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a b s t r a c t 

Sooting tendency has been characterized with various empirical approaches such as smoke height and 

Threshold Sooting Index (TSI), that can be regarded as qualitative, as well as Yield Sooting Index (YSI), 

that is semiquantitative since it relies on the measurements of at least the peak soot volume fraction 

in the flame. All these techniques have the convenience of being easy to implement and of relying on 

inexpensive equipment. In the present work we present a comparatively easy but quantitative alterna- 

tive to determine the soot production rate in counterflow flames. The approach is rooted in the use of: a) 

soot volume fraction measurements by pyrometry, b) the well established one-dimensional computational 

modeling of such flames for the determination of temperature and velocity profiles and c) the use of the 

soot governing equation. The technique is applied to several aliphatics, including methane, propane, ethy- 

lene, propene and acetylene. Soot production rate per unit flame area for the tested aliphatics ranges be- 

tween 10 −4 and 10 −7 g/(cm 
2 s) and, when normalized with respect to the carbon flux, between 10 −5 and 

10 −2 . On a logarithmic scale it correlates linealry with the peak temperature for all fuels. Soot yield scales 

as alkanes < alkenes < alkynes, with acetylene showing the highest sooting tendency even in flames at 

relatively low temperatures. 

© 2023 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Sooting tendency has been characterized qualitatively with var- 

ous empirical approaches. Smoke point measurements were es- 

ablished nearly seventy years with a measurement of the min- 

mum height at which a flame begins to issue a streak of black 

moke. It is assessed using either standardizing equipment such as 

n ASTM smoke point lamp [1] or axisymmetric laminar diffusion 

ames. The Threshold Sooting Index (TSI) was introduced as an al- 

ebraic correlation of the fuel molecular weight and flame height 

t the smoke point, but included apparatus-dependent constants. 

he original definition for single fuel was extended to mixtures of 

uels, practical fuels and their surrogates [ 2 , 3 ]. An improved nor-

alization method of the smoke point was introduced in [4] and 

valuated for many hydrocarbons to assess the effects of fuel type. 

he Yield Sooting Index (YSI) converts maximum soot concentra- 

ion in a doped methane/air flame into another index describing 

he fuel propensity to soot by relying either on laser-induced in- 

andescence [5] or two-color pyrometry [6] for the quantification 
∗ Corresponding author. 
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f the peak soot volume fraction. YSI has been used to classify 

undreds of compounds and has been recently correlated with 

he smoke point height [7] . Of these techniques, the smoke point 

eight and its derivative, TSI, are qualitative and consist in a height 

easurement accounting for both production in the core of the 

ame and oxidation in its upper part [8] , which is dependent on 

he flame configuration. YSI correlates better with soot production 

ince it relies on the measurement of the maximum soot concen- 

ration before oxidation sets in and, as such, it can be considered 

emiquantitative. All of them have the convenience of being easy 

o implement and of relying on simple, inexpensive equipment. As 

 result, they are adopted often to make comparisons of sooting 

endencies of various fuels, without the need for an elaborate in- 

rastructure to pursue quantitative soot research. 

In the present work we introduce a comparatively easy but 

uantitative alternative based on three components: a) a coun- 

erflow burner to enable the aerodynamic anchoring of one- 

imensional diffusion flames, b) one-dimensional modeling of the 

ames and c) soot volume fraction measurements by pyrometry. 

he counterflow flame has been a benchmark for laminar flame 

tudies and has been used extensively in soot studies [9] . Its one- 

imensional nature facilitates the use of computational model- 

ng with detailed chemical kinetics that has become a commod- 

ty in combustion research. Commercial and open-source codes 
. 

https://doi.org/10.1016/j.combustflame.2023.113043
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2023.113043&domain=pdf
mailto:Alessandro.Gomez@yale.edu
https://doi.org/10.1016/j.combustflame.2023.113043
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Fig. 1. Profiles of mole fraction of reactants, major products and key aromatics. 
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e.g., [ 10 , 11 ]) enable even researchers with modest computational 

ackground to make use of these codes for research purposes. The 

ain uncertainty lies in the chemical kinetic mechanism that is 

ell established and validated for aliphatic fuels but becomes pro- 

ressively less reliable for aromatics, practical fuel surrogates and 

oot. Still, certain aspects of the model such as the velocity and 

emperature field are computed reliably in all cases so long as en- 

rgy losses by radiation are either negligible or properly accounted 

or [12] . As to the soot field, computational predictions are semi- 

uantitative and typically within one order of magnitude of exper- 

mental measurements, unless special efforts are made to tweak 

he code by using experimental measurements in the validation 

rocess. Pyrometry does not require any laser source and can be 

ealized using a spectrally well-characterized and inexpensive dig- 

tal camera [ 12 , 13 ]. As a result, it is within experimental reach of

irtually all combustion laboratories, without requiring more ex- 

ensive laser instrumentation and more challenging training. The 

easurement is of the same type as the one used in the determi- 

ation of the YSI [6] . 

Using the computational model to obtain velocity and tempera- 

ure profiles and pyrometry to obtain soot volume fraction profiles 

nables the computation of the soot production rate from the soot 

overning equation, so long as radiative heat losses are estimated 

o have negligible effects on the temperature profile in the soot 

orming region [12] . 

As a demonstration of the method, we present soot produc- 

ion rates of several aliphatics, such as methane, propane, ethylene, 

ropene and acetylene, as well as their temperature dependence 

or a total of 26 flames. 

.1. Examples of validation of the computational model 

As reported in [14] , to obtain profiles of concentrations of re- 

ctants, intermediates and products, as well as temperature, soot 

olume fraction and dispersion exponent measurements, we: a) in- 

erted a sampling probe connected to the injection port of a gas 

hromatograph/mass spectrometer system to quantify H 2 , O 2 , N 2 , 

O, CO 2 , and hydrocarbons up to three-ring PAH (190 amu); b) 

sed a silica coated R-type thermocouple and performed standard 

orrections for radiative losses through a convective-radiative en- 

rgy balance; and c) applied pyrometry using a camera with a well 

haracterized spectral response (40 0nm-70 0 nm). Details of the ex- 

erimental approach are provided ibid. The flames investigated are 

aminar and very stable. 
2 
Profiles of reactants, major combustion products, acetylene, as a 

ritical species in soot surface growth, and some key aromatics are 

eproduced from Ref. [ 14 , 15 ] in Fig. 1 to inform on the nature of

he flame and set the stage for further data analysis in the present 

rticle. The abscissa in all plots is the distance from the gas stagna- 

ion plane (GSP) with the fuel (oxidizer) stream on the left (right), 

epresented by negative (positive) values of the axial coordinate. 

esults in Fig. 1 confirms that the model predictions agree with 

xperimental results very well and provides evidence of the suc- 

essful validation of the model. As further evidence, Fig. 2 shows 

xperimental and computational temperature profiles of the same 

ame and of another sooting flame of the same fuel, but with 

 different stoichiometry. Error bars in the reported temperature 

easurements represent the 95% confidence of the overall uncer- 

ainty in the measurements, including the uncertainty in measured 

osition of the thermocouple junction and measured temperature; 

eneral uncertainty analysis is applied to assess the error propa- 

ation. Also in this case the model predictions and measurements 

gree very well, especially in the region where soot is present for 

alue of the abscissa ranging from −0.2 mm to 0.8 mm. 

The implication of the demonstrated validation in these fig- 

res is twofold: if both species and temperature profiles are in 

greement, the velocity profiles will also be, which allows us to 

idestep the challenge of performing measurement in a low veloc- 

ty field with significant thermophoretic effects; furthermore, since 

he chemical kinetics of other aliphatic fuels has been validated in 

ther contexts, we expect that the model predictions of velocity 

nd temperature field are reliable also for such fuels so long as ra- 

iative effects are negligible. 

. Methods 

.1. Burner geometry and flame selection 

The burner consists of two identical converging nozzles ori- 

nted in counterflow configuration [16] . The internal diameter of 

ach nozzle is 6.35 mm and the nozzles are separated by 10 mm. 

oth nozzles are surrounded by a nitrogen shroud to shield the 

ame from external disturbances. The counterflow configuration 

rovides a one-dimensional flow field in the vicinity of the burner 

xis, as confirmed by digital camera photographs showing a lo- 

ally flat flame. Flames are perturbed by varying the inert con- 

entration in the feed streams to span a range of peak temper- 

tures, but keeping constant the stoichiometric mixture fraction 
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Fig. 2. Profiles of temperature for the same flame as in Fig. 1 (left panel) and for another sooting flame of ethylene with a different stoichiometry (right panel). 

Table 1 

Composition and velocity of the feed streams. 

Fuel stream Oxidizer stream T max T ad 

X F V avg (cm/s) X O2 V avg (cm/s) K K 

Methane 0.500 26.8 0.297 23.2 2158 2418 

0.530 26.9 0.321 23.1 2257 2484 

0.550 27.0 0.338 23.0 2307 2524 

0.570 27.0 0.355 23.0 2359 2561 

0.600 27.2 0.381 22.8 2429 2612 

0.650 27.4 0.428 22.6 2542 2687 

0.700 27.6 0.478 22.4 2637 2752 

acetylene 0.280 25.3 0.164 24.7 1843 2134 

0.290 25.3 0.17 24.7 1892 2180 

0.300 25.3 0.176 24.7 1939 2223 

0.310 25.3 0.182 24.7 1985 2263 

Ethylene 0.330 25.2 0.229 24.8 1972 2320 

0.350 25.2 0.243 24.8 2043 2382 

0.370 25.2 0.258 24.8 2110 2437 

0.390 25.2 0.272 24.8 2174 2487 

0.410 25.2 0.287 24.8 2233 2532 

0.430 25.3 0.301 24.7 2289 2573 

Propene 0.280 24.4 0.256 25.6 2032 2399 

0.300 24.4 0.273 25.6 2107 2457 

0.320 24.3 0.289 25.7 2175 2508 

0.340 24.3 0.305 25.7 2238 2553 

0.350 24.3 0.313 25.7 2267 2574 

Propane 0.340 24.2 0.334 25.8 2240 2558 

0.370 24.1 0.359 25.9 2322 2613 

0.400 24.0 0.384 26.0 2397 2660 

0.430 24.0 0.409 26.0 2464 2701 
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 st = 0 . 183 and the global strain rate a = 50 s −1 = (V a v g, f + V a v g,ox ) /L

o that the position of the flame with respect to the gas stagnation 

lane and the residence time are constant. Five aliphatic fuels are 

ested: methane, ethylene, acetylene, propene and propane. Table 1 

hows reactant mole fractions (with nitrogen as the complement to 

nity) and average velocities at the burner outlets, computed max- 

mum temperature and adiabatic flame temperature for each of 26 

ames. 

.2. Pyrometry 

Soot volume fraction is measured via pyrometry using a Nikon 

70 digital camera with a well characterized spectral response 

40 0 nm-70 0 nm) as described exhaustively in past work [ 12 , 13 ].

lame flickering, as determined by the position of the flame chemi- 

uminescence, is confined to within the pixel resolution. An Abel 

ransform deconvolves the line-of-sight images of each color chan- 

el into two-dimensional fields and the ratio of any two Abel- 

ransformed color channels is related to the intensity of radiation 
3

mitted through Planck’s law. The soot volume fraction is calcu- 

ated as 

f v = − λe 

˜ K ext L p 
ln 

{
1 − εc 

(
λe 

)τc S s 
τs S c 

exp 

[
− hc 

k B λe 

(
1 

T c 
− 1 

T s 

)]}
, (1) 

here λe , L p , τ , and ˜ K ext are the effective channel wavelength, 

ixel length, exposure time, and dimensionless extinction coeffi- 

ient, respectively. We assume ˜ K ext = 5 . 34 ± 2 . 68 , the variability

f the extinction coefficient with wavelength and soot maturity is 

umped as general uncertainty. Subscripts ‘ s ’ and ‘ c ’ refer to mea-

urements on soot particles and to a light calibration source, re- 

pectively. 

.3. Modeling 

One-dimensional modeling of the flames is performed with 

NSYS CHEMKIN-Pro [10] using the KAUST chemistry Mechanism 

KM2) [17] . We account for multicomponent diffusion coefficients, 

hermal diffusion, and thermal radiation of CO, CO , H O, and CH 
2 2 4 
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Fig. 3. Profiles of computed temperature and velocity, and of experimental soot volume fraction (left to right). 
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n the optically thin limit. The KM2 mechanism was validated in 

 baseline flame up to 6-ring PAH [14] and partially validated for 

urrogate mixtures [18] . 

. Results and discussion 

Figure 3 shows profiles of computed temperature and axial ve- 

ocity component, as well as the experimental soot volume frac- 

ion. Peak temperatures, presented in Table 1 , span a range that is 

uel specific and is determined by ensuring that the soot load is 

ompatible with the assumption of negligible radiative heat losses. 

o estimate such losses from soot, the soot volume fraction is mod- 

led in Chemkin using an empirically derived single reaction soot 

odel that is appended to the KM2 mechanism [19] . All inves- 

igated flames are found to have less than a 20 K reduction in 
4 
emperature from soot radiation, which has no bearing on our 

ata processing. Soot volume fraction is detected in the spatial 

ange between 0.2 mm and 0.8 mm, with soot growing more or 

ess monotonically (right to left) from the high temperature re- 

ion on the fuel side to progressively lower and lower tempera- 

ure as the particles migrate towards the particle stagnation plane 

ast the origin of the abscissa, consistently with our previous work 

n counterflow diffusion flames. Soot volume fraction is lowest in 

he methane flames, barely reaching 10 −7 in the hottest methane 

ame, and largest in the acetylene flames, reaching almost 10 −5 , 

ven though the peak temperature in such flames is kept below 

0 0 0 K. 

We now combine the experimental soot data with the com- 

utational results for temperature and axial velocity component 

o quantify the soot production rate. The governing equation for 
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(b)
Fig. 4. Soot production rate per unit area (a) and soot yield (b) versus peak flame 

temperature. 
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oot in an axis-symmetric flow field yields the net soot production 

ate, ˙ ω s , as 

˙  
′′′ 
s = 

d 

dz 
( ρY s ·V ax ) + ρY s · d 

dr 
( V r ) + 

d 

dz 
( ρY s ·V th ) + 

d 

dz 
( ρY s ·V P ) , 

(2) 

here ρ , V ax , and d V r /d r are the gas density, the ax-

al velocity and the radial derivative of the radial velocity 

omponent (i.e., local strain rate) from the one-dimensional 

odel and the soot mass fraction Y s = (ρs f v ) /ρ , is de- 

ermined from knowledge of the local value of the gas 

ensity, ρ , from the modeling and the experimental measurements 

f f v . The net soot production rate on the left hand side in prin-

iple accounts for both positive soot production, i.e. soot forma- 

ion and destruction via oxidation, that is, ˙ ω 

′′′ 
s = ˙ ω 

′′′ 
s f 

+ ˙ ω 

′′′ 
so . How- 

ver, in the present experiments soot forms on the fuel side near 

he flame and travels towards GSP and PSP in an environment that 

s free of both O 2 and OH. Hence, there is no oxidation. There- 

ore, ˙ ω s represents just the positive soot production rate, that is, 

˙  
′′′ 
s = ˙ ω 

′′′ 
s f 
. On the righthand side of Eq. (2) one finds the convec- 

ive and diffusive (transport) terms of the soot governing equations 

ith the last two terms as the contributions due to thermophore- 

is and Brownian diffusion, respectively. 

Integrating Eq. (2) along the transverse direction provides the 

oot production rate per unit flame surface area, ˙ �′′ 
s f 
, as 

˙ ′′ 
s f = 

z 2 ∫ 
z 1 

˙ ω s f d z ∼= 

z 2 ∫ 
z 1 

[
ρY s · d 

d r 
( V r ) 

]
d z, (3) 

here all other terms from the RHS of Eq. (2) cancel out once inte-

ration is carried out over an interval whose bounds, z 1 and z 2 , are

utside the region along the flame axis where soot is detectable 

here Y s is identically zero. 

We use the approximate equality, since the last term in 

q. (3) relies on the experimental determination of Y s. The evalu- 

tion of Eq. (3) for each flame is plotted in Fig. 4 a versus the peak

ame temperature (see Table 1 ). We note that each fuel correlates 

inearly on a logarithmic scale with the peak flame temperature. A 

imilar result would have been obtained if we had used the adi- 

batic flame temperature in the abscissa. At a fixed peak flame 

emperature, say 2200 K soot production rate scales as propene > 

thylene > propane > methane with values of 3.5 10 −5 , 8 10 −6 , 1.1

0 −6 , 9 10 −8 g/(cm 
2 s), respectively, whereas acetylene shows an 

xtrapolated value much larger than all other fuels by more than 

wo orders of magnitude (4.0 10 3 ). Two remarks are in order. First, 

he high soot loading in acetylene flames was attributed to the in- 

erently high temperatures of such flames in [20] , notwithstanding 

he fact that flame dilution by nitrogen affected the sooting behav- 

or of the flame both in terms of temperature and concentration, as 

ointed out in [21] . The present results show that acetylene high 

oot production rate is intrinsic of the fuel and persists even at rel- 

tively low temperatures. Second, we report methane soot produc- 

ion rate, which is largely due to the formation of C2 hydrocarbons 

n methane pyrolysis, whereas no values are reported in the lit- 

rature in terms of either TSI or YSI. This finding may be useful 

n practical applications using natural gas of which methane is a 

rimary constituent. 

A more detailed comparison of our data with smoke height, TSI 

nd YSI is not warranted first because there is a paucity of data 

n gaseous fuels, with the exception of Ref. [ 20 ] on which we al-

eady commented, and second because we would be comparing 

uantitative soot production rates with indirect measurements of 

oot propensity. Even though YSI is a semiquantitative improve- 

ent over smoke height and TSI because it measures directly the 

eak soot volume fraction, peak soot volume fraction and total soot 
5 
roduction rate in a flame are not the same quantities and the lat- 

er ought to be the desired quantity to characterize the sooting be- 

avior of fuels as derived from the soot governing equation. 

Nondimensionalizing Eq. (3) as 

˜ 
s = 

˙ �
′′ 
s f 
A n 

˙ m c 
, (4) 

here A n is the burner nozzle area and ˙ m c is the carbon mass flow 

ate (mass flow rate multiplied by number of carbon atoms) for 

ach flame results in the soot yield, as a function of peak tempera- 

ure, as plotted in Fig. 4 b. Error bars in the reported measurements 

nclude the uncertainty in measured volume fraction and carbon 

ass flow rate. The error in the measured volume fraction from 

q. (1) , which accounts for most of the error in the soot yield, is

etermined by error propagation of the measured color ratio, the 

missivity of the calibrating thermocouple, the measured tempera- 



K. Gleason and A. Gomez Combustion and Flame 258 (2023) 113043 

t

e

t

p

m

a

a

1

e  

t

o

o

f

i

t

a

i

a

u

fl

4

m

T

p

p

a

1

T

p

N

a

m

c

A

t

a

D

c

i

A

P

s

n

t

a

t

d

e

e

R

 

[  

[

[

[

[

[

[

[

[

ure, the extinction coefficient, and an estimate of the transmission 

fficiency of the camera as well as the entire optical lensing sys- 

em. This soot yield is a quantitative assessment representing soot 

roduction rate per flow rate of carbon atoms and revealing how 

uch of that carbon is converted into soot. When nondimension- 

lized, the data cluster by fuel type with the propensity scaling as 

lkynes > olefins > paraffins, ranging between 10 −2 for acetylene and 

0 −5 for paraffins. This ranking of aliphatics is in agreement with 

arly studies in laminar diffusion flames [ 22 , 23 ] in contrast with

hose of Ref. [20] . 

This proof-of-concept of a simple but quantitative assessment 

f soot production rate is focused on gaseous fuels. Extension to 

ther fuels, including liquids, blends and (surrogates of) practical 

uels are eminently feasible by using the same doping approach 

mplemented in the formulation of YSI [6] , with the advantage that 

he temperature and velocity field is fixed in the baseline flame 

nd the perturbation on these variables associated with the dop- 

ng of fuels of different sooting tendencies is negligible so long 

s the soot loading is modest. Indeed, the doping approach was 

sed in much of our earlier work with liquid fuels in counterflow 

ames [24–27] . 

. Conclusions 

A simple method is proposed for a direct, quantitative assess- 

ent of soot production rate and its temperature dependence. 

esting on aliphatic fuels, including methane, propane, ethylene, 

ropene and acetylene, in a total of 26 flames, shows that soot 

roduction rate per unit area ranges from 10 −4 to 10 −7 g/(cm 
2 s) 

nd, when normalized with respect to carbon flux, from 10 −5 to 

0 −2 . At fixed temperature it scales as alkanes < alkenes < alkynes. 

he production rate in a logarithmic scale correlates linearly with 

eak temperature for all fuels. 

ovelty and significance statement 

The novelty of the work is the introduction of a quantitative 

ssessment of soot formation rate requiring a simple experimental 

ethod and the use of (open-source) computational modeling of 

ounterflow flames. 
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