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a b s t r a c t 

Most soot formation models have been developed with particular applications in mind and as such, are 

valid only for the range of fuel-air combustion conditions representative of the target application. This 

limits the applicability and versatility of most models, especially for combustion processes wherein the 

stoichiometric mixture fraction, Z st , could vary widely. A soot-producing flame could become non-sooting 

(blue) with an increase in Z st even while maintaining constant flame temperature. This paper presents 

a novel modeling approach to account for the unique flame characteristics at elevated- Z st environments 

and their effect on soot formation. This modeling approach is designed to capture both the formation and 

the reversible processes that occur on the fuel-side of a diffusion flame in a way which is robust, simple, 

and can be utilized in diverse applications. Additionally, a new semi-empirical model is developed for 

extending two widely-used models–Leung-Lindstedt and Moss-Brookes–both of which render inaccurate 

predictions under varying Z st conditions. When applied to the counterflow flame system, the soot volume 

fraction profiles predicted by incorporation of our new and modified models agree well with experimen- 

tal observations reported in the literature for low Z st . Using this modeling approach also resulted in the 

prediction of blue (soot-free) limit condition in a non-premixed counterflow flame for the first time. We 

show that this result cannot be obtained by considering formation processes alone and that the perfor- 

mance of semi-empirical soot formation models can be dramatically improved when applied to higher- Z st 

flames if the reversible nature of soot formation at high temperature is considered. 

© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Over the past several decades, tremendous progress has been 

ade towards the development of detailed soot formation mod- 

ls, which involve large chemical reaction mechanisms and aerosol 

ynamics to accurately capture the complex processes of gas py- 

olysis, particle inception, and surface growth [1–8] . There also re- 

ains a need for less complex, or semi-empirical, soot formation 

odels such as those available in some commercial CFD software 

ackages [9] , so that accurate predictions of soot volume fraction 

 svf) can be quickly obtained with low computational cost when 

odeling complex, industrial combustion systems. While a useful 

emi-empirical soot model should be robust and applicable over 

 wide range of combustion conditions, such soot models histor- 

cally have been developed using the insights of traditional ex- 

erimental studies in fuel-air flames. These flames contain large 
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uel-rich zones that are conducive for study of the soot formation 

rocess. 

In non-premixed flames with an aliphatic fuel, the soot for- 

ation process begins via fuel pyrolysis into acetylene (C 2 H 2 ) 

nd other intermediates. Then, aromatics such as benzene (A 1 ) 

an be formed through several possible pathways, with propargyl 

elf-combination being significant [10] . Given sufficient species 

nd temperature conditions conducive to soot formation, these 

romatic species will grow and combine to form nascent parti- 

les through an inception process which is not yet completely 

nderstood, though recent work focusing on the role of resonance- 

tabilized radicals has shed new light [11] . Once particles are 

ormed, the dominant mode of soot mass addition is through 

urface growth processes which include the C 2 H 2 -based HACA 

cheme as well as aromatic condensation. Consequently, in the 

ontext of semi-empirical models, soot formation has been de- 

cribed as a temperature-driven process which occurs whenever 

recursors species (fuel, acetylene, or aromatics) are available in 
ufficient concentrations. Such formulations indicate that the effect 

. 
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Fig. 1. Simulated flame conditions (red) and experimentally reported sooting limits 

for C 2 H 4 combustion. (Wang et al. [22] in black circles, Du, Axelbaum (DA) [18] in 

black squares) in terms of K (velocity gradient upstream of the flame on the oxi- 

dizer side [25] ) and Z st . Soot forms for flames to the left of the limit (the flame is 

visibly “yellow”) and does not form for flames to the right of the limit (the flame is 

visibly “blue”). The Wang Reference flame condition is from [23] . (For interpretation 

of the references to colour in this figure legend, the reader is referred to the web 

version of this article.) 
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Nomenclature 

A s surface area ( m 

2 ) 

[ C n H m 

] concentration of species ( kmol/ m 

3 ) 

d p particle diameter ( m ) 

f (S) surface area function 

k reaction rate constant 

K strain rate ( 1 /s ) 

LL Leung-Lindstedt model 

LLR Leung-Lindstedt model with added reversibility 

MB Moss-Brookes model 

MBR Moss-Brookes model with added reversibility 

N AV Avogadro’s number 

psp particle stagnation plane 

svf soot volume fraction 

T temperature ( K) 

T A Arrhenius temperature ( K) 

u axial velocity ( m/s ) 

W i molecular weight of species i ( kmol/kg) 

X i mole fraction of species i 

Y i mass fraction of species i 

Y F,B mass fraction of fuel, in a burning mixture 

Y F,U mass fraction of fuel, in an unburning mixture 

Y O,U mass fraction of oxidizer, in an unburning mixture 

Z mixture fraction 

Z cr critical mixture fraction at which soot can being to 

form 

Z ox oxidative mixture fraction at which soot can no 

longer form 

Z st mixture fraction at stoichiometry 

ν stoichiometric quantity 

ρ gas mass density ( kg/ m 

3 ) 

ρS soot particle mass density ( kg/ m 

3 ) 

ϕ local equivalence ratio 

� normalized local equivalence ratio 

ω S total soot formation rate ( kg/ m 

3 · s ) 

ω inc soot inception rate ( kg/ m 

3 · s ) 

ω SG soot surface growth rate ( kg/ m 

3 · s ) 

ω re v soot reversibility rate ( kg/ m 

3 · s ) 

f reduced soot formation upon increasing Z st is solely due to fuel 

ilution. However, both fuel dilution and oxygen enrichment alter 

he basic structure of nonpremixed flames [10 , 12] and impact the 

toichiometric mixture fraction, Z st , Eq. (1) . 

 st = 

(
1 + 

Y F, 0 W O ν0 

Y O, 0 W F νF 

)−1 

(1) 

Soot formation is known to be strongly affected by Z st . Flames 

an even transition from soot-producing (yellow) to non-sooting 

blue) when Z st is increased through the combination of oxy- 

en enrichment and fuel dilution [13 , 14] . This result occurs even 

hen the stoichiometric flame temperature is held constant and 

as been confirmed in a wide variety of non-premixed flame con- 

gurations including normal and inverted laminar coflow flames 

15 , 16] , turbulent jet flames [17] , counterflow flames [18] , and

pherical flames produced in microgravity [19] . 

Previous work by this group has shown an inadequacy of ex- 

sting one- and two-step semi-empirical models when applied to 

uch elevated-Z st and high-strain flames [20] . In general, existing 

odels tend to over-predict soot formation for these conditions 

nd were found to be unable to predict the experimentally mea- 

ured yellow-to-blue transition at the soot inception limit. The 

urrent work will present a new modeling approach to account 
2 
or the unique flame characteristics of elevated-Z st environments 

nd the effect on soot formation. 

. Methods 

The new approach to soot formation modeling is informed by 

nalysis of a detailed chemical reaction mechanism and is evalu- 

ted in the counterflow flame system. Simulations of counterflow 

ames are performed using the CHEMKIN Pro [21] Opposed Flow 

odule. The KM2 detailed combustion mechanism [2] is used to 

btain the velocity, temperature and gas-phase species distribu- 

ions. The CHEMKIN output data is post-processed in a MATLAB 

ubroutine to solve the soot conservation equation(s) and calcu- 

ate svf . Both this post-process subroutine and the use of KM2 have 

een previously justified by comparison with other modeling pre- 

ictions in the literature [20] . 

As mentioned above, soot formation can be greatly affected 

n the counterflow flame and even eliminated, such that a blue 

ame is produced, by increasing Z st . This phenonmenon has been 

emonstrated by the soot inception limits measured by Du and 

xelbaum [18] and Wang et al. [22] and shown in Fig. 1 . The re-

ion to the left of the limit line corresponds to flame conditions 

or which visible light emissions from soot particles could be ob- 

erved; to the right of the limit the soot concentration is below the 

etection limits and appears blue. Figure 2 also indicates a series 

f simulated flame conditions that span the yellow-to-blue transi- 

ion that are used to evaluate the soot models presented in this 

ork. These flames are also listed in Table 1 along with two other 

xperimental flame sets which are used for model validation. The 

 st = 0.074 flame matches that of Wang et al. [23] , who measured

vf profiles for these conditions. These measurements are used as 

 reference to normalize the semi-empirical models developed be- 

ow. At Z st = 0.393, the flame conditions are experimentally blue 

nd the peak svf for this condition is considered to be less than 

.01 ppm (the diagnostic detection limit). More information can be 

ound in our previous work using this methodology [20] . 

Previous work has also shown that it is beneficial to analyze 

oot formation rate by plotting as a function of the normalized 
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Fig. 2. A 1 Rate of Production vs �. a) Various pathways for Z st = 0.074, b) Various pathways for Z st = 0.393, c) Comparison of net A 1 ROP against Z st = 0.074 and 0.393. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 

List of flame conditions for simulations. Y F, 0 is the mass fraction in the fuel inlet . 

Y O2 , 0 is the oxygen fraction in the oxidizer inlet, Z st is the stoichiometric mixture 

fraction, T AD is the adiabatic flame temperature (K), T Peak is the actual max temper- 

ature (K) from the simulated flame, U 0 is the inlet velocity (cm/s), D is the distance 

(cm) between jets. For all flames in this study, the fuel species used was C 2 H 4 . 

When simulating experimental flames from the literature, a citation has been given. 

Flame Name, Source Y F,0 Y O2,0 Z st T AD T Peak U 0 D 

Z st = 0.074 [23] 1.0 0.276 0.074 2517 2285 30 0.8 

Z st = 0.196 0.380 0.318 0.196 2517 2251 30 0.8 

Z st = 0.291 0.256 0.360 0.291 2517 2224 30 0.8 

Z st = 0.347 0.215 0.391 0.347 2517 2213 30 0.8 

Z st = 0.393 0.190 0.422 0.393 2517 2210 30 0.8 

Hwang SF 20 [14] 1.0 0.222 0.055 2322 2056 19.5 1.42 

Xu SF 30 [24] 1.0 0.329 0.088 2649 2490 20 0.8 
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n 2 2  
ocal equivalence ratio, ( �) [20] . The local equivalence ratio ( ϕ), 

an be calculated numerous ways, as in Eq. (2) . A normalized � is 

sed in this study to obtain a finite range of values ( Eq. (3) ). The

ocation of stoichiometry does not change with flame conditions or 

ith fuel species, being always located at ϕ = 1, ( � = 0.5). 

 = ν
Y F,U 

Y O,U 

= 

(
Z 

1 − Z 

)(
1 − Z st 

Z st 

)
= 

m C + m H /m O 

( m C + m H /m O ) 
(2) 
st 

3 
= 

ϕ 

ϕ + 1 

(3) 

. Theory and model development 

.1. Soot precursor chemistry 

The goal of the semi-empirical model formulations produced 

n this work is to capture important chemical phenomena dur- 

ng soot formation in the most concise and accurate manner 

s possible. It is helpful to recall important chemical pathways 

hich are relevant in the flame environments of interest. Soot 

ormation is often thought to proceed everywhere on the fuel-side 

f the non-premixed flame, until the pool of oxidative species (e.g. 

 2 , OH) is reached, as evidenced by the formulation of existing 

emi-empirical models. However, other processes counteract soot 

ormation which occur in all flames and become more pronounced, 

ven critical, at elevated Z st . Previous studies have indicated that 

oot stops forming prior to reaching the location of oxidizing 

pecies, due to various reversibilities in the soot formation process. 

emperature can affect soot reversibility due to the exothermic 

ature of the C H -to-A1 pathway [1] and can also play a role
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Table 2 

Critical C/O values below which no soot can form as measured by Kumfer et al. [30] , 

followed by the C/O of stoichiometry for each fuel, and the critical values converted 

to ϕ and �. 

Fuel Measured critical C/O [30] Stoichiometric C/O ϕ cr �cr 

CH 4 0.42 0.25 1.68 0.63 

C 2 H 6 0.54 0.29 1.89 0.65 

C 3 H 8 0.58 0.30 1.93 0.66 

C 2 H 4 0.60 0.33 1.80 0.64 

C 2 H 2 0.71 0.40 1.78 0.64 
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n PAH fragmentation [1] . Elvati and Violi [26] have shown that 

AH dimers are thermodynamically unstable at high temperatures. 

ccounting for reversibility in aromatic condensation has also been 

hown to be important for predicting particle morphology [27] . 

Significant work has been done on the role of soot precursor 

hemistry, whether precursor consumption [28] or the reversal of 

athways leading to aromatic ring formation [1 , 29] . Skeen, et al. 

10] examined the effect of Z st on chemical reaction pathways crit- 

cal to soot inception by modeling a series of counterflow flames 

ith the USC-II mechanism. Propargyl self-combination was seen 

s the dominant pathway for aromatic ring formation and the au- 

hors concluded that this formation reaction reverses at high Z st 

ue to an increase in the H atom concentration. Skeen et al. an- 

lyzed several potential pathways to aromatic formation, two of 

hich are shown in Eqs. (4) - (5) . They argued that Eq. (4) should

e given precedence over Eq. (5) because its integrated contribu- 

ion was seven times larger and that Eq. (4) was affected by Z st -

ased flame structure effects while Eq. (5) was pyrolysis-based and 

ontrolled by dilution. They also noted that Eq. (4) is endothermic, 

eing predominant at higher temperatures ( > 1600 K) before reach- 

ng the H pool while Eq. (5) is exothermic and favored and lower 

emperatures ( < 1600 K) 

 C 3 H 3 = A 

−
1 + H (4) 

 4 H 5 + C 2 H 2 = A 1 + H (5) 

These features can be observed in Fig. 2 , which shows the path- 

ays of A 1 formation for Z st = 0.074 ( Fig. 2 a) and for the soot

nception limit flame ( Z st = 0.393, Fig. 2 b). While Eq. (4) is still

ore productive than Eq. (5) in terms of peak and integrated rate, 

hese metrics mask the local importance of each reaction. In the 

egion where Eq. (5) has reversed (0.6 < � < 0.7), it is counter- 

cting Eq. (4) . Moving from the fuel inlet to the flame (right to left

n Fig. 2 ), the main contribution to A 1 generation is initially due to

q. (5) , then a mix of Eqs. (4) - (5) , then Eq. (4) , and finally the net

eaction flips and A 1 is destroyed due to a combination of Eq. (5) ,

xidation from OH, and other contributions. Note that in the loca- 

ion where Eq. (4) peaks, the net A 1 ROP is actually negative due 

o the factors of reversibility and oxidation. The overall result of 

hese effects is that the net A 1 ROP more closely follows Eq. (5) in

ts profile shape and reverses in the high temperature zone. For 

 st = 0.393, these features are similar with the notable observation 

hat all rates are reduced. Fig. 2 c shows the A 1 ROP comparison 

or these two flames. For Z st = 0.074, the reversal happens around 

= 0.68 and for Z st = 0.393, � = 0.65. Given that Eq. (5) reverses

ith the H atom pool, these arguments further promote the over- 

ll argument of Skeen et al., that hydrogen is an important con- 

ributor in the reversal of soot-promoting pathways. The novelty 

f these observations is the emphasis on the locality ( � ~ 0.65) at 

hich this occurs for all Z st . 

Skeen et al. also hypothesized that these behaviors would be 

bserved for other soot precursor growth reactions where hydro- 

en is generated as a product, e.g. there would be a reduction in 

AH growth due to this set of reactions. To investigate this claim, 

n analysis was performed on all carbon addition reactions from 

 1 up to A 7 in the KM2 mechanism. Examples of these types of 

eactions involving acetylene are shown in Eqs. (6) –8 below. 

 

−
1 + C 2 H 2 ↔ A 1 C 2 H + H (6) 

 2 + C 2 H 2 ↔ A 2 C 2 H 2 (7) 

 2 C 2 H + C 2 H 2 → A 3 (8) 
4 
Other important carbon-addition reactions, many of which are 

eversible, are listed in the Supplemental Material. These carbon- 

eactions are summed together and plotted in Fig. 3 a, for both 

ow-and high-Z st flames. The various carbon-adding reactions are 

rouped according to their by-products: reactions with no by- 

roduct ( Eq. (8) ), reactions with a by-product of H ( Eq. (6) ), and

eactions with a by-product of H 2 ( Eq. (7) ). These three reaction 

roupings are plotted separately for Z st = 0.074 in Fig. 3 b. A com-

lete list of reactions used is included in the supplemental ma- 

erial. For the flame condition of Z st = 0.74, at the location near 

= 0.65 there is a reversal in the net chemical rate where the re- 

ctions are no longer favorable for carbon addition; rather, reverse 

eactions are promoted which remove attached carbon species. For 

he soot inception limit flame (Z st = 0.393), the transition occurs 

loser to � = 0.60 but the trend is similar (notably, the posi- 

ive quantity of carbon addition is also reduced due the dimin- 

shed formation of precursors, e.g. A 1 as noted by Skeen et al. 

10] ). Figure 3 b indicates that while there are multiple reaction 

ypes which contribute to net carbon addition, the reversal effect is 

olely due to reactions where a by-product of H atom is produced. 

his result is consistent with the H-based reversal of Eqs. (4) –5 

bove and collectively, these reactions demonstrate that H-based 

eversals occur at all levels of soot formation (C 3 H 3 formation, aro- 

atic creation, PAH growth) and that the reversibility of soot for- 

ation occurs in the region of 0.60 < � < 0.70. 

These results are consistent with the findings of Kumfer, et al. 

30] concerning an observed high-temperature boundary of the 

oot-formation zone away from flame front where soot could no 

onger form. In that work, this location can be characterized by 

 critical local equivalence C/O ratio [30] for several different 

liphatic fuels in a non-premixed coflow flame. For ethylene, C/O| cr 

as determined to be 0.53 [30] , which is relatively far from the lo- 

ation of stoichiometry (C/ O = 0.33). By converting the various C/O 

atios to �, this boundary can be referred to generally. As seen 

n Table 2 , the critical value(s) take a very narrow range (0.63–

.66) upon conversion from C/O to �, as the latter is applicable 

o all fuel species. Beyond this location the local gas composition 

nd/or temperature are not favorable for soot inception. It is now 

ypothesized that there is a balance in the formation and reversing 

rocesses at this location such that there is no net soot formation 

eyond this location for all flame conditions. As Z st increases, the 

oot formation zone shrinks in size until the location of initial soot 

ormation coincides with this critical location [15] . 

Given the observed importance of these reversible reactions and 

he role that hydrogen plays in this process, it would be benefi- 

ial to capture these features in a semi-empirical soot model. As 

ith previous work, the target will be semi-empirical models due 

o an application focus and desire to capture important chemical 

etails in a simple manner. The latter point is non-trivial as the 

bility to concisely describe physical phenomenon coincides with 

lucidating important features. In brief, a new reversibility term is 

roposed for use in semi-empirical soot modeling. Because mod- 

ling of reactions involving the H atom would require an exten- 

ive mechanism, instead a temperature-based reversibility term is 
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Fig. 3. Analysis of carbon-addition pathways from A 1 to A 7 for the KM2 mechanism. a) All reactions summed for Z st = 0.074 and Z st = 0.393. b) Reactions grouped and 

summed according to reaction by-product for Z st = 0.074. 

Fig. 4. Hydrogen atom fraction vs. � as predicted by KM2 for various Z st . (For in- 

terpretation of the references to colour in this figure legend, the reader is referred 

to the web version of this article.) 
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dded which serves as a proxy for a hydrogen-based reactions that 

ounteract soot formation. This analogy is shown in Eq. (9) below. 

 re v = k re v exp 

(
−T A,re v 

T 

)
∼ k H [ H ] (9) 

High temperature can be a good indicator of the location of H 

tom, as seen in Fig. 4 where the peak of H is located somewhat

lose to the flame (but on the fuel side) and quickly declines as 

emperature drops. An additional reason for basing the reversibility 

erm below ( Eq. (12) ) on temperature is the various temperature- 

ased reversibilities hindering soot inception described above. 

apturing these features, while less critical for traditional 

uel-air flames, is essential for high-Z st environments where 

hese processes can suppress and even inhibit soot formation. 
5 
.2. Model formulation 

Given these various considerations, we propose an alternative 

emi-empirical modeling approach with the aim to capture the 

ompetition between formation and the reversing processes that 

ccur on the fuel-side of a diffusion flame. This two-term formula- 

ion indicates competition between these processes, with the total 

oot formation being the net sum between the two. For this new 

odel, the net soot production is zero at the location � = 0 . 65 , in-

icating that the soot-formation process is balanced by reversibil- 

ty. This value was chosen as the median value of the reversibility 

egion as observed in Figs. 3 , 4 and was in the bounds of � as

etermined by Table 2 . It is recognized that to fully capture the 

uances of this phenomenon would require modeling at a level of 

etail is beyond the aim and scope of this work, which is to cap- 

ure this effect conceptually and concisely. This effect is achieved 

y fitting the various rate constants so that the overall rate be- 

omes zero at this location, as described further below. 

Formation-Reversible Model: 

 S = ω f orm 

− ω re v (10) 

 form 

= k form 

ρY F,B exp 

(
−T A, form 

T 

)
(11) 

 re v = k re v exp 

(
−T A,re v 

T 

)
(12) 

here 

 F,B = Y F, 0 
Z − Z st 

1 − Z st 
(13) 

The formation Arrhenius temperature for a one-step soot for- 

ation process is set to T A, f orm 

= 15 , 600 K, as determined from 

easurements found the literature [31] . The leading constants for 

he two terms in the model and the activation temperature in 

q. (12) are determined by fitting to experimental data available 

n the literature and by using the procedure outlined below. In 

olving for the constants, three criteria are imposed: 1) that the 

esulting peak svf matches that of an experimental measurement 

or a particular reference flame condition [23] which is described 

elow, 2) that no soot forms ( ω S = 0) for � ≤ 0.65 in a soot incep-

ion limit flame (i.e., the formation and reversibility are equivalent 



P.R. Johnson, R.K. Chakrabarty and B.M. Kumfer Combustion and Flame 229 (2021) 111383 

Fig. 5. Results from the new model for all Z st in the changing Z st evalulation; a) predicted and experimentally measured svf vs. distance from psp ; diagnostic limit for svf 

shown by red line. b) total formation rate vs. �; c) formation and reversibility rates vs. � for 3 different Z st . (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.) 
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t this location), and 3) that the model predicts a blue (soot-free) 

ame for the soot inception limit flame of the same strain (see 

ethods for quantification of this value). With these three condi- 

ions, the three remaining unknowns of Eqs. (11) –(12) ( k f orm 

, k re v , 

 A,re v ) can be found. For the second and third conditions, the flame 

orresponding to Z st = 0.393 (see Table 1 and Fig. 1 ) is the soot

nception limit flame used for model validation. Eqs. (10) - (12) are 

teratively solved to achieve a solution. 

. Results and discussion 

.1. One-step modeling results 

The modeling constraints were satisfied with k form 

= 1.19E5, 

 rev = 22.4, T A,rev = 8500 K and the results are shown in Fig. 5 .

redictions of svf are shown in Fig. 5 a; soot forms and is trans-

orted via convection (designated by arrows) to the particle 

tagnation plane ( psp ) where it accumulates, leading to the signa- 

ure svf profile of the counterflow flame. The new model agrees 
6 
ell with the measured svf values at Z st = 0.074 [23] , which can

e directly verified by comparison with the experimental data 

oints in Fig. 5 a. The model also predicts the experimentally 

bserved soot-free (blue) conditions for Z st = 0.393, as the peak 

vf is below the limit line where svf = 0.01 ppm. 

The predicted soot formation rate profile is shown in Fig. 5 b. 

odel results indicate that soot can form in a region between two 

oundaries as discussed in the theory section. Near the fuel inlet, 

oot begins to form ( � ~ 0.92 for Z st = 0.074) as sufficient temper- 

ture is reached for the given fuel availability. On the high temper- 

ture side of the soot formation zone ( � ~ 0.58 for Z st = 0.074), 

et soot production ceases as the reversing reactions surpass for- 

ation reactions. The region between this location and the flame 

ront is not conducive to soot formation. As Z st increases, the soot 

ormation zone shrinks from both the right (high- �) and left (low- 

) side of the zone. The model predicts a reduction of soot forma- 

ion at higher- � due to the effect of dilution diminishes the fuel 

vailable to form soot. The model also predicts a reduction of soot 

ormation at lower- � due to the effects captured by the reversibil- 
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Fig. 6. Results from the Leung-Lindstedt-Reversible model for the changing Z st evalulation; a) predicted and experimentally measured svf vs. distance from psp ; diagnostic 

limit for svf shown by red line. Arrows indicate direction of gas convection. b) total formation rate vs. �; c) net inception ( ω inc − ω re v ) rate vs. �; d) inception rate 

( ω inc ) vs. �. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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a

a

a

ty term ( Eq. (12) ). There are no direct experimental comparisons 

o the three intermediates Z st (0.196, 0.291, 0.347) flames, which 

re displayed in Fig. 5 to indicate the gradual and continuous re- 

uction of soot formation. Finally, at Z st = 0.393, these reductions 

oincide to yield zero net soot formation. For this flame condition, 

o soot can form at � lower than the critical value, thus satisfying 

he third modeling constraint. This suppression of soot formation 

an also be seen by viewing the different formation ( Eq. (11) ) and

eversibility ( Eq. (12) ) rates, as shown in Fig. 5 c for Z st = 0.074,

.291, and 0.393. For Z st = 0.074, there is a region where the 

ormation rate is significantly higher than the reversibility rate. 

s Z st increases, this gap narrows until at Z st = 0.393, when 

eversibility has overtaken the formation rate everywhere. 

Finally, the reversibility term in Fig. 5 c can be compared to 

he mass fraction of H atom predicted by the detailed KM2 model 

or varying Z st in Fig. 4 . It is apparent that these two curves are

imilar in their shape, peak location, and their trend with Z st . 

herefore, it is with great interest that we note that the fitting 
t

7 
arameters and therefore the shape of the reversibility curve 

ere determined solely by the criteria of zeroing below �cr and 

alancing the limit value at high Z st . While it is recognized that 

he reversibility process is multi-faceted, this approach appears 

o capture the main feature. As a final note, the reversibility 

rocesses described in this paper are more focused on precursor 

hemistry and therefore could be seen to more directly affect 

he soot inception process rather than all soot formation. The 

ollowing section will use this model framework to reverse the 

nception process only. 

.2. Semi-empirical models with reversibility 

Since the formation-reversible model ( Eq. 10 ) showed consider- 

ble successes at elevated Z st , another layer of detail and potential 

ccuracy was investigated where inception and surface growth 

re separately considered. Rather than develop new models, 

wo established two-step semi-empirical models were used: the 
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Fig. 7. Results from the Moss-Brookes-Reversible model for the changing Z st evalulation; a) predicted and experimentally measured svf vs. distance from psp ; diagnostic limit 

for svf shown by red line. Arrows indicate direction of gas convection. b) total formation rate vs. �; c) net inception ( ω inc − ω re v ) rate vs. �; d) inception rate vs. �. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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eung-Lindstedt (LL) model [32] and the Moss-Brookes (MB) 

odel [33] . These two were chosen based on their popularity 

nd because they show similarity of form but with varying fitting 

onstants that result in different results for the same flame con- 

itions (e.g. see results in [20] ). Previous work by this group has 

hown their inadequacy at elevated Z st , making them fitting can- 

idates to investigate a reversibility-based remedy. The modified 

quations are shown below with terms from the original models 

 Eqs. (15) –(21) ) included. The reversible forms of the models are 

abelled LLR and MBR, respectively. 

emi-Empirical Models, with Modification: 

 S = k norm 

( ( ω inc − ω re v ) + ω sg ) (13) 

 n = k norm 

(
N AV 

M P 
( ω inc − ω re v ) 

)
− ω coag (14) 

eung-Lindstedt 

 inc = 10 

4 
[ C 2 H 2 ] exp 

(
−21 , 100 

T 

)
(15) 
8 
 sg = f ( S ) 
(
6 × 10 

3 
)

[ C 2 H 2 ] exp 

(
−12 , 100 

T 

)
(16) 

f ( S ) = ( A s ) 
0 . 5 = 

(
πd 2 p ρn 

)0 . 5 = 

(
π

(
6 

π

1 

ρS 

Y S 
n 

) 2 
3 

ρn 

)0 . 5 

(17) 

oss-Brookes 

 inc = 7 . 78 × 10 

3 
[ C 2 H 2 ] exp 

(
−21 , 100 

T 

)
(18) 

 sg = f ( S ) 30 . 7 [ C 2 H 2 ] 
0 . 4 exp 

(
−12 , 100 

T 

)
(19) 

 = A s = πd 2 p ρn = 

(
π

(
6 

π

1 

ρS 

Y S 
n 

) 2 
3 

ρn 

)1 

(20) 
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Fig. 8. Predicted svf vs �. for all models. a) Z st = 0.074 (includes experimentally measured svf and diagnostic limit for svf shown by red line); b) Z st = 0.291; c) Z st = 0.393. 

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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emi-Empirical Reversible Terms 

 re v ,LL = k re v exp 

(
−T A,re v 

T 

)
(21) 

 re v ,MB = k re v exp 

(
−T A,re v 

T 

)
(22) 

The value of T A,re v is retained as used in the formation- 

eversible model above (8500 K). However, since the reversibil- 

ty term is only applicable to inception rather than total soot for- 

ation as in the former model, k re v must be found by a differ- 

nt condition for these models. Similar to condition (2) above, 

ere the condition is that no soot forms at � ≤ 0.65 at the soot 

nception limit ( Z st = 0.393, see Methods section); the inception 

nd reversibility are now equivalent at this location. Finally, there 

s a normalization factor imposed on these semi-empirical mod- 

ls to adjust them such that the peak svf match that of an ex- 

erimental measurement for a particular reference flame condi- 

ion [23] which is described below, as in condition (1) above, and 
9 
escribed previously for semi-empirical models [20] . The normal- 

zation factor is multiplied on the net inception ( ω inc − ω re v ) and 

ass surface growth ( ω sg ) terms (see Eqs. (13) - (14) ). The values of

hese constants are k norm 

= 1.39, k re v = 1.6E-3 (LLR) and k norm 

= 4.8, 

 re v = 1.2E-3 (MBR). 

Results for the LLR model are shown in Fig. 6 . The svf profiles,

een in Fig. 6 a, show a steady decrease in peak svf as Z st increases.

t Z st = 0.074, the peak value matches the experimental svf . For 

he experimental blue flame, the predicted peak is below the limit, 

hus correctly predicing soot-free conditions. In Fig. 6 b, the pre- 

icted soot formation rate is shown. The rate is always bounded 

etween 0.6 < � < 0.9. As Z st increases, the zone region shrinks 

nd the formation rate decreases. As the blue condition is ap- 

roached, the peak formation rate location shifts to � = 0.65. This 

esult is consistent with the experimental observation as described 

bove for the �cr boundary. In Fig. 6 c, the net nucleation rate for 

LR is shown. Similar to the toal formation rate, there is steady 

ecrease of the inception rate magnitude and the zone size also 
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Fig. 9. Predicted svf vs. distance from psp for all models. a) Hwang SF 0.20 (zoomed in); b) Hwang SF 0.20 (full scale); c) Xu SF 0.30 (zoomed in); d) Xu SF 0.30 (full scale). 

See Table 1 for flame conditions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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ecreases. At Z st = 0.393 (blue), there is no inception. For compar- 

son, the LL inception without reversibility is shown in Fig. 6 d. 

The results for the MBR model are shown in Fig. 7 and are simi-

ar to the LLR model. The rate is more strongly affected (diminishes 

aster) at elevated Z st due to the greater sensitivity of the surface 

erm ( Eq. (15) has ω S ∼ A s while Eq. (12) has ω S ∼ A 

0 . 5 
s ). The 

omparison of this effect between two models has been previously 

iscussed [20] . 

Figure 8 shows the three reversible models ( Eq. (10) , LLR, MBR) 

lus the original models (LL, MB) for three increasing Z st flame 

onditions, so that the model progression can be observed. While 

ll models show agreeable predictions of svf compared to exper- 

mental measurements for the low Z st flame ( Fig. 8 a), only the 

hree reversible models predict soot quantities under the diagnos- 

ic limit for the blue flame, while the LL and MB models over- 

redict (discussed in [20] ). The fact that even a one-step model 

an outperform standard semi-empirical models at this condition 

y including a single temperature-based reversibility term high- 

ights the importance of accounting for this feature at these condi- 

ions. Including reversibility is a necessary and sufficient condition 

or modeling soot at elevated Z st . 
10 
To show the robust nature of these reversible models, pre- 

ictions from the five models are shown in Fig. 9 for two other 

ounterflow flames where svf profiles have been measured. Re- 

ults comparing predictions against measurements found in Hwang 

t al. [14] can be seen in Fig. 9 a, 9 b. This flame has different burner

imensions, inlet velocities (lower strain rate), and flame tempera- 

ure (2322 K) than the flames listed above (2517 K); full details are 

n Table 1 . For this flame, the original LL model overpredicted the 

xperimental peak svf by a factor of 3 (see Fig. 9 b) while the LLR

odel shows good agreement with the experiment. The MB model 

verpredicted the peak svf by over an order of magnitude while 

he modified MBR model also shows good agreement. The new 

odel presented here Eq. (10) ) is close to the experimental mea- 

urements, only slightly underpredicting the peak svf . Results com- 

aring predictions against measurements from Xu, et al. [24] are 

hown in Fig. 9 c, 9 d. The oxygen concentration is enhanced in 

his flame ( X O 2 = 0 . 30 ) such that Z st slightly increases but the

ame temperature increases (2649 K) significantly compared to 

he flame series above. Here, both the LL and LLR give very similar 

esults (see Fig. 9 c) and both align well with the experimental 

vf . The MB and MBR models overpredict the experimental svf by 



P.R. Johnson, R.K. Chakrabarty and B.M. Kumfer Combustion and Flame 229 (2021) 111383 

o  

p

t

fi  

i

s

f

m

t

w

c  

t

r

m

a

t

m

m

A

W

fl

t

h

fi

a

u

a

c

a

s

c

s

s

t

o

6

m

m

p

u

v

w

a

(

m

i

c

B

w

s

t

c

i

c

w

e

e

t

r

s

r

F

o

D

c

i

A

o

e

t

S

f

0

R

 

 

 

 

 

 

 

 

[

[

 

 

 

 

 

[

ver a factor of 3 and 4, respectively. The model in Eq. (10) again

erforms well, with very slight overprediction. It is emphasized 

hat the reversible models required no further adjustment to the 

tting constants (e.g. k re v in Eqs. (6 , 19 , 20) from the Z st flame series

n Table 1 ). These results indicate that LLR will either maintain the 

ame predictions or will improve them compared to LL. The results 

or MB and MBR are less conclusive for these flames as neither 

odel performs very well. This is not surprising considering that 

he LL surface growth constants were fitted in a counterflow flame 

hile MB was fitted for a coflow flame where growth regimes 

an be different (compare Eqs. (17) - (18) with Eqs. (21) - (22) . We

herefore assert that the reversibility term proposed here is a 

obust feature that does not diminish prediction capability in 

ore-traditional non-premixed counterflow flame environments. 

These results indicate that the Eq. (10) and LLR models are 

ccurate for a wide range of counterflow flame conditions and 

hat the reversibility framework yields a net modeling improve- 

ent, although further research is needed to fully validate these 

odels under alternative flame conditions, flame types, and fuels. 

djustments to empirical constants may be necessary in each case. 

hile these models have been developed through examination of 

ames of aliphatic fuels only, the deformation of aromatic species 

hat is captured in these models occurs generally in regions of 

igh H atom concentration, regardless of the parent fuel type. The 

ndings in Table 2 suggest that the balance between formation 

nd deformation that occurs at � = 0.65 in limit flames could be 

biquitous, and this implies that it is ultimately the ratios of C, H, 

nd O that govern. Therefore, the modeling approach outlined here 

ould be extended to aromatic or oxygenated fuels, provided that 

 soot inception limit can be observed. However, considering the 

tandard definition of equivalence ratio (ratio between the oxygen 

ontent in the oxidant supply and that required for complete 

toichiometric combustion) and the derivation of Eq. (2) , caution 

hould be exercised when trying to use Eq. (2) to calculate � in 

he case of oxygenated fuels, since this equation only considers 

xygen originating from the oxidizer stream. 

. Conclusions 

A new approach has been developed for semi-empirical soot 

odels which can capture the changes in soot formation as Z st is 

odified by accounting for both formation processes as well as im- 

ortant reversibilities which counteract formation. This approach 

ses a temperature-based term to approximate the chemical re- 

ersibilities which counter soot formation. This reversibility term 

as used alongside an original one-step formation model and was 

lso added as an extension to two existing semi-empirical models 

Leung-Lindstedt and Moss-Brookes). 

Using this modeling approach resulted in all three models 

atching experimental measurements at low Z st (25% O 2 ). More 

mportantly, all three models correctly predicted blue (soot-free) 

onditions in a non-premixed counterflow flame for the first time. 

y comparison with models that did not include reversibility, it 

as demonstrated that this result cannot be obtained by con- 

idering formation processes alone. This study, therefore, shows 

hat the performance of semi-empirical soot formation models 

an be dramatically improved when applied to higher- Z st flames 

f the reversible nature of soot formation at high temperature is 

onsidered. 

The models produced in this study showed good agreement 

ith experimental svf profiles for sample flames of two other 

xperimental data sets. Results showed that Leung-Lindstedt was 

ither improved or that an accurate status quo was achieved while 

he Moss-Brookes results were less accurate (with or without the 

eversibility term). By using a variety of flame conditions, it is 

hown that while this reversibility framework is simple, it is also 
11 
obust and applicable for a wide range of counterflow flames. 

inally, there is a need for additional experimental measurement 

f svf in higher- Z st flames to validate such models. 
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