dilution J 

For gravimetric tests, the soot volume fraction was calculated using Equation 3.6, which 

when substituted into Equation 3.12 yielded Equation 3.15. 

y _ msootQpT (*> i Is.Grav~J, . (J. I J) 
V i7l 

sample fuel 

It should be noted that no temperature correction was needed in Equation 3.15 because 

the sample volume, Vsampie, was already corrected to the dilution tunnel conditions based 

on ideal gas behaviour. 
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Once the soot yield was determined, it could easily be converted to the other forms 

of soot factors mentioned previously such as: 

where mcarbon is the mass flow rate of fuel bound carbon, pfuei is the fuel density, and EF 

is the form of soot emission factor used in the CAPP guide [CAPP, 2007]. 

3.7 Uncertainty Analysis 

A detailed uncertainty analysis was conducted based on the ANSI/ASME Measurement 

Uncertainty Standard [1985], which considers 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. The systematic 

error is 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. It is assumed in the uncertainty standard that the systematic uncertainties 

encountered are normally distributed. The precision error is the scatter in repeated 

measurements caused by random error. Each component error is estimated separately 

and then combined into a final uncertainty, U, in quadrature. 

The overall systematic error in Ys is a combination of the systematic errors of all the 

components used in calculating its value. For a general function g of multiple variables 

x, where i = 1,2, ...L, the systematic error, B, of each measured variable is combined as: 

f f l 
SGE = Ys — ^ (3.16) ffl 

carbon 

EF = YsPfuel-1000 (3.17) 

(3.18) 
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where Bg is the final systematic uncertainty of g, Bxl is the systematic uncertainty of each 

variable x,-, and 6t is the sensitivity index defined in Equation 3.19. 

0,. = - ^ - / = l , 2 , ...L (3.19) 
ox. 

'x=x 

The precision error is a measure of the scatter in the results of different tests for the 

same operating condition. This is calculated by multiplying the standard error of the 

sample average by the appropriate 95% confidence interval t-value from the Student's 

t-distribution table as shown in Equation 3.20: 
a 

P = K,9 5% ^77 (3-20) 

where a is the sample standard deviation, N is the sample size, and the subscript v is the 

degrees of freedom (7V-1). The systematic and precision errors are assumed independent 

and combined in quadrature by the root sum of the squares method to produce an 

approximate total uncertainty, U, as, 

U = ylB2 +P2 (3.21) 

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. For example, if g is an average of 

N measurements of g, and g is a function of x and y, each of which have an associated 

precision error, the final precision of g is calculated as the scatter on g, where the 

precision error will reflect both precision errors within tests, and variation between tests. 
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3.7.1 Systematic Gravimetric Uncertainty 

Examination of Equation 3.15 shows that there are four components of the soot yield 

equation for gravimetric analysis. Each is discussed in detail in separate sections below. 

3.7.1.1 Fuel Mass Flow Rate 

The total fuel mass flow rate can be a single measurement (i.e. in the case of a pure fuel) 

or a combination of up to 6 measurements (i.e. for 6-component fuel mixtures). The total 

systematic uncertainty will be the combination of the individual uncertainties of each 

mass flow controller. Since the total mass flow rate of fuel was calculated as the sum of 

all the fuel components, the sensitivity indices each had a value of one, and the total fuel 

mass flow rate uncertainty was calculated as shown in Equation 3.22. A typical value for 

the systematic uncertainty of the total fuel mass flow rate of a 6-component fuel mixture 

was 1.3019 x 10"5 kg/s. 

B. =JB2 +B2 +B2 +B2 +B2 +B2 (3.22) 
"'fuel V I "l2 "'} m 4 m 5 m 6 V ' 

3.7.1.2 Mass of Soot 

To determine the systematic uncertainty in the calculation of the mass of soot collected 

on a filter, the uncertainty of the microbalance had to be determined. This was done by 

combining (by root of the sum of the squares) the elemental uncertainties given in the 

product manual. The repeatability (0.00025 mg) and linearity (0.001 mg) were combined 

to produce an instrument systematic uncertainty of 0.00103 mg. Since the mass of soot 

was the difference of two measurements of filters, the instrument systematic error was 

multiplied by V2 to give a soot mass systematic uncertainty of 0.00146 mg. 
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3.7.1.3 Dilution Tunnel Flow Rate 

The calculation method for the DT flow rate utilized numerical integration to find the 

total flow rate. The typical method to find the error in a numerical integration would be 

to find the difference between the actual integral and the value calculated by the 

numerical method. Since an actual integral can not be calculated from the discrete data 

points, the systematic uncertainty of the dilution tunnel flow rate was found by the 

ANSI/ASME [1985] method. The numerical integration was based on the velocity at 

several points in the DT. Each velocity had its own associated uncertainty based on the 

velocity at that location and the range of the pressure transducer used with the 

corresponding Pitot tube. The velocity was calculated based on the differential pressure 

of the Pitot tube and the density of the gas as shown in Equation 3.2. Each of these 

measurements had its own elemental uncertainties as shown below. 

The differential pressure was determined directly from pressure transducers, which 

had a rated uncertainty of 0.25% of full scale for all models used. The full-scale range of 

the seventeen transducers varied from 124.6 Pa (0.5" H20) to 622.9 Pa (2.5" H20), thus 

the instrument uncertainty varied from 0.31 Pa to 1.56 Pa, respectively. 

The gas density was calculated using the ideal gas law as: 

P •MW p= s (3.23) 
R . T 

where Ps was the measured DT static pressure, MW was the assumed molecular weight of 

the gases in the DT, Ru was the universal gas constant (8314 J/(kmol-K)), and T was the 

temperature measured at each probe in Kelvin. The molecular weight was assumed equal 

to the molecular weight of air since the combustion products would typically have a 

molecular weight similar to that of air (-27.6-28.3, compared to 28.97), and would 
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typically be diluted with air by a factor of at least 20. At this high dilution ratio, the 

molecular weight's contribution to the systematic uncertainty would be negligible (lowest 

DR of any test was 5 and the percent difference from air was 1.6%; a more typical 

dilution ratio was 22 which had a percent difference of 0.76%) and was thus assumed to 

be zero. The uncertainty in the temperature measurement using a bare-wire 

thermocouple was taken as 2.2 K from the manufacturer. The DT static pressure was 

calculated by measuring the difference between the ambient pressure, measured by a 

barometric mercury manometer, and an inclined ethanol manometer connected in a 

vacuum arrangement to the DT static taps. Calculation of the static pressure is shown in 

Equation 3.24: 

where Hmerc is the height of mercury, Heth is the height of ethanol, and ratio is the ratio of 

the inclination for the inclined manometer (typically 1/10). The uncertainty in the static 

pressure was based on the uncertainty of reading the height (BH) of fluid from the scales, 

taken as half of the resolution of the scales, or 0.0005 m for each instrument. Since these 

are not simple instrument uncertainties, the sensitivity index needs to be calculated for 

each component, and are given in Equations 3.25 and 3.26 as an example of the 

calculation procedure. 

Once the sensitivity indices were calculated, the combined static pressure systematic 

uncertainty could be calculated as, 

Ps=Px-APs= 13550 • g • Hmerc - 789 • g • Heth • ratio (3.24) 

(3.25) 

(3.26) 
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Bp. = (3.27) 

All the information necessary to calculate the gas density systematic uncertainty was then 

available as shown in Equation 3.28. 

Bpi =^(dPBp f+(eTi -2.2f (3.28) 

where i is the probe of interest. The systematic uncertainty in each velocity measurement 

could then be found using the differential pressure from the pressure transducer and the 

density calculated at each Pitot probe as, 

B». = J K B
f > J + k B J (3.29) 

Once the uncertainties in the velocities were known, the same process was performed on 

Equation 3.5 to determine the flow rate systematic uncertainty for each velocity profile, 

and combined in quadrature by the root sum of the squares method to produce the final 

total systematic uncertainty in the dilution tunnel flow rate, BQm . 

3.7.1.4 Sample Volume 

As discussed in section 3.3.1.1, the total volume sampled was a measure of the sum of the 

sample flow rates multiplied by the measurement time step (i.e. an integration). 

Therefore, the uncertainty was a function of the sample flow rate as shown in 

Equations 3.30-3.36. The sample flow rate (see Figure 3.9 for location) is related to the 

sample volume as defined previously in Equation 3.8. 

R • T 
Q sample = i™ total ~ ™ dilution)~ ~MW (3.30) 

s 

0Tdt = total ~ ^dilution ) ^ (3-31) 
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0Ps = - { < l a l - ) p f T ^ w (3-32) 

0 = R" ' T d t (3.33) 
" w Ps • MW 

9. = - R » ' T ° t (3.34) 
m dilution p . fyffff 

\(eT • 2.2Y + [Op Bp )2 + 
B0 = DT \ Y sj

 x (3.35) 
" " " " " B. )2 +(d. B ) 2 

V V "<total "'total ' V "'dilation "'dilution ' 

where the systematic uncertainties for the mass flow rates were determined from the 

reported instrument uncertainties. Since the total volume was calculated as the sum of 

the individual flow rates, it followed that the uncertainty would be calculated as the sum 

of the uncertainties as, 

^ =Jt(°-5B
esampJ =J°-25ik^J (3.36) 

V t=Q V t—o 

3.7.2 Total Uncertainty in Ys Measured Gravimetrically 

As mentioned previously, the total uncertainty was a combination of the systematic and 

precision uncertainties. The final systematic uncertainty was calculated as shown in 

Equation 3.37. Typical contributions to the total systematic uncertainty are shown in 

Table 3.9. 

I&'soo, ' ) 2 +(dQ„rBQ„r f + „ 

r—"=Mo R >+fo R > I V"'/,,! D "'Ml ) + VV„„„lenVxmp,e ) 
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Table 3.9 - Typical contributions to gravimetric systematic uncertainty 

Constituent Percent of Total Systematic Uncertainty (%) 
Mass of soot 40.387 

Dilution tunnel flow rate 1.318 
Total fuel mass flow rate 23.150 

Volume of sample gas 35.145 

For each condition, seven filters with soot were collected, the test conditions recorded 

(i.e. QDT, Vsampie, mfuel), and the soot yield calculated. The average of these seven tests 

was taken as the final soot yield and the final systematic uncertainty was calculated based 

on the systematic uncertainty of each test combined in quadrature as the root sum of the 

squares multiplied by-Jl/N . The precision uncertainty, P, was calculated using Equation 

3.20 where a was the standard deviation of the calculated soot yield, N = 7 (typically), 

and the t-value was calculated from the Student's t-distribution table. The final 

uncertainty in Ys was calculated as shown in Equation 3.38. 

UY = l F r f + (/>, f (3.38) 'S,CRAV \ \ 'S,GRAV 1 \ 'S.GRAV > 

3.7.3 Systematic LII Uncertainty 

Examination of Equation 3.13 shows that there are eight components of the soot yield 

equation for LII analysis. The soot density and LII soot volume fraction uncertainty are 

presented below with the DT flow rate, temperature, and total fuel mass flow rate 

uncertainties described above. The uncertainty associated with sampling (mlotal, mdilution) 

was calculated from the reported instrument uncertainties. 

3.7.3.1 Soot Density 

Since it was outside the scope of this project to measure the soot density directly, the 

literature was consulted to determine the density of soot, which was revealed to range 
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from 1740 kg/m3 to 2050 kg/m3 [Choi et al., 1995; Dobbins et al., 1994] as shown in 

Table 3.10. 

Table 3.10 - Summary of soot density data from literature 

Source Fuel Psoot (kg/m3) 
Le Chatelier (1926)* Acetylene black 1950 

Rossman and Smith (1943)* Acetylene black 1840 
Janzen (1980)* Carbon black 1840 

Roessler and Faxvog (1980)* Acetylene flame 2050 
Nishida and Mukohava (1983)* Propane flame 1950 

Nelson (1989)* Acetylene flame 1900 
Choi etal. [1994] Acetylene/air (premixed) 1840 
Choi et al. [1995] Acetylene/air (premixed) 1740 
Wue ta l . [1997] Various 1890 

Mean 1890 
95% CI 70 

•Values from data summary given by Dobbins et al. [1994] 

The uncertainty on the mass density of soot was estimated from the spread of the 

values reported in the literature (95% confidence interval). This did not directly account 

for systematic uncertainty, but was the best estimate possible of an associated 

uncertainty. This assumed that the spread in data was considerably larger than the 

individual systematic errors of the individual measurements. The uncertainty of soot 

density was conservatively taken as 4% (or 75.6 kg/m3). It should be noted that the 

density here refers to the particle density, not the packing density. 

3.7.3.2 Soot Volume Fraction Measurement Using LII 

Previously, Canteenwalla [2007] had estimated the uncertainty of the instrument to be 

approximately 6.4% based on the uncertainty of some optical properties of soot (mainly 

the absorption function, E(mx)). However, based on experience operating the equipment, 

this was deemed low. The analysis completed by Canteenwalla did not include any 

errors introduced during calibration, an error related to a problem of lens chromaticity in 

the LII emission collection lens, and uncertainties directly related to the measurement 
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technique (e.g. centre-wavelength approximation for two-colour calculation of soot 

particle temperature [Snelling et al., 2005], uncertainty in attenuation values for grey-

glass optical filters, uncertainty in Photo Multiplier Tube voltages used to measure light 

intensity, uncertainty in the laser sheet thickness, loss of signal due to dust or soot build-

up on test cell optical windows, drift in signal due to changes in laser energy). 

Considering these factors, a more conservative estimate for uncertainty in the LII 

measurement of 20% was adopted. 

3.7.4 Total Uncertainty in Ys Measured Using LII 

The systematic uncertainty in Ys as measured by LII was calculated as, 

Equation 3.39 represents the instantaneous calculation of Ys, and the final value was 

calculated based on the average of the instantaneous values. A facet of the uncertainty 

that has not been discussed yet is the inclusion of second order uncertainties, also known 

as dependent uncertainties. These occur when an uncertainty is calculated where two 

components of that uncertainty are related. For example, in Equation 3.14, the DT flow 

rate has an uncertainty associated to the measurement of the temperature in the DT 

(temperature is related to density, which is related to the velocity, which is related to the 

total flow rate), but Equation 3.14 has the DT temperature directly in the equation. These 

uncertainties are not independent of each other, as is typically assumed in Equation 3.18 

when combining systematic uncertainties. However, the value is so small in comparison 

^ Psoor Psooi f + K . 0 2 / J +(0QorBQJ + 
Bys LU = (eT 2.2} B„. ) + {dTifi 2.2} + 

DT 
+ (3.39) 
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to the other contributors of uncertainty (<0.0001% of total systematic uncertainty, see 

Table 3.11) that it could be ignored. 

Table 3.11 - Typical contributions to LII systematic uncertainty 

Constituent Percent of Total Systematic Uncertainty (%) 
Soot density 3.801 

Soot volume fraction 
measurement using LII 95.253 

Dilution tunnel flow rate 0.014 
Sample temperature 0.099 
Fuel mass flow rate 0.533 

Dilution tunnel temperature 0.042 
Total sample flow rate 0.001 
Dilution air flow rate 0.257 

Dependent uncertainty <0.0001 

The precision uncertainty, P, was calculated using Equation 3.20 where a is the standard 

deviation of the calculated soot yield, N - 600 (for a test of ~5 min), and the t-value was 

obtained from the Student's t-distribution table. The final uncertainty in Ys was then 

calculated as shown in Equation 3.40. 

Results of the uncertainty analysis will be shown in the next Chapter as the error bars on 

all graphs. 
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4 Results 

Soot yield measurements were completed for a wide range of operating conditions as 

presented in the following sections. Gravimetric and LII techniques were used to 

measure the soot yield to improve the confidence in the results obtained compared to the 

work of Canteenwalla [2007], where only the LII technique was used. The soot yield 

results as measured by the two techniques are presented side by side in Section 4.1. 

Measured visible flame length data are presented in Section 4.2. 

4.1 Soot Yield Results 

Soot yields from turbulent diffusion flames were measured for a variety of conditions. 

Six different fuel mixtures (light (L), average (AVG), and heavy (H) 6- and 4-component 

mixtures) and one pure fuel (methane) were used with burner tip inner diameters of 12.7, 

25.4, 38.1, 50.8, and 76.2 mm. For the AVG-6-component mixture, results were 

collected at all attainable diameter and exit velocity combinations, limited by the ranges 

of available flow controllers. For the remainder of the mixtures, a representative set of 

conditions were taken mainly on the 25.4 mm burner for all exit velocities and at an exit 

velocity of 0.5 m/s for all burner diameters. The 12.7 mm burner conditions were 

82 



Chapter 4 - Results 83 

extended to include exit velocities of 3.6, 5, and 7.5 m/s. A summary of the test 

conditions is given in Table 4.1, and a full summary of measured results and parameters 

are given in Appendix D. 

Table 4.1 - Summary of fuel mixtures used at each test condition 

I.D. 
(mm) 

Set Point Exit Velocity I.D. 
(mm) 0.1 m/s 0.25 m/s 0.5 m/s 0.9 m/s 1.5 m/s 2.2 m/s 

12.7 - -
AVG-6-Mix 

H-6-Mix AVG-6-Mix AVG-6-Mix AVG-6-Mix 

25.4 

AVG-6-Mix 
H-6-Mix 

AVG-4-Mix 
H-4-Mix 
Methane 

AVG-6-Mix 
L-6-Mix 
H-6-Mix 

AVG-4-Mix 
L-4-Mix 
H-4-Mix 
Methane 

AVG-6-Mix 
L-6-Mix 
H-6-Mix 

AVG-4-Mix 
L-4-Mix 
H-4-Mix 
Methane 

AVG-6-Mix 
L-6-Mix 
H-6-Mix 

AVG-4-Mix 
L-4-Mix 
H-4-Mix 
Methane 

AVG-6-Mix 
L-6-Mix 
H-6-Mix 

AVG-4-Mix 
L-4-Mix 
H-4-Mix 
Methane 

AVG-6-Mix 
L-6-Mix 
H-6-Mix 

AVG-4-Mix 
L-4-Mix 
H-4-Mix 
Methane 

38.1 AVG-6-Mix AVG-6-Mix 
AVG-6-Mix 

L-6-Mix 
H-6-Mix 

AVG-6-Mix - -

50.8 AVG-6-Mix 
AVG-4-Mix 

AVG-6-Mix 
AVG-4-Mix 

L-4-Mix 
H-4-Mix 

AVG-6-Mix 
L-6-Mix 
H-6-Mix 

AVG-4-Mix 
L-4-Mix 
H-4-Mix 

- - -

76.2 AVG-6-Mix 
AVG-4-Mix 

AVG-6-Mix 
AVG-4-Mix 

L-4-Mix 
H-4-Mix 

- - - -

Measured soot yields for the 25.4 mm burner fuelled with the AVG-6-component 

mixture are shown in Figure 4.1 for both the gravimetric and LH-based experiments. The 

two techniques generally show excellent agreement within the bounds of uncertainty. As 

the mass flow rate was increased, the soot yield increased to a maximum value before 

starting to decline as the mass flow rate was increased further. This implies the existence 

of an "optimum" soot generating condition, perhaps corresponding to a flame regime 

transition, or to a balance between competing effects of soot growth and oxidation 

through the flame. Figure 4.2 shows the soot yield results for all burner diameters 

burning the average 6-component mixture. The 12.7 mm burner exhibits a similar up-
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down trend as the 25.4 mm burner when the mass flow rate is increased, although at a 

reduced scale. By contrast, the larger burners (38.1, 50.8, 76.2 mm) do not exhibit the 

decreasing trend that was observed with the 25.4 mm burner, demonstrating that mass 

flow rate may not be an optimal scaling parameter, and/or that the different sized burners 

are operating in different regimes. Although the magnitudes of soot yield vary, the 

largest three burners all exhibit a similar trend of an initial increase in soot yield as mass 

flow rate is increased, followed by a levelling out of the soot yield. The error bars in all 

figures represent the uncertainty determined by the methods described in Chapter 3 (i.e. 

YS±UYS). 

Measurement Method 
O Gravimetric 

T 1 1 1 r 
0.0004 0.0008 

Fuel Mass Flow Rate, mfuel (kg/s) 
0.0012 

Figure 4.1 - Soot yield from the 25.4 mm burner burning the AVG-6-component mixture measured 
using both the gravimetric technique and the LII method 
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Figure 4.2 - Soot yield for a range of burner diameters burning the AVG-6-component mixture 
measured using (a) the gravimetric technique and (b) the LII method 

Figure 4.3 shows the soot yield for various burner diameters where the average exit 

velocity was fixed among the different burners. All data shown were for combustion of 

the AVG-6-component fuel mixture. If Figure 4.3 (a) is considered, no obvious trends 

exist, although it is clear that the 12.7 mm diameter burner nets considerably lower soot 

yields for all exit velocities as was noted above. The scatter of the curves does not allow 

any further information to be inferred. If Figure 4.3 (b) is considered, the LII data set 

shows somewhat more consistent trends than the gravimetric data. As in Figure 4.3 (a), 

the 12.7 mm burner diameter produces universally low soot yields at all velocities. 

However, data for the lowest two velocities show a gradual rise in soot yield with 

increasing diameter whereas the middle two velocities show a peak soot yield followed 

by a settling at reduced values as diameter is increased. Because of facility limits, there 

is not enough data for the exit velocities of 1.5 and 2.2 m/s to make any kind of 

suggestions; although curiously, they do line up with the curves of 0.25 and 0.1 m/s, 

respectively. 
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0 25 50 75 100 0 25 50 75 100 
Burner Exit Diameter, dc (mm) Burner Exit Diameter, de (mm) 

(a) (b) 

Figure 4.3 - Soot yield values for constant set point exit velocities for a range of burner diameters 
burning the AVG-6-component mixture measured using (a) the gravimetric technique and (b) the 

LII method 

Soot yield data for the different fuel mixtures are compared in Figure 4.4 for the 

25.4 mm burner. All seven fuel compositions exhibit similar increasing/decreasing 

trends with mass flow rate as shown previously. The soot yield varies with fuel 

composition as expected, i.e. the heavy fuel mixture has the highest sooting propensity, 

the light fuel mixture has the lowest, and the 4-component undiluted fuel mixtures have a 

higher sooting propensity than the equivalent 6-component mixtures. This shows the 

importance of fuel chemistry on the soot yield. For the same set point exit velocity 

(0.5 m/s), the soot yield changes from 0.00044 to 0.00079 kg soot/kg fuel for the 6-

component light and heavy mixtures measured gravimetrically (an increase of -80%), 

even though the methane fraction in the fuel mixtures decreases by only 18% (91.14% in 

the light mixture vs. 74.54% in the heavy mixture). Even more dramatically, at the same 

exit velocity (0.5 m/s), the soot yield changes from -0.000066 to -0.00034 kg-soot/kg-

fuel as the fuel is switched from pure methane to the L-6-component mixtures (91.14% 
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methane) as measured by the LII technique (an increase of -415%), while the percent of 

methane drops by only -9%. Clearly, these results show that even for a similar range of 

fuel mixtures typical of the range found in flare gas samples, the effects of chemistry can 

be quite significant. 

Figure 4.4 - Soot yield values from the 25.4 mm burner burning the L-, AVG-, and H- 6- and 4-
component mixtures measured using (a) the gravimetric technique and (b) the LII method 

Figure 4.5 shows the variation of soot yield with burner diameter for a constant exit 

velocity of 0.5 m/s for the six fuel mixtures measured gravimetrically (Figure 4.5 (a)) and 

by the LII technique (Figure 4.5 (b)). The only discernable trends in Figure 4.5 (a) are 

the previously mentioned inverse scaling of soot yield with the methane content in the 

fuel, and lower soot yield values obtained on the 12.7 mm burner. Measured soot yields 

increase as the burner diameter is increased; results for larger diameters remain either 

stable or decrease slightly. Due to restrictions on the maximum flow rate attainable, data 

were not collected for the 76.2 mm burner at an exit velocity of 0.5 m/s. 
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Figure 4.5 - Soot yield at a constant set point exit velocity of 0.5 m/s burning the L-, AVG-, and H- 6-
and 4-component mixtures measured using (a) the gravimetric technique and (b) the LII method 

Figure 4.6 shows the varying soot yield with burner diameter for a constant exit 

velocity of 0.25 m/s for the AVG-6-component fuel mixture, L-, AVG-, and H- 4-

component fuel mixtures, and the methane data point for reference. All four mixtures 

exhibit the same rising and settling trend with diameter, but more data with larger burners 

would be required to definitively state that the soot yield would not subsequently rise or 

fall. These two plots (Figure 4.5 and Figure 4.6) show that while there is some 

consistency in the observed soot yield behaviour among the different test conditions, 

neither exit velocity or burner diameter alone are sufficient scaling parameters to 

correlate the data. 
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Figure 4.6 - Soot yield at a constant set point exit velocity of 0.25 m/s burning the L-, AVG-, and H-
4-component mixture and the average 6-component mixture measured using (a) the gravimetric 

technique and (b) the LII method 

4.1.1 Comparison of Gravimetric and LII 

The primary purpose of employing the gravimetric technique was to gain confidence in 

the values reported by the LII technique, since LII is a much less time-intensive 

measurement method. Figure 4.7 shows the comparison between measured soot yield 

data for similar conditions. The solid line indicates a reference 1:1 correspondence. Data 

derived from LII measurements consistently shows lower soot yield magnitudes than data 

obtained with the gravimetric measurement method. This was anticipated as mentioned 

previously in section 3.3.2, since the LII technique will evaporate or sublimate other 

volatile organics bound up with the soot aggregates that the gravimetric technique will 

not, resulting in higher total masses being obtained with the gravimetric measurements. 

In this sense, the LII recorded values can be thought of as representing only the elemental 

carbon (EC) portion of the soot, whereas the gravimetric values represent the total carbon 

(TC - EC plus organic carbon, OC). The correspondence between the two techniques is 

Fuel Mixture 
H-4-Mix 
AVG-4-Mix 
AVG-6-Mix 

~J>— L-4-Mix 
+ Methane 
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sufficiently close that the soot generated from the LSF appears to be predominantly EC. 

Based on the slope of the best-fit line, it could be deduced that the EC fraction is 

approximately 80% of the TC, giving a 4:1 ratio of EC to OC. This value is close to the 

ratio of 4.75:1 reported by Bond et al. [2006] for particles smaller than 2.5 jum produced 

from an oil-burning boiler. Since the EC is of particular interest in this work, and since 

the difference between the techniques is close to negligible within experimental error, 

only the LII recorded measurements will be discussed henceforth, but the agreement of 

these techniques gives an important confidence in the measured results. 
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Figure 4.7 - Comparison of soot yield measured using the LII and gravimetric techniques 

4.2 Flame Length Results 

Measured visible flame length data are shown in Figure 4.8. Flame length was measured 

as a potential parameter used for scaling soot emission. The graphs show that for all 
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fuels, burner diameters, and flow rates, the data follows a steady increase in flame length 

with increasing mass flow rate, as was expected. According to conventional diffusion 

flame models, this demonstrates that for all of the conditions studied, the flames can be 

classed as buoyancy-dominated. The measured visible flames were compared to the 

estimated flame length calculated using the method proposed by Delichatsios [1993a] as 

shown in Figure 4.9. This graph shows that there is good agreement between the 

measured and calculated values. 
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Figure 4.8 - Measured visible flame lengths for all burner diameters and flow rates burning L-, 
AVG-, and H- (a) 6-component mixtures and (b) 4-component mixtures 
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Figure 4.9 - Comparison of measured visible flame length and calculated flame length 

It has been shown in the current chapter that there is good agreement between the 

two measurement techniques. The lack of a simple characteristic (i.e. burner diameter, 

exit velocity, or mass flow rate) to scale the measured soot emissions has led to the 

discussion of Chapter 5, which will consider several parameters for scaling the measured 

soot emissions based on aerodynamic properties and fuel chemistry effects. 
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5 Analysis and Discussion 

The analysis and discussion presented in this chapter are based on the LII measurement 

results. The LII measurements were used because they covered a larger range of test 

conditions, and it has been shown in Chapter 4 that there is good agreement between the 

gravimetrically-measured and the LH-measured soot yield. 

5.1 Comparisons with Literature 

The work of Canteenwalla [2007] was the predecessor to the current project. As a first 

step in analyzing the present results, a comparison was made to those of Canteenwalla 

[2007]. Figure 5.1 includes current experimental results and those of Canteenwalla 

[2007] for methane burned in the 25.4 mm lab-scale flare. Overall, the results follow the 

same trend, but at mass flow rates less than -0.0005 kg/s soot yields measured in the 

present work are lower than those measured by Canteenwalla [2007]. 

93 
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Figure 5.1 - Comparison of current experimental results with Canteenwalla [2007] for the 25.4 mm 
burner burning methane 

After extensive measurements and data analysis, Canteenwalla [2007] observed 

large uncertainties in his data that were ultimately attributed to dilution ratio effects. 

Additionally, the LII apparatus used in his work was subsequently found to have 

technical problems with the emission collection optics, which added an unknown error to 

the results. Thus, the original error bars for the data of Canteenwalla [2007] were 

omitted from Figure 5.1. These two observations were the primary impetus for the 

development of a new sampling protocol in the current work, and for the incorporation of 

the gravimetric sampling system into the current experiment to provide a comparison for 

the LII results. With the adoption of achromatic optics in the LII200 apparatus, good 

agreement was observed between LII and gravimetric measurements. 

To the author's knowledge, the only other data for diffusion flames burning similar 

fuel compositions that could be used for comparison with the present data were those of 

Becker and Liang [1982], who reported soot generation efficiency (SGE) data for vertical 
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diffusion flames burning methane. Figure 5.2 shows a comparison of SGE data for 

methane flames from Becker and Liang [1982] and corresponding results from the 

current work. The data of Becker and Liang [1982] were obtained by digitizing the plot 

in their published paper in which they reported soot yields in terms of the SGE. The 

values measured by Becker and Liang [1982] were approximately an order of magnitude 

larger than values obtained in the current work. This discrepancy is most likely due to 

the different flow conditions. As mentioned in Chapter 2, the work of Becker and Liang 

[1982] was completed with much smaller burner diameters (2.5 - 10.9 mm) and much 

higher exit velocities ( 1 3 - 7 5 m/s) than the current work. Considering the variation of 

soot yield (and SGE) at different flow conditions shown in the previous chapter, these 

differences could simply be a reflection of different flame regimes. Furthermore, given 

the difficulties in measuring soot yields accurately, it is also possible that the disparity is 

at least partially attributable to differences in sampling protocols. Unfortunately, Becker 

and Liang [1982] only provided limited detail about their soot sampling system, simply 

stating that it was filter-based, and did not show an uncertainty analysis. Finally, the 

abscissa of the plot in Figure 5.2, Ril, has a power of three dependence on the measured 

flame length, so that even small discrepancies in flame length measurement would have a 

large impact on Rii. 
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Figure 5.2 - Comparison of measured SGE values for methane with methane data of Becker and 

Liang [1982]. RiL =gL'f{u€de)-2 pjpe 

From the published data available in the work of Becker and Liang [1982], it was 

not possible to directly calculate values of the global Froude number required to plot their 

points on the regime map suggested by Delichatsios [1993a]. However, recognizing that 

the Froude number is related to the square root of the inverse of the Richardson ratio, it 

was possible to estimate a conversion based on results of the current data. As shown in 

Figure 5.3, by calculating both the Richardson ratio and global Froude number at 

identical conditions in the current data, a simple conversion equation was developed. 

Using this relationship and a range of Reynolds numbers calculated from the original data 

of Becker and Liang [1982], their range of conditions could be estimated and plotted as a 

dashed box on the regime diagram shown in Figure 5.4. This graph shows that the 

methane data reported by Becker and Liang [1982] correspond to the turbulent-

buoyant/transition-shear and turbulent-momentum regimes, which differ from the present 
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data. Therefore, differences in magnitudes of soot generation efficiency are not 

necessarily unexpected. 
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Figure 5.3 - Relationship between global Froude number and Richardson ratio as measured using 
methane data 
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Figure 5.4 - Regime map comparing current methane data points (crosses) and the region expected to 
include the data of Becker and Liang [1982] (dashed lines) 
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5.2 Potential Effects of Fuel Pre-heating 

In attached (i.e. non-lifted) diffusion flames, heat transfer to the burner tip is an important 

component of the stabilization mechanism. While this heat transfer is an integral aspect 

of the flame configuration, it also leads to inherent preheating of the fuel as it travels up 

the burner tube. Prior to attempting to develop models to correlate current data for a 

range of flow conditions and burner diameters, it was important to consider potential 

complications from the confounding effect of variations in preheating among these same 

conditions. 

Canteenwalla [2007] had observed from LII soot volume fraction measurements 

that the Lab Scale Flare system had a distinct warm-up period of approximately ten 

minutes, where fv would increase before settling to a final value. It was hypothesized that 

this initial increasing trend could be attributed to heating of the burner exit tube by the 

flame, which in turn was preheating the fuel gas stream within the burner. In his work, 

Canteenwalla [2007] measured heating of the burner tube for a selected test condition 

using K-type thermocouple probes placed 13 and 25 mm below the burner tip on the 

outside of the burner. He reported temperature increases of approximately 70 and 40 K 

above room temperature when the flame had stabilized. Canteenwalla [2007] used this 

information to help establish a warm-up protocol to preclude influence of start-up 

transients in his data. 

In an attempt to gain further insight into the potential effects of fuel preheating, 

measurements were made of the gas temperature directly upstream of the burner exit 

using a K-type thermocouple probe. Details of the temperature measurement setup and 

calculations are provided in Appendix C. Since the temperature of the fuel and burner 
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were not deliberately controlled in the current work, the gas temperature was a function 

of the nominal fuel volume flow rate, as shown in Figure 5.5. For all test conditions in 

the current data set, the largest increase in temperature above ambient was approximately 

45 K while the minimum was 10 K (i.e. the measured temperature increases were within 

+35 K for all flow conditions tested). 

Average 6-Component Fuel 
• 12.7 mm Burner 

# 25.4 mm Burner 

—H— 38.1 mm Burner 

— A — 50.8 mm Burner 

76.2 mm Burner 

— — Ambient Temperature 

— i — 1 — i — 1 — i — 1 — r 
0 20 40 60 80 100 

Nominal Fuel Volume Flow Rate (LPM) 

Figure 5.5 - Measured fuel temperatures 25 mm upstream of the burner exit for all burner diameters 

The effect of fuel pre-heating has been studied in the literature for small laminar 

diffusion flames. Smooke et al. [1999] discovered that when they accounted for an 

increase in the fuel temperature, their simulations predicted the flame temperature and 

soot volume field inside the flame more accurately. However, their results were mainly 

presented with fuel and co-flow air equally heated, in contrast to the current work where 

preheating principally influences the fuel. Smooke et al. [1999] assumed fuel and air 

were preheated by 120 K for their analysis, 75 K greater than the maximum heating of 

45 K in the current work. A sensitivity analysis showed that the pre-heated air had a 

much larger effect on measured soot concentration: a 164% increase in fv for only heated 
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air, a 42% increase for only heated fuel. However, it was also noted that their model was 

not able to predict the peak fv to within a factor of three, and so their calculated 

preheating effect should be viewed as an indicator of trends only. 

Guo et al. [2002] also studied the fuel pre-heating effect in a laminar co-flow 

ethylene diffusion flame, where their simulations included the heated section of the 

burner tip in the domain of the simulation. A linear temperature distribution was applied 

to the burner based on measured values from actual tests ranging from 300 K at 4 cm 

below the exit to 403 K at the burner tip. In their simulations, the conduction and 

convection heat transfer from the wall of the fuel nozzle and flame base to both fuel and 

air streams were taken into account. Simulation results showed that in these laminar 

co-flow flames, the average fuel temperature was predicted to increase by 131 K, which 

was higher than the maximum wall temperature. This suggested that flame radiation also 

contributed to the fuel preheating (at least in the simulations). For the same 

configuration, the co-flow air average temperature was predicted to increase by 29 K. 

Calculated peak soot volume fractions were 7.2 ppm for the pre-heated case vs. 6.2 ppm 

for the unheated case, suggesting an increase of 16% due to preheating of both fuel and 

co-flow air. However, it should be noted that both calculated values differed from the 

experimentally measured peak value of 8.0 ppm. Guo et al. [2002] postulated that the 

increase in fuel temperature caused the fuel to decompose earlier in the combustion 

process, producing acetylene earlier and promoting longer soot inception and growth 

time, thus resulting in a larger peak soot volume fraction. 

Following the work of Guo et al. [2002], and conservatively assuming a linear 

dependence of soot formation on preheat temperature, the increase in fuel temperature of 
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up to 45 K in the current experiments would imply an increase in the peak soot volume 

fraction of approximately 6% relative to a non-physical, unheated case. For temperature 

increases within the range of +35 K noted in the current experiments, this would imply an 

estimated difference in fv of less than 4%. While it is noted that the cited data were 

derived from numerical models of laminar ethylene diffusion flames as opposed to 

turbulent flames burning alkane fuels, this analysis suggests variations in fuel pre-heating 

among test conditions should only have a minor influence on the soot formation process. 

Close examination of the experimental results from the present work supports this notion, 

as discussed below. 

Figure 5.6 displays current measured soot yield values for several burners burning 

the average 6-component fuel as a function of the measured fuel temperature. In the 

present experiments it was not possible to vary fuel preheating without also varying the 

nominal fuel flow rate through the burner, so the observed variations of soot yield with 

preheat temperature are intrinsically coupled to the fuel flow rates used to achieve the 

preheat. For the 12.7 mm burner, there is essentially no change in the measured soot 

yield over a range of flow rates where the measured preheat temperature varied by 

approximately 20 K. For the 25.4 mm burner, there is a significant up-down trend, 

although the data points near a preheat temperature of 310 K cross-over themselves, 

indicating that temperature change must not be the primary reason for this behaviour. 

Together, these data suggest that the effect of preheating is either not important in the 

range of the current data, or is much less important than other parameters related to the 

flow conditions, e.g. mass flow rate or exit velocity. For the larger three burners (and a 

portion of the 25.4 mm burner data), the data suggest that the soot yield actually 
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decreases with increasing fuel temperature. Since the temperature is integrally coupled 

with the nominal fuel flow rate, this further suggests that the flow conditions have a 

greater impact on the soot yield than the pre-heating. 
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Figure 5.6 - Soot yield as a function of measured fuel temperature 

The pre-heating effect will exist in real flares and most likely existed in the work of 

others such as Becker and Liang [1982] and Delichatsios [1993a]. Correlations they 

developed, including the regime map of Delichatsios [1993a], were likely based on the 

cold flow conditions, as there was no indication to suggest otherwise. Sivathanu and 

Faeth [ 1990] used a water-cooled burner, but there was no mention as to why, or what the 

temperature of the cooled burner was. Based on this and the fact that the flow conditions 

seem to have a greater impact than the pre-heating on soot yield, all fuel flow parameters 

(temperature, density, velocity) were calculated based on the ambient temperature 

conditions and presented as nominal values in the discussion that follows. 
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5.3 Scaling Soot Emissions 

As described in this section, an attempt was made to scale the present soot yield data 

based on several parameters and models found in the literature. Ideally, one or more of 

these models could provide a simple approach to estimating soot emission factors based 

on easily obtainable data such as burner size and cold flow characteristics. Unless noted 

otherwise, all plots are for the average 6-component fuel mixture, since this is the most 

complete data set. Fuel chemistry effects are discussed separately in section 5.4. 

5.3.1 Flame Regimes 

As seen in Chapter 4 and as shown in Figure 5.7, there seems to be a difference in soot 

yield behaviour between the 12.7 mm burner, the 25.4 mm burner, and the three larger 

burners. As discussed in Chapter 2, the work of Delichatsios [1993a] identified several 

regimes of turbulent diffusion flames. Figure 5.8 shows data points for the full range of 

current test conditions in which the average 6-component mixture was used as a fuel. 

The hatched rectangle shows the estimated regime of solution gas flares typical of 

Alberta, as presented previously in Chapter 2. While only a few of the current data points 

fall directly in the area expected to be representative of solution gas flares, all data are in 

the turbulent-buoyant regime and both data sets span the transition-buoyant and 

transition-shear sub-regimes. 
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Figure 5.8 - Regime map showing expected flare operation between red and blue lines, and current 
data for the AVG-6-component fuel mixture 

Figure 5.9 displays a subset of the soot yield data corresponding to the transition-

buoyant sub-regime extracted from all available data for the average 6-component fuel 

mixture (all burner diameters and exit velocities where appropriate). For data in this sub-
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regime, there are no decreasing trends on the graph; values appear to be increasing to 

some unknown maximum value for the 25.4 mm burner, and approaching some 

asymptotic value for the three largest burners. For fuel mass flow, rates where the data 

for different burners overlap, soot yield values were consistent among the results for the 

different burner diameters. This is especially true for the three largest burner diameters. 

Conversely, the soot yield for the 25.4 mm diameter burner at a fuel mass flow rate of 

0.0002 kg/s deviates from the other data. 
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Figure 5.10 displays all soot yield data for the transition-shear sub-regime of the 

average 6-component fuel mixture. In contrast to the transition-buoyant sub-regime, the 

25.4 mm diameter burner data show a decreasing soot yield with increasing fuel mass 

flow rate. The different behaviour of the transition-shear sub-regime may be related to a 

difference in the amount of turbulent mixing. The crosswind results of Ellzey et al. 

[1990] and Prybysh [2002] showed that the increased mixing decreased the soot yield, 

I • ' f \ 
Average 6-Component Fuel 

0 12.7 mm Burner 
— # — 25.4 mm Burner 

M 38.1 mm Burner 



Chapter 5 - Discussion and Analysis 106 

and perhaps the same trend exists here if there is indeed increased mixing. The data for 

the 12.7 mm diameter burner show minimal change through the full range of mass flow 

rates. 
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Figure 5.10 - Soot yield for all burners burning the AVG-6-component fuel mixture for the 
transition-shear sub-regime 

While there are only two data points for the 76.2 mm burner in Figure 5.9, the data 

are closely aligned with the 50.8 and 38.1 mm burners. The 12.7 mm data fall in the 

transition-shear sub-regime as observed in Figure 5.10, which may explain why the soot 

yield does not follow the similar increasing trends of the other burner diameters, while 

the 25.4 mm data show opposing trends in the different sub-regimes. There is an obvious 

difference in soot yield behaviour at different flow conditions, but since the transition line 

defined by Delichatsios [1993 a] is not necessarily a well-defined transition (being based 

on visual observations), the data will be shown separated by diameter. Results will be 

presented henceforth with dual plots: one containing all data and one containing only the 

three largest diameter burners. It is expected that the three largest burners will be more 
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representative of full-scale flares, while the smaller diameter data may provide further 

insight in the potential importance of regime differences. 

5.3.2 Aerodynamic Scaling Parameters 

The fire Froude number suggested by Delichatsios [1993 a] was used in an attempt to 

scale soot yield values. Figure 5.11 (a) displays the soot yield data for all burners and 

illustrates that there is no single trend among the data as a function of fire Froude 

number. However Figure 5.11(b), which plots only data from the three larger lab-scale 

flares (38.1, 50.8, 76.2 mm), illustrates a common trend within this limited data set: the 

soot yield appears to be increasing to a horizontally asymptotic value of 

~0.0004 kg soot/kg fuel at a fire Froude number of -0.005. Although the available data 

are quite limited, these results suggest there may be a transition in soot yield behaviour 

over the range of 0.003 < Fr/< 0.005. If true, this implies that a typical 101.6 mm flare 

operating at flow rates up to approximately 400 LPM1 would have an increasing soot 

yield with increasing flow rate, and that above 400 LPM, the soot yield would remain 

constant. 

The Richardson ratio defined by Becker and Liang [1982] was also tested as a 

scaling parameter. As illustrated in Figure 5.12, there is again a difference in behaviour 

with the 12.7 and 25.4 mm burners, compared to the three larger burners. The three 

larger burners (Figure 5.12 (b)) show a consistent trend of linearly decreasing soot yield 

with increasing Richardson ratio. When viewed on a log scale (Figure 5.12 (a)), the three 

largest burners appear to be approaching the same asymptotic value mentioned 

previously (~0.0004 kg soot/ kg fuel) as the Richardson ratio decreases to a value of 

1 Calculated based on the AVG-6-component fuel mixture properties and a burner exit velocity of 0.8 m/s. 
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approximately 20,000. A second parameter suggested by Becker and Liang [1982] for 

scaling soot emissions was a global characteristic residence time, t*R. Figure 5.13 shows 

soot yield as a function of global characteristic residence time, but no useful trends are 

disceraable. 
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Figure 5.11 - Soot yield as a function of the fire Froude number for (a) all burners and (b) the three 
largest burners burning the AVG-6-component fuel. Frf = uef^'2(pe/pr )~]'4 (gdeATf jTt )~12 
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Figure 5.13 - Soot yield as a function of the global characteristic residence time (r* = pyfsl}; jm^,) as 

defined by Becker and Liang [1982] for (a) all burner diameters and (b) the three largest burner 
diameters burning the AVG-6-component fuel. 

Canteenwalla [2007] suggested a buoyant residence time for scaling soot emissions. 

This residence time calculation (Equation 2.14) was based on constant buoyancy driven 
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acceleration (Equation 2.15). The present data were plotted as a function of the buoyancy 

residence time in Figure 5.14. Curiously, the data for the 50.8 mm and 76.2 mm burners 

appear to lie on a straight line. This could be attributed to the fact that these burners have 

not reached the plateau region that the 38.1 mm burner exhibits, or could be coincidental. 
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Figure 5.14 - Soot yield as a function of the buoyant residence time defined by Canteenwalla [2007] 
for (a) all burner diameters and (b) the largest three burner diameters burning the 

AVG-6-component fuel. tR B = {-ue + ^ju2
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Based on the preceding analysis, the fire Froude number is a reasonable scaling 

parameter to consider when attempting to understand variations in soot yield at different 

flow conditions. From the figures presented previously, it appears that for the largest 

three burners, the soot yield approaches an asymptotic value as the fire Froude number 

increases beyond approximately 0.003. The conclusion that the three largest burners 

behave differently from the two smallest burners, while evident, must be viewed 

cautiously because of the limited available data. This is especially true for the 76.2 mm 

diameter burner for which there are only two data points available. 
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While all of the tested flames would be classed as turbulent-buoyant, from these 

limited data it appears that the differences among the smallest two and largest three 

burners are indicative of a regime difference, and although not exact, this segregation 

approximately corresponds to the transition between transition-buoyant and transition-

shear sub-regimes noted by Delichatsios [1993 a]. 

From a practical perspective, the fire Froude number can be calculated using 

readily obtainable data such as flow rate and burner size. Although other scaling 

parameters (e.g. Richardson ratio and buoyant residence time) showed similar trends to 

that of the fire Froude number, they typically require additional information (e.g. flame 

length) to be measured. 

5.4 Fuel Chemistry Effects 

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

exceedingly complex and to date not fully understood. However, in line with the 

practically-motivated objective of developing useable emission models for flares, it is 

important to seek a semi-empirical or empirical approach to modelling the effects of fuel 

composition on soot yield. In engineering practice, experimentally-derived smoke-point 

or sooting propensity data are often used to assess behaviour of different fuels. In this 

section, correlations of the soot yield with fuel parameters calculated from basic fuel 

chemistry information and combustion knowledge are explored. 

Thus far, the majority of soot emission results have been presented in terms of the 

soot yield, which has units of mass of soot produced per mass of fuel combusted. As 

mentioned previously in this chapter, Becker and Liang [1982] presented their soot 

emission results in terms of the soot generation efficiency, SGE. It was thought that this 
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emission factor should better represent the conversion of fuel carbon to soot carbon. The 

two emission factors are compared below in Figure 5.15 for the three large burners 

(38.1 mm, 50.8 mm, and 76.2 mm) burning the AVG- 6- and 4-component mixtures, as 

well as the L- and H- 4-component mixtures. In this plot the SGE increases the 

separation between the different fuel curves rather than collapsing them as was originally 

hoped. 
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Figure 5.15 - (a) soot yield and (b) soot generation efficiency as a function of the fire Froude number 
for the 38.1 mm, 50.8 mm, and 76.2 mm burners burning the fuel mixtures as identified in the legend. 

The ordinate scales are identical for both plots 

In Figure 5.16, a smoke-point corrected version of the soot yield and soot 

generation efficiency is shown, as suggested by Canteenwalla [2007], In his work, 

Canteenwalla noted that the smoke-point corrected soot yield effectively correlated 

results for fuel mixtures with components that did not exhibit a synergistic soot yield 

effect. However, he concluded that this parameter did not correlate the soot yield for 

mixtures containing methane and ethane. Considering that all the current mixtures 

contain methane and ethane, it is not surprising that the smoke-point corrected emission 
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factors do not improve fuel scaling. Since neither of these alternative formulations of the 

soot yield improves the correlation for different fuels, the simple soot yield parameter (Ys, 

from Equation 2.1) was used in the discussion that follows. 
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Figure 5.16 - Smoke-point corrected (a) soot yield and (b) soot generation efficiency as a function of 
the fire Froude number for the 38.1 mm, 50.8 mm, and 76.2 mm burners burning the fuel mixtures 

as identified in the legend. The ordinate scales are identical for both plots 

Figure 5.11 (b) demonstrated that soot yield appears to approach a constant value 

for Fr/ values greater than ~0.005, for the three largest burners tested. With the caveat 

that the data set is quite small, Figure 5.15 (a) shows a similar trend for the different fuel 

mixtures and suggests that the transition to a constant soot yield would occur at a Frf 

value of approximately 0.003 for the data shown. Up to a Frf number of 0.003, the soot 

yield increases at different rates with increasing Frf for each burner diameter. Again 

noting that the observations are based on a limited data set, this again suggests that there 

might be two behaviours separated by some transition region spanning Frf values of 

approximately 0.003 - 0.005. 
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The nominal fire Froude numbers for the transition from the transition-buoyant to 

the transition-shear sub-regime vary slightly with Reynolds number and can be found 

from the regime map suggested by Delichatsios [1993a]. As shown in Figure 5.17, the 

transition does not occur at a single global Froude number, but rather ranges from 

approximately 0.013 - 0.025 depending on the burner diameter. These global Froude 

number values correspond to fire Froude number values of 0.0045 - 0.0088. 

Figure 5.17 - Regime map of all data for the three largest burners burning all fuel mixtures 

This nominal transition region is displayed in Figure 5.18 as the shaded area. It is 

evident from Figure 5.18 that the "plateau" region of soot yield for the 38.1 mm burner 

diameter burning the AVG-6-component fuel mixture is contained in the nominal 

transition region. As noted by Delichatsios [1993a], the transition from 

transition-buoyant to transition-shear turbulence is likely to be smooth and should not be 

limited to a single line, suggesting that the transition region could have an even wider 
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range of Frf values, and could include numbers down to 0 .003Notab ly , this transition 

region is close to the nominal Reynolds number transition value for turbulent pipe flow as 

shown in Figure 5.17; however, the effects of the cold flow turbulence should not be 

significant since turbulence-generating plates were used in the burner tubes and the cold 

flow fuel can be considered fully turbulent even at low Reynolds numbers. Cold flow 

turbulence intensities at the burner exit measured between 1 and 6% for the flow 

conditions listed in Appendix A of Canteenwalla [2007], with typical values of 

approximately 4-5%. 
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Figure 5.18 - Soot yield as a function of the fire Froude number for the three largest burner 
diameters and all fuel mixtures. Hatched area is the transition region as determined from Figure 

5.17 

5.4.1 Chemistry-Related Scaling Parameters 

Several approaches to scaling data for different fuel mixtures at fixed flow conditions as 

suggested in the literature were examined. Delichatsios [1993b] suggested a parameter, 

1 This fire Froude number corresponds to a global Froude number of approximately 0.009. 
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which will be referred to as the Delichatsios parameter, Dp, based on: the heat of 

combustion (or heating value); a smoke-point mass flow rate, Ssp; and the stoichiometric 

mixture fraction, fs (Equation 5.1). Figure 5.19 shows current data for constant flow 

conditions (i.e. fixed exit velocity and burner diameter) plotted separately for conditions 

with Frf < 0.003 (Figure 5.19 (a)) and Frf> 0.003 (Figure 5.19 (b)). Data points at 

conditions where only one fuel was used were not plotted (three points in total), so that 

the effectiveness of the parameter in modelling fuel effects could be more clearly seen. 

D =S f p spj s (5.1) 
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Figure 5.19 - Soot yield as a function of the Delichatsios scaling parameter for values with a Frf of (a) 
less than 0.003 and (b) greater than 0.003. Lines represent linear fits of data. 

From Figure 5.19 (b), the scaling parameter suggested by Delichatsios [1993b] 

reasonably fits the fuel data for constant flow conditions. It fails, however, to collapse 

data for different flow conditions as observed in Figure 5.19 (a), where the different exit 

velocities have both positive and negative slopes for exit velocities of 0.1 m/s and 

0.25 m/s, respectively. While the slopes of these curves in Figure 5.19 (a) were expected 
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to differ at Frf < 0.003 consistent with the previous discussion, it was expected that the 

slopes would either be both positive or both negative. It was therefore concluded that the 

Delichatsios scaling parameter may not be a reasonable scaling factor for the current data. 

A plot of the soot yield as a function of only the smoke-point was also considered, but the 

trends of this figure were identical to those of Figure 5.19. As mentioned in Chapter 2, 

the difficulty in calculating a smoke-point mass flow rate limits the effectiveness of this 

scaling parameter. 

Glassman [1998] suggested that the flame temperature and the residence time of 

soot within the elevated temperature region has an important effect on the soot formation. 

In light of this suggestion, soot yield was plotted as a function of the adiabatic flame 

temperature, as shown in Figure 5.20. Adiabatic flame temperatures were calculated for 

all fuel mixtures using the chemical equilibrium software CEA (NASA Glenn Research 

Center [2004]). Figure 5.20 (a) displays all data points for the data with Frf< 0.003 

(including the three points omitted in Figure 5.19), while Figure 5.20 (b) displays all data 

points for the data with Frf> 0.003. It appears that the adiabatic flame temperature does 

a better job than Dp in scaling soot yields for different fuels, as the slopes of linear fits in 

the graphs are similar and are all positive. However, the slopes of the linear fits for 

Figure 5.20 (b) are not consistent, which suggests that the adiabatic flame temperature 

alone may not be able to describe the sooting behaviour with different burner diameters. 

Referring back to Chapter 1, where current soot emission factors were listed, the 

emission factor suggested by the CAPP guide [2007] was reported as a corrected version 

of a USEPA factor. The correction was applied based on the volumetric heating value to 
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a standard UOG solution gas heating value of 45,000 kJ/m . Using the same principle, 

soot yield versus volumetric heating value is shown in Figure 5.21. 
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Figure 5.21 - Soot yield as a function of the volumetric heating value for (a) all 25.4 mm burner and 
(b) values with a Fr/of greater than 0.003. Lines represent linear fits of data 

Figure 5.21 (a) shows that for the range of fuel mixtures considered at any fixed 

flow condition, i.e. fixed burner diameter and exit velocity, a linear relationship exists 
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between the soot yield and the heating value. For Frf <0.003 (shown by the 25.4 mm 

burner data of Figure 5.21 (a)), the slope varies with different exit velocities, indicating 

that the relative importance of fuel chemistry (heating value) changes at different flow 

conditions. For Frf> 0.003 (Figure 5.21(b)), which is the regime where soot yield was 

hypothesized to be constant with flow condition, there is a strong correlation of soot yield 

with the volumetric heating value, notwithstanding the limited range of currently 

available data with which to test this correlation. 

5.5 Implications 

As mentioned at the outset of this thesis, by ignoring crosswind effects which typically 

reduce soot yield, a worst-case scenario approach has been considered. If we continue to 

apply the worst-case scenario approach, we can neglect the effects of soot yield at fire 

Froude numbers less than 0.003, since the soot yield decreases at fire Froude numbers 

less than 0.003 for all burner nozzle diameters tested. Thus, the soot yield appears to be a 

function of the heating value as shown in Figure 5.22 for the narrow range of data 

considered. This range includes burners of 38.1 mm, 50.8 mm, and 76.2 mm in diameter. 

The fuel range includes all of the six fuel mixtures, and includes heating values between 

-38,000 kJ/m3 and -47,000 kJ/m3. The flow range includes fire Froude numbers greater 

than 0.003, and more specifically, exit velocities greater than 0.5 m/s. The correlation is 

surprisingly good, and the scatter of the points in Figure 5.22 is well within the 

uncertainty shown by the error bars, which indicate uncertainties of less than 21%. While 

it must be stressed that there is not enough data to conclude that this trend will properly 

estimate soot emissions from flares of stack diameter up to 101.6 mm, the data are 

promising. Also of concern is how the soot yield will vary at fire Froude numbers larger 
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than the tested range. Thus, the reader is cautioned that because of the empirical nature 

of the correlation, it should be regarded as applicable only over the limited range of 

conditions tested. However, this new model is still a significant improvement over the 

single emission factor approach currently adopted, that has been shown to be based on 

data of questionable relevance. 

Volumetric Heating Value, HV (kJ/m3) 

Figure 5.22 - Soot yield as a function of heating value for burners with diameters larger than 
38.1 mm and fire Froude numbers greater than 0.003 

Figure 5.23 is a reproduction of Figure 5.22 with the vertical axis re-scaled in terms 

of a volume-based emission factor (EF), corresponding to the soot emission rate factor 

used in the CAPP guide [2007]. The linear relationship for the present limited data set 
'i ^ 

would predict an EF of approximately 0.58 kg soot/10 m of fuel for a fuel with a 
•3 •> -3 

heating value of 45,000 kJ/m , much less than 2.5632 kg soot/10 m of fuel value 

currently suggested by CAPP [2007]. The difference in these values could represent a 

significant difference for estimates of soot produced from flaring solution gas. Despite 

the limitations of the present data and given the origins of the current CAPP emission 
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factor, the present model may be a more representative emission factor to describe 

emissions from solution gas flares. However, the range of conditions and fuels used must 

be expanded before the present relationship can be applied with confidence in regular 

industry practice. 

Volumetric Heating Value, HV(kJ/m3) 

Figure 5.23 - EF as a function of heating value for burners with diameters larger than 38.1 mm and 
fire Froude numbers greater than 0.003 



Chapter 6 

6 Conclusions and Recommendations 

6.1 Conclusions 

Soot emissions from lab-scale flares have been measured for several fuel mixtures 

representative of solution gas in Alberta. A new sampling protocol was developed based 

on the recommendations of Canteenwalla [2007] to account for errors related to the 

dilution ratio of the dilution tunnel. The new sampling protocol was developed through a 

consolidation of recommendations from several different standards originally intended 

for diesel engines and stationary exhaust stacks. The new protocol was implemented 

with two measurement techniques: Laser-Induced Incandescence (LII) and gravimetric 

sampling. The gravimetric sampling system not only provided a basis to confirm the 

LH-generated results, but also yielded a unique method for comparing the ratio of 

elemental carbon (EC) to organic carbon (OC) present in the measured soot. 

From the experiments, it was found that the soot yield (defined as the ratio of mass 

of soot produced to mass of fuel burned) was no greater than 0.001 kg soot/kg fuel for the 

heaviest sooting fuel mixture, and the soot yield changed depending on the flow 

conditions. The results were compared with the limited amount of published literature 

122 
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available, however the flame regime and fuel compositions studied in the present work 

had not been considered by previous researchers. The fire Froude number was a 

parameter suggested in the literature for scaling turbulent diffusion flames, and it was 

shown that for burners where the diameter was larger than 38.1 mm, the soot yield 

appeared to approach an asymptotic value as the fire Froude number increased beyond 

approximately 0.003. The scaling of flow effects below this fire Froude number could 

not be solved by any of the simple scaling laws applied in this thesis. However, for the 

data above a fire Froude number of 0.003 where flow effects appeared to be minimized, 

the soot yield scaled linearly with fuel heating value over the targeted range of fuel 

mixtures relevant to typical solution gas compositions directed to flares. 

Soot emission factors were compared to data from available sources of the USEPA 

[2009] WebFIRE database as well as values currently used by the upstream oil and gas 

industry in Canada supplied by CAPP. Analysis of existing emission factors revealed a 

three order of magnitude range in soot yield values, which appear in part to be due to 

reporting errors in the WebFIRE database. Results from the currently available data 

suggest the emission factor for a solution gas flare mixture with a heating value of 

45 MJ/m3 would be approximately 0.58 kg soot/103 m3 as opposed to the 2.5632 value 

currently suggested in the CAPP [2007] NPRI reporting guide. For a very rough order of 

magnitude estimate, considering gas flared volumes of 135 billion m /year as estimated 

from satellite data [Elvidge et al., 2009], and estimating a single valued soot emission 

factor of 0.58 kg soot/103 m3, flaring could produce approximately 78.3 Gg of soot 

annually. While this is low compared to the global estimate of 4400 Gg of soot annually, 

considering the concentration of flaring in the North within Canada and other parts of the 
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world (namely Russia), the potential magnitude of soot emissions from flares is quite 

important as the deposition of these particles on snow is a serious concern in terms of 

surface albedo alteration. 

It is important to note that the current work is not suggesting a single emission 

factor for estimating soot, but providing a preliminary empirical relationship between the 

fuel heating value and emission factors. If fuel composition is known at a particular flare 

site, an emission factor based on the fuel could be used. This would be an important 

improvement over the current single emission factor approach, especially considering the 

questionable origins of the factors currently available. 

6.2 Recommendations 

It is recommended that further work be undertaken to expand the current data set to 

include larger flow rates and larger burner diameters in particular. A larger range of fire 

Froude numbers would provide critical additional information to aid in the understanding 

of soot yield behaviour at fire Froude numbers beyond the range of the current data for 

burner diameters larger than 38.1 mm. A direct measurement of the residence time could 

be made using a Laser Doppler Velocimetry (LDV) system. Measurements of the ratio 

of elemental carbon to organic carbon present in soot performed using standard test 

procedures could further establish that the ratio of an LII to a gravimetric measurement is 

indeed indicative of the EC to OC ratio. 

In terms of the experimental setup, a new burner could be designed which allows 

for direct control on the burner temperature by means of a water-cooling system to 

directly measure any effects of fuel pre-heating on the soot yield. Different turbulence 

generating grids could be used to investigate the effects of cold flow turbulence on the 
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soot emission. As the facility currently exists, there is not an a great deal of 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. To investigate the effects of crosswinds on soot yield, the LSF would need 

to be operated in a wind tunnel with the ability to collect and measure particulates. 
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Appendix A 

Conversion of Soot Emission Factors in AP-42 to NPRI units 

The original factors as reported in the USEPA AP-42 [1991] Section 13.5 document are: 

0 fig/L for non-sooting; 40 (ig/L for light sooting; 177 )ig/L for average sooting; 274 |ig/L 

for heavy sooting. The fuel used during these tests was 100% propylene as determined 

by a review of the McDaniel [1983] report, even though US EPA AP-42 suggested it was 

a mixture composed of 80% propylene and 20% propane (See Chapter 1, page 12, Table 

1.1). Calculations are shown for the "average sooting" case. 

First convert to standard units: 

177— = 177 x 10~6
 3

kg 

L m exhaust 

Unfortunately, the dilution of the sample was not measured as stated in McDaniel [1983]. 

However, it is still possible to estimate a magnitude of the emission factor by assuming 

that the sample was drawn from a point well within the plume and dilution effects might 

be negligible. Any dilution in the actual samples would thus result in a somewhat higher 

soot yield than that estimated in this calculation. 
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Assuming complete combustion and negligible dilution at the sampling point, a relation 

between Qexhaust and Qfuei can be calculated as follows: 

C a H p + f P ) 
I 4 J 

(02 + 3.16N2) => aC02 + ̂ H20 + 3.16 a + — 
v 4 J 

N, 

. Qexhaust 

Q 

= a+ (312 + 3.16 
f o\ 
a + 

fuel 

P 
v 4 / 

= 4.76a + 1.44;0 

For 100% propylene: 

CaH
P = CiH 6 

:.a=3,p=6 

. Qexhaust f^O ^̂ cxhuu.M 

Qfiiel m fuel 

Based on the reported fuel composition, a new PM emission factor, EF can then be 

estimated as: 

EF = 111 x 10~6
 3

kg x 22.92 m ^ a " s t = 4.0568 x 10"3 

m exhaust m fuel m fuel 

Note that as stated above this estimate should represent a lower bound to the actual 

measured emission factor, since it would be practically impossible to avoid some 

entrainment of air (and hence some dilution of the plume) at the sample point. In the 

absence of other available information, we have necessarily assumed an undiluted 

sample. 

The table below summarizes the recalculated emission factor data. 
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Table A.1 - Estimated, corrected Emissions Factors based on source data from McDaniel [1983] 

Original 
Factor 
(Hg/L) 

Original 
Factor 
(kg/m3) 

Converted to 
per volume 
fuel (kg/m3) 

Converted to 
NPRI units 
(kg/103 m3) 

Converted based on HHV (85.5 to 45 
MJ/m3 assuming emitted PM scales 

linearly with heating value) (kg/103 m3) 
40 0.00004 0.0009168 0.9168 0.4825 
177 0.000177 0.0040568 4.0568 2.1352 
274 0.000274 0.0062801 6.2801 3.3053 

CAPP 
Factor 
[2007] 

0.85 for landfill 
gas (HHV=~15) 

2.5632 
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Mass Flow Controller Calibrations and Methods 

As recommended by the manufacturer, the mass flow controllers (MFC) used in this 

research were recalibrated every year after purchase. The methane and butane controllers 

were purchased new and used within the first year of purchase, so retained their factory 

calibration values. For the other MFCs one of two methods was used to calibrate the 

controllers depending on the full-scale range. For flows of up to 30 LPM a bubble flow 

meter (Model - Sensidyne Gilibrator-2) was used. For flow rates larger than 30 LPM, 

either the Gilibrator was used or calibration was achieved by directly measuring the mass 

of gas displaced through the MFC from an 80-size pressurized gas bottle and pressure 

regulator placed on a scale (Model - A&D GP-40K). The methods are described in detail 

below. 

Gilibrator MFC Calibration 

A Gilibrator operates by calculating the amount of time required for a bubble to pass 

between two infrared sensors in a vertical tube. The volume between the two sensors is 

known and the time step is measured, allowing for calculation of the volume flow rate. 

136 
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Calibration points were taken at MFC set point voltages of 0.25, 0.5, 0.75, 1.0, 

1.75, 2.5, 3.75, 4.25, 4.75, and 4.95 volts (5 volts is the maximum set point voltage). For 

the propane calibration, an extra calibration point was taken at a set point voltage of 0.1 

volts. Measurements were recorded for the barometric pressure, ambient temperature, 

measured MFC voltage, and Gilibrator flow rate. Ten tests were completed at each set 

point voltage, and sample averages were calculated for each of the measured values. The 

Gilibrator flow rates were given in units of L/min (QLPM) and were converted to standard 

units (QSLPM) based on the measured ambient barometric pressure and temperature. 

The average standard flow rate was plotted as a function of the average measured 

MFC voltage for each set point. The linear regression of these data produced a 

calibration relation of standard flow rate as a function of measured MFC voltage. The 

values for slopes and intercepts for all calibrations are listed in Table B. 1. The linear fits 

were considered appropriate, as the coefficient of determination (R ) was greater than or 

equal to 0.9999. 

The uncertainty was calculated based on the ANSI/ASME [1985] measurement 

uncertainty method as presented in Chapter 3. The systematic error was calculated based 

on the Gilibrator instrument error (± 1% of reading), the barometric pressure uncertainty 

(± 0.06646 Pa), and the temperature measurement uncertainty (± 2.2 K). The precision 

error was calculated based on the 10 individual calculations of QSLPM and was combined 

with the systematic error as described in Chapter 3 to produce the total uncertainty, 

displayed in Table B. 1. Of specific note is that the uncertainty calculated by this method 

produced a percent uncertainty as a function of the measurement, as opposed to a 
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function of the full scale. This allowed for a reduced uncertainty while operating in the 

low flow regimes of the flow controller (i.e. <10% Full-scale (F.S.)). 

Mass-displacement MFC Calibration 

For flow rates larger than 30 LPM, or if the Gilibrator was not available (which was the 

case for the Ethane calibration), a scale connected to a computerized data acquisition 

system was used to measure the mass displacement of gas from a pressurized gas bottle 

through the MFC per unit time as a means of determining the mass flow rate. A small 

gas bottle (size 80 or Q) of the gas intended for use was placed on the scale (along with 

the MFC, pressure regulator, and required tubing) and the change in mass with time was 

measured to determine the mass flow rate. 

Calibration points were taken at MFC set point voltages of 0.25, 0.5, 0.75, 1.0, 

1.75, 2.5, 3.25, 4.0, 4.5, and 4.95 volts. The scale was connected to a computer via a 

RS-232 output and the mass of the gas bottle was recorded using a Lab VIEW program. 

Once the flow meter had been set and the gas was flowing, data logging was initiated and 

the drop in mass was measured over time to calculate the mass flow rate. The test was 

terminated once 50 g of gas had passed through the MFC. The standard flow rate was 

calculated based on the mass flow rate recorded and the standard density of the gas 

according to the ideal gas law. 

The individual flow rates were plotted as a function of the measured MFC voltage 

in the same manner previously described to produce a linear relationship between the 

standard flow rate and the measured MFC voltage. The slope and intercept determined 

from the linear fits are shown in Table B. 1. 
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The uncertainty was calculated for this calibration based on the instrument 

uncertainty of the scale. Specifications for the scale provide a linearity error of ± 1 g and 

a repeatability error of 0.5 g. These elemental errors were combined to give an 

instrument uncertainty of ± 1.118 g. Since the mass flow rate was a mass difference 

divided by the test time, two measurements of mass were made, each contributing ± 

1.118 g of uncertainty. The ANSI/ASME [1985] uncertainty method produced a final 

standard volume flow rate uncertainty of approximately ± 3.15% of reading. It should be 

noted that if a mass of 150 g were passed through the flow meter, the uncertainty would 

be less than 1% of reading, but was not done in the current calibrations. All MFC 

uncertainties are displayed in Table B.l. 

Table B.l - Calibration values for MFCs 

Brooks 
MFC Model Fuel Range 

(SLPM) 
Slope 

(SLPM/Volt) 
Intercept 
(SLPM) R2 Uncertainty Calibration 

Method 
5853S/BE Methane 0-100 1 0 - ± 1% F.S. Factory 

5851S/BD Ethane 0-20 3.8582 -0.1775 1 ±3.15% of 
Reading 

Scale 

5850S/BC Propane 0-5.1 1.0408 -0.0098 0.9999 ± 1.25% of 
Reading 

Gilibrator 

5850S/BA Butane 0-3 1 0 - ± 1% F.S. Factory 

5850S/BC co2 0-3.5 0.6915 0.0218 0.9999 ± 1.25% of 
Reading 

Gilibrator 

5850S/BC Nitrogen 0-2.6 0.5239 0.0084 1 ± 1.22% of 
Reading 

Gilibrator 
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Measurement of Fuel Gas Temperature 

As mentioned previously in Section 5.2, temperature measurements were made slightly 

upstream of the burner exit plane to measure the fuel gas temperature. The burner tube is 

heated and hence the fuel is heated via heat transfer from the flame. It was suggested in 

the literature that an elevated burner temperature could lead to higher soot emissions 

[Smooke et al., 1999; Guo et al., 2002], This effect was shown to be negligible in the 

current work for the range of flow conditions considered. The method by which the fuel 

temperature was measured is detailed here nonetheless. 

A 1/8" O.D. K-type thermocouple manufactured by Omega was used to measure 

the gas stream temperature. The orientation of the probe is shown schematically in 

Figure C.l. For the smallest burner (12.7 mm I.D.), the thermocouple blocked 

approximately 6.25% of the burner area, which would increase the exit velocity by 

approximately 6.67%. The increase in exit velocity drops to 1.59% for the 25.4 mm I.D. 

burner. To ensure that the slight increase in exit velocity or the thermocouple probe itself 

did not affect the soot yield, soot yield measurements were made with, and without the 
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thermocouple probe in the flow, and there was no measureable difference in soot yield 

values. 

The thermocouple was bent into an "L" shape so that the tip of the thermocouple 

probe would be facing upstream in the burner pipe, reducing the amount of radiation to 

the thermocouple probe tip from the flame. The probe tip was inserted into the burner so 

that the tip was positioned approximately 25 mm upstream of the exit plane and centered 

inside each burner. The horizontal section of the thermocouple lead was placed slightly 

above the exit plane so that it did not contact the burner tip as shown in Figure C. 1. 

E 
E 
LO 
CM 

1/8" DIA K-Type 
Thermocouple 

12.7 mr 

76.2 mm 

J r 

Figure C.l - Schematic of temperature measurement setup showing both the 12.7 mm and 76.2 mm 
diameter burners 

The temperature measured by the thermocouple was determined by the overall 

energy balance on the junction. Under the assumption that the burner inside wall 

temperature was greater than the temperature of the thermocouple junction, which was in 
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turn greater than the actual fuel temperature, the general form of the energy balance was 

given by Equation C. 1: 

h A f j -T f u e l) = kAsF(rl~Tj ) (C.l) 

where h is the heat transfer coefficient, A is the surface area of the thermocouple junction, 

Tj is the junction temperature, T/uei is the actual fuel gas temperature, Tw is the 

temperature of the inner burner walls, k is the Stefan-Boltzman constant, e is the 

emissivity of the junction, and F is the view factor between the junction and the burner 

walls. Direct radiation to the thermocouple junction from the flame was assumed 

negligible due to the orientation, which minimized the flame view factor, and conduction 

along the thermocouple leads was neglected. Equation C.l was rearranged and simplified 

to solve for the actual fuel gas temperature, as shown in Equation C.2. 

T ) , i e l = T J - ^ f ( T : - T ; ) (C.2) 

For the shape factor, F, a value of 1.0 was used since the entire junction was 

exposed to the inner walls of the burner. For the junction, an emissivity value of 0.98 for 

oxidized Nickel-Chromium wire was used [Holman, 2002], which corresponded to the 

Ni-Chromium and Ni-Aluminum K-type thermocouple junction. A value of 62°C was 

taken from Canteenwalla [2007] for the burner inner wall temperature 25 mm below the 

exit plane. The heat transfer coefficient was calculated using the empirical correlation for 

the Nusselt number suggested by Acrivos and Taylor [1962] (Equation C.3) for heat 

transfer from spheres as cited in McEnally et al. [1997], which is used for an 

approximation of the heat transfer coefficient at the thermocouple junction from the 

Nusselt number definition (Equation C.5). Gas stream properties were calculated at the 

junction temperature for methane to determine the heat transfer coefficient. 
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Nu = 2 + \Pe + ±Pe2 InPe + 0.03404Pe2 +±Pe3\nPe (C.3) 

where Pe = Re- Pr (C.4) 

Nu= — 
K 

(C.5) 

For an average junction temperature of 45.1°C measured by the thermocouple, the 

true temperature would be 43.6°C for the minimum and maximum exit velocities. For all 

cases, the agreement between the measured and true temperatures was within 1 %, which 

shows that the correction is negligible for these cases. The method shown here has been 

checked against the theory of Becker and Yamazaki [1978], which yields identical results 

when used with the current properties. 
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Experimental Test Conditions 

All test conditions are shown in the following tables. Soot yield results included in the 

tables were derived from the LH-based measurements. 

Table D.l - Average 6-component fuel mixture test conditions (MW= 19.19 kg/kmol; 
H = 1.087 x 10"5 Pa-s; p = 0.789 kg/m3; HHV = 40,400 kJ/m3) 

Burner Fuel Mass Burner Exit Fire Soot Yield 
I.D. Flow Rate Velocity Reynolds Froude Soot Yield Uncertainty 

(mm) (kg/s) (m/s) Number Number (kg soot/kg fuel) (± kg soot/kg fu 
12.7 5.32E-05 0.58 532.8 8.50E-03 8.74E-05 2.81E-05 
12.7 9.60E-05 1.03 962.1 1.53E-02 4.95E-05 1.24E-05 
12.7 1.61E-04 1.69 1610.3 2.54E-02 5.99E-05 1.35E-05 
12.7 1.72E-04 1.79 1720.2 2.75E-02 8.87E-05 1.99E-05 
12.7 3.87E-04 4.01 3879.4 6.12E-02 8.69E-05 1.98E-05 
12.7 5.38E-04 5.56 5395.0 8.54E-02 8.28E-05 1.75E-05 
12.7 8.07E-04 8.40 8098.3 1.29E-01 6.52E-05 1.42E-05 
25.4 4.23E-05 0.12 212.1 1.19E-03 8.52E-05 3.29E-05 
25.4 9.96E-05 0.27 499.2 3.03E-03 1.73E-04 4.67E-05 
25.4 2.14E-04 0.56 1075.1 6.34E-03 5.47E-04 1.17E-04 
25.4 3.87E-04 1.02 1941.5 1.15E-02 4.13E-04 8.85E-05 
25.4 6.46E-04 1.70 3238.9 1.85E-02 1.70E-04 3.54E-05 
25.4 9.48E-04 2.50 4754.1 2.74E-02 8.61E-05 1.83E-05 
38.1 9.61E-05 0.12 321.3 9.69E-04 1.22E-04 3.07E-05 
38.1 2.41E-04 0.29 806.5 2.42E-03 2.70E-04 6.01E-05 
38.1 4.84E-04 0.57 1618.0 4.84E-03 3.65E-04 7.82E-05 
38.1 8.72E-04 1.03 2917.0 8.87E-03 3.55E-04 7.55E-05 
50.8 1.71E-04 0.12 429.9 8.70E-04 2.15E-04 4.99E-05 
50.8 4.30E-04 0.29 1078.3 2.19E-03 3.18E-04 6.87E-05 
50.8 8.62E-04 0.58 2161.3 4.39E-03 3.71E-04 7.96E-05 
76.2 3.87E-04 0.12 647.2 7.07E-04 2.69E-04 5.91E-05 
76.2 9.69E-04 0.30 1620.5 1.79E-03 3.40E-04 7.16E-05 
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Table D.2 - Light 6-component fuel mixture test conditions (MW= 17.94 kg/kmol; 
ft = 1.094 X 10 s -Pa-s; p = 0.738 kg/m3; HHV = 38,900 kJ/m3) 

Burner Fuel Mass Burner Exit Fire Soot Yield 
I.D. Flow Rate Velocity Reynolds Froude Soot Yield Uncertainty 

(mm) (kg/s) (m/s) Number Number (kg soot/kg fuel) (± kg soot/kg fuel) 
25.4 9.98E-05 0.30 495.0 2.98E-03 2.03E-04 4.93E-05 
25.4 2.00E-04 0.57 993.9 5.98E-03 3.41E-04 7.33E-05 
25.4 3.62E-04 1.02 1797.4 1.08E-02 2.41E-04 5.59E-05 
25.4 6.05E-04 1.67 2999.3 1.84E-02 1.16E-04 2.48E-05 
25.4 8.88E-04 2.47 4406.0 2.76E-02 5.62E-05 1.19E-05 
38.1 4.53E-04 0.58 1499.3 4.84E-03 2.59E-04 5.56E-05 
50.8 8.07E-04 0.58 2002.0 4.39E-03 2.42E-04 5.13E-05 

Table D.3 - Heavy 6-component fuel mixture test conditions (.MW= 21.48 kg/kmol; 
/* = 1.072 x 105 Pa-s; p = 0.883 kg/m3; HHV = 42,900 kJ/m3) 

Burner Fuel Mass Burner Exit Fire Soot Yield 
I.D. Flow Rate Velocity Reynolds Froude Soot Yield Uncertainty 

(mm) (kg/s) (m/s) Number Number (kg soot/kg fuel) (± kg soot/kg fuel) 
12.7 5.92E-05 0.58 605.1 8.63E-03 2.31E-04 6.94E-05 
25.4 4.74E-05 0.12 242.5 1.21E-03 1.05E-04 3.83E-05 
25.4 1.19E-04 0.30 609.2 3.02E-03 3.41E-04 8.10E-05 
25.4 2.39E-04 0.57 1222.7 6.12E-03 6.94E-04 1.50E-04 
25.4 4.31E-04 1.01 2204.3 1.10E-02 6.19E-04 1.42E-04 
25.4 7.18E-04 1.68 3667.7 1.90E-02 2.52E-04 5.71E-05 
25.4 1.06E-03 2.46 5402.0 2.80E-02 1.77E-04 3.73E-05 
38.1 5.40E-04 0.57 1839.1 4.96E-03 5.73E-04 1.23E-04 
50.8 9.60E-04 0.59 2454.3 4.47E-03 5.60E-04 1.17E-04 

Table D.4 - Average 4-component fuel mixture test conditions (MW= 18.60 kg/kmol; 
fi = 1.065 x 10 s Pa-s; p = 0.765 kg/m3; HHV = 41,400 kJ/m3) 

Burner Fuel Mass Burner Exit Fire Soot Yield 
I.D. Flow Rate Velocity Reynolds Froude Soot Yield Uncertainty 

(mm) (kg/s) (m/s) Number Number (kg soot/kg fuel) (± kg soot/kg fu 
25.4 4.08E-05 0.12 209.4 1.02E-03 1.21E-04 4.62E-05 
25.4 9.58E-05 0.27 491.0 2.39E-03 2.61E-04 6.47E-05 
25.4 2.07E-04 0.57 1062.2 5.18E-03 4.48E-04 9.78E-05 
25.4 3.74E-04 1.01 1918.0 9.09E-03 4.92E-04 1.09E-04 
25.4 6.25E-04 1.69 3201.2 1.53E-02 2.32E-04 4.84E-05 
25.4 9.17E-04 2.49 4698.1 2.25E-02 1.22E-04 2.59E-05 
50.8 1.65E-04 0.12 423.9 7.28E-04 3.74E-04 8.79E-05 
50.8 4.16E-04 0.29 1066.2 1.82E-03 4.18E-04 8.88E-05 
50.8 8.34E-04 0.58 2135.7 3.69E-03 4.33E-04 9.45E-05 
76.2 3.74E-04 0.13 639.3 5.98E-04 2.92E-04 6.27E-05 
76.2 9.38E-04 0.30 1601.5 1.51E-03 4.06E-04 8.55E-05 
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Table D.5 - Light 4-component fuel mixture test conditions (MW= 17.93 kg/kmol; p = 
1.075 X 105 Pa-s; p = 0.737 kg/m3; HHV = 40,100 kJ/m3) 

Burner Fuel Mass Burner Exit Fire Soot Yield 
I.D. Flow Rate Velocity Reynolds Froude Soot Yield Uncertainty 

(mm) (kg/s) (m/s) Number Number (kg soot/kg fuel) (± kg soot/kg fuel) 
25.4 9.26E-05 0.28 468.8 2.49E-03 2.01E-04 4.91E-05 
25.4 2.00E-04 0.57 1011.4 5.37E-03 4.42E-04 9.54E-05 
25.4 3.61E-04 1.01 1824.5 9.48E-03 3.87E-04 8.24E-05 
25.4 6.03E-04 1.69 3053.5 1.59E-02 1.62E-04 3.34E-05 
25.4 8.86E-04 2.48 4482.0 2.34E-02 8.14E-05 1.66E-05 
50.8 4.02E-04 0.31 1016.5 1.88E-03 2.95E-04 6.47E-05 
50.8 8.05E-04 0.58 2037.2 3.82E-03 3.09E-04 6.69E-05 
76.2 9.06E-04 0.30 1527.8 1.57E-03 3.01E-04 6.71E-05 

Table D.6 - Heavy 4-component fuel mixture test conditions (MW= 21.46 kg/kmol; 
p = 1.024 x 10 s Pa-s; p = 0.883 kg/m3; HHV = 46,900 kJ/m3) 

Burner Fuel Mass Burner Exit Fire Soot Yield 
I.D. Flow Rate Velocity Reynolds Froude Soot Yield Uncertainty 

(mm) (kg/s) (m/s) Number Number (kg soot/kg fuel) (± kg soot/kg fuel) 
25.4 4.69E-05 0.12 253.0 9.35E-04 2.64E-04 9.28E-05 
25.4 1.10E-04 0.27 590.7 2.19E-03 4.36E-04 1.07E-04 
25.4 2.38E-04 0.57 1279.4 4.74E-03 8.53E-04 1.85E-04 
25.4 4.30E-04 1.01 2308.4 8.38E-03 9.37E-04 2.05E-04 
25.4 7.17E-04 1.70 3849.9 1.39E-02 5.46E-04 1.15E-04 
25.4 1.05E-03 2.51 5652.0 2.07E-02 3.37E-04 7.05E-05 
50.8 4.77E-04 0.29 1282.4 1.68E-03 7.63E-04 1.67E-04 
50.8 9.56E-04 0.59 2568.0 3.37E-03 8.63E-04 1.87E-04 
76.2 1.08E-03 0.30 1927.0 1.38E-03 7.77E-04 1.69E-04 

Table D.7 - Methane test conditions (MW= 16.043 kg/kmol; n = 1.106 x 10 s Pa-s; p = 0.66 kg/m3; 
HHV = 37,700 kJ/m3) 

Burner Fuel Mass Burner Exit Fire Soot Yield 
I.D. Flow Rate Velocity Reynolds Froude Soot Yield Uncertainty 

(mm) (kg/s) (m/s) Number Number (kg soot/kg fuel) (± kg soot/kg fuel) 
25.4 3.48E-05 0.12 170.0 1.17E-03 5.38E-06 2.64E-06 
25.4 8.23E-05 0.27 401.5 2.78E-03 2.05E-05 5.91E-06 
25.4 1.79E-04 0.56 874.0 6.05E-03 6.58E-05 1.38E-05 
25.4 3.25E-04 1.00 1584.1 1.10E-02 4.79E-05 1.38E-05 
25.4 5.43E-04 1.66 2648.9 1.83E-02 1.90E-05 3.95E-06 
25.4 7.96E-04 2.45 3887.3 2.72E-02 1.39E-05 2.98E-06 


