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Abstract

The structures of freely propagating rich g/ir and CH/O, flames were studied numerically using a rela-
tively detailed reaction mechanism. Species diffusion was modeled using five different methods/assumptions to
investigate the effects of species diffusion, in particularddd H, on superadiabatic flame temperature. With the
preferential diffusion of H and H accounted for, significant amount of ldnd H produced in the flame front
diffuse from the reaction zone to the preheat zone. The preferential diffusion &fokh the reaction zone to
the preheat zone has negligible effects on the phenomenon of superadiabatic flame temperature ip/both CH
and CH/O5 flames. It is therefore demonstrated that the superadiabatic flame temperature phenomenon in rich
hydrocarbon flames is not due to the preferential diffusion gffidm the reaction zone to the preheat zone as
recently suggested by Zamashchikov et al. [V.V. Zamashchikov, I.G. Namyatov, V.A. Buneyv, V.S. Babkin, Com-
bust. Explosion Shock Waves 40 (2004) 32]. The suppression of the preferential diffusion of H radicals from the
reaction zone to the preheat zone drastically reduces the degree of superadiabaticity iny/ioh fGithes. The
preferential diffusion of H radicals plays an important role in the occurrence of superadiabatic flame temperature.
The assumption of unity Lewis number for all species leads to the suppression of H radical diffusion from the
reaction zone to the preheat zone and significant diffusion of f&@n the postflame zone to the reaction zone.
Consequently, the degree of superadiabaticity of flame temperature is also significantly reduced. Through reaction
flux analyses and numerical experiments, the chemical nature of the superadiabatic flame temperature phenom-
enon in rich CH/air and CH/O, flames was identified to be the relative scarcity of H radical, which leads to
overshoot of HO and CHCO in CHy/air flames and overshoot of® in CH4/O, flames.
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is of great fundamental and practical interest. It has
been observed experimentally and predicted numeri-
cally [1-6]. In a numerical study of diamond chemical
vapor deposition (CVD) using a strained, rich pre-
mixed GH,/H»/O, flame, Meeks et a[1] found that
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flames, such as the numerical study of Takagi and
Xu [7], is a direct consequence of the preferential dif-
fusion effects of H and H, the effects of preferential
diffusion of H, and H and the Lewis number in gen-
eral on the occurrence of SAFT in rich hydrocarbon

the flame temperature exceeds the adiabatic temper- premixed flames have yet to be explored. This study is

ature, which is somewhat unusual in premixed hy-
drocarbon flames. Their study is perhaps the first nu-
merical work to reveal the phenomenon of SAFT in
rich premixed hydrocarbon flames. The appearance of
superadiabatic temperature in the flame numerically
studied by Meeks et a[l] was subsequently con-
firmed experimentally by Bertagnolli and Lucf]
and Bertagnolli et al[3]. Meeks et al[1] suggested
that the primary reason for the occurrence of SAFT
in the rich GH»/H>/O, premixed flame is that un-
reacted acetylene requires a relatively long time to
dissociate to its equilibrium concentration. Another
explanation of SAFT in this flame was later presented
by Bertagnolli et al[3], who believed that the pres-
ence of superequilibrium concentrations of £&nd
H,O was the primary cause of the superadiabatic
flame temperatures. The superequilibrium concentra-
tions of GHy and H,O are consistent with the sub-
equilibrium concentrations of H andHLater in a
numerical study of CVD of diamond films using rich
acetylene—oxygen flames, Ruf et @] also noted
the significantly subequilibrium concentration of H
and suggested that the slow and endothermic reac-
tion Ho + M < H 4+ H + M is responsible for the
subequilibrium concentration of H and SAFT. More
recently, the nature of SAFT has been explored by
Liu et al. [5] and Zamashchikov et a6] in their
numerical studies of freely propagating rich hydro-
carbon premixed flames. Through a systematic inves-
tigation of the structure and maximum flame temper-
ature in CHy/air, CHy/Oo, CoHo/H2/Oo, CoH4/O5,
C3Hg/O,, and H/O, flames, Liu et al.[5] found
that SAFT occurs only in rich hydrocarbon flames
but not in hydrogen flames and suggested that the
nature of SAFT is chemical kinetics. However, Za-
mashchikov et al[6] concluded, through a careful
examination of the numerically predicted structures
of rich CgHg/air and CHy/air flames, that the nature
of SAFT in rich hydrocarbon flames is the diffu-
sion of molecular hydrogen from the reaction zone
to the preheat zone and its preferential oxidation
compared to hydrocarbons. While the superadiabatic
flame temperature phenomenon is clearly a nonequi-
librium process, the brief review of the literature dis-
cussed above on this topic reveals that our current
understanding of the nature of SAFT remains unclear
given the two completely different views presented in
Refs.[5,6].

Although it has been made clear that the mech-
anism of superadiabatic temperature in diffusion

motivated by the lack of understanding of the effects
of preferential diffusion of H and H and the species
Lewis number on SAFT in rich premixed hydrocar-
bon flames. Although the nature of SAFT was previ-
ously speculated to be chemical kinetjts3-5], the
question of why SAFT occurs when a hydrocarbon
mixture is sufficiently rich has not been adequately
answered. An attempt was also made in this study to
provide further insight into the nature of SAFT. In
the present study, the structures of atmospheric freely
propagating planar rich premixed flames in mixtures
of CHy/air and CH/O, were numerically computed
using detailed chemistry and complex thermal and
transport properties. To investigate the effects of pref-
erential diffusion of B and H from the reaction zone
to the preheat zone and the Lewis number on SAFT,
numerical calculations were carried out using five dif-
ferent treatments of species diffusion. Reaction flux
analyses were performed to reveal the chemical na-
ture of SAFT.

2. Numerical model

The conservation equations of mass, momentum,
energy, and chemical species for steady planar freely
propagating premixed flames were solved using a
CHEMKIN-based cod¢8]. The thermochemical and
transport properties of species were obtained from
CHEMKIN [8] and TPLIB[9,10] database. Since our
previous study found that radiation heat loss has neg-
ligible impact on the flame temperature in the reaction
zone and the immediate postflame zd&g all the
calculations were conducted without radiation heat
loss. At a spatial location of = 0.05 cm, the mixture
temperature is fixed at 400 K. In all the calculations,
the upstream location (fresh mixture) is always kept
atx = —2.5 cm. 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. The gas mixture temperature at the upstream
boundary was kept at 300 K and zero-gradient condi-
tions were specified at the downstream boundary. All
the calculations were performed at atmospheric pres-
sure. The GRI Mech 3.0 reaction mechanifhi],
which was optimized for methane combustion, was
used to model the chemical kinetics in this work. The
only modification made to this mechanism is the re-
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Fig. 1. Variation of the maximum flame temperature with the equivalence ratio in rigfia@Hhixtures.

moval of species (exceptd)and reactions related to
NO, formation. To investigate the effects of prefer-
ential diffusion of H and H from the reaction zone
to the preheat zone and the Lewis number on SAFT,
calculations were conducted using the following five
treatments of species diffusion: (1) multicomponent
formulism, (2) mixture-averaged formulism, (3) mix-
ture average with the assumption thatlihs the same
diffusion coefficient as B, (4) mixture average with
the assumption that H has the same diffusion coef-
ficient as N, and (5) mixture average with the as-
sumption of unity Lewis number for all species. The
former two are the usual species diffusion models
available in CHEMKIN codeg8]. The latter three
were implemented under thmixture-averaged for-
mulismfor species diffusion by further imposing one
of the following three constraints: (i) the diffusion co-
efficient of H, is equal to that of i, i.e., Dy, = DN,

(i) the diffusion coefficient of H is equal to that of
Ny, i.e., D4 = Dn,, and (iii) unity Lewis number
for all species, i.e.Dk = A/pcp, with A being the
mixture thermal conductivityp the mixture density,
and cp the mixture specific heat. Thermal diffusion
of Hy and H was taken into account only in the first
species diffusion model, i.e., the multicomponent for-
mulism.

3. Resultsand discussion

3.1. Effect of preferential diffusion in methane/air
flames

Methane/air flames were calculated for equiva-
lence ratios ¢) between 1.4 and 1.7%.ig. 1 shows
the variation of the maximum flame temperatures cal-
culated using the five species diffusion models and
the adiabatic equilibrium temperature with the equiv-
alence ratio. Atp = 1.4, the adiabatic equilibrium
temperature is essentially the same as the maximum
flame temperatures; i.e., SAFT does not occur. As the
equivalence ratio increases, the maximum flame tem-
peratures start to exceed the adiabatic flame tempera-
ture and the degree of superadiabaticity also increases
with ¢. At ¢ = 1.75, the maximum flame tempera-
tures exceed the adiabatic equilibrium one by about
50 to 56 K, depending on the diffusion model. It has
been previously found by Liu et al5] that SAFT
occurs in premixed hydrocarbon flames only when
the equivalence ratio exceeds a critical value. Re-
sults shown irFig. 1 are also qualitatively similar to
those obtained by Zamashchikov et{6].in CzHg/air
flames. It has been shown previously that the occur-
rence of superadiabatic temperature is associated with
negative heat release rates in the immediate postflame



F. Liu, O.L. Gulder / Combustion and Flame 143 (2005) 264-281

267

Mole fraction of H,

- 1800
T~ :
eq r 1600
Multicomponent [
Mixture average r 1400
Mixture average: D, =Dy, | [ «
Mixture average: D,, =Dy, || 1200 )
Mixture average: Le = 1 L 1000 %
r 800 2
r 600
r 400
———————————+ 200

1.2 1.4 1.6

Fig. 2. Spatial distributions of the mole fraction of ldnd temperature in a rich Gftair flame ofp = 1.75.

region[5]. Results displayed ifrig. 1 indicate that
the maximum flame temperature in rich g/lir mix-
tures always exceeds the adiabatic equilibrium value
when the equivalence ratio is greater than 1.4, re-
gardless of how the species diffusion is calculated. In
addition, the differences between the maximum tem-
peratures calculated using the five species diffusion
models are quite small. In other words, the effects of
preferential diffusion of i1 and H from the reaction

results of species diffusion models 1 and 2, the cor-
responding temperature profiles are almost identical,
implying that the mixture-averaged formulism diffu-
sion model is adequate in the calculations of [
mixtures. The significant diffusion of Hfrom the
reaction zone to the preheat zone is expected, since
H> has a much higher diffusion coefficient than other
species. When the species diffusion models 3 and 5
were used, however, preferential diffusion of flom

zone to the preheat zone and the Lewis number on the the reaction zone to the preheat zone is effectively

maximum flame temperature are insignificant in these
CHjy/air flames. It is somewhat surprising to observe
from Fig. 1that SAFT always occurs regardless of the
treatment of species diffusion, given the recent study
by Zamashchikov et aJ6] who concluded that the na-
ture of SAFT is B diffusion from the reaction zone to
the preheat zone. Results showrfig. 1 provide the
first direct numerical evidence that SAFT occurs in
rich CHy/air flame even when the preferential diffu-
sion of H, from the reaction zone to the preheat zone
is artificially suppressed (se€ig. 2). These results
clearly demonstrate that the nature of SAFT is ngt H
diffusion from the reaction zone to the preheat zone,
contrary to the claim recently made by Zamashchikov
et al.[6].

To illustrate the effects of the five species diffusion
models on the calculated flame structure, the spatial
distributions of temperature andoHnole fractions
for the richest mixture considered, i.e,= 1.75,
are compared irFig. 2 Indeed there is a signifi-
cant amount of H diffused from the reaction zone,
roughly betweent = 0.25 and 0.4 cm, to the pre-
heat zone, between= 0.05 and 0.25 cm, when the
species diffusion models 1, 2, and 4 were used in the
calculations. Although there is some quantitative dif-
ference in the | mole fraction profile between the

suppressed. In this mixture, while the temperature in
the postflame region stays above the adiabatic equi-
librium value, the mole fraction of firemains sub-
stantially below its equilibrium value even at=

1.6 cm. In fact, adiabatic equilibrium in this mix-
ture is reached at a location of about= 170 cm.
The temperature profiles shownFig. 2indicate that

(i) SAFT always occurs regardless of how species dif-
fusion is calculated, with or without preferential dif-
fusion of Hp and/or H, and (ii) the assumption of unity
Lewis number for all species leads to the slowest rise
in the temperature in the reaction zone. The slow rise
in the flame temperature under the diffusion model 5
can be attributed to the chemically inhibiting effect of
COy, which is diffused from the postflame region to
the reaction zone as a result of an enhanced diffusion
coefficient for CQ, through competition for H radi-
cals via the reverse reaction of COOH < CO, +

H (R99)[12].

The spatial distributions of mole fractions of O,
OH, H, and HQ radicals in thep = 1.75 flame are
shown inFig. 3. Overall the mole fractions of O,
OH, and H radicals are quite low in this flame where
the flame temperature is also relatively low (below
1800 K), especially for O and OH. It is evident that
the mole fractions of O, OH, and H substantially ex-
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Fig. 3. Spatial distributions of the mole fraction of O, OH, H, andt@dicals in a rich Clj/air flame of¢ = 1.75.

ceed their equilibrium values in this flame, especially
the H radical with its peak values about four times
that of the equilibrium value. The overshoot of these
radical concentrations in premixed hydrocarbon/air
flames is well known and is a consequence of fast
two-body radical-generating reactions in the reaction
zone followed by slow three-body recombination re-
actions as the system proceeds to equilibrium. Unlike
the diffused B from the reaction zone to the pre-
heat zone that can survive in significant amounts in
the preheat zone, especially the results of diffusion
models 1, 2, and 4 iRig. 2, H radicals cannot survive

in substantial amounts in the preheat zone; even the
preferential diffusion of H is allowed in species dif-
fusion models 1, 2, and 3. A possible reason for this
is that H radicals preferentially diffused from the re-
action zone to the preheat zone are rapidly consumed
by reactions H+ O, + M < HO, + M (R33), H+

O + H2O & HOo + H»0 (R35), and H+ Oy +

N2 < HO2 + N2 (R36) to form HQ, H + CHy <
CH3 + Hz (R53), H+ O, < O + OH (R38), and

H + CHy0 < HCO + Ha (R58). The insignificant
effect of H radical preferential diffusion on its mole
fraction distribution across the reaction zone shown
in Fig. 3a may be attributed to the following two fac-
tors: (i) the H radical concentration is quite low, and
(i) the flame thickness is fairly large, leading to a rel-

atively small concentration gradient. Once again it is
seen that assumption of unity Lewis number for all
species, diffusion model 5, has the most significant in-
fluence on the mole fractions of these radicals, which
primarily delays the reactions and secondly reduces
the mole fractions of these radicals, due to the chemi-
cally inhibiting effect of CQ noted earlier. Neverthe-
less, preferential diffusion affects the,oncentra-
tion distribution significantly but only moderately the
H radical concentration in rich CHair flames.

The spatial distributions of mole fractions of major
species @, CHy, Ho0O, CO, and C@ are compared in
Fig. 4 With the exception that the mole fraction 05O
rapidly decays to its equilibrium value, the mole frac-
tions of O, COy, and CH, exceed their equilibrium
values in the postflame region, especially@® while
the mole fraction of CO, like Hshown inFig. 2, re-
mains substantially below its equilibrium value. The
primary pathways for the decay of mole fractions of
CO, and KO to their equilibrium values in the post-
flame region are the reverse reactions of €0 <
H + CO, (R99) and OH4- Hp < H + HoO (R84).

As the mole fractions of C®and HO decay to their
equilibrium values through these two reactions, the
mole fractions of CO and flare increased to their re-
spective equilibrium values, consistent with subequi-
librium mole fractions of H and CO in the immediate
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Fig. 5. Variation of the maximum flame temperature with the equivalence ratio in rigiiHnixtures.

postflame region shown iRigs. 2 and 4lt is also ev-
ident from the mole fraction profiles of these major
species that the assumption of unity Lewis number

leads to delayed chemical reactions. The enhanced

diffusion of CQ, from the postflame region to the
reaction zone is clearly seen from the spatial distri-
bution of CGQ mole fraction.

In summary, the numerical results demonstrate
that preferential diffusion of bland H only insignifi-
cantly affects the overall flame structure and the de-
gree of temperature overshoot. The assumption of
unity Lewis number for all species has a larger impact
on the calculated flame structure than the preferential
diffusion of H, or H alone. However, none of the five

species diffusion models qualitatively alters the flame
structure or the occurrence of SAFT in rich @Hir
flames.

3.2. Effect of preferential diffusion in
methane/oxygen flames

The structure of CW/O, flames was computed for
a series of equivalence ratios between 0.9 and 2 us-
ing the five species diffusion models. Variations of the
maximum flame temperature withare compared in
Fig. 5 Itis first observed that SAFT occurs only when
the equivalence rati¢ is larger than 0.9 in CH{O,
mixtures, as indicated by the results of the first two
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Fig. 6. Spatial distributions of the mole fraction op ldnd temperature in a rich GHO, flame of¢ = 1.3.

diffusion models. The degree of superadiabaticity (the
difference between the maximum temperature based
on the multicomponent formulism and the adiabatic
flame temperature) first increases wgthuntil about

¢ = 1.55, where the maximum temperature exceeds
the adiabatic flame value by about 134 K, and then
gradually decreases with further increasedinIn
such mixtures, use of the mixture-averaged formula-
tion for species diffusion predicts the maximum flame
temperatures that are only slightly higher than those
based on the multicomponent formulism and the dif-
ference vanishes ag increases beyond 1.6. Similar
to the results for Clf/air mixtures, the suppression of
preferential diffusion of K from the reaction zone to
the preheat zone by assumiblyy, = Dy, diffusion
model 3, has a negligible impact on the maximum
flame temperatures and therefore does not affect the
phenomenon of SAFT. However, it is very interest-
ing to observe fronfrig. 5that the suppression of the
preferential diffusion of H radicals from the reaction
zone to the preheat zone, using diffusion models 4
and 5, significantly reduces the degree of superadia-
baticity in CHy/O> mixtures. In fact, SAFT is almost
completely eliminated for ClHO> mixtures between

¢ = 0.9 and¢ = 1.15 when the preferential diffusion

of the H radical is suppressed. These results are very
different from those of Chfair mixtures where the
preferential diffusion of H radicals has only a small
influence on the maximum flame temperatures shown
in Fig. 1 While the elimination of the preferential
diffusion of H radicals, diffusion models 4 and 5, sig-
nificantly reduces the maximum flame temperatures
for equivalence ratios between 0.9 and about 1.7, its
effect gradually vanishes as the equivalence ratio fur-
ther increases. Once again the results showridn5
demonstrate that the nature of SAFT is not the pref-

erential diffusion of B from the reaction zone to the
preheat zone as claimed by Zamashchikov efc.
since SAFT always occurs with or without the prefer-
ential diffusion of B and/or H.

To examine the effects of species diffusion mod-
els on the structure of the flame, the temperature and
H> mole fraction profiles calculated f@f = 1.3 are
compared inFig. 6. Once again we can see that a
significant amount of K present in the preheat zone
(roughly betweent = 0.04 cm andx = 0.055 cm)
when species diffusion models 1, 2, and 4 were used
in the calculations is a result of preferential diffu-
sion of H from the reaction zone. Similar to the
results shown irFig. 2, the preferential diffusion of
H»> from the reaction zone to the preheat zone is ef-
fectively suppressed when species diffusion models 3
and 5 were employed in the calculations. Unlike the
H> mole fraction profile in the Chfair flame shown
in Fig. 2, where the mole fraction of Jremains sub-
stantially below its equilibrium value, the mole frac-
tion of Hy first exceeds its equilibrium value in the
reaction zone and then rapidly decays to the equilib-
rium level. It is evident from the temperature profiles
shown inFig. 6that SAFT occurs in this mixture re-
gardless of how the species diffusion is calculated;
i.e., SAFT occurs even when the preferential diffu-
sion of H or H is eliminated. Temperature profiles
shown in bothFigs. 2 and 6indicate that the as-
sumption of unity Lewis number for all species has
the most significant impact on reducing the degree
of superadiabaticity and the temperature gradient in
the flame front (associated with the burning veloc-
ity), especially in CH/O, flames. It is interesting
to observe fronfFig. 6 that the degree of superadia-
baticity correlates well with the combustion intensity
(characterized by the slope of temperature rise in the
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flame front): the stronger the combustion intensity, the
larger the temperature overshoot.

To gain further insight into the effects of species
diffusion on the flame structure, spatial distributions
of mole fraction of major species and three impor-
tant radicals (O, H, and OH) calculated for= 1.3
are shown inFigs. 7-9 Also plotted in these fig-
ures are the locations of the maximum temperature
corresponding to each species diffusion model. The
first two species diffusion models yield identical lo-
cations of the maximum temperature. Overall it can
be observed that results of the first two species dif-
fusion models (multicomponent and mixture aver-
age formulism) are in very good agreement, espe-

cially for CO, CQ, H»0, and the three radicals.
On the other hand, the latter three species diffusion
models have rather significant effects on the calcu-
lated species mole fraction profiles, especially the as-
sumption of unity Lewis number. In contrast to rich
CHgy/air flames where the two intermediate species
CO and H remain subequilibrium in the reaction
zone Figs. 2 and %their mole fractions exceed the
respective equilibrium values in the reaction zone in
rich CHy/Oo flames Figs. 6 and Y. It is interesting

to note that there is substantial amount of 8ur-
vived in the equilibrium product even though this is
a rich mixture. The earlier decay in the mole fraction
profiles of CH; and G between about = 0.04 and
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0.05 cm when using species diffusion models 1, 2,
and 4 is not due to chemical reactions, but attributed
to the increase in the total number of moles due to the
supply of B and/or H preferentially diffused from
the reaction zone to this region. Regardless of how
species diffusion was calculated, the degree of tem-
perature overshoot is directly related to the degree of
H>0O overshoot Figs. 5 and 8 Relative to the re-
sults of the first two species diffusion models, it is
interesting to note that the assumption/af, = Dy,

OH, and H radicals in a rick/Opiflame of¢p = 1.3.

preferential diffusion of H radicals, as evidenced by
the slow rise in the temperature shownFig. 6, can
also be explained in terms of the important role of H
radicals in the fuel consumption step R53. The almost
identical temperature profiles calculated using diffu-
sion models 4 and 5 imply that the elimination of H
radical preferential diffusion plays the most important
role in reducing the combustion intensity in this mix-
ture, while the inhibiting effect of C&diffused from

the postflame zone to the reaction zone when using

enhances combustion, as evidenced by the earlier and gt sion model 5 in this case is relatively small due

faster rise in the temperature showrHig. 6and in H
radical mole fractions shown iRig. 9. In addition,
the elimination of H preferential diffusion alone,
species diffusion model 3, even slightly increases the
degree of superadiabaticity for equivalence ratios be-
tween 0.95 and 1.35 shown Kig. 5 These effects

of the elimination of the preferential diffusion ofoH
alone in CH/O» mixtures were not observed in the
CHg/air mixtures. The enhanced combustion when
using species diffusion model 3 may be explained by
the concentrations of #land H in the early stage of
fuel breakup through the most important fuel con-
sumption step H+ CHy < CH3 + Hy (R53). Use

of the species diffusion model 3 eliminates the pref-
erential diffusion of b from the reaction zone to the
preheat zone, but still permits the preferential diffu-
sion of H radicals. As such, the net reaction rate of
R53 is larger than that of using diffusion models 1
or 2, therefore enhancing the overall combustion in-

to the abundance in H radicals.

The spatial distributions of mole fractions of O,
OH, and H radicals in the CHO, mixture shown
in Fig. 9 are radically different from those shown in
Fig. 3in the CHy/air mixture. First, the mole fractions
of these radicals are subequilibrium in the £8,
mixture, but substantially exceed their equilibrium
values in the Clg/air mixture. Secondly, the mole
fractions of these radicals in the GHKD, mixture are
higher than those in the Cfair mixture by two to
three orders of magnitude. Thirdly, the spatial profiles
of H mole fractions exhibit significant differences be-
tween results with and without the preferential diffu-
sion of H radicals in the preheat zone, the reaction
zone, and the postflame zone. The elimination of the
preferential diffusion of the H radical, diffusion mod-
els 4 and 5, leads to a much delayed but sharper rise
in the mole fraction of the H radical to its equilibrium

tensity. The absence of these effects of the species value. The much faster approach of the H radical to

diffusion model 3 in the Ch¥air mixtures may be
attributed to the much lower mole fraction of H radi-

its equilibrium value with the elimination of H rad-
ical preferential diffusion is closely associated with

cals and much lower temperatures. The substantially the reduced degree of superadiabaticity in this mix-

inhibited combustion as a result of eliminating the

ture shown irFigs. 5 and 6
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The numerical results obtained for @D, flames
again demonstrate that the nature of SAFT is not pref-
erential diffusion of B molecules. Instead, the results
shown inFigs. 5 and Geveal that the preferential dif-
fusion of H radicals significantly enhances the level
of SAFT in CHy/O5 flames. However, suppression of
H radical preferential diffusion cannot eliminate the
occurrence of SAFT.

3.3. Chemical kinetics nature of SAFT

The numerical results discussed above indicate
that the nature of SAFT isotspecies preferential dif-
fusion. Although the nature of SAFT was suggested
to be chemical kineticgl,3-5], there is still lack of

adequate understanding on the specifics of kinetics re-

sponsible for the occurrence of SAFT. In this section,
the chemical kinetics in rich CiHair and CH/Oo
flames was examined through reaction flux analysis
to gain insight into the nature of SAFT. The chemi-
cal kinetics in rich CH/air flames is first discussed.
The numerical results discussed in this section were
obtained using the first method for modeling species
diffusion.

As shown inFig. 1, SAFT occurs in CH/air
flames only when the equivalence ratio is greater
than 1.4. To understand how such particularity of
rich CHy/air flames, i.e., the SAFT phenomenon, de-
pends on the equivalence ratio, the flame structure of
¢ = 1.65 is compared with that ap = 1.4 in Figs.
10-12 As the equivalence ratio increases, a clear
change in the flame structure can be observed: (1) the
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flame temperature decreases, (2) concentrations of theing no occurrence of SAFT. In the richer flames of
two intermediate species CO ang lihcrease, espe- ¢ = 1.65, however, the reverse reaction of R84 lasts
cially Ho, while the two stable product species €0  much longer; i.e., the recovery to equilibrium is very
and H0 decreaserg. 10, (3) concentrations of the  slow, and the net heat release rate at the postflame

three radicals O, OH, and H decreagég( 11), and region first drops below zero and then slowly ap-
(4) concentrations of hydrocarbons species, such as proaches zerdg. 13).
CHy, CH3, HCCO, and CHCO, increase substan- To identify reactions responsible for the endother-

tially (Fig. 19). These differences are the direct conse- Micity in the postflame regiofrig. 14a displays the
quence of increasingly incomplete oxidation of inter- Major endothermic reactions in this region in the
mediate species with increasing the equivalence ratio. flame of¢ = 1.65. The major endothermic reactions

For the flame ofy = 1.4, the mole fraction of HO at are

the flame front only slightly exceeds its equilibium  CcH, + CO+ (M) < CH,CO + (M), (R140)
value and then decays rapidly to the equilibrium level.

In contrast, the mole fraction of 40 in the flame OH + Hy & Ho0 + H, (R84)
of ¢ = 1.65 not only more significantly exceeds its

equilibrium value but also decays much more slowly H + CoHs + (M) < CoHz + (M), (R71)
to the equilibrium concentratiorFig. 10. This dif-

ference in the mole fraction of 40 in the postflame ~ H + CoHa + (M) < CoHs + (M), (R74)
region is governed by reaction OHH> < H + H>O

(R84) whose heat release rates in these two flames H + CH20 + (M) < CHOH + (M), (R56)

are compared irFig. 13 which displays the major

heat release reactionBig. 13 shows that R84 first H+ 0z & O+ OH. (R38)
proceeds forward and then backward in both flames. Among these reactions, the first two reactions (disso-
In the flame of¢ = 1.4 the reverse reaction of R84  ciation of CH,CO and BO via R140 and R84, re-
takes place only briefly before it reaches equilibrium. spectively) contribute the most to the endothermicity
In this flame, the net heat release rate approaches zeroin this flame in the postflame region. It is worth point-
monotonically from positive value$-{g. 13) imply- ing out that, except for the dissociation of @EO
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and CO+ OH & COy + H (R99) in CHy/air flames ofp = 1.65,

via R140, the H radical is involved in all other re-

1.4,and 1.1.

tached by H and OH radicals through-HCH, <

actions. To examine how these reactions behave in a CH3z + Hy (R53) and OH+ CHy < CHz + H20O
less richer flame, the heat release rates of these reac-(R98). The reaction rate of @ CHy & CH3 +

tions for the¢ = 1.4 flame are shown ifig. 1. It

is evident that these reactions reach equilibrium much
more rapidly in thep = 1.4 flame, approximately at
aboutx = 0.6 cm, than in thep = 1.65 flame.

To further illustrate the effect of equivalence ra-
tio on the relative importance of different reactions
controlling fuel (CH;) consumption, H radical, #
and HO concentrations, reaction rates of most rel-
evant reactions in flames @f = 1.65, 1.4, and 1.1
are compared irfFig. 15 Also plotted in this figure
are the reaction rates of OH CO & COy, + H
(R99). The first observation is that the reactions re-
quire a much longer time to reach equilibrium as the
equivalence ratio increases. Methane is primarily at-

OH (R11) is relatively slow compared to those of
R53 and R98. Methane is actually formed through
recombination of H and Cglvia H + CH3 + (M)

& CHg + (M) (R52), which is an important con-
tributor to heat releasd={g. 13. In CHy/air flames,
H,O0 is formed predominantly through OH Hy <
H>0 + H (R84) and R98. The effect of the equiva-
lence ratio on the relative importance of these reac-
tions can be observed. First, R84 becomes relatively
faster compared to H O» < O + OH (R38) and
R53. At¢ = 1.1, R84 is slower than R38 and R53
(in the preheat and most part of the reaction region).
At ¢ = 1.4, R84 is almost identical to R38 in the re-
action zone and to R53 up to abaut= 0.152 cm
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(Fig. 1%0). As¢ further increases, R84 becomes faster in Fig. 15, reaction R38 also competes strongly with
than R38 and R53 in the reaction zone, but slower in R84 (its reverse reaction) for H radicals. Numerical

the postflame regionx(> 0.31 cm) Fig. 1%). Sec-
ondly, reaction C{ + H + (M) < CHjg + (M) (R52)
also becomes increasingly important as the equiva-
lence ratio increases. Thirdly, relative to R84, R99
becomes relatively slower with increasigg imply-

ing that the degree of departure from equilibrium for
this reaction becomes smaller. This is consistent with
the results shown ifig. 10where both CO and C©

calculation was also conducted with a reduced for-
ward reaction rate of R38 by a factor of 5 while re-
ducing the forward reaction rate of R52 by a factor
of 10,000. The results are also comparedrig. 16

It is seen that the temperature overshoot is further re-
duced to only about 5 K, which is accompanied by
further reduced overshoot ofJ@® and CHCO mole
fractions. It is quite possible that a further reduction in

are closer to their equilibrium values at the end of the the forward reaction rate of R38 (while reducing the
major heat release reactions thap &hd HO. For forward reaction rate of R52) can completely suppress
equivalence ratios greater than 1.4, the enhanced re- the occurrence of SAFT. A reduction in the reaction
action rate of R84 in the preheat and reaction zones rate of R38 drastically lowers the combustion inten-

leads to overshoot of $0. Meanwhile, the H radical
becomes relatively scarce, though the H radical still
stays above its equilibrium value in the reaction zone
(Figs. 3 and 1}, as a result of effective competition
for H by CH4 and CH; through R53 and R52 with
R84. The above discussions highlight the important
role played by H radicals in the postflame region as
the reactions proceed to equilibrium. Another impor-
tant factor in slowing down the approach of reactions
to equilibrium in rich mixtures is the rapid drop in
flame temperature with increasing the equivalence ra-
tio (Fig. 1).

To verify the important role of the termination
reaction R52 in the occurrence of SAFT, numerical
calculations were conducted for tige= 1.65 flame
with reduced the forward reaction rate constant of
R52 and some selected results are showhign 16
Also shown in the figure legend is the temperature
overshoot,Tmax — Teq. With decreasing the reaction
rate constant of R52, the degree of overshoot of the
H,O mole fraction decreases, and so does the de-
gree of temperature overshoot. Meanwhile, the flame
thickness is also reduced as a result of enhanced com-
bustion. This is caused by the overall increased fuel
consumption rate as the recombination rate of H and
CHs through R52 is suppressed, leading to a higher H
radical concentrationHjg. 16b). Suppression of the
forward reaction rate of R52 also leads to a lower
mole fraction of CHCO (Fig. 16c), whose overshoot
in the reaction zone is also responsible for SAFT as
discussed earlier. Therefore, enhanced H radical con-
centration not only helps reduce the overshoot gOH
concentration but also the overshoot of £30. Al-
though OH radical concentration also increases with
decreasing forward reaction rate of RF2q. 16d),
the increase in OH radical concentration is less sig-
nificant than that in H radical. That is why the reverse
reaction of R84 benefits more than its forward reac-
tion when the forward reaction rate of R52 is reduced.
It should be pointed out that further reduction in the
reaction rate constant of R52 alone cannot further
lower the degree of temperature overshoot. As shown

sity (the reaction zone becomes much wider), which
is expected due to its vital chain-branching role in
hydrocarbon combustion. Nevertheless, results shown
in Fig. 16 support the above finding that the rela-
tive scarcity of H radicals in the reaction zone due
to reactions with hydrocarbon species, such as CH
(R53), CH; (R52), and @ (R38), is responsible for
the overshoot of HO and CHCO concentrations and
the occurrence of SAFT.

The chemical kinetics responsible for the occur-
rence of SAFT in CH/O> flames was then examined.
A reaction flux analysis conducted in the= 1.3
CHgy4/O5 flame reveals that the following endothermic
reactions take place in the postflame region, in order
of decreasing importance:

H+ OH+ M < HpO + M, (R43)
OH + HO, < O + H,0, (R181)
OH + Hy0, < HO, + H-0, (R89)
OH + Hy < H + H,0. (R84)

It is therefore clear that the cause of endothermic-
ity in the postflame region in this rich GHO, flame

is attributed to dissociation of 4D only, though the
primary pathways are now R43 and R181, instead
of R84. To examine the pathways fon& produc-
tion in this flame, the major relevant reactions are
shown inFig. 17. Although the two most important
reactions for HO production are still R84 and R98,
as in rich CHy/air flames, reactions OH CHy; <
CH(S) + H20 (R97), OH+ CH3 < CHy + H>O
(R96), and OH+ CH,O < HCO + H,0 (R101)
also contribute considerably to-B® formation. In
rich CHy/O5 flames, HO is primarily destroyed by

O radical in the reaction zone via OH OH < O

+ H20O (R86). Reaction rates of the major fuel con-
sumption pathways along with those of R84 and R38
are compared ifrig. 18 The relative importance of
these reactions in rich G410, flames is very differ-
ent from that in rich CH/air flame shown irfrigs. 15a
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and 15b1n CHg/air flames, the H radical is consumed
not only by & through R38 but also rapidly by CH
(through R53) and Ckl (through R52). In CH/Oo

governed by the hydrogen chemistRig. 18 shows
that R38 is faster than R84 everywhere in the entire
reaction zone, which is due to much higher flame

flames, however, both R53 and R52 reach equilib- temperatures and the abundance is ©eeFig. 4,

rium much more rapidly than R84 and R38. In other
words, the structure of rich GHO, flames exhibits

for example. It is therefore plausible to assume that
the overshoot of HO in rich CHy/O5 flames is a di-

two reaction zones: the hydrocarbon one located at rect consequence of the scarcity of H radical; i.e., the

roughly x = 0.059 cm where reaction rates of R53

rapid consumption of H radicals by R38 leads to over-

and R98 peak, and the hydrogen one located slightly production of BO through forward reaction of R84

downstream at about = 0.062 cm where reactions

(while R98 also contributes substantially to the pro-

rate of R38 and R84 reach their maxima. This two duction of HO).

reaction-zone structure of rich GHD, flames indi-

The validity of this assumption can be easily ver-

cates that the reactions in the postflame region are ified numerically by computing the = 1.3 CHy/O»
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flame with a reduced forward reaction rate constant
of R38. The results with and without reduction (by

a factor of 10) in the forward reaction rate constant
of R38 are compared ifrig. 19 It is evident that

SAFT phenomenon disappears when the reaction rate

of R38 is reduced by a factor of 16if. 1%), which

is directly related to the elimination of4® overshoot
(Fig. 1%). The complete suppression of temperature
and HO overshoot is indeed accompanied with en-
hanced, actually somewhat overshoot, H radical con-
centration in the immediate postflame region, as pre-
sumed above. A reduced reaction rate of R38 also
leads to a lowered OH radical concentration, which
also helps suppress,B® formation by reducing the

forward reaction rate of R84. Results showifrig. 19
once again confirm that the nature of SAFT in rich
CH4/O, flames is also the scarcity of H radicals, as in
rich CHy/air flames.

The above discussions lead to the conclusion that
the nature of SAFT in rich Ciiflames is the relative
scarcity of H radicals. Although the reaction path-
ways responsible for the shortage of H radicals in
CHg/air and CH/O> flames are somewhat different,
they share the same chemical nature. Insight into the
important role of H radicals gained above also helps
in understanding the very different influence of H
radical preferential diffusion in Cidair and CH/O»
flames.
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4. Conclusions

A systematical numerical study of the effects of
the preferential diffusion of Bl and H from the re-
action zone to the preheat zone and the unity Lewis
number for all species on the phenomenon of su-
peradiabatic flame temperature was conducted in rich
CHgy/air and CH/O> mixtures using detailed chem-
istry. These objectives were achieved by employing
five different species diffusion models in the calcu-
lations. The numerical results demonstrate that the
preferential diffusion of K and H from the reaction
zone to the preheat zone and the unity Lewis num-
ber have only a very small influence on the maximum
flame temperatures in rich G#hir mixtures. In rich
CH4/O, mixtures, the elimination of the preferential
diffusion of H, alone not only does not reduce the
maximum flame temperature, but actually slightly in-
creases it. The suppression of the preferential diffu-
sion of the H radical from the reaction zone to the
preheat zone completely eliminates the occurrence
of superadiabatic flame temperature for equivalence
ratios between 0.9 and 1.15 and drastically reduces
the degree of superadiabaticity for richer mixtures in
CH4/O, flames. Compared to the results of suppress-
ing the preferential diffusion of the H radical alone,
the assumption of unity Lewis number for all species
results in further reduction in overall combustion in-
tensity due to the chemically inhibiting effect of GO
diffused from the postflame region to the reaction
zone.

Through reaction flux analyses, it was revealed
that the fundamental cause of superadiabatic flame
temperature in rich Cidair and CH/O, flames is
the relative scarcity of H radicals at the end of major
heat release reactions. However, the chemical path-
ways for the shortage of H radicals in these two
types of flame are somewhat different. In ghir
flames, the scarcity of H radicals is a result of com-
petition from hydrocarbon species, such as,Giid
CHs through H+ CHg < CHsz + Hy and H +
CHz + (M) & CHy + (M), and & through H+
Oy & O + OH. In CHy/Oo flames; however, the
shortage of the H radical is caused by @rough
H + Oy < O + OH due to its abundance and high
flame temperatures. The present investigation along
with numerical experiments confirm that the nature
of the superadiabatic flame temperature phenomenon
in rich methane premixed flames is not the prefer-
ential diffusion of H from the reaction zone to the
preheat zone, but the relative shortage of H radicals
in the immediate postflame region. It is anticipated
that any chemical processes, such as chemically ac-
tive additives, or physical processes, such as preheat
or preferential diffusion, that can alter the H radi-
cal concentration in the reaction zone, will directly
affect the occurrence of superadiabatic flame tem-
perature; reduction in the H radical in the reaction
zone prompts temperature overshoot, while enhance-
ment in the H radical in the reaction zone suppresses
temperature overshoot. The high diffusivity of H rad-
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