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The phenomenon of superadiabatic flame temperature that was numerically predicted and experimen-
tally observed in rich acetylene/oxygen flames used in chemical vapor deposition of diamond layers is of
fundamental interest to combustion science. The chemical mechanism of this phenomenon has not been
systematically studied. In this paper, the structure of planar freely propagating premixed flames of mixtures
of CH,/air, CH,/O,, CoHy/Hy/O,, CoH,/O,, C3Hg/O,, and Hy/Og was computed using detailed chemistry
and complex thermal and transport properties to gain an insight into the common chemical mechanism
responsible for this phenomenon in these flames. It was found that superadiabatic temperatures occur only
in hydrocarbon flames when the equivalence ratio of the mixture is greater than a critical value, but not
in hydrogen flames. The superadiabatic temperature in these hydrocarbon flames is associated with su-
perequilibrium concentrations of some hydrocarbon species and H,0, and with negative heat production
rates at the end of main heat release reactions. The net negative heat production is caused by the endo-
thermic dissociation reactions of these superequilibrium larger hydrocarbon molecules into smaller ones
and of HyO into Hy and OH. In hydrogen flames, neither the concentration of HyO nor the flame tem-
perature exceeds their superequilibrium level. Radiation heat loss has negligible effect on the peak flame
temperature and therefore does not affect the occurrence or the degree of superadiabatic temperatures.

Introduction

Study of the structure of laminar premixed hydro-
carbon flames is of fundamental research interest in
combustion science and is also a necessary first step
toward understanding of turbulent premixed flames
of practical interest. Detailed modeling of laminar
premixed flames also plays an important role in de-
veloping turbulent combustion models within the
framework of the flamelet model. It is also important
to help understand the experimental results ob-
tained in rich premixed hydrocarbon flames used for
chemical vapor deposition (CVD) of diamond thin
film to meet the requirements of fast and hot flames
that can deliver a large flux of H radical to the sub-
strate [1-4].

The structure of laminar premixed flames has
been studied numerically previously by many re-
searchers, for example, Refs. [5-7]. However, in
these studies attention was primarily paid to the
structure of lean, stoichiometric, or slightly rich pre-
mixed flames where superadiabatic flame tempera-
tures do not occur. In a numerical study of diamond

CVD using a strained rich premixed CoHy/Hy/Oy
flame, Meeks et al. [8] found that the flame tem-
perature exceeds the adiabatic temperature, which
is somewhat unusual in premixed hydrocarbon
flames. Their study is perhaps the first numerical
work to reveal the phenomenon of superadiabatic
temperature in rich premixed hydrocarbon flames.
The appearance of superadiabatic temperature in
the flame numerically studied by Meeks et al [8] was
subsequently confirmed experimentally by Bertag-
nolli and Lucht [3] and Bertagnolli et al. [4]. Meeks
et al. [8] suggested that the primary reason for the
occurrence of the superadiabatic flame tempera-
tures in the rich CoHy/Ho/O, premixed flame is that
unreacted acetylene requires a relatively long time
to dissociate to its equilibrium concentration. The
slow and endothermic dissociation of acetylene was
believed to be responsible for the superequilibrium
concentrations of acetylene and superadiabatic
flame temperatures. Another explanation of the su-
Feradiabatic flame temperatures in this flame was
ater presented by Bertagnolli et al. [4], who be-
lieved that the presence of superequilibrium con-
centrations of CO, and H,O is the primary cause of
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Fic. 1. Distributions of temperature and heat-release
rate in the three CH,/air flames. The inset is an enlarged
version of, the heat-release rate around 0 to show the oc-
currence of negative values.

the superadiabatic flame temperatures. The super-
equilibrium concentrations of CoHy and HyO are
consistent with the subequilibrium concentrations of
H and Hy. More recently, in a numerical study of
CVD of diamond films using rich acetylene-oxygen
flames, Ruf et al. [9] also noticed the significantly
subequilibrium concentration of H and suggested
that the slow and endothermic reaction Hy + M <
H + H + M is responsible for the subequilibrium
concentration of H and superadiabatic flame tem-
peratures. While the superadiabatic flame tempera-
ture phenomenon is clearly a non-equilibrium pro-
cess, this brief review of the literature on this topic
reveals that our current understanding of the chem-
ical mechanism for this phenomenon is incomplete
and more studies of the associated reaction pathways
and chemical mechanism are required. In contrast,
more research has been devoted to the mechanism
of superadiabatic temperature in diffusion flames,
such as the numerical study of Takagi and Xu [10].
It is generally believed that the superadiabatic tem-
peratures in diffusion flames are a direct conse-
quence of the preferential diffusion effects of H,
and H.

In the present study, the structure of several at-
mospheric freely propagating planar premixed
flames in mixtures of CH,/air, CH,/O,, CoHy/Hy/
Oy, CoH4/0,, C3Hg/ Oy, and Hy/O4 was numerically
computed using detailed chemistry and complex
thermal and transport properties. The objectives of
this study are (1) to ascertain if the superadiabatic
flame temperature is a common phenomenon in rich
hydrocarbon premixed flames or a phenomenon that
only occurs in certain flames, (2) to identify the re-
action pathways responsible for the superadiabatic
flame temperature and determine whether a com-
mon mechanism for superadiabatic flame tempera-
ture exists when it occurs, and (3) to investigate the
effects of radiation heat loss on the occurrence of
the superadiabatic flame temperature.

LAMINAR FLAMES—Premixed Flame Modeling

Numerical Model

The conservation equations of mass, energy, and
chemical species for steady planar freely propagating
premixed flames were solved using a CHEMKIN-
based code [11]. The thermochemical and transport
properties of species were obtained from CHEM-
KIN [11] and TPLIB [12,13] database. Most of the
calculations were conducted without radiation heat
loss in order to highlight the effect of chemical ki-
netics. However, two runs with radiation heat loss
were conducted in order to assess its effect on the
occurrence of superadiabatic flame temperature. At
a spatial location of x = 0.05 cm, the mixture tem-
perature is fixed at 400 K. In all the calculations, the
upstream location (fresh mixture) is always kept at
x = —2.5 em. The location of downstream (reacted
combustion products) specified in the calculations
varies with the gas mixture. In all the calculations,
however, it was checked that the computational do-
main was sufficiently long to achieve adiabatic equi-
librium when radiation heat loss was not included.
The gas mixture temperature at the upstream
boundary was kept at 298 K, and zero-gradient con-
ditions were specified at the downstream boundary.
All the calculations were performed at atmospheric
pressure. The GRI Mech 3.0 reaction mechanism
[14] was used to model the chemical kinetics in all
the hydrocarbon flames considered in this work. The
only modification made to this mechanism is the re-
moval of species and reactions related to NO, for-
mation. This reaction mechanism was primarily de-
veloped for natural gas combustion and therefore
may not be an optimized reaction mechanism for
acetylene, ethylene, and propane flames. However,
it is believed that use of the GRI mechanism is still
adequate for these flames investigated here since the
heat-release rate is of primary interest in the present
context as far as the superadiabatic flame tempera-
ture is concerned. The reaction mechanism used in
the calculations of the hydrogen flame is that used
previously by Smooke et al. [15].

Results and Discussions

Methane/Air Flames

Three planar freely propagating methane/air
flames were computed. The equivalence ratios (¢)
of these flames are 1.25, 1.5, and 1.75. Fig. 1 shows
the temperature and heat-release rate distributions
in these three flames. Superadiabatic flame tem-
perature occurs for the two richer flames, that is,
¢ = 1.5 and 1.75, but not for the flame of ¢ = 1.25.
The peak temperature in the richest methane/air
flame of ¢ = 1.75 is higher than the adiabatic flame
temperature by about 50 K. The occurrence of su-
peradiabatic temperature is associated with negative
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F1G. 2. Distributions of mole fraction of CO, CO,, H,,
and H,0 in the three CH/air flames.
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FI1G. 3. Distributions of temperature and heat-release
rate in the three CH4/O, flames. The inset is an enlarged
version of the heat-release rate around 0 to show the oc-
currence of negative values.

heat-release rates in the immediate postflame re-
gion, shown in detail in the inset of Fig. 1. The mole
fraction distributions of four important species CO,
CO,, H,, and H,0 are shown in Fig. 2 for these
flames. As the equivalence ratio increases, the con-
centrations of the intermediate species CO, Hy, and
other hydrocarbon species (not shown) in the final
products increase, while the concentrations of stable
species COy and HyO decrease. For ¢ = 1.25,
where the flame temperature does not exceed the
adiabatic equilibrium value, both CO, and H,O re-
main subequilibrium at the end of the major heat-
release reactions (approximately atx = 0.1 cm) and
then gradually approach their equilibrium levels.
However, CO and Hy become superequilibrium at
around x = 0.1 cm then drop rapidly to their equi-
librium concentrations. The primary pathways for
the conversion of CO to COy and H, to HyO are CO
+ OH = CO, + Hand H, + OH = H,O + H.
In the two richer flames of ¢ = 1.5 and 1.75, the
scenario is completely different. The peak mole frac-
tions of CO, in these two flames are slightly higher
than the corresponding equilibrium levels, while the
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mole fractions of HyO are significantly superequili-
brium, especially in the flame of ¢ = 1.75. On the
other hand, CO and H, in these two richer flames
remain subequilibrium. The mole fractions of the
three important free radicals OH, H, and O in the
methane/air flames (not shown) significantly exceed
their equilibrium concentrations in the reaction zone
in all three flames.

As shown in the inset of Fig. 1, the heat-release
rates for the two richer methane/air flames become
negative at the end of the main heat-release reac-
tions and then gradually recover to zero, that is, to-
ward the adiabatic equilibrium state. A detailed anal-
ysis was conducted for the richest methane/air flame
(¢ = 1.75) in order to identify the reaction pathways
that are responsible for the endothermicity in the
postflame region. It was found that the negative
heat-release rate in the postflame region is primarily
caused by the following slow and endothermic re-
actions: CH,CO + M = CH, + CO + M, CyH;
+M=H+ CH; + M, CbH; + M = H +
C,Hy + M, H + HyO = OH + H,. Endothermic
dissociation reactions involving CH,OH, C,H,,
CH;, HCO, and COy also contribute to the endo-
thermicity in the postflame region to a lesser degree.
In addition, the endothermic chain-branching reac-
tion H + Oy = O + OH contributes significantly
to reduce the heat-release rate from positive to neg-
ative. Then it quickly reaches equilibrium at the lo-
cation of the lowest value of the heat-release rate.
The dissociation of CO, to CO and HyO to Hy in
this flame (¢ = 1.75) in the postflame region is con-
sistent with the superequilibrium concentrations of
CO, and H,0 and the subequilibrium levels of CO
and Hy shown in Fig. 2.

The results of the three CH,/air flames indicate
that non-equilibrium prevails in the immediate post-
region of major heat-release reactions due to insuf-
ficient residence time to reach equilibrium. Under
usual conditions such as the flame of ¢ = 1.25
where superadiabatic flame temperatures do not oc-
cur, the approach from non-equilibrium to equilib-
rium in the postflame region is through a series of
slow and exothermic reactions. However, with in-
creasing the equivalence ratio, the non-equilibrium
state in the immediate postflame region is such that
its approach to equilibrium involves a series of slow
and endothermic reactions due to dissociation of su-
perequilibrium hydrocarbon species and HyO
formed in the reaction zone. The formation of these
superequilibrium species is responsible for super-
adiabatic temperatures.

Methane/Oxygen Flames

The structure of three CH,/O, flames was com-
puted, a lean flame of ¢ = 0.75, a stoichiometric
flame, and a rich flame of ¢ = 1.5. Fig. 3 shows the
temperature and heat-release rate distributions of
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F1G. 4. Distributions of mole fraction of (a) CO, CO,,
(b) Hy, and H50 in the three CH,/O, flames.

these flames. The inset in this figure is an enlarge-
ment of the heat-release rate around zero. Super-
adiabatic flame temperatures occur in the stoichio-
metric and the rich flames, accompanied by the
negative heat-release rates in the postflame regions
in these two flames. Although the adiabatic tem-
perature of the rich flame is lower than that of the
stoichiometric one, the peak flame temperature in
the rich flame is higher. The peak flame tempera-
tures in these two flames exceed their respective adi-
abatic flame temperature by about 81 and 220 K.
Mole fraction distributions of four species, CO, COs,
H,, and H,O, are shown in Fig. 4. The peak con-
centration of the two intermediate species, CO and
H,, exceeds their adiabatic equilibrium levels in all
three flames, although the degree of superequili-
brium concentration decreases with increasing ¢.
The concentration of COy in the postflame region is
slightly subequilibrium in the lean flame and only
slightly superequilibrium in the stoichiometric flame
and the rich flame. The concentration of HyO be-
comes superequilibrium in all three flames (Fig. 4)
and the degree of superequilibrium increases with
¢. Compared with the concentration distributions of
these species in the methane/air flames shown in
Fig. 2, it can be seen that CO, and H,O profiles
exhibit some similarity, but Hy and CO profiles are
rather different. Unlike the results for the methane/
air flames where the concentrations of radicals O, H,
and OH are substantially superequilibrium, the
three radicals in the methane/oxygen flames remain
either subequilibrium or only slightly superequili-
brium. Only the H radical at the end of major heat-
release reactions of the rich flame is significantly
lower than its equilibrium concentration. This dif-
ference is perhaps caused by the close-to-equilib-
rium reactions involving these radicals at much
higher temperatures in these methane/oxygen
flames.

LAMINAR FLAMES—Premixed Flame Modeling

A detailed analysis of the heat production rate of
all the reactions in the rich CH,/O, flame was con-
ducted in order to identify the reaction pathways
leading to the endothermicity in the postflame re-
gion. The following reactions are found to be re-
sponsible for the endothermicity in the postflame
region of the rich CH,/O, flame: H,O + M = H
+ OH + M, H, + H,0 = 2H + H,0, O, + H,0
= OH + HO,, COy + M= O + CO + M, HO,
+ H,O=H + O, + H,0, Hy + M = 2H + M,
O + H,0 = 20H, HO, + H,0 = OH + H,O,,
H,0y + M= 20H + M, H + H,0 = OH + H.,.
However, almost all the endothermicity in the post-
flame region is contributed by the first three reac-
tions that reduce the superequilibrium concentra-
tion of H,O to its equilibrium level. Similar to the
richest CH,/air flame discussed earlier, the endo-
thermic chain-branching reaction H + Oy = O +
OH also contributes significantly to reduce the heat-
release rate from positive to negative. Again, it
quickly reaches equilibrium at the location of the
lowest value of the heat-release rate. It is interesting
but not surprising to notice that the decay of CO,
toward to equilibrium in this flame is through CO,
+ M = O + CO + M rather than H + COy =
OH + CO, which is the reaction pathway in the
CH,/air flame of ¢ = 1.75. It is also interesting to
observe that the species involved in the postflame
endothermic reactions are either hydrogen-oxy or
carbon-oxy species, but not hydrocarbon species. In
this regard, this flame is different from the CH,/air
flame of ¢ = 1.75 where the endothermic reactions
in the postflame region involve hydrocarbon species.
Such a difference in the postflame reactions in the
two rich CH,/air and CH,/O, flames can be ex-
plained as follows. In the rich CH/air flame of ¢ =
1.75 where the flame temperatures remain lower
than 1800 K, the temperature-sensitive dissociation
reactions given at the end of the last section are
much slower than those temperature-insensitive
three-body recombination reactions. Therefore, the
approach from non-equilibrium to equilibrium in
the postflame region is through the slower hydro-
carbon dissociation reactions. In contrast, in the rich
CH,/O, flame where the flame temperatures are
about 3000 K, those temperature-sensitive dissoci-
ation reactions involving hydrocarbon species are
believed to be more rapid than the temperature-in-
sensitive  three-body recombination reactions.
Therefore, the three-body recombination reactions
are the controlling reactions from non-equilibrium
to equilibrium in the postflame region in the rich
CH,/0, flame.

The effect of radiation heat loss was investigated
in the rich CH,/Oy flame. Numerical results show
that the inclusion of the radiation sink term based
on the optically thin approximation in the energy
equation reduces the peak flame temperature by
only less than 1 K. The temperature distribution
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FIG. 5. Distributions of temperature and heat-release
rate in the CyHy/Hy/O, flame.
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FIG. 6. Distributions of mole fraction of major species
in the CyHy/Hy/O4 flame.

with radiation heat loss is not shown in Fig. 3 since
it is almost identical to the adiabatic one for x <
1 ¢cm. However, the temperature in the non-adia-
batic flame continues to drop with increasing dis-
tance, and atx = 40 cm, it is lower than the adiabatic
temperature by about 70 K. It is therefore evident
that, although radiation heat loss has a small impact,
it does not affect the occurrence of the superadi-
abatic flame temperature.

Acetylene/Hydrogen/Oxygen Flame

The mole fractions of CyHsy, Hy, and Oy in the
mixture of CoH,/H,/O, are, respectively, 0.44, 0.19,
and 0.37, the same as in the strained CyHy/Hy/Oy
flame previously numerically studied by Meeks et al.
[8]. The temperature and heat-release distributions
in this flame are shown in Fig. 5. The peak flame
temperature is 3416.5 K, which is 410 K above the
adiabatic flame temperature. The peak flame tem-
perature in the strained flame of Meeks et al. [8]
exceeds the adiabatic flame temperature by about
300 K, which is about 100 K lower than the peak
flame temperature in the unstrained flame consid-
ered here, which is expected because of heat loss to
the substrate in the strained flame of Meeks et al.
This comparison of the peak flame temperatures in
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the strained and unstrained CyHy/Hy/O, flame also
provides some support for the use of the GRI Mech
3.0 mechanism in the computation of this flame for
the purposes of the present study. Fig. 6 displays the
mole fraction distributions of major species whose
mole fractions are above 1 X 10™% Tt s interesting
to see that there are only five major species, CO, H,
H, CyH,, and CoH, in the equilibrium composition.
Concentrations of CO, and H,O are significantly su-
perequilibrium in the region between about x =
0.05 cm and x = 0.3 cm. Radiation heat loss was
also found to have negligible effect on the peak tem-
perature in this flame.

Analyses of the heat production rate of reactions
in this flame revealed that the following reactions, in
order of contribution, are primarily responsible for
the endothermicity in the postflame region shown in
Fig. 5: CoH, + M = H + GoH + M, CH, + M
— H + CHs + M, CH,CO + M = CH, + CO
+ M, H,0 + H= OH + H,, CHy + M = H +
CH, + M, H, + M = 2H + M, 2H, = 2H +
H,, HCCO + M = CH + CO + M, CH; + M
= CH + Hy + M, CoH; + M = H + GCyHy +
M, HCO + H= H, + CO, CO, + H= OH +
CO. At this point, it is interesting to note that the
possible causes of the superadiabatic flame tem-
peratures in this flame and in the C3H5/O; flame of
Ruf et al. [9] speculated previously by Meeks et al.
[8], Bertagnolli et al. [4], and Ruf et al. [9] are all
relevant but are all incomplete in view of the results
presented above. The present analysis indicates that
the degree of temperature overshoot in the CoHy/
Hy/O4 flame is largely determined by the degree of
concentration overshoot of CoHy, CH,, CH,CO, and
HZO.

Ethylene/Oxygen Flame

The structure of a rich C;H,/O4 premixed flame
of ¢ = 2 was computed. Distributions of tempera-
ture, heat-release rate, and some species are shown
in Figs. 7 and 8, respectively. Superadiabatic flame
temperatures occur again in this flame and the peak
flame temperature exceeds the adiabatic equilibrium
temperature by about 388 K. The approach from
non-equilibrium at the immediate postflame region
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F1G. 7. Distributions of temperature and heat-release
rate in the CoH,/O, flame.
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to equilibrium is once again associated with negative
heat-release reactions. In this flame, HyO is signifi-
cantly above its equilibrium level and H, is corre-
spondingly below its equilibrium concentration
(Fig. 8a). The peak CO mole fraction is only slightly
above the equilibrium level and COj is very close or
to its equilibrium concentration around the location
of peak temperature. Concentrations of the three
important radicals O, H, and OH (Fig. 8b) remain
subequilibrium in the reaction zone and in the post-
flame region.

The endothermicity in the postflame region in this
flame was found to be primarily caused by the fol-
lowing reactions: H,O + M= H + OH + M, H,O

LAMINAR FLAMES—Premixed Flame Modeling

+ H= OH + Hy, H, + H,0 = 2H + H,0, H,
+M=2H + M H, + H, = 2H + Hy H +
HCO = H, + CO. While third-body decomposi-
tion reactions CH, + M = H + CH; + M,
CH,CO + M = CH, + CO + M, HCCO + M
=CH + CO + M,HCO + M= H + CO + M,
and HCO + H,O = H + CO + H,O also con-
tribute significantly to the transition of the heat-re-
lease rate from positive to negative, they reach equi-
librium shortly after the heat-release rate becomes
negative.

Propane/Oxygen Flame

The last hydrocarbon flame investigated is a rich
C3Hg/Oy flame of ¢ = 2. The structure of this flame
is qualitatively similar to that of the C;H,/O, flame
shown in Figs. 7 and 8. Although superadiabatic
flame temperatures occur again in this flame, the
degree of temperature overshoot is only about
154 K, much lower than that in the CyHy/Hy/O4 and
CyH,/0y flames discussed earlier. The slow and en-
dothermic reactions in the postflame region consist
of almost all the reactions identified in the CoH,/O,
flame except reaction H + HCO = H, + CO,
which are the pathways for Hy and HyO to approach
from non-equilibrium to equilibrium. The decom-
position of CH, and CH,CO through CHy + M =
H + CH; + M and CH,CO + M = CH, + CO
+ M contribute significantly to the transition of the
heat-release rate from positive to negative. The de-
gree of temperature overshoot in this flame is pri-
marily controlled by the levels of concentration over-
shoot of Hy,O, CH,, and CH,CO.

Hydrogen/Oxygen Flame

The final flame considered in this study is a rich
H,/0, premixed flame with an equivalence ratio of
2. The computed profiles of temperature and heat-
release rate and species mole fraction are shown in
Figs. 9 and 10. These results indicate that the flame
temperature in this rich hydrogen/oxygen flame
does not exceed the adiabatic flame temperature, as
also manifested by the fact that the heat-release rate
stays positive, that is, the approach from non-equi-
librium in the immediate postflame region to equi-
librium is through some slow but exothermic reac-
tions. The almost identical mole fractions of Hy and
H,0 at equilibrium in this flame shown in Fig. 10
are purely a coincidence. A detailed analysis of heat
production rate of all the reactions reveals that the
following three reactions are involved in the post-
flame region from non-equilibrium to equilibrium:
H + OH + M = H,0O + M (exothermic), H +
H + M= Hy, + M (exothermic), H,O + H =
OH + H, (endothermic). Results obtained at other
equivalence ratios or for rich hydrogen/air flames
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also confirm that superadiabatic flame temperatures
do not occur in hydrogen flames.

A question raised from the qualitatively different
behavior of flame temperature in the hydrocarbon
and hydrogen flames is why the temperature of hy-
drogen flames never becomes superadiabatic. The
answer to this question perhaps lies in the inhibiting
effect of hydrocarbon species to the H,-O, system
as discussed by Westbrook and Dryer [16]. The in-
hibiting effect of hydrocarbon species is to compete
effectively with the most important endothermic
chain branching reaction H + O, & O + OH
through some relatively temperature-independent
exothermic reactions such as H + CHy, + M =
CHs; + M, H + CH; + M = CH, + M, and H
+ HCO + M = CH,O + M. As a result, the con-
centrations of some stable hydrocarbon species, such
as CHy, CH,CO, and H,0, in these relatively rich
hydrocarbon flames become superequilibrium near
the end of major heat-release reactions. This is ac-
companied by superadiabatic flame temperatures.
The subsequent endothermic dissociation reactions
of these superequilibrium species bring their con-
centrations and the temperature back to the equilib-
rium levels.

Conclusions

A systematic study of the phenomenon of super-
adiabatic flame temperature in premixed flames was
conducted by numerically computing the flame
structure in  mixtures of CHy/air, CH,/O,,
Csz/Hz/Og, C2H4/02, CgHg/OQ, and H2/02 using
detailed reaction mechanism and complex thermal
and transport properties. Superadiabatic flame tem-
peratures occur only in hydrocarbon premixed
flames when the equivalence ratio reaches a critical
value, but not in hydrogen flames. The occurrence
of superadiabatic flame temperatures in hydrocar-
bon flames is caused by superequilibrium concen-
trations of some hydrocarbon species and HyO. Ra-
diation heat loss does not affect the occurrence or
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the degree of temperature overshoot. The results of
the present study show that the mechanism of su-
peradiabatic flame temperatures in hydrocarbon
flames is chemical kinetics.
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COMMENTS

Burak Atakan, Gerhard-Mercator-University Duisburg,
Germany. We investigated low pressure (50 mbar), dia-
mond-forming acetylene/O/Ar flames and did not find any
superadiabatic temperatures. Could you comment on the
pressure dependence of the superadiabatic temperatures?

Author’s Reply. We have numerically simulated the
freely propagating C,H,/Oy/Ar flame at 50 mbar using
CHEMKIN codes and the GRI-MECH 3.0 mechanism
and found that the peak temperature is about 600 K above
the adiabatic flame temperature. In fact, there are studies
in the literature that reported superadiabatic temperatures

in rich CyH, flames at low pressures [2,3]. In our view, the
occurrence of superadiabatic temperatures in rich hydro-
carbon flames is not pressure dependent. The explanation
to your observation that superadiabatic temperatures did
not occur in the experiment of [1] may lie in the fact that
the cold gas velocity of 86 cm/s is believed to be much
lower than the burning velocity of the mixture with R [O5]/
[CsH,] 1.4 based on our calculation. Under these condi-
tions, use of an actively cooled (310 K) bronze porous plate
caused the flame to be extinguished. Therefore, the chem-
ical kinetics in the flame studied in [1] was complicated
and therefore cannot even be qualitatively simulated using
the freely propagating flame model.



1550

REFERENCES

1. Lowe, A. G., Hartlieb, A. T., Brand, J., Atakan, B., and
Kohse-Héinghaus, K., Combust. Flame 118:37 (1999).

2. Goodwin, D. G., Glumac, N. G., and Shin, H. S., Proc.
Combust. Inst. 26:1817 (1996).

3. Ruf, B., Behrendt, F., Deutschmann, O., Kleditzsch, S.,
and Warnatz, |., Proc. Combust. Inst. 28:1455 (2000).

Mitchell D. Smooke, Yale University, USA. There is a
body of work investigating superadiabatic flame tempera-
tures in stretched premixed flames. In that work the Lewis
number of the deficient reactant plays an important role.
Have you considered Lewis number effects in helping to
explain your results?

Author’s Reply. Superadiabatic flame temperatures
(SAFTs) occur in stretched premixed flames when the
Lewis number is less than unity such as in hydrogen/air
flames [1] and lean methane/air flames [2]. SAFT does not
occur in stretched premixed flames when the mixture
Lewis number is greater than unity. It is also important to
note that the Lewis number effect weakens as the stretch
rate decreases [1,3]. Since the present calculations were
conducted in one-dimensional freely propagating premixed
flames, it is expected that there is little or no help to explain
the present results in terms of the Lewis number effect.
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Ishwar K. Puri, University of Illinois at Chicago, USA.
While T applaud your inclusion of a radiation mode,
namely, in the optically thin limit, I would hesitate to draw
conclusions based on it for rich flames. Rich flames, as is
well known, involve sooting and gas-phase radiation from
species other than CO, and H,0.

Author’s Reply. Based on the critical sooting equivalence
ratios (based on CO and H,O as products) [1], the rich
CH,/0,, C3H,/0,, C3Hg/O, flames studied in our paper
are not sooting, while the CoHy/Hy/Oy flame could be
sooting. There are also other hydrocarbon species in rich
flames that are radiatively active and therefore play some
roles in radiation heat transfer. As quantitative information
of soot concentration in the CyHy/Hy/Oy flame and radi-
ative properties of various hydrocarbon species is not avail-
able, contribution from soot and hydrocarbon species
was not taken into account in the present calculations

LAMINAR FLAMES—Premixed Flame Modeling

employing the optically thin model. However, this does not
alter the conclusion that radiation heat loss is unimportant
in the occurrence of SAFT based on the maximum radia-
tion loss estimation of Meeks et al. [2]. To estimate the
maximum radiation loss effect on temperature in the
CyHy/Hy/O, flame, Meeks et al. [2] compared the results
of no radiation and of blackbody radiation (assuming gas
mixture emissivity (ag = 1), and they found that the flame
temperature is only lowered by less than 30 K in the post-
flame region.
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Paul Ronney, University of Southern California, USA. Tt
is well known theoretically [1] and numerically [2] that ra-
diative transport can lend to SAFTs even for one-step or
lean mixtures with multistep chemistry when reabsorption
effects are considered. This would be even more significant
for rich mixtures because of the higher concentrations of
radiatively participating species. Thus, experimentally ob-
served SAFT could also be a result of radiation effects that
were not considered in this work, since only optically thin
radiative loss was modeled. Hydrogen-air mixtures have no
radiatively participating species in the reactants, thus the
reactants cannot absorb radiation emitted by the products.
Consequently, it seems that other mechanisms could be
responsible for experimentally observed SAFT.
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Author’s Reply. Tt is true that the presence of radiating
species in the fresh mixture of a premixed flame can give
rise to SAFTs. It is also plausible that the experimentally
observed SAFT could be a result of radiation absorption
by hydrocarbon species in the unburned mixture. However,
the fact that the numerically calculated level of SAFT in
the CyHy/H,/O, flame, in the absence of such mechanism,
is close to that experimentally measured suggests that the
degree of SAFT caused by radiation absorption effect is
relatively unimportant in comparison to the chemical ki-
netics effect revealed in the present study. Both radiation
and chemical kinetics effects favor the occurrence of SAFT
in rich hydrocarbon flames. Our results indicate that chem-
ical kinetics is the dominant mechanism for the occurrence
of SAFT in rich hydrocarbon flames.
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