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Abstract

The strain rate at extinction was measured in the counterflow flame configuration for methane, propane, and
ethane flames as a function of stoichiometric mixture fraction. To complement this, the scalar dissipation rate
and flame temperature at extinction were evaluated numerically for methane, ethane, and ethylene flames. The
stoichiometric mixture fraction, Zs, was varied by removing nitrogen from the air (oxygen-enriched air) and
introducing it to the fuel (diluted fuel) in such a way that the adiabatic flame temperature was not varied. In this
way the effect of flame structure, as dictated by changes in stoichiometric mixture fraction, could be studied. The
results indicate that the scalar dissipation rate at extinction is strongly affected by Zst, and can be 15 to 40 times
greater than that for neat fuel burning in air. The maximum does not occur at the highest Z; (diluted fuel in oxygen)
but rather between Zg of 0.5 to 0.65 for the fuels considered. In addition, the flame temperature at extinction is
affected by Zst and reaches a minimum at nearly the same value of Zs where the extinction scalar dissipation
rate reaches a maximum. The numerical results indicate that at this Z the location of peak temperature is nearly
coincident with the location of peak radical production. In the normal fuel/air flame the radical production zone
is located on the oxidizer side of peak temperature in a location where the temperature is over 100 °C cooler. By
shifting this zone to be coincident with the peak temperature the flame is stronger and more resistant to extinction,
resulting in a greater scalar dissipation rate and a lower extinction temperature.
© 2005 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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dilution
1. Introduction more, the cost of oxygen is coming down and recently
the DOE has proposed oxygen-enriched combustion
Oxygen-enriched combustion has been gaining with carbon sequestration as a means of reducing
greater acceptance in recent years. The potential value greenhouse gases [3]. Stack emissions of NO, gen-
in terms of improved heat transfer [1] and reductions erally increase with flame temperature; thus, when

in soot [2] and NOy [1] can offset the cost penalty of

' 5 e i nitrogen is removed from the air it is replaced with ex-
burning a fuel in an oxidizer other than air. Further-

haust gases to keep the flame temperature sufficiently

low.
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structure and consequently soot formation even when
the temperature of the flame is kept constant [4]. Fur-
thermore, the strain rate at extinction for methane has
been shown to be enhanced with oxygen enrichment
and fuel dilution [4]. In this paper we expand on this
work to consider other fuels and to obtain a deeper un-
derstanding of the phenomena that is responsible for
this behavior.

Studies of strained laminar opposed-flow diffusion
flames have been extensively applied to develop a
fundamental understanding of flame structure and ex-
tinction [5—7]. At a fixed nozzle separation distance,
increasing the opposed-jet exit velocities increases
gradients of axial velocity (strain rate) and the gradi-
ents of fuel and oxidizer concentration in the mixing
layer, hence decreasing the local diffusion time in the
vicinity of the flame. Since the characteristic chemical
reaction time does not change, the second Damkohler
number Da—defined as the ratio of the diffusion time
to the chemical reaction time—will also decrease.
This decrease subjects the flame to nonequilibrium
effects and eventually results in stretch-induced ex-
tinction [8]. When these effects are important, the fast
chemistry assumption fails and the scalar dissipation
rate, which is the characteristic nonequilibrium para-
meter, must be taken into account. The scalar dissipa-
tion rate, x, is defined by

()
x=2D —
0Xy

=2D ZAN + AN + 0z )* (D)
- 0x1 dxo 0x3 '
Here D is the diffusion coefficient and Z is the mix-

ture fraction, which is the mass fraction of material
that originated from the fuel stream and is given by

7 Yr/ WgvE + (Y0,—00 — Y0)/ Wovo
YF,00/ WRVE + Y0,-00/ WoVvo

where Y is the mass fraction, W is the molecular
weight, v is the stoichiometric coefficient, and the
subscripts F and O refer to fuel and oxidizer, respec-
tively. The outer flame structure is characterized by
the mixture fraction at the location of stoichiometry
which is given by [9]

(@3]

Zst = (1 + YE.00 W0 V0/ Y0, —co WrVE) 1. 3)

The stoichiometric mixture fraction, Zg, is a fun-
damental parameter that, along with adiabatic flame
temperature, accounts for how oxygen enrichment
and fuel dilution affect the global flame structure and
for this reason we will use Zg and adiabatic flame
temperature to interpret the results.

The scalar dissipation rate at stoichiometric condi-
tions xst represents the extent of heat conduction and

species diffusion at the flame [10]. The flame struc-
ture consists essentially of a thin inner reaction zone
embedded between two chemically inert outer zones.
When yg; is increased, heat conduction from, and re-
actant diffusion to, the reaction zone will increase. If
this increase is beyond a critical value, g, incom-
plete reaction results in reactant leakage and thus heat
conduction can no longer be balanced by heat pro-
duction due to chemical reaction, and the flame is
extinguished. This behavior results in the well-known
S-shaped curve. Basically, extinction occurs when the
characteristic time of flow of reactants through the re-
action zone becomes shorter than the time required
for heat release through chemical reaction. As the sec-
ond Damkdhler number Da is reduced to a critical
value Dag, extinction occurs.

The Da is inversely proportional to xst provided
that the characteristic chemical reaction time does not
change. The critical value xq is the condition where
finite rate kinetics just balances diffusion and corre-
sponds to Dagy. As such, it can be recognized as an
indicator of flame strength.

In this work we will study the effects of flame
structure on extinction limits in counterflow diffusion
flames for a variety of fuels when the oxidizer is en-
riched and the fuel is diluted, i.e., when the stoichio-
metric mixture fraction is increased. To this end, the
strain rate at extinction is measured in the counterflow
flame configuration for methane, propane, and ethane
flames as a function of stoichiometric mixture frac-
tion. To compliment this, the scalar dissipation rate
and flame temperature at extinction are evaluated nu-
merically for methane, ethane, and ethylene flames.
The stoichiometric mixture fraction, Zgt, is varied by
removing nitrogen from the air (oxygen-enriched air)
and introducing it to the fuel (diluted fuel) in such a
way that the adiabatic flame temperature is not varied.
In this way the effect of flame structure, as dictated
by changes in stoichiometric mixture fraction, can be
studied.

2. Experimental and numerical methodology

The experimental apparatus is described in detail
in Du and Axelbaum [9]. Briefly, a flame is estab-
lished between two 11-mm opposed jets spaced 6 mm
apart. The jets emanate from tubes with honeycomb
cores placed 50 cm upstream of each exit. The com-
plete flow field has not been characterized, but the far
field is expected to behave between potential and plug
flow [8]. An annular coflow of nitrogen is added to
both fuel and oxidizer to eliminate oxygen entrain-
ment from ambient air and to extinguish the flame that
would exist outside the region of interest.
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Table 1
Flames considered in the numerical and experimental work
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CHy, Ty = 2226 K

CrHy, T, =2370K

CyHg, T,q =2260 K C3Hg, Tpq =2267K

Zst Ycu, at Yo, at  Zst Yoou, at Yo, at Zgt Yo,ug at Yo, at Zst Yciug at Yo, at
Z=1 Z=0 Z=1 Z=0 Z=1 Z=0 Z=1 Z=0
Flame A 0.055 1.0 0.233  0.064 1.0 0.233  0.059 1.0 0.233  0.060 1.0 0.233
Flame B 0.35  0.157 0.339 035 0.182 0.336 035 0.167 0.338 035 0.172 0.337
Flame C 0.5 0.111 0.437 0.5 0.127 0.437 0.5 0.118 0.439 0.5 0.121 0.438
Flame D 0.65  0.085 0.632 0.65 0.098 0.624 0.65 0.090 0.627 0.65 0.093 0.626
Flame E 0.78  0.071 1.0 0.78  0.081 1.0 0.78  0.075 1.0 0.78  0.077 1.0

To obtain extinction strain rates, the flow rate is
increased until extinction occurs. A bypass is used to
ensure that the composition remains fixed as strain
rate is increased. The flame is then reestablished at
conditions very near extinction, and the velocity pro-
file along the stagnation streamline is measured with
laser-Doppler velocimetry. The strain rate, K , is iden-
tified as the magnitude of the slope of the velocity
profile upstream of the flame. Because the densities
of the fuel and the oxidizer free streams are similar,
the velocity gradients on both sides of the flame are
identical within experimental uncertainties.

The numerical scheme employed was the coun-
terflow code developed by Smooke et al. [11]. The
version of the code used here can model both poten-
tial and plug-flow boundary conditions at the edge of
the boundary layer [12]. The strain rate K was ob-
tained as in [2]. The reaction mechanism is a 202-step
reduced GRI mechanism based on GRI 3.0 [13] in
which all nitrogen species except Ny, N, and NO are
deleted. Before eliminating the trace nitrogen species
we carefully compared results from the original and
the reduced mechanism and found no significant dif-
ference in our test cases. This is as expected since the
species eliminated, while important to NO formation,
are not important to the bulk flame chemistry.

3. Results and discussion

As described in detail in Du and Axelbaum [2.,9],
in order to isolate the effects of flame structure result-
ing from shifts in flame location, the stoichiometric
mixture fraction must be changed without changing
the adiabatic flame temperature. This is accomplished
by keeping a fixed amount of the inert component (ni-
trogen in this work) at the flame while varying the
relative amount that is added to the fuel and oxidizer.
Experimentally, for a fuel with stoichiometry given by

ChHy + (n+m/4)0y 4 3.76(n + m/4)Nj
— products

“

this is accomplished by choosing flow rates that sat-
isfy

ON,,0/Q0 + ON,,F/(n +m/4)QF = 3.76, )

where QN ; is the flow rate of nitrogen mixed with
the ith species, and subscripts O and F refer to Oy
and fuel, respectively. To obtain the widest range of
Zg and thus observe structural effects more clearly,
flames are considered between and including the two
extreme cases: where all the nitrogen is introduced
with the oxidizer and where it is introduced with the
fuel. Table 1 lists all flames that were considered in
the numerical and experimental works.

In order to show that the effects of stoichiomet-
ric mixture fraction on extinction are similar for all
fuels, several fuels were investigated: Methane, eth-
ylene, and ethane were considered as fuels for the
numerical work, while methane, ethane, and propane
were used as fuels for the experimental work. Propane
was not modeled because there are no well-accepted
mechanisms for propane that have been validated for
flame extinction and mechanism validation is not the
focus of this work. Ethylene was not measured exper-
imentally due to its extremely high extinction strain
rate.

In Figs. 1 and 2, the extinction strain rates Kex¢ are
plotted as functions of Zg. From Fig. 1, for methane
flames, the strain rate Kext required to extinguish
the diluted methane—oxygen flame is more than two
times as high as that for the methane—air flame. As
Zg increases from 0.055 to 0.78, the experimentally
measure Kex¢ increases from 370 to 898 s~!. For a
potential flow boundary condition the numerical re-
sults yield an increase from 393 to 883 s~ ! and for
plug flow it is from 223 to 468 s~L. Results for other
fuels are shown in Fig. 2. The extinction strain rates
for the other fuels also show a trend where they in-
crease with Zg but the increase is less than that for
CH4 and the increase may not be monotonic for CoHg
and C3Hg. The extinction strain rates Kex¢ for CoHy
flames are very high: the lowest is 2358 s71, as pre-
dicted numerically. This was beyond the capabilities
of the experimental apparatus and, thus, Kext was not
measured experimentally for CoHy.
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Fig. 1. Extinction strain rates as function of stoichiometric mixture fraction for CH, flames, all with the same adiabatic tem-
perature. Symbols are experimental data and curves represent numerical results, using either the potential flow or the plug-flow

assumptions.
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Fig. 2. Extinction strain rates as a function of stoichiometric mixture fraction for CoHy, CoHg, and C3Hg flames. Symbols are
experimental data and curves represent numerical results assuming potential flow in the free stream.

In Fig. 1 numerical results for the two differ-
ent free stream conditions— potential flow and plug
flow —are compared with the experimental results for
the methane flames. The experimental results are very
close to the results reported in Ref. [4]. There is
a significant difference in the extinction strain rate
calculated assuming potential flow and plug flow,
though both results show the trend of increasing Kext
with Zgt. The extinction strain rates computed using
potential flow are about 2 times larger than those com-
puted using plug flow. The potential flow results are
very close to the experimental measurements, sug-
gesting that the potential flow assumption is a good
approximation of the flow field. This is reasonable
for the experimental configuration used in this study
because the jets in these experiments were produced
from a tube, not a contracting nozzle and the separa-
tion distance of the jets was small. These conditions
are expected to yield a flow field that is closer to
potential flow than plug flow. For these reasons the
potential flow assumption is applied to obtain the nu-
merical results for the other fuels.

As stated earlier, the critical scalar dissipation rate
can be recognized as an indicator of flame strength
and thus the variation of xq with Zg is investigated
next. For a fixed diffusion coefficient, the critical
scalar dissipation rate is characterized by the square
of the gradient of mixture fraction at the flame loca-
tion. In Fig. 3, mixture fractions are plotted as func-
tions of arbitrary distance for the five flames near
extinction. Plotting in terms of arbitrary distance al-
lowed all five curves to be unambiguously plotted in
the same figure without affecting the important quan-
tity, which is the gradient of mixture fraction. The
flame locations are also shown. Although the slope
of the linear portion of the Z profile does steepen for
higher strain rate, the increase is comparatively small.
On the other hand, the location of the flame moves
significantly, and this translates to a significant differ-
ence in the critical scalar dissipation rate, as indicated
by the slope at the location of the flame.

In Figs. 4 and 5, the results for the extinction scalar
dissipation rates xq (as characterized by (dZ /dx)2
at Zg) are plotted as functions of Zg. The scalar
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Fig. 4. Scalar dissipation rate and temperature near extinction as a function of Zst for CH4 and CoHg flames. Solid lines are
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Fig. 5. Scalar dissipation rate and temperature near extinction as a function of Zg for CoH4 flames using the potential flow

assumption.

dissipation rate at extinction dramatically increases
to a maximum value and then decreases with Zg
for all fuels. For CHy, (dZ/dx)? varies from 1.6 to
56 cm_z; for CoHy, from 15.1 to 216 cm_z; and for
CyHg, from 3.7 to 77 cm~2. These increases suggest
stronger flames, faster chemistry, and hence flames
that are more difficult to extinguish. An important
corollary to this is that for all fuels tested the value

of Z that yields a maximum in xq corresponds to
nearly the value that yields a minimum in extinction
temperature, Tq. For CHy, this occurs when Zg is
0.65, and for CoHy4 this occurs between 0.5 and 0.6.
For CoHg, the correspondence between maximum xq
and minimum Tq is not as strong, possibly due to
the slow variation in Tq with Zg. In other words, an
uncertainty of only 10 °C in temperature would al-
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Fig. 6. Major species profiles and temperature near extinction for CoHy flames: (a) fuel/air, Zst = 0.064 and (b) diluted

fuel/oxygen, Zg = 0.78.

low the maximum xq to align with the minimum 7.
Assuming that the maximum in xq is accurate, this
occurs around 0.6.

As discussed with regard to Fig. 1, there is a
large difference between the potential flow and plug-
flow solutions for the extinction strain rates for CHy.
Nonetheless, as shown in Fig. 4, the results are in
good agreement when interpreted in terms of scalar
dissipation rate xq. The temperatures are also simi-
lar. These results indicate that even though the flow
fields are significantly different, the scalar dissipation
rates at extinction are similar, and, accordingly, the
extinction temperatures are similar. This agreement is
anticipated because xq is a more direct measure of
the limits of extinction than the extinction strain rate
Kext, particularly when Zg is varied. The scalar dis-
sipation rate at extinction is based on the conserved
scalar Z and may be interpreted as the inverse of the
characteristic diffusion time.

Since the adiabatic flame temperatures of flames
A-E are identical, the primary effect of increasing
Zst is to shift the flame from the oxidizer toward
the fuel, thereby changing the outer structure of the
flame. Fig. 6 shows the profiles of temperature and
major species for conditions near extinction for the
CyHy flames A and E. The location of the stagna-

tion point is shown for reference. As Zg; increases,
the flame moves toward the stagnation point and with
sufficiently high Z it moves into the fuel side.

As Zg increases, the relative amount of oxygen in
the high temperature zone increases and the amount
of fuel decreases. The increase in oxygen in the high
temperature zone is beneficial for the stability of the
flame because it will lead to faster generation of radi-
cals by accelerating the chain-branching reaction

H+ 0, — OH + O, (6)

which provides greater resistance to extinction. Re-
sults show that for the same strain rate the high Zg
flames have a much greater radical pool than the low
Zgt flames.

One might expect that since the amount of Oy in
the flame zone increases with Zg; this would lead to
a monotonic increase in xq with Zg. Such is not the
case, as seen in Figs. 4 and 5. The reason for this can
be understood with the aid of Figs. 7 and 8, where the
rates of the dominant radical production reactions at
extinction for flames A and D are plotted as functions
of position for CH4 and CoHy flames, respectively.
The stoichiometric mixture fraction is seen to affect
the location of the radical production zone relative to
that of the peak temperature. For flame A, the stan-
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Fig. 9. Temperature at the radical production zone for all flames near extinction.

dard fuel/air flame, the location of radical production
does not correspond to the location of peak tempera-
ture. The reason for this is that reaction (6) is a high
activation energy reaction and thus requires both high
O, concentration and high 7. For the typical hydro-
carbon/air flame the O, concentration falls off suffi-
ciently far from the peak temperature that the radical
production zone must lie toward the oxidizer side of
the peak temperature. This displacement suggests that
the local extinction temperature at the radical pro-
duction zone—which is the critical temperature re-
quired for the radical chemistry —is much lower than
the peak temperature. For CHy flame A, the corre-
sponding temperature is around 1740 K as compared
to a peak temperature greater than 1800 K. Compar-
ing this temperature with the peak temperature for
CHy flame D, one finds that they are both around
1740 K. Furthermore, the radical production zone is
coincident with this peak temperature for flame D. In
other words, extinction is occurring when the temper-
ature in the radical production zone falls below about
1740 K. This explains why flame D is the stronger
flame: flame D makes more “efficient” use of the peak
temperature for radical production. This is the case for
C,H, flames as well, as shown in Fig. 8.

To verify that these conclusions are not dependent
on the selected reaction mechanism, a different re-
action mechanism, a 58-step C1 mechanism [14], is
used for the CHy flames to compare the results with
the GRI mechanism. The two mechanisms vary sig-
nificantly, e.g., for reaction (6), the A, b, and E values
are, respectively,

58-step C1 mechanism,
2.65 x 10'0, —0.6707, 17041;
GRI mechanism,

5.13 x 101°, —0.816, 16507.

The numerical results for the CH4 flames using the
58-step C1 mechanism are described in detail in

Ref. [15]. Compared with Figs. 1,4, and 7, the results
are significantly different in terms of strain rate, scalar
dissipation rate, temperature near extinction, and radi-
cal production rate. Nonetheless, the trends as to how
these values vary with Zg are almost the same: i.c.,
the primary conclusions are that: (1) there is a dra-
matic increase in the scalar dissipation rate with Zgt
(as much as 40 times greater than for a fuel/air flame);
(2) the location of the maximum scalar dissipation
rate corresponds to that of the minimum tempera-
ture; (3) there is a displacement of the peak temper-
ature with respect to the radical production zone for
flame A; and (4) the two locations are nearly coinci-
dent for flame D.

In Fig. 9, the temperature at the location of the rad-
ical pool (as depicted by the temperature where the
production rate for reaction (6) is a maximum) is com-
pared for the CHy, CoHy, and CoHg flames using the
GRI mechanism. For each fuel, the local temperatures
at the radical production zone are almost identical,
which suggests the existence of a unique local ex-
tinction temperature. Fig. 10 shows the difference be-
tween the peak temperature (flame temperature) and
radical pool temperature and in Fig. 11 the distance
between the locations of the radical pool to that of
the peak temperature is shown. The negative values
in Fig. 11 indicate that the location of the radical pool
is closer to the oxidizer side than that of the peak tem-
perature.

From Figs. 10 and 11, one can understand why the
flame temperature at extinction changes with Zg: as
Zg increases, the peak temperature moves from the
fuel side of the radical production zone to the oxidizer
side. The flame temperature at extinction changes ac-
cordingly to support the local extinction temperature
for that fuel. At higher Z the peak temperature be-
gins to move to the oxidizer side of the radical produc-
tion zone and, once again, the extinction temperature
must increase because the two zones are not coin-
cident. This is why there is a minimum extinction
temperature observed in Figs. 4 and 5. Correspond-
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ingly, xq decreases at higher Zs because this mis-
match does not allow the temperature to decrease as
much before the flame extinguishes.

4. Conclusions

This work has evaluated the effects of oxygen en-
richment and fuel dilution on flame extinction for a
variety of fuels. As the primary goal was to evalu-
ate the influence of flame structure on extinction, and
the stoichiometric mixture fraction is a single quantity
that takes into account the effects of oxygen enrich-
ment and fuel dilution on flame structure, the results
were understood in terms of stoichiometric mixture
fraction. For a given fuel and a given adiabatic flame
temperature, the extinction limits, as identified by the
scalar dissipation rate at extinction, can vary dramati-
cally with stoichiometric mixture fraction, even when
the adiabatic flame temperature is not changed. For
the fuels considered, the critical scalar dissipation rate
can experience a 15- to 40-fold increase from that of
neat fuel burning in air, indicating that the flame is
much stronger. When the extinction scalar dissipation

rate reaches a maximum, the extinction temperature
reaches a minimum. This occurs when Zg; is around
0.5 to 0.65 (depending on the fuel), and corresponds
to the condition where the radical production zone
is coincident with the location of maximum temper-
ature. This finding indicates that by adjusting the rel-
ative position of the peak temperature and the peak
radical production zone (which can be done by chang-
ing Zst) the extinction characteristics of the flame can
be optimized.

The findings of this study indicate that oxygen en-
richment, when combined with fuel dilution, can yield
extremely strong flames. As oxygen-enriched com-
bustion is growing in importance, these results can be
used to optimize the mixture compositions to yield
strong flames that have low emissions of soot and
PAH.
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