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The extinction and flame bifurcations of radiative CH4/air and GaHa/air free propagating Barnes and 

counterflow flames are investigated numerically with dctailed chemistry as well as the optically thin and 

spectral emission-absnrption statistical narrow band models. For counterflow Calair flame, a G-shaped 

extinction curve is ohtaincd. It is shown that flame bifurcations and extension of the flammability limit due 

to the interaction of radiation and stretch at subunity Lewis number exist regardless the radiation model 

used. Furthennore, it is shown that even for small-scale flarne, radiation reahsorption greatly extcnds the 

flammable regions of the weak flame (WF) and the near-stagnation flame (NSF). For countedlow 

air flame, a K-shaped extinction curve is obtained. It is concluded that multiple flame bifurcations are the 

physically intrinsic phenomena of the practical strctched flames. It is shown that the extrapolation of the 

stretched extinction limit to zero stretch ratc is possible only when the extinction curve is K-shaped. 

Transition frorn the G-shaped extinction curve to the K-shapcd one, as a result of the competition between 

radiation heat loss and the Lewis number effect, is examined by replacing the nitrogen gas in Grliair 

mixture with helium. The critical Lewis number for the transition of the extinction curve is obtained. 

Results of the present study show good agreement with theory and experiment. 

Introduction 

Practical flames are subjected to both radiation 
heat loss and stretch. It is well known that the stan-
dard flammability limit is determined by radiation 
heat loss [1-6]. Therefore, the study of the extinetion 
and bifurcations of radiative stretched flames is very 
important for the determination of the standard limit 
and for the application of the fiarnelet rnodel to tur-
bulent combustion. 

In the experimental measurements of the standard 
limit and the extinction limit of stretched flames, the 
spherical propagating flame and the counterfiow 
flame are frequently ernployed. These flames are 
subject not only to radiation heat loss but also to 
stretch effect. Therefore, it is crucial to understand 
how the measured limits are related to the standard 
limit (the limit of unstrained flarne), and how the 
combined effect of radiation and stretch affects it. 

The study on the combined effects of radiation 
heat loss and stretch on the extinction of counterflow 
flame was first investigated numerically by Platt and 
Tien [7] using a one-step chemistry. Their results 
showed that there is a radiation-induced extinction 
at low stretch. Recent microgravity experiments [8] 
and numerical simulation [9,10] with detailed chem-
istry obtained a C-shaped extinction cuive and dem-
onstrated that radiation heat loss can quench a near-
lirnit flame. Further numerical study [11] and 
theoretical analysis [12] found that the extinction 
phenomena are greatly enriched by the interaction 
of radiation and stretch. This interaction results in 
multiple flame bifurcations and a G-shaped extinc-
tion curve [11] (Fig. 1). This result provided the first 
successful explanation to the relation between the 
measured limit and the standard limit. 

The study of the Lewis number (Le) effect on the 

2551 



2552 MICROCRAV1TY COMBUSTION 

G-curve 
Le <Le, 

Temperature curve of the 
ID planar propagating flame Ceumerflow name 

E 

mo 
(FSWSP limii ) 

cbg Laral of NSF 

The G-shaped curve 
on plane 

Stretch rate, a 

FIG. 1. Schematic illustration of the relation between the 
flammable region of unstrained flame and eounterflow 
flame fnr Le less than a critical value. 

flame bifurcation [13] with the one-step chemistry 
shows that rnukiple flame bifurcations exist at all the 
Lewis numbers of practical interests. It is shown that 
the G-shaped extinction curve changes into a K-
shaped curve when the Le is larger than a crffical 
value. For Le less than this critical value, a mixture 
under the standard limit can bmn at a moderate 
stretch. The relation between the flammable region 
of the unstrained flame and that of the stretched 
flame for Le Le„ is shown in Fig. 1. It can be seen 
that there are four different flame regirnes, the sub-
limit near-stagnation flame (NSF), near-limit far 
standing weakly stretched flame (FSWSF), the off-
limit normal flame, and the weak flame (WF), for 
radiative stretched flames. Fig. 1 shows that only the 
extrapolation of the limit of FSWSF to zero stretch 
yields the standard limit (00). 

Although many interesting radiation-induced non-
linear phenomena havc been revealed in the just-
mentioned studies, there are still three questions to 
be answered. First, the adopted radiation model in 
the preceding studies is the optically thin approxi-
mation. It is well known that CO, and I120 have 
strong spectral-dependent radiative properties, and 
the spectral band absorption coefficients at some 
bands can be one order higher than the Planck mean 
absorption coefficient. This implies that radiation 
reabsorption may be important for near-limit flames 
even at a vmy small flame scale. Therefore, it is nec-
essary to know whether flame bifurcations still exist 
when the spectral emission-absorption is included 
and how the reabsorption affects the limit. Second, 
the multibifureations of C3H8/air flame have not 
been examined, although a good comparison with 

experiment was made in Ref. [10]. Finally, despite 
the strong nonlinear nature of radiation heat loss, 
most theoretical analyses employed a linearized 
treatment as a simplification. Thus, it is important to 
know how well the theory fits the prediction. 

The objective of the present study was to answer 
the preceding three questions. First, the extinction 
and bifircations of the unstrained and stretched 
CH4/air flames were examined using both the opti-
cally thin and spectral emission-absorption radiation 
models. The obtained extinction curves were com-
pared with experiment. Then, simulation was carried 
out for the C3HWair mixture, and the results were 
also compared with experiment. Finally, the transi-
tion of extinction curve was investigated and com-
pared with theory. 

Physical Model 

To compare the limit of a stretched flame with the 
standard limit, two kinds of flame configurations, the 
1-D planar propagating flame (unstrained flame) and 
the axisyrnmetrical counter-flow prernixed flame, 
were used in this study. A detailed description of the 
governing equations and the boundary conditions 
can be found in Ref. [11]. The initial mixture pres-
sure and temperature were respectively 1 atm and 
300 K. The downstream length of the burned gas for 
the unstrained flame was 400 cm. The burner sep-
aration for the counterflow flame was fixed at 10 cm. 

The fuels considered in this study were CH4 and 
C31-18. The Lewis numbers for lean C114/air and 
C3HWair mixtures are 0.967 and 1.8, respectively. In 
addition, a CH4 + [0.2102 + (0.79 — r)N2 + rHe] 
(0 r 0.79) mixture was also employed to inves-
tigate the transifion of the extinction curve. r was 
varied to change the Le continuously from 0.967 to 
1.8. The C1 chemistry given in Ref. [15] and the C3 
chemistry in Ref. [16] were used, respectively, for 
CH4 and C31'18 flames. 

In taking into account the effect of thermal radi-
ation, only the optically thin approximation has been 
used in previous studies of the standard limit. In this 
study, both the optically thin model and the statis-
tical narrow band (SNB) model [17] were employed. 
The band parameters for CO2, H20, and CO were 
taken from Ref. [18]. The mdiation transport equa-
tions for the SNB model were solved by the discrete 
ordinate method with the T5 quadrature scheme 
[19]. The Planek mean absorption coefflcients were 
taken from Ref. [20] as well as calculated direcfly 
from the SNB model in the optically thin limit. Fig. 
2 shows a comparison between the predicted Planck 
mean absorption coefficients of H20 and CO2 with 
those given in Ref. [20]. It can he seen that the data 
of Ref. [20] are larger than those obtained from the 
SNB model. The effect of the Planck mean coeffi-
cients on the flammability limit are given in the next 
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FIG. 4. Thc cffects of thc radiation model on the G-
shaped extinction curve of a countedlow Cfliair flame. 

section. Except where noted, the optically thin 
model used the Planck mean coefficients calculated 
from the SNB model. 

The energy and species conservation equations for 
both flame configurations were solved by a revised 
version of the CHEMKIN code [14,15] with the ar-
clength continuation method [11,21], 

Results and Discussions 

Extinction and Bifurcations of CH4/Air Flames 

The variation of the bnrning velocity with equiv-
alence ratio is shown in Fig. 3. The standard flam-
mability limits predicted by the optically thin model 
using Tien's data [20], the optically thin model using 
the Planck mean coefficients from the SNB model, 
and the SNB model, are, respectively, 0.493, 0.488, 
and 0.468. The flammability limit obtained by Tien's 
model here agrees exactly with the results in Ref. 
[22], although a different chemical kinetics was used 
there, Fig. 3 shows that more accurate radiation 
models yield a lower standard limit than Tiert's 
model, particularly when radiation reabsorption is 
taken into account. Therefore, it can be concluded 
that radiation reabsorption has a great iinpact on the 
near-limit flames and the standard limit. A compar-
ison between the predicted data with the experi-
mental data of Ref. [23] shows that the prediction 
agrees well with the experiment. Although there is 
a small discrepancy on the lean side, it can be largely 
attributed to the accuracy of the chemistry. The ex-
isting chemical kinetics always gives a larger burning 
velocity than the microgravity experiment. 

The predicted G-shaped extinction curves for a 
counterflow flame (see Fig. 1) using the preceding 
three radiation models are shown in Fig. 4. Here, 
AB is the stretch extinction limit of a normal flame 
and an NSF (Fig. 1). BC and CF are the radiation 
extinction limits of the NSF and WE DG is the jump 
limit of the WF, and BE is the extinction limit of the 
FSWSE Therefore, B represents the flammability 
limit of the radiative stretched flame, and E is the 
standard limit of the unstrained flame. Fig. 4 shows 
that the existence of flame bifurcations is indepen-
dent of the radiation model used. All the radiation 
models yield a flammability limit of the stretched 
flame that is lower than the standard liinit. Fmther-
more, it can be seen that only the extrapolation of 
the FSWSF limit (DE) to the zero stretch rate yields 
the standard limit. The comparison between the re-
sults obtained using different radiation models re-
veals that, although flame reabsorption only has a 
small impact on the flammability limit of the 
stretched flame, it has a great impact on the radiation 
limit and the jump limit of the NSF and WF. There-
fore, radiation reabsorption is very important for the 
near-limit and sublimit flames even at a small flame 
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scale. The rnicrogravity experiment also shows the 
existence of the radiation limit of the WF. Experi-
mental observation of the FSWSF and the jump 
limit requires a larger bumer separation and a lower 
stretch rate. Although the SNB model yields a larger 
discrepancy with the experimental data than the op-
tically thin rnodel, this does not mean that the op-
tically thin model is rnore accurate. There are two 
possible reasons for this discrepancy. The main rea-
son is the uncertainty of the chemistry at the lean 
limit. The other is the limitation of burner diarneter 
used in the rnicrogravity experiment. Therefore, to 
create a more accurate comparison between predic-
tion and experiment, a further development of 
chemical kinetics for near-limit flames, and future 
rnicrogravity experiments with large burner diame-
ters are necessary. 

Extincaon and Bifurcations of (13H8/Air Flames 

Variation of the burning velocity and flame tem-
perature with the equivalence ratio predicted by the 

optically thin model is shown in Fig. 5. It can be 
seen that the predicted standard flammability lirnit 
is 0.445, which is lower than the measured flam-
mability limit of 0.5 [24]. Comparison between pre-
diction and experiment 111 Ref. [23] also shows that 
the present chemistry overpredicts the burning ve-
locity. Flowever, this discrepancy becomes smaller as 
the equivalence ratio decreases. 

The flame temperature of dm C31-18/air emmter-
flow flame is plotted as a function of the stretch rate 
in Fig. 6 for typical fuel concentrations. Since the Le 
of the lean C3Ha/air flame is 1.8, the flow stretch 
weakens the llame through the Le effect. On the 
other hand, the sublimit NSF (Fig. 1) exists because 
die flame near the stagnation plane suffers less ra-
diation heat loss than the unstrained flame. For 
CHiair flames, both the Le effect and the decrease 
of radiation heat loss due to stretch improve the 
NSF. Thus, the NSF has a wider flammable region 
as the Le goes down. However, the Le effect for Le 

1 plays a counterrole to the radiation effect. Thus, 
if the Le effect is stronger than the radiation effect, 
the subliinit NSF shown in Fig. 1 tnay not exist. 

It can be seen in Fig. 6 that no NSF exists below 
and above the standard limit. For fuel concentration 
slighdy larger than the standard lirnit (0 = 0.5), the 
FSWSF (hi) appears in the weak stretch region. The 
minimum separation distance of this flame is 1.2 crn. 
As the fuel strength further increases, multiflame bi-
furcations occur at 0 = 0.58, where bc is the WF 
and de is the normal flame. The mechanism of the 
WF of the C311Wair flarne is similar to that of the 
Calair flame [11]. Unlike the lower Le flame (Fig. 
1), the extinction limit of the FSWSF of C3F18 flame 
connects continuously -with the stretch extinction 
limit of the normal flame (cd). This is why the stretch 
extinction limit of C3Hdair flames can be extrapo-
lated to zero stretch, but that of CHlair flames can-
not. 

By plotting the stretch extinction limits of the nor-
mal flame and FSWSF (d and i) and the radiation 
extinction limit and jump limit of the WF (b and c) 
as a function of equivalence ratio, the extinction 
curvc showing the flammable rcgion of all the flame 
regimes is shown in Fig. 7. It can be seen that the 
G-shaped extinction curve of Calair flame became 
a K-shaped extinction cm-ve. The region below ABC 
is the flammable region of the nonnal flame and the 
FSWSF. The region within the GDF is the comdst-
ing zone of the normal flame and the WF. The K-
shaped curve clearly shows that the extrapolation of 
ABC to zero stretch is the standard limit. Therefore, 
when the extinction curve is K shaped, the flam-
mability limit of the stretched flame is equal to the 
standard limit. 

The data from microgravity [24] and nonnal grav-
ity experiments [23] are also shown in Fig. 7. It can 
be seen that the prediction agrees very well with the 
experiment.To provide a clear understancling of 
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Figs. 6 and 7, the relation of the flammable regions 
between the unstrained flame and the stretched 
flame is schematically shown in Fig. 8. Comparison 
of Fig. 1 with Fig. 8 immediately shows the evolution 
process from the G-shaped curve to the K-shaped 
curve. 

Transition of the Extinction Curve mid 
Comparison with Theory 

The preceding results showed that as the Le in-
creases, the flammability limit of the stretched flame 
approaches to the standard limit, and the G-shaped 
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Fie. 9. Dependence of limit burning velocity and stan-
dard limit on the Le of the unstrained CII4 [0.210a 
(0.79 — r)No + rHe] flame. 

extinction curve reshapes into the IC-shaped curve. 
Therefore, a critical Le must exist that separates the 
two distinct extinction curves and at which these two 
limits become equal. 

To examine this transition process, a CH4 + 
[0.2102 -I- (0.79 — r)N2 + rHe] mixture is used. r 
is increased from zero to 0.5 to achieve a continuous 
change of the Le from 0.967 to 1.8. For the un-
strained flame, theory [3,12,25] shows that the ratio 
of the radiative flame speed to the adiabatic flame 
speed at the standard limit is equal to e -112. Fig. 9 
shows the burning velocity and the standard lirnit as 
a function of tbe Le. It can be seen that the standard 
flammability limit decreases as the Le increases. 
There are two mechanisms that affect the hrnit. The 
first is the He dilution (increase of Le), resulting in 
a higher flame temperature and thus extending the 
standard limit. Second, the fast diffusivity of He 
hrnadens the thickness nf the thernmi diffusion 
zone, leads to larger radiation heat loss, and there-
fore narrows the flammable region. This can be un-
derstood frorn the limit buming velocity. The bum-
ing velocity at the lirait inereases dramatically as the 
Le increases. However, the predicted normalized 
burning velocity at the limit agrees well with the 
theoretical value of 01  la . 

The extinction curves of the stretched flame (the 
limits of the WF are ornitted) at four typical Lewis 
numbers are shown in Fig. 10. The labeling of each 
branch is the same as in Fig. 4. It can be clearly seen 
that the flammability limit (B) of the stretched flame 
increa.ses as the Le, increases. For Le = 1.4, the NSF 
lirnit (B) becornes larger than the standard limit, and 
thus the flammability limit of the stretched flaine 
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becomes equal to the standard limit. Therefore, the 
critical value will be less than 1.4 (1.36, see Fig. 11). 

Theoretical studies in Refs. [3,12,25] have shown 
the relation between the radiation heat loss and the 
adiabatic flame temperature at the lirnit. By com-
paring these analytical results, a critical Le, at which 
the NSF limit and the standard limit becomes equal, 
can be written as 

Le„ = 

[1 - 21n(zr/ln 2)/(1 - T„IT ed)(ElliTad)]-1 (1) 

Here, T„. and Tad are, respectively, the ambient tem-
perature and the adiabatic flame temperature at 
limit. E and r are the activation energy and gas con-
stant For CH4 flames, E is about 43.6 Kcal/mole and 
Tad is about 1380 K (Fig. 3). The resulting Le„ is 
1.33. 

Figure 11 shows the comparison between the 

standard limit and the NSF limit, At Le = 1.36, the 
two limits become equal. Thus, 1.36 is the critical 
Le, For Le larger than 1.36, the NSF limit becomes 
higher than the standard limit, while for Le less than 
1.36, the NSF limit becomes lower than the standard 
limit. Therefore, fine AOD is the flammability limit 
of the stretched flame. It can be seen that the pre-
dicted critical Le (1.36) agrees very well with the 
theoretical value (1.33). 

Conclusion 

The extinction and bifurcations of stretched and 
unstrained CR/air and C31-12/air flames were stud-
ied using detailed chemistry along with the optically 
thin and SNB radiation models. 

It was found that radiation reabsorption greatly 
enhances the near-limit flame even at a small scale. 
The results show that radiation limits of both. the 
NSF and the WF are extended by radiation reab-
sorption. It was confirmed that the existence of the 
multiple flame bifurcations and four different flame 
regirnes is independent of the choice of radiation 
model. 

It was also found that the G-shaped extinction 
curve for CH4/air flames changed into a 1C-shaped 
curve for C3H8/air flames. The results show that the 
stretch extinction limit of a normal flame can be ex-
trapolated to zero-stretch rate only when the extinc-
tion curve is K shaped. There is a critical Le for the 
transition of the extinction curve. The predicted 
critical value agrees well with the theory. 

The results agree well with available experimental 
data. However, better comparisons between predic-
tion and experiment require further studies of mi-
erogravity experiment and the chemistiy, particularly 
for the near-limit flame. 
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COMMENTS 

J. P. Gore, Purdue University, USA. Just as your results 
show that near-limit flames are affected significantly by 
reabsorption, they also show that in flames away from ex-
tinction, the optically thin limit is a good approRmation for 
opposed flow flames that burn non-sooty fuels with air. In 
your oral answeL you mentioned that diluents such as CO2
and SF, make reabsorption important. However, it is still 
important to state that non-sooty fuel/air opposed flow 

flames can be treated in optically thin limit, because of 
wide range of applications in which CO2, SF, are not used. 

Author's Reply. Yes, non-sooty fuel/air opposed flow nor-
mal flames at large stretch rate can be treated in the op-
tically thin limit. However, when the flame stretch is very 
IOW (for cxamplc, the weak flame at unity equivalence ra-
tio), the reabsorption will have a significant impact on the 
flame strength. 


