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Abstract

Partial premixing of fuel and oxidizer is of common occurrence in fires. However, most previous studies dealing
with flame extinction have focused on nonpremixed flames. In this experimental–numerical study, we examine the
effectiveness of fuel-stream versus air-stream dilution for extinguishing laminar methane–air partially premixed
(PPFs) and nonpremixed flames (NPF) using the chemically inert fire suppressant CO2. Experimental measure-
ments were made in lifted methane–air coflow flames, while both counterflow and coflow flames were simulated
using a time-accurate implicit algorithm that incorporates detailed chemistry and includes radiation effects. Both
measurements and simulations show that with fuel-stream dilution, PPFs stabilize at a higher liftoff height and
blow out at a lower CO2 dilution than NPFs. In contrast, with air-stream dilution, NPFs move to a higher liftoff
height and blow out at a lower CO2 dilution than PPFs. Despite different configurations, there is remarkable
similarity in the extinction characteristics of coflow and counterflow flames with regard to the level of partial pre-
mixing and air- and fuel-stream dilution. The critical fuel-stream CO2 mole fraction required for the extinction of
both counterflow and coflow flames increases as φ is increased, i.e., as the level of partial premixing is reduced.
Conversely, the critical air-stream CO2 mole fraction decreases as φ is increased. Results also indicate a crossover
value of φ ≈ 2.0, corresponding to the stoichiometric mixture fraction of fs = 0.5, such that flames (including
NPFs) with fs < 0.5 are more difficult to extinguish with fuel-stream dilution, since oxygen is the deficient re-
actant, whereas flames with fs > 0.5 are more difficult to extinguish with air-stream dilution, since fuel is the
deficient reactant for these flames.
© 2007 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Flame extinction is important from both funda-
mental and practical considerations. Therefore, sev-
eral analytical, numerical, and experimental investi-
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gations have focused on the strain-induced extinction
of counterflow nonpremixed (NPFs) and partially pre-
mixed flames (PPFs) [1,2]. The counterflow geometry
is useful since it affords control over both the strain
rate and the flame position [3]. In this context, the
agent concentration requirements for the suppression
of counterflow flames at low strain rates are also of
interest, because they may correspond to the corre-
sponding requirements for axisymmetric cup burner
flames [4] that more closely represent real fire scenar-
ios. However, most previous studies concerning flame
extinction have characterized the air-stream agent re-
quirements for the suppression of NPFs. There have
been relatively few investigations on the fuel-stream
agent requirements for the suppression of NPFs and
PPFs, especially in a cup burner or coflow configura-
tion.

Bundy et al. [5] investigated the fuel- and air-
stream agent (N2, CO2, and CF3Br) requirements for
the suppression of low-strain-rate counterflow NPFs
and observed that the air-stream-diluted NPFs extin-
guish at lower dilution than the corresponding fuel-
stream diluted NPFs. Trees et al. [6] investigated the
extinction of NPFs using a chemical agent, CF3Br
(Halon-1301), and surmised that the difference be-
tween the fuel- and air-stream effectiveness of a dilu-
ent could be attributed to preferential diffusion ef-
fects. Since their diluent was not chemically inert, it
is not clear if the difference between the fuel- and air-
stream effectiveness of inert agents (such as N2 and
CO2) could also be attributed to such effects.

Flame extinction generally occurs due to three ef-
fects [7], namely, by reducing the (1) deficient reac-
tant concentration so as to affect the reaction rates (di-
lution effect); (2) flame temperature (thermal effect),
which decreases the radical pool; or (3) free radical
concentration and thus interrupting the flame chem-
istry (chemical effect) by adding a chemical agent,
such as halon. In this context, CO2, which is es-
sentially chemically inert [8], can extinguish flames
through both dilution and thermal effects. Halons
have been successfully used as chemically active fire-
suppression agents but have significant ozone de-
pletion potential [9]. In addition, chemically active
agents often generate substances in flames that pre-
vent their use in occupied confined spaces. Therefore,
CO2 is considered in this investigation. It is also used
as a fire-suppressant agent in the U.S. modules of the
International Space Station.

There is a likelihood that unwanted fires can orig-
inate in a partially premixed mode when a pyrolyzed
or evaporated fuel forms an initial fuel-rich mixture
with the ambient air. It is often difficult to catego-
rize such fires in terms of premixed flames or NPFs.
In addition, catastrophic phenomena such as back-
draft in building fires, which can have fatal conse-
quences [10–12], are also promoted by partially pre-
mixed combustion [13]. Hence, partially premixed
combustion is an important consideration in the con-
text of fire safety [14]. Moreover, previous studies
have shown that the structure of PPFs can be modified
significantly by changing the level of partial premix-
ing [15]. Consequently, it is important to characterize
the effectiveness of fuel-stream dilution versus air-
stream dilution in extinguishing flames that are estab-
lished at different levels of partial premixing. There
is, however, relatively little fundamental information
available in the literature on the extinction charac-
teristics of PPFs, since most previous investigations
have focused on the extinction of NPFs. Moreover,
previous studies, except for one reported by Seiser
et al. [16], have not examined the effectiveness of
fuel-stream dilution versus air-stream dilution in ex-
tinguishing flames, especially in the context of PPFs.

Motivated by the above considerations, we re-
port herein on an experimental and numerical in-
vestigation that examines the effectiveness of air-
stream versus fuel-stream dilution in extinguishing
nonpremixed and partially premixed flames. Lifted,
laminar methane–air flames were established in ax-
isymmetric coflowing jets, and the chemically inert
diluent, CO2, was added either to the fuel stream
or to the air stream. The diluent concentration was
slowly increased until the lifted flame was extin-
guished (through blowout). For both air-stream and
fuel-stream dilutions, the flame liftoff and blowout
conditions were characterized for various levels of
partial premixing in terms of the flame topology,
liftoff height, and critical CO2 mole fraction required
for flame blowout. The CO2-diluted axisymmetric
NPFs and PPFs were also simulated using a time-
accurate, implicit algorithm that uses detailed descrip-
tions of chemistry and transport. The computed flame
topology, liftoff height, and critical CO2 mole frac-
tions when flame blowout occurred were compared
with measurements. In addition, CO2-diluted NPFs
and PPFs were simulated in a counterflow configu-
ration and their extinction characteristics were inves-
tigated using various amounts of fuel- and air-stream
dilutions. Here, our objective was to examine the sim-
ilarity between the structures of coflow and counter-
flow flames at different dilution levels and the effect
of geometry on their extinction characteristics.

It is important to distinguish between our study
and that of Seiser et al. [16]. The cited study fo-
cused on the strain-induced extinction of PPFs in a
counterflow configuration. In their case, the strain rate
was continuously increased while keeping the equiv-
alence ratio (φ) in one or both the streams fixed until
the flame was extinguished. In contrast, we consid-
ered the dilution-induced extinction of lifted NPFs
and PPFs in both coflow and counterflow configura-
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tions in which the diluent mole fraction in the fuel (or
air) stream was continuously increased until the flame
extinguishment occurred through blowout. Moreover,
Seiser et al. [16] obtained the critical strain rate as a
function of φ while maintaining the adiabatic flame
temperature and the stoichiometric mixture fraction
at a constant value by appropriately controlling the
amount of nitrogen in the two streams. Their pur-
pose was to relate changes in the critical strain rate
at extinction to changes in the level of partial premix-
ing. In contrast, this investigation focuses on dilution-
induced extinction at a fixed strain rate (in the case
of counterflow flames) or a fixed flow time (coflow
flames) so that the critical amount of CO2 added to
the fuel (or air) stream for flame extinction to oc-
cur can be related to the level of partial premixing.
Consequently, the stoichiometric mixture fraction and
adiabatic flame temperature are not held constant; in-
deed for this purpose they cannot be. In summary, in
our investigation flame extinction is achieved by in-
creasing the chemical time through dilution and ther-
mal effects, while in the cited study, the extinction is
achieved by decreasing the flow time.

2. Experimental methods

Laminar methane–air flames were established on a
coannular burner with an inner diameter of 11.1 mm
and an outer annulus diameter of 22.2 mm, shown in
Fig. 1. The burner had several fine wire mesh inserts
placed in the two ducts to facilitate a plug flow ve-
locity profile. Both the fuel- and air-stream velocities
were maintained at 0.5 m/s. The gas flow rates were
controlled by MKS mass flow controllers, which are
accurate to within 1% of their full scale. The fuel–
air mixtures, as well as the diluents, were premixed

Fig. 1. Experimental burner used for experiments. Fine mesh
screens are inserted into both annuli of the burner to have
plug flow velocity profiles at the burner exit.
before each experiment in order to ensure consis-
tent composition. The fuel–air–diluent mixtures are
accurate to within 1% of the volumetric flow rate.
The fuel-rich mixture was introduced through the in-
ner duct and air through the outer annulus of the
burner. The CO2 diluent was introduced into the
fuel stream or the air stream of the flame in order
to compare the effectiveness of fuel- and air-stream
dilution. The diluent concentration in either stream
was varied to characterize flame liftoff and extinc-
tion (through flame blowout). Flame images were ob-
tained using a digital camera (30 fps; 640 × 480 pix-
els) without using filters. The flames generally exhib-
ited well-organized oscillations due to buoyant accel-
eration in normal gravity with oscillation frequencies
in the range 10–15 Hz. Good agreement was observed
between the simulated and experimental flame os-
cillation frequencies. A more detailed discussion of
buoyancy-induced oscillations in partially premixed
flames is presented elsewhere [17]. The flame liftoff
height was determined by locating the displacement
of the maximum chemiluminescence (representing
the flame reaction kernel) from the burner rim. Ex-
perimental error in the measurement of liftoff height
is limited by the resolution of the images. Generally,
the measurement error is no more than ±10% of the
values reported for liftoff height, Lf. The error is rel-
atively small for flames stabilized near the burner (at
lower Lf), but becomes more significant for flames
near blowout.

3. Computational model

Axisymmetric coflow flames were simulated based
on a computational model developed by Katta and
co-workers [18,19]. The model solves the time-
dependent governing equations for unsteady reacting
flows in an axisymmetric configuration that can be
written in a generalized form as
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Here t denotes the time, and u and v the axial (z)

and radial (r) velocity components, respectively. The
general form of the equation represents conservation
of mass, momentum, species, or energy conservation,
depending on the variable used for Φ . The diffusive
transport coefficient Γ Φ and source terms SΦ are de-
scribed in Ref. [18]. Introducing the overall species
conservation equation and the state equation com-
pletes the equation set. A sink term based on an opti-
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cally thin gas assumption was included in the energy
equation to account for thermal radiation from the
flame [20] in the form qrad = −4σKp(T 4 − T 4

0 ) [21]
where T denotes the local flame temperature, and Kp
accounts for the absorption and emission from the
participating gaseous species (CO2, H2O, CO, and
CH4) expressed as Kp = P

∑
k XiKp,i where Kp,i

denotes the mean absorption coefficient of the kth
species, σ is the Stefen–Boltzmann constant, and T0
is the ambient temperature. The value of Kp,i is ob-
tained using a polynomial approximation to the exper-
imental data provided in Ref. [21]. It should be noted
that the optically thin radiation model does not ac-
count for the radiation absorbed by the added CO2
in the fuel or air stream, which may lead to higher
flame temperatures. However, previous investigations
have shown that radiation absorption for CO2-diluted
CH4–air flames becomes significant only at super-
atmospheric pressures [22]. Although we expect that
CO2 absorption would slightly increase the flame
temperature for all cases, our quantitative results in
terms of the relative fuel- and air-stream effectiveness
would remain the same. Moreover, since our flames
are established at moderate and high global strain
rates, the characteristic convection time is small in
comparison with the radiation cooling time.

The thermodynamic and transport properties ap-
pearing in the governing equations are temperature-
and species-dependent. The thermal conductivity and
viscosity of the individual species were based on
Chapman–Enskog collision theory, following which
those of the mixture are determined using the Wilke
semiempirical formulas [23]. Chapman–Enskog the-
ory and the Lennard–Jones potentials were used to es-
timate the binary-diffusion coefficient between each
species and nitrogen. The methane–air chemistry was
modeled using a reduced mechanism following Pe-
ters [24]. This mechanism, designated as the C2
mechanism, involves 24 species and 81 elementary
reactions. The mechanism has been extensively val-
idated previously for the computation of premixed
flame speeds and the detailed structure of both NPFs
and PPFs [18–20].

The computational domain consisted of 150 ×
100 mm in the axial (z) and radial (r) directions,
respectively, and contained a staggered, nonuniform
(401 × 101) grid system. The minimum grid is
≈0.1 mm in both the z and r directions. The numeri-
cal experiments establishing the grid independence of
the results have been reported elsewhere [25]. Both
the inner and outer jets had uniform velocities of
50 cm/s. An isothermal insert simulates the inner
2 × 1-mm burner wall at 300 K. The inner jet was
assumed to issues a fuel–air mixture while the outer
jet provided air. In lieu of quantitative flowfield data
at the inlet boundary, every effort has been made to
create uniform experimental boundary conditions and
match the inflow boundary conditions between exper-
iments and simulations. This was accomplished by
inserting fine mesh screens in the experimental burner
to produce a nearly uniform flow profile at the burner
exit and by tweaking the simulated burner exit veloc-
ity profile so that resulting predicted and measured
flames matched as closely as possible. A detailed
discussion of the boundary conditions is presented
elsewhere [18,19]. Once undiluted flames were estab-
lished, CO2 was gradually added in the fuel stream or
the air stream until blowout occurred [26].

Simulations of counterflow methane–air flames,
established at various fuel-stream equivalence ratios,
global strain rates, and fuel- and air-stream dilutions,
were performed using the CHEMKIN package [27].
The flame chemistry was modeled using the GRI-
Mech 3.0 mechanism [28]. It should be noted that
while coflow flames are simulated using the (reduced)
C2 mechanism for computational efficiency, the coun-
terflow flames, which are characterized by a one-
dimensional flow field, are simulated using a detailed
mechanism. The differences between the two mech-
anisms in terms of the critical CO2 mole fraction for
extinction are expected to be small. The distance be-
tween the two nozzles was 2.54 cm. The fuel and
oxidizer temperatures were assumed to be 300 K.
The grid independence of the results was achieved
by controlling the values of the GRAD and CURV
parameters, both of which were set at 0.1, using adap-
tive regridding in order to resolve the structures of
both the premixed and nonpremixed reaction zones.
Mixture-averaged transport properties were used for
all simulations and little difference was observed in
the simulations between mixture-averaged and multi-
component transport.

4. Results and discussion

4.1. Validation of numerical model

The 2-D axisymmetric flame simulations have
been previously validated against measurements for
a variety of steady and unsteady flames, includ-
ing opposed-jet diffusion flames [29], and burner-
stabilized [19,30] and lifted jet flames [26]. Katta
et al. [29] compared the predicted OH concentra-
tions in opposed-jet flames with PLIF measurements
that showed good agreement. Shu et al. [30] re-
ported good agreement between the predicted and
measured velocity fields (using PIV), and between
the predicted heat-release-rate contours and the mea-
sured C∗

2-chemiluminescence images for methane–air
PPFs. Likewise, Takahashi et al. [31] reported good
agreement between the predicted and measured ve-
locity fields using PIV for methane–air jet diffusion



344 A. Lock et al. / Combustion and Flame 149 (2007) 340–352
Fig. 2. Comparison of predicted heat-release-rate contours (right) with measured luminosity contours (left) for fuel-stream (top)-
and air-stream (bottom)-diluted PPFs established at φ = 1.5. Velocity vectors are shown for the simulated flames. The three
reaction zones, rich premixed (RP), nonpremixed (NP), and lean premixed (LP) reaction zones, are also indicated in the figure.
flames under near-lifting conditions. Recently, Katta
et al. [26] accurately predicted the minimum dilu-
ent concentration for blowout of methane–air non-
premixed cup burner flames.

We provide additional validation by comparing the
predicted heat release rate contours with the measured
luminosity images for fuel-stream and air-stream
CO2-diluted partially premixed flames established at
φ = 1.5, 2.25, and a nonpremixed flame (φ = ∞). As
shown in Figs. 2–4, the numerical model in general
reproduces the measured flame topology including
the locations of the various reaction zones and the
liftoff height for both fuel-stream- and air-stream-
diluted flames.1 At low dilution, the PPFs (φ = 1.5,

1 More detailed discussion on the comparison between
measurements and simulations is provided in the following
section.
and 2.25; cf. Figs. 2 and 3) are burner-attached2 [25],
whereas the NPF (cf. Fig. 4) is lifted. These flames
(PPFs and NPF), however, exhibit a double-flame
structure, containing two reaction zones, namely the
rich premixed (RP) and the nonpremixed reaction
(NP) zones. Further increase in dilution increases the
flame liftoff heights and the flame structure changes
from double to triple,3 as reactant mixing is enhanced
in the wake region above the burner rim, allowing en-
trainment of air into the fuel and vice versa. The blue

2 Here, a burner-attached flame is one that exhibits non-
negligible heat transfer to the burner rim, whereas a lifted
flame is stabilized downstream of the burner in a low-
velocity region with negligible heat transfer to the burner
rim.

3 The triple flame contains a rich premixed zone (on the
fuel side), a nonpremixed zone, and a lean premixed zone,
which is indicated by “LP” in the diluted flames of Figs. 2–4.
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Fig. 3. Comparison of predicted heat-release-rate contours (right) with measured luminosity contours (left) for fuel-stream (top)-
and air-stream (bottom)-diluted (XCO2 = 0.0, 0.05, 0.10, 0.15), PPFs established at φ = 2.25. Velocity vectors are shown for
the simulated flames. The three reaction zones, rich premixed (RP), nonpremixed (NP), and lean premixed (LP) reaction zones,
are also indicated in the figure.
color in all the experimental images represents the
reaction zones, while the bright yellow in the NPFs
corresponds to the soot incipience region. The flame
luminosity is greatly diminished in the PPFs, indicat-
ing marked reduction in soot production due to partial
premixing.

Both the simulations and the measurements in-
dicate that flames exhibit well-organized oscillations
induced by buoyant acceleration and so care is taken
in comparing any two flames at the same phase an-
gle. In the NPF (cf. Fig. 4), the buoyant acceleration
of hot gases outside the flame surface causes shear-
layer rollup, leading to the formation of a toroidal vor-
tex that interacts with the flame surface at locations
downstream of the flame base. On the other hand, the
PPFs (cf. Figs. 2 and 3) do not indicate this toroidal
vortex ring; instead, the flame pinches off when the
flame tip reaches its maximum amplitude. As noted
earlier, the shape of the blue region in experimen-
tal images indicates the reaction zones. For instance,
the undiluted PPF established at φ = 1.5 exhibits two
well-defined reaction zones (rich premixed and non-
premixed), as indicated in Fig. 2. As diluent is added
to the fuel stream, the rich premixed zone becomes
weaker and moves closer to the nonpremixed reaction
zone, as indicated by its decreased luminous inten-
sity and the decreased spatial distance between the
two reaction zones (cf. Fig. 2). This effect is less pro-
nounced when this flame is air-stream-diluted. This
effect will be further examined in a later section.

The effect of fuel-stream and air-stream dilution
on the flame liftoff height strongly depends on the
level of partial premixing. Both measurements and
simulations indicate that the liftoff height of the NPF
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Fig. 4. Comparison of predicted heat-release-rate contours (right) with measured luminosity contours (left) for fuel-stream (top)-
and air-stream (bottom)-diluted NPFs (φ = ∞). Velocity vectors are shown for the simulated flames. The three reaction zones,
rich premixed (RP), nonpremixed (NP), and lean premixed (LP) reaction zones, are also indicated in the figure.
is more sensitive to air-stream dilution (cf. Fig. 4),
whereas the liftoff height of the PPF established at
φ = 1.5 is more sensitive to fuel-stream dilution (cf.
Fig. 2). For example, the PPF established at φ = 1.5
remains in a burner-attached mode even when air-
stream dilution is XCO2 = 0.15, while it is lifted
when fuel-stream dilution is only XCO2 = 0.10. In
contrast, the liftoff height of the NPF remains rel-
atively unchanged even when the fuel-stream dilu-
tion is XCO2 = 0.20, but it increases dramatically
when the air-stream dilution is only XCO2 = 0.05.
The PPF established at φ = 2.25, however, is only
slightly more sensitive to fuel-stream dilution than
to air-stream dilution. Therefore, as the level of par-
tial premixing increases (i.e., φ decreases) the flame
liftoff height becomes more sensitive to fuel-stream
dilution than to air-stream dilution, and the tran-
sition for becoming more sensitive to fuel-stream
dilution than to air-stream dilution seems to oc-
cur near φ = 2.0. As discussed later, this transition
can be related to the stoichiometric mixture fraction
value.
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Fig. 5. Predicted (lines) and measured (lines with open
and closed squares) liftoff height (Lf) plotted as a func-
tion of CO2 mole fraction for the fuel (top)- and air (bot-
tom)-stream-diluted coflow PPFs (at φ = 1.5 and 2.25) and
NPF. The blowout conditions are also shown.

4.2. Flame liftoff and blowout (extinction)
characteristics

Fig. 5 presents the measured and predicted liftoff
heights plotted versus the amount of CO2 dilution
in the fuel stream (top) and air stream (bottom) for
partially premixed (φ = 1.5,2.25) and nonpremixed
(φ = ∞) flames. The blowout conditions, in terms
of the flame liftoff height and the critical CO2 mole
fraction at blowout, are also shown in the figure. Im-
portant observations from this figure are as follows.

1. There is generally good agreement between pre-
dictions and measurements in terms of the flame
topology (cf. Figs. 2–4) and liftoff height at dif-
ferent dilution levels for both fuel-stream- and
air-stream-diluted flames. The critical CO2 mole
fractions required for blowout (extinction) of
PPFs and NPFs are also accurately predicted.
The quantitative agreement between the mea-
sured and predicted liftoff heights is reasonable
at lower liftoff heights, but deteriorates near
blowout conditions, which can be anticipated as
the flames become more unsteady and quite sen-
sitive to CO2 dilution level just prior to blowout.
In addition, the quantitative differences can be
attributed to (i) uncertainties in the liftoff height
measurements near blowout, (ii) sensitivity of the
liftoff height to small changes in CO2 mole frac-
tion near blowout, (iii) sensitivity of the liftoff
height to inflow boundary conditions and the
geometric characteristics of the isothermal in-
sert [19], and (iv) uncertainties in the chemistry
and transport models used in simulations, espe-
cially near limit conditions.

2. Both the measurements and simulations indicate
that the undiluted NPF is lifted and stabilized
downstream of the burner rim, while the undi-
luted PPFs are stabilized at the burner rim. With
fuel-stream dilution, the liftoff height of the NPF
increases first gradually and then more rapidly
until blowout occurs (cf. Fig. 5a). In contrast,
the PPFs (φ = 1.5 and 2.25) first lift off from
the burner rim due to local extinction caused by
dilution [25], which reduces heat transfer to the
rim and the rate of H-atom destruction. Once
these flames are lifted, their lift off heights in-
crease much more rapidly than that of the NPF.
Consequently, their liftoff heights exceed that of
the NPF, and the diluent mole fractions required
for their extinction (through blowout) are signifi-
cantly smaller than those required for the extinc-
tion of NPF. In contrast, with air-stream dilution,
the NPF lifts off rather rapidly from the burner
(cf. Fig. 4) and blows out when a relatively small
amount of CO2 is added to the air stream (cf.
Fig. 5b), while the PPFs lift off more slowly and
blow out at a much higher CO2 concentration.

3. The variation of liftoff height with CO2 mole
fraction as well as the critical CO2 mole frac-
tion at blowout depends strongly on the level
of partial premixing and whether the CO2 is
added to the fuel stream or air stream. For fuel-
stream dilution, the critical CO2 mole fraction
required for extinction increases as φ is increased
(i.e., the level of partial premixing is decreased),
while for air-stream dilution, the critical CO2
mole fraction decreases as φ is increased. For
the results presented in Fig. 5a, the predicted fuel
stream CO2 dilutions required for flame blowout
at φ = 1.5, 2.25, and ∞ are XCO2 = 0.12, 0.16,
and 0.41, respectively, and the corresponding
measured values are XCO2 = 0.1, 0.15, and 0.4.
On the other hand, for air-stream dilution (cf.
Fig. 5b), the predicted CO2 dilutions required
for flame blowout at φ = 1.5, 2.25, and ∞ are
XCO2 = 0.5, 0.18, and 0.12, respectively, and
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the corresponding measured mole fractions are
XCO2 = 0.3, 0.15, and 0.1. Thus, an important
result from Fig. 5 is that NPFs are more difficult
to extinguish than PPFs when the inert agent is
added to the fuel stream, whereas PPFs are more
difficult to extinguish when the agent is added to
the air stream.

4. Both the simulations and the measurements also
indicate an intermediate level of partial premix-
ing at which the air-stream and fuel-stream di-
lutions become equally effective in causing the
flame liftoff and blowout. For the results pre-
sented in Fig. 5, this seems to occur at φ ≈ 2.0.
Thus, for φ < 2.0, the fuel-stream dilution is
more effective, while for φ > 2.0, the air-stream
dilution is more effective in extinguishing the
flame. As discussed later based on counterflow
flame results, this crossover φ value is deter-
mined by the stoichiometric mixture fraction
value.

4.3. State relationships for undiluted coflow and
counterflow flames

In order to examine the similarity between the
structure and extinction characteristics of CO2-diluted
coflow and counterflow flames, we present in Fig. 6
the state relationships in terms of the profiles of
major reactants species (CH4 and O2), major prod-
uct species (H2O and CO2), and “intermediate” fuel
species (H2 and CO) with respect to the mixture frac-
tion. Following Bilger [32], the mixture fraction (f )

is defined as

f =
(

2ZC

WC
+ 1

2
· ZH

WH
+ ZO,2 − ZO

WO

)

(2)

×
(

2ZC,1

WC
+ 1

2
· ZH,1

WH
+ ZO,2 − ZO,1

WO

)−1
,

where Zi denotes the mass fraction of an element i of
atomic mass Wi , the subscripts C, H, and O refer to
carbon, hydrogen, and oxygen, respectively, and the
subscripts 1 and 2 refer to the fuel and oxygen refer-
ence states. The fuel side and air side are indicated by
f = 1 and f = 0, respectively in Fig. 6. Scalar pro-
files for counterflow flames established at φ = 1.5,
2.25, and 10 and a global strain rate of 100 s−1 are
compared with those for the corresponding coflow
flames. The species profiles for coflow flames are
taken at a radial cut 2 mm above the flame base. As
stated earlier, an undiluted nonpremixed coflow flame
is lifted from the burner (cf. Fig. 4), which causes ad-
(a)

(b)

(c)

Fig. 6. State relationships in terms of scalar profiles plot-
ted at an axial location of z = (LLE + 2) mm, where LLE
is the liftoff height, with respect to the mixture fraction (f )

for the coflow PPFs (at (a) φ = 1.5 and (b) 2.25) and (c)
NPF (φ = ∞). Analogous counterflow PPFs at φ = 1.5,
2.25, and 10 with a global strain rate of 100 s−1 are also
shown for comparison with the corresponding coflow PPFs
and NPF. The black (solid) and blue (dashed) lines represent
results for the coflow and counterflow flames, respectively.
The vertical dashed line represents the stoichiometric mix-
ture fraction (fs).
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ditional mixing upstream of the flame,4 producing a
nearly merged PPF structure at the flame base. Conse-
quently, the corresponding counterflow flame is com-
puted at an equivalence ratio of 10.

As discussed by Tanoff et al. [33] and Naha and
Aggarwal [34], partially premixed combustion can be
grouped into two distinct regimes, namely a double-
flame and a merged-flame regime. In the first regime,
a PPF contains two physically separated reaction
zones, while in the second, the two reaction zones are
nearly merged. Despite different configurations, there
is good agreement in the scalar profiles of coflow
and counterflow flames for the three cases presented
in Fig. 6. Both the coflow and counterflow PPFs es-
tablished at φ = 1.5 exhibit a double-flame structure
(cf. Fig. 6). The incoming CH4 and O2 from the fuel
side are completely consumed in the rich premixed
zone located near f = 0.85. The “intermediate” fuel
species CO and H2 are formed in the rich premixed
zone and then transported and consumed in the non-
premixed zone, which is located near f = fs (stoi-
chiometric mixture fraction),5 and characterized by
the peak CO2 and H2O values. The scalar profiles
for PPF established at φ = 2.25 and for NPF6 also
exhibit similarity between the structures of coflow
and counterflow flames. Both the counterflow and
coflow flames exhibit a nearly merged partially pre-
mixed flame structure. In addition, for both counter-
flow and coflow flames, the consumption of major
reactant species (CH4 and O2) in the rich premixed
zone and that of major intermediate fuel species (CO
and H2) in the nonpremixed zone occur at nearly
the same locations in the mixture fraction coordinate.
The similarity between the steady counterflow and
unsteady coflow partially premixed flames using the
mixture fraction coordinate has also been observed by
Aggarwal and Puri [35].

The results in Fig. 6 further indicate that as the
level of partial premixing decreases (i.e., φ increases
from 1.5 to ∞), the stoichiometric mixture fraction
decreases from fs = 0.68 to 0.055 and the rich pre-
mixed zone moves from the fuel side toward the air
side. Note that the smaller fs value for NPFs implies
that more mixing is required to establish these flames
compared to that for PPFs. Since mixture fraction
is the ratio of the mass of material originating from
the fuel stream to the total mass, the stoichiometric

4 This is indicated by a relatively high mass fraction of
oxygen penetrating into the fuel side in Fig. 6c.

5 The mixture fraction f reaches stoichiometry when
the reactants are completely consumed; therefore, fs =
(ZO,2/WO)/(2ZC,1/WC + 1/2 · ZH,1/WH + (ZO,2 −
ZO,1)/WO).

6 Here NPF refers to the coflow nonpremixed flame as well
as the counterflow PPFs established at φ = 10.
mixture fraction (fs) indicates whether the flame is
located in a region of high or low concentration of ma-
terial originating from the fuel stream. For fs > 0.5,
there is a higher concentration of material from the
fuel stream, suggesting that the flame requires more
reactant from the fuel stream; hence, fuel is the de-
ficient reactant. Likewise, for fs < 0.5, the flame is
located in a region having a higher concentration of
material from the air stream, suggesting that the flame
requires more material from the air stream than from
the fuel stream; hence, oxygen is the deficient reac-
tant. As discussed in the next section, the stoichiomet-
ric mixture fraction plays an important role in charac-
terizing the relative effectiveness of fuel-stream and
air-stream dilution in extinguishing the flame for a
given φ value.

4.4. Extinction characteristics of coflow and
counterflow flames

Flame liftoff and blowout are complex processes
involving transport, partial premixing, flame propa-
gation, scalar dissipation, and extinction [36]. Never-
theless, results presented in the preceding section sug-
gest that based on the observed similarity between the
structures of coflow and counterflow flames, we can
employ counterflow flame simulations to explain why
fuel-stream dilution becomes more effective in caus-
ing flame extinction as the level of partial premixing
is increased, and vice versa. Moreover, since counter-
flow flames have been extensively used previously to
investigate strain-induced flame extinction [2,6], our
results focusing on the dilution-induced extinction of
such flames complement the previous results.

Fig. 7 presents the critical CO2 mole fraction
required for the extinction of fuel- and air-stream-
diluted counterflow flames, plotted as a function of
φ−1 (Fig. 7a) and fs (Fig. 7b) for several global
strain rates (as). The blowout conditions, in terms
of the critical CO2 mole fraction, for coflow flames
are also shown in the figure. As indicated in Fig. 7a,
for both counterflow and coflow flames, the critical
fuel-stream CO2 mole fraction required for extinc-
tion increases as φ is increased or the level of partial
premixing is decreased. Conversely, the critical air-
stream CO2 mole fraction required for the extinction
of counterflow and coflow flames decreases as φ is
increased. Thus, in spite of the difference in configu-
rations, the effects of partial premixing and fuel- and
air-stream dilutions on the extinction of counterflow
and coflow flames are similar. Moreover, as indicated
in Fig. 7, the critical CO2 mole fraction for counter-
flow flame extinction decreases as the global strain
rate is increased. This is to be expected, since the flow
residence time decreases at higher strain rates while
the radical losses from the flame increase. The net
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(a)

(b)

Fig. 7. Critical CO2 mole fraction required for the extinc-
tion of fuel- and air-stream-diluted coflow and counterflow
flames plotted as a function of (a) φ−1 and (b) fs. The pre-
dicted and measured extinction conditions for fuel-stream
(FSD)- and air-stream (ASD)-diluted coflow flames are
represented by squares and triangles, respectively. Closed
and open symbols represent, respectively, results for the
fuel-stream- and air-stream-diluted coflow flames.

effect is that the flame temperature decreases, and,
therefore, extinction is achieved with a lower dilu-
ent concentration for both fuel and air-stream-diluted
flames.

Fig. 7 further shows that fuel- and air-stream
dilutions are equally effective in flame extinction
when the undiluted stoichiometric mixture fraction
is fs ≈ 0.5 for both coflow and counterflow flames
(regardless of the strain rate). For methane–air mix-
tures, fs ≈ 0.5 corresponds to an equivalence ratio
of φ ≈ 2.0, and the mole fractions of CH4 and O2
are nearly equal (i.e., XCH4 = XO2 = 0.1736) so
that the flame is located near the spatial center of the
fuel and air streams. These results are consistent with
the scalar profiles discussed in the context of Fig. 6.
Thus, an important observation from Figs. 6 and 7
is that fs = 0.5 represents a crossover in character-
izing the effectiveness of fuel-stream dilution versus
air-stream dilution in extinguishing flames at various
levels of partial premixing. Consequently, for flames
with fs < 0.5 (i.e., φ > 2.0 for methane–air flames),
oxygen is the deficient reactant, and, therefore, air-
stream dilution is more effective in extinguishing
these flames. In contrast, for flames with fs > 0.5
(i.e., φ < 2.0 for methane–air flames), fuel is the defi-
cient reactant, and, thus, fuel-stream dilution is more
effective in extinguishing these flames. Our results
are in qualitative agreement with those reported by
Seiser et al. [16], although, as previously discussed,
their study focused on the strain-induced extinction
of partially premixed flames.

The stoichiometric mixture fraction (fs), while
quite useful in characterizing the relative effective-
ness of fuel-stream and air-stream dilution, does not
indicate whether the diluent is extinguishing the flame
through thermal or diluent effects. Since the maxi-
mum flame temperature (Tmax) is a good indicator of
the flame robustness, we can examine this aspect by
monitoring the value of Tmax as the diluent mole frac-
tion in the fuel stream or air stream is increased. Fig. 8
plots Tmax as a function of XCO2 for counterflow par-
tially premixed (φ = 1.5) and nonpremixed flames at
various global strain rates for both the fuel-stream and
air-stream dilutions. As expected, as the amount of
diluent increases in either the fuel or air stream, Tmax
decreases. In addition, the value of Tmax at extinction
decreases as the strain rate is increased, which can be
attributed to the reduced residence time and the in-
creased radical loss from the flame. More importantly,
Tmax decreases rapidly and almost linearly with in-
creasing XCO2 for the fuel-stream-diluted PPFs and
air-stream-diluted NPFs. In contrast, the decrease of
Tmax with increasing XCO2 is relatively slow but non-
linear for air-stream-diluted PPFs and fuel-stream-
diluted NPFs. The flames exhibiting a linear Tmax be-
havior with dilution extinguish at a much lower XCO2
value as compared to flames exhibiting nonlinear be-
havior.

When a PPF is fuel-stream-diluted, Tmax de-
creases linearly and rapidly because the diluent re-
moves the deficient reactant (dilution effect) and cools
the flame (thermal effect) effectively. Note that fuel is
the deficient reactant for this case, per our discussion
in the context of Figs. 6 and 7. In contrast, for air-
stream dilution, the diluent no longer removes the de-
ficient reactant (fuel), but only cools the flame (ther-
mal effect). Since the deficient reactant for the NPF is
oxygen, the opposite extinction behavior is observed
in terms of fuel- and air-stream dilutions. Therefore,
both thermal and dilution effects are present when
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Fig. 8. Predicted maximum temperature as a function of CO2
mole fraction at several global strain rates (as = 50, 100,
150, 200 s−1) for the fuel- and air-stream-diluted PPFs at
φ = 1.5 (top) and NPF (bottom).

extinguishing the fuel-stream-diluted PPF and air-
stream-diluted NPF, while only the thermal effect
is present when extinguishing the air-stream-diluted
PPF and fuel-stream-diluted NPF. Consequently, a
much higher diluent concentration is required for
extinguishing the fuel-stream-diluted PPFs and the
air-stream-diluted NPFs as compared to the require-
ments for extinguishing the air-stream-diluted PPFs
and the fuel-stream-diluted NPFs.

5. Conclusions

An experimental and computational investigation
has been performed to examine the extinction charac-
teristics of partially premixed (PPF) and nonpremixed
(NPF) flames in coflow and counterflow configura-
tions using the chemically inert fire suppressant agent
CO2. The major objectives is to characterize the rel-
ative effectiveness of fuel-stream dilution versus air-
stream dilution in extinguishing laminar methane–air
flames established at various levels of partial pre-
mixing. The similitude between the structure and ex-
tinction characteristics of air-stream and fuel-stream
CO2-diluted coflow and counterflow flames has also
been examined using the conserved scalar approach.
Important observations are as follows:

1. There is generally good agreement between the
measurements and predictions in terms of the
topology of lifted flames, the liftoff heights, and
the critical CO2 mole fraction required for the
blowout (extinction) of PPFs and NPFs. Both
the measurements and predictions indicate that
as the level of partial premixing increases (i.e.,
φ decreases) the flame liftoff height becomes
more sensitive to fuel-stream dilution than to air-
stream dilution. Consequently, as φ decreases,
the fuel-stream dilution becomes more effective
than the air-stream dilution in extinguishing the
flame.

2. The state relationships in terms of the scalar
profiles in mixture fraction coordinates exhibit
remarkable similarity between the structures of
coflow and counterflow flames. For both geome-
tries, when the PPFs are fuel-stream diluted, the
rich premixed reaction zone weakens, its flame
speed decreases, and it moves closer to the non-
premixed zone. Consequently, the reaction zones
are nearly merged prior to blowout. Air-stream
dilution has a less pronounced effect on the rich
premixed zone than fuel-stream dilution.

3. Despite the difference in geometry, the extinction
characteristics of CO2-diluted coflow and coun-
terflow flames exhibit similarity. For both config-
urations, the critical CO2 mole fraction at flame
blowout depends strongly on the level of partial
premixing and whether the diluent is added to the
fuel stream or air stream. As φ is increased, the
flame blowout occurs at higher CO2 mole frac-
tion for fuel-stream dilution, but at lower CO2
mole fraction for air-stream dilution. Thus, NPFs
are more difficult to extinguish than PPFs when
the diluent is added to the fuel stream, whereas
PPFs are more difficult to extinguish when the
diluent is added to the air stream.

4. Both the simulations and experiments indicate an
intermediate level of partial premixing at which
the air-stream and fuel-stream dilutions become
equally effective in causing the flame to lift
off and blow out. For methane–air flames, this
crossover seems to occur at a stoichiometric mix-
ture fraction of fs = 0.5, which corresponds to an
equivalence ratio of φ ≈ 2.0. Thus, for fs > 0.5,
the fuel-stream dilution is more effective since
fuel is the deficient reactant, while for fs < 0.5,
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the air-stream dilution is more effective in extin-
guishing the flame, since oxygen is the deficient
reactant.

5. For fuel-stream-diluted flames with fs > 0.5
and air-stream-diluted flames with fs < 0.5,
both thermal and dilution effects are present
in extinguishing the flame. Consequently, these
flames are more easily extinguished compared
to the corresponding fuel-stream-diluted flames
with fs < 0.5 and air-stream-diluted flames with
fs > 0.5, since only thermal effects are present
in extinguishing the latter flames.
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