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INTRODUCTION  

Measuring and predicting soot emissions from turbulent diffusion flames is a classic problem in 

combustion that has been considered by many investigators (e.g. Kent and Bastin [1], Becker and 

Liang [2], Sivathanu and Faeth [3], Coppalle and Joyeux [4]).  However, the majority of these 

studies have considered alkene- or alkyne-based fuels or longer chain alkanes and very few 

studies have considered mixed fuels in detail.  While diffusion flames burning very short-chain 

alkanes or methane tend to produce very little soot in comparison, these flames have great 

practical relevance in the context of gas flaring.  Given the prevalence of flaring globally (the 

World Bank estimates that worldwide, more than 150 billion cubic meters of gas are flared 

annually [5]), the cumulative soot emissions from this activity are believed to be quite significant 

even though the majority of flared gas is methane based.  In Canada, there are additional 

practical challenges since recent legislation requires industry to report particulate matter (PM) 

emissions (i.e. soot) through the National Pollutant Release Inventory (NPRI) and current 

approaches for predicting soot emissions from flares are not adequate.   

Recent advances in laser-induced incandescence (LII) for measuring soot volume fraction, have 

enabled very high-sensitivity measurements of PM from very low-sooting diffusion flames 

burning methane and other simple alkane fuels [6].  Using LII, a sampling protocol has been 

developed to quantify soot emissions from a lab-scale turbulent diffusion flame burner.   

Quantitative results of mass of soot emitted per mass of fuel burned are presented for a range of 

flow conditions and fuels.  Using digital imaging, flame lengths have also been measured and 

used to estimate flame residence times.  Comparisons are made between the current 

measurements and results of earlier researchers for soot in the overfire region.  Validity and 

applicability of buoyancy based models for predicting and scaling soot emissions will also be 

considered.  The end goal of this research is to develop an experimentally based model to predict 

PM emissions from flares used in industry using soot emissions data from lab-scale flares.  Such 

a model will allow industry to meet its federally mandated reporting requirements while 

providing industry a framework for emissions reduction.   

 

EXPERIMENTAL SETUP 

Sampling System 

The apparatus consists of a pipe-flow, diffusion flame burner with exit tubes ranging in size from 

12-50 mm diameter.  Flow rates of hydrocarbon fuels are precisely controlled using mass flow 

controllers specifically calibrated for each hydrocarbon gas stream.  Upstream turbulence grids 

are used to ensure consistent exit velocity profiles and turbulence intensities over a range of flow 

rates and Reynolds numbers.  The burner is placed in a large enclosure (1.5 x 1.5 x 2.5 m high) 
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beneath a sampling hood.  An independently controlled dilution fan allows the collected 

combustion products to be cooled and mixed in an insulated duct prior to being sampled for soot 

volume fraction using LII.  Details of this sampling protocol have been presented previously [7].  

This experimental protocol permits quantitative measurement of very low soot mass emission 

rates (< 3 ng/s) with typical calculated uncertainties on the order of 10%. 

Flame Length Imaging 

The method for calculating the flame length is based on the method used by Kostiuk et al. [8].  A 

video record (720 x 480 pixels, 30 frames per second) of the flame was used to produce 

individual images which could be combined to create a mean flame image.  The mean flame 

image was created by applying a threshold to each of the individual flame images and creating a 

set of binary flame images.  These binary images were then averaged to create the mean flame 

image.  The intensity of a pixel in the mean flame image represents the probability of finding 

flame in that pixel.  A contour plot can be created to show the probability of where flame occurs.  

Kostiuk et al. [8] define the flame length as the distance from the burner exit tip to the tip of a 

10% contour line (a contour that would enclose the flame 90% of the time).  This choice is 

somewhat arbitrary and other contours could also be used.   

 

BACKGROUND 

In order to predict the soot yield (mass of soot per unit mass of fuel burned) produced by a full-

scale industry flare under a wide variety of conditions using data for smaller lab-scale flares, 

scaling parameters must be used.  Becker and Liang [2] and Sivathanu and Faeth [3] have both 

presented parameters to scale the soot yield for buoyant turbulent diffusion flames.  Becker and 

Liang [2] use a Richardson ratio (RiL) defined as,  
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where, g is the acceleration due to gravity; 

 ρ∞ is the ambient are density; 

 L is the flame height; 
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A is the cross-sectional area at the burner exit; and 

Vjet is the mean velocity at the burner exit. 

 

Becker and Liang [2] also use the first Damköhler ratio (Da1) as a scaling parameter but refer to 

it as a characteristic residence time (τr*) as shown below, 
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where, W1 is the mixture fraction in a stiochiometric mixture; and 

  is the jet mass flux at the burner exit. 0m&
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The parameters τr* and RiL are strongly correlated and Becker and Liang [2] go on to show that 

either one can be used as the scaling parameter.  Sivathanu and Faeth [3] also found that the soot 

yield scaled with the residence time, but they attempted to measure residence time directly and 

defined it as the time delay from when the fuel supply was rapidly shut off until the time at 

which all luminosity of the flame disappeared.  Their results showed that the soot generation 

efficiency (SGE) (percentage of fuel carbon converted to soot) reaches a plateau region for 

residences times that are approximately ten times the residence time of a laminar flame at its 

smoke point. 

Figure 1 is a plot which compares calculated characteristic residence time as proposed by Becker 

and Liang [2] to the residence time as measured by Sivathanu and Faeth [3] using data from 

Sivathanu [9] (obtained by private communication). 
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Figure 1: Comparison of flame residence time definitions 

 

From Figure 1, it is evident that the characteristic residence time over-predicts the measured 

residence time by an order-of-magnitude.  Furthermore, the scatter in the data suggests that the 

characteristic residence time is not an acceptable measure of the measured residence time.  This 

will be further examined in the following section. 

 

RESULTS AND DISCUSSION 

Soot emission rates and flame lengths were measured using different burner exit diameters and 

for a range of flow rates of either methane or propane (Figure 2).  The soot yield data show that 

as would be expected there is a strong effect of fuel composition on soot yield and a secondary 

effect of fuel flow rate.  By contrast, for the current range of experiments, there is no significant 

effect of burner diameter.  As shown in Figure 2b, flame lengths grew linearly with fuel mass 

flow rate for the range of data collected.  Flame lengths calculated using a 10% contour as 

described above were considerably shorter than those measured by Sivathanu [4].  Since the 
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flame length is the critical parameter in estimating the residence as defined above, to permit an 

effective comparison with data in the literature, a flame contour was chosen so that the 

experimentally determined flame lengths in the current data matched those of Sivathanu [4] for 

an identical flow rate and burner diameter.  Using available data for propane flames, a 1% 

contour produced flame lengths that matched those reported by Sivathanu [4]. 
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Figure 2: a) Measured soot yield for methane and propane using different burner exit 

diameters and flow rates and b) corresponding measured flame lengths 

 

Figures 3 and 4 show the above results converted to a soot generation efficiency (SGE) and 

plotted as a function of characteristic residence time to allow a comparison with data from 

Becker and Liang [2] and Sivathanu [9].  It should be noted that all three authors have used a 

different technique for measuring soot concentration. Becker and Liang [2] used gravimetric 

sampling whereas Sivathanu and Faeth [3] used a laser extinction method.  Since the 10% 

contour method calculated smaller flame lengths, it also produced smaller characteristic 

residence times, which can skew the data considerable as shown in Figure 3.  With imposed 

matching flame lengths, the present data tends to follow the trend of Becker [2] and Sivathanu 

[9] for propane, although the logarithmic scale tends to minimize the data spread.   

There is considerably more separation in the methane data as shown in Figure 4.  In this case 

data plotted using a 10% flame length contour when calculating the residence time tend to agree 

better with Becker and Liang’s [2] data, however the relationship is not clear.  The present data 

suggest a trend of increasing SGE up to a certain residence time after which SGE begins to 

decrease.  Although Becker and Liang’s [2] methane data do not exhibit this same trend, other 

fuels they experimented with showed similar effects.  A potential explanation for this disparity 

could be that that the residence time scaling laws change as buoyant jet flame conditions are 

reached which correspond to long characteristic residence times.   
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Figure 3: Comparison of propane soot generation efficiency data with literature 
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Figure 4: Comparison of methane soot generation efficiency data with literature 

 

Another cause for discrepancies among the various data sets is the methods used for measuring 

soot concentration.  The gravimetric method used by Becker and Liang [2] could be reaching the 

reproducibility and sensitivity limits with the low soot concentrations that are emitted from 

methane flames.  Potential evidence to support this suggestion can be seen when comparing 

Figure 3 and 4.  Becker and Liang [2] measure similar SGE’s for methane and propane whereas 

data from Trottier et al. [10] have shown an order-of-magnitude difference in the sooting 

propensities of propane and methane.  Sivathanu and Faeth [3] estimate their soot volume 

fraction measurement uncertainty to be approximately 30% due to Rayleigh scattering 
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approximations and uncertainties in the refractive indices and the extinction method would also 

be limited at lower soot concentrations.  Although the LII approach used in the present research 

is also susceptible to uncertainties in the refractive indices, considerable work has been 

completed since the publishing of Sivathanu and Faeth [3] that has reduced this uncertainty. 

 

CONCLUSIONS 

Soot mass emission rates of turbulent methane and propane diffusion flames were measured in a 

laboratory setting using laser-induced incandescence.  Flame lengths were also measured using 

digital imaging to enable flame residence time calculations for comparison with published data 

of other researchers.  Existing scaling relations based on buoyant flame residence times only 

partially describe the trends apparent in the soot yield data.  These results highlight the subjective 

nature of flame length measurements and more data collected over a wider range of residence 

times will be required to draw firm conclusions.  However, it is apparent from the comparison of 

current experiments and data in the literature that the residence time definition must be revisited 

if a suitable parameter is to be found to permit scaling of soot yield data from lab-scale flares to 

the industrial-scale flares.   
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