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Abstract

Microgravity experiments and computations have been conducted to elucidate stabilization and extinguishment
mechanisms of methane diffusion flames, in the cup-burner configuration, with CO, added gradually to a coflow-
ing air or oxygen-enriched stream. The minimum extinguishing concentration of CO, under low oxidizer velocities
(<20 cm/s) was measured in microgravity achieved by parabolic flights of the NASA Reduced Gravity Aircraft.
Transient computations with full chemistry and a gray-gas radiation model were performed to reveal the detailed
flame structure and extinguishment processes. To compensate for the overestimation of radiative heat losses at
high concentrations of radiating CO5, the Planck mean absorption coefficient was multiplied by a correction fac-
tor (0 < C < 1). The fuel-lean peak reactivity spot (the so-called reaction kernel) at the flame base stabilized the
trailing diffusion flame. The calculated temperature along the trailing flame decreased downstream due to radiative
cooling, leading to local extinction at <1300 K and flame tip opening. As CO, was added to the oxidizer: (1) the
calculated maximum flame temperature decreased toward a threshold (1600 K); (2) the reaction kernel weak-
ened (i.e., lower heat release rate) but nonetheless remained at a nearly constant temperature (1450 K); (3) the
flame base stabilized increasingly higher above the burner rim, parallel to the axis; until finally, (4) blowoff-type
extinguishment occurred. In the lifted flame, the broadened reaction kernel supported a super-lean reaction branch
on the oxidizer side as well as the trailing diffusion flame on the fuel-rich side (no triple flame structure was
formed).
© 2008 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Fire safety for spacecraft and planetary surface
bases is essential for mission success in human explo-

* Corresponding author. Fax: +1 216 433 3793. ration of space [1-3]. Spacecraft have been equipped
E-mail address: fxt13@case.edu (F. Takahashi). with fire extinguishers as protection against spread-
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ing fires. The Space Shuttle has extinguishers charged
with Halon 1301 (CF3Br, bromotrifluoromethane);
however, Halon production has been banned by the
Montreal Protocol [4] because of its high ozone-
depletion potential, in spite of its high effectiveness
as a fire-extinguishing agent. The International Space
Station (ISS) has portable extinguishers charged with
gaseous carbon dioxide (CO,) in the U.S. module,
and water-based foam in the Russian module. The
thermally acting agent carbon dioxide (COj), se-
lected through tradeoff studies [5,6], has advantages
in its low cost, availability, reliability, and absence of
halogenated decomposition products. It is, however,
relatively inefficient compared to chemically active
agents [7,8], and leakage of CO, can create a toxic
atmosphere [9]. In terrestrial applications, new in-
stallations of total flooding fire-extinguishing systems
employing CO; are prohibited in normally occupied
spaces under most circumstances [10]. Water-based
foams have certain advantages, yet postfire cleanup of
residues may become a problem. Although the current
systems in spacecraft will continue to be used, up-
coming long-duration space missions [11] seek alter-
natives. While water is an effective fire-extinguishing
agent, COj is of particular interest for use on the mar-
tian surface base because it is a major component of
that planet’s atmosphere (95.3% CO, at 0.6-1.5 kPa
total pressure [2]) and will likely be available from in
situ resources utilization processes.

Fire suppression becomes more difficult as the
oxygen concentration increases [12—14]. The worst-
case oxygen concentration and pressure condition in
current, nominally operating spacecraft is 30% O in
N, at 70.3 kPa [2]. This atmosphere corresponds to
the Shuttle and ISS environments that are prescribed
for crew conditioning prior to extravehicular activities
(EVA). Even higher oxygen concentrations at reduced
pressures could possibly be used in space exploration
in the future [15]. The fire suppression behavior and
the effectiveness of fire-extinguishing agents in high-
oxygen-concentration reduced-pressure microgravity
environments have not yet been fully studied. Qiao et
al. [16] determined the effects of chemically passive
agents on the burning velocity of premixed flames un-
der the pre-EVA microgravity conditions, and Shebl
et al. [17] studied their effects on the extinction of
counterflow diffusion flames.

As a result of significant progresses in the de-
velopment of detailed combustion reaction mecha-
nisms and computer technologies over the past two
decades, it is now feasible to simulate various tran-
sient combustion phenomena in simple configura-
tions (burner geometry, flow, and fuel) with reason-
able accuracy. The authors have reported the exper-
imental and computational results of the stabiliza-
tion mechanisms of laminar hydrocarbon jet diffu-

sion flames [18-21] and the extinguishment of coflow
methane diffusion flames by various agents [22-29],
in the cup burner configuration [30,31], at normal
earth gravity (1gn) and microgravity (ug). The pre-
dicted minimum extinguishing concentration (MEC)
of each agent was generally in good agreement (typ-
ically within less than +10%) with the measurement.
At ug, because of smaller heat-release rates and gen-
erally longer residence times, the radiative heat loss
becomes more significant than it is at 1gy. It has been
reported [32,33] that the gray-gas radiation model
overpredicts radiative loss. This trend becomes partic-
ularly evident when CO, is added at high concentra-
tions to oxygen-enriched environments (which have
higher flame temperatures).

The overall objectives of the present study are to
understand the physical and chemical processes of
diffusion flame stabilization and extinguishment phe-
nomena and to provide rigorous testing of numeri-
cal models, which include detailed chemistry and ra-
diation submodels. This paper extends the previous
work [22,23] on cup-burner flame suppression using
COg, reporting new g results from tests in the NASA
Reduced-Gravity Aircraft, including data at higher
oxygen volume fraction in the oxidizer (X0, ,ox), to-
gether with computations employing improved treat-
ment of the radiative heat loss.

2. Experimental procedures

Fig. 1 shows the experimental apparatus aboard
the NASA Reduced Gravity Aircraft (KC-135 or
C-9B), which consists of an experiment control sys-
tem and a cylindrical test chamber (25.5-cm inner
diameter x 53.3-cm length) containing a cup burner
apparatus. A cylindrical stainless-steel cup (28-mm
i.d., 31-mm o.d., 45° chamfered inside the rim) is po-
sitioned coaxially inside a quartz chimney (85-mm
i.d., 45.7-cm height), through which the oxidizer with
fire-extinguishing agent (CO;) flows. The burner sur-
face temperature was measured at 0.5 mm from the
burner tip using a K-type thermocouple (Omega CO2-
K, 0.254-mm wire diameter). The burner was heated
with an electric disc heater (43 W) placed underneath
the fuel cup to keep its temperature from dropping be-
low 100 °C prior to ignition and after extinguishment.

To provide uniform flow, a perforated distribu-
tion tube, two layers of perforated plates, two layers
of honeycomb plates, and two stainless-steel mesh
screens atop the honeycomb are placed in the base
of the chimney. In addition, two layers of perforated
plates and three mesh screens are placed in the fuel
cup. The exhaust from the test chamber is connected
to an aircraft overboard vent via a back-pressure reg-
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Fig. 1. The NASA Reduced-Gravity Aircraft fire-
suppression rig used. (a) Photograph, (b) flow system.

ulator (Tescom, 44-4700, ER3OOOI), which main-
tains the chamber at a set pressure. Gas flow rates
were measured by mass flow meters (Hastings HFM-
300/301), which were calibrated so that their uncer-
tainty is 1% of indicated flow. The fuel is methane
(Matheson UHP, 99.97%), the agent is CO, (Airgas,
99.99%), and the oxidizer is an Op—N» mixture (O3
concentration in volume: [21 £0.2]% or [304+0.3]%;
AGA, primary standard).

The experimental control and data acquisition
were achieved by using a computer (Pentium M,
1.4 GHz) with LabVIEW software. The flame radi-
ation was measured by a radiometer (Dexter, ST150
amplified, nitrogen-filled, KRS-5 window) with a

' Certain commercial equipment, instruments, or materi-
als are identified in this paper to adequately specify the pro-
cedure. Such identification does not imply recommendation
or endorsement by NASA or NIST, nor does it imply that the
materials or equipment are necessarily the best available for
the intended use.

neutral density filter, placed with its optical axis per-
pendicular to the burner axis. The flame was ignited
by a hot-wire igniter (coiled 29-gauge Kanthal) dur-
ing the high-g (approx. 1.8gn; gn is normal earth
gravity, 9.8 m/s2) pull-up period. To determine the
extinguishing condition, the agent was introduced to
the coflowing oxidizer after the low-g condition was
attained and added incrementally, while maintaining
constant methane and oxidizer flow rates. Reported
uncertainties in the experimental data are of Type B,
expressed as expanded uncertainties, with a coverage
factor of 2. The uncertainty in the MEC is 3.4%, in gas
coflow velocity 3.6%, and test chamber pressure 1%.

3. Computational methods

A time-dependent, axisymmetric numerical code
(UNICORN) [34,35] is used for the simulation of
coflow diffusion flames stabilized on the cup burner.
The code solves the axial and radial (z and r) full
Navier—Stokes momentum, enthalpy- and species-
conservation, and continuity equations on a staggered-
grid system. The body-force term due to the grav-
itational field is included in the axial-momentum
equation to simulate upward-oriented flames in 1gy.
A clustered mesh system is employed to trace the
gradients in flow variables near the flame surface.
A detailed reaction mechanism of GRI-V1.2 [36] for
methane—oxygen combustion (31 species and 346 el-
ementary reactions) is incorporated into UNICORN.
Thermophysical properties of species are calculated
from the polynomial curve fits for 300-5000 K. Mix-
ture viscosity and thermal conductivity are then es-
timated using the Wilke and Kee expressions [37],
respectively.

A simple radiative heat-loss model [38] based on
optically thin media and gray-gas assumptions was in-
corporated into the energy equation. To compensate
for overprediction of radiative loss, the mean absorp-
tion coefficient was multiplied by a correction factor
(0 < C < 1). The radiative loss rate per unit volume
is calculated as

Qr=Co Yy {piap, }(T* - T})), (1

where o is the Stefan—Boltzmann constant (5.669 x
10-8 W/ m? K*), summation is over the species CO»,
H>O, CHy, and CO, p; is the partial pressure of
species i in atmospheres, ap; is the Planck mean
absorption coefficient of species i, T is the local tem-
perature (K), and Ty, is the background temperature
(294 K).

The finite-difference forms of the momentum
equations are obtained using an implicit QUICKEST
scheme [34], and those of the species and energy
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equations are obtained using a hybrid scheme of up-
wind and central differencing. At every time step,
the pressure field is accurately calculated by solv-
ing all the pressure Poisson equations simultaneously
and using the LU (lower and upper diagonal) matrix-
decomposition technique.

Unsteady axisymmetric calculations for the cup-
burner flames are made on a physical domain of
200 by 47.5 mm using a 251 x 101, 541 x 251, or
991 x 251 nonuniform grid system that yielded 0.2
by 0.2 mm (for the first) or 0.05 by 0.05 mm (for the
latter two) minimum grid spacing in both the z and r
directions in the flame zone. The latter grid systems
were used to refine the distributions of the variables
calculated with the first. The computational domain is
bounded by the axis of symmetry and a chimney wall
boundary in the radial direction and by the inflow and
outflow boundaries in the axial direction. The outflow
boundary in z direction is located sufficiently far from
the burner exit (~15 fuel-cup radii) such that propa-
gation of boundary-induced disturbances into the re-
gion of interest is minimal. Flat velocity profiles are
imposed at the fuel and air inflow boundaries, while
an extrapolation procedure with weighted zeroth- and
first-order terms is used to estimate the flow variables
at the outflow boundary.

The outer diameter of the cup burner is 28 mm and
the burner wall is treated as a 1-mm-long and 1-mm-
thick tube. The wall temperature is set at 600 K. The
inner diameter of the chimney is 95 mm. The mean
fuel and oxidizer velocities are 0.921 and 10.7 cm/s,
respectively. The low fuel velocity represents low-
momentum conditions typical of condensed material
fires. The air velocity is in the middle of the so-called
“plateau region” [7,8,28], where the extinguishing
agent concentration is independent of the oxidizer ve-
locity.

The computed results are postprocessed to deter-
mine various variables. By assuming a stoichiomet-
ric expression for intermediate species in the mix-
ture in which the elemental C and H are converted
to CO, and H,O, respectively, the local equivalence
ratio (@Pjocal) s defined as

l
in{(CnHmOl)i + <n + % — E)Oz}

1

-3 x; (nCOz + %HZO), )
i Xiln+m/4)
Plocal = Zi X;(1/2) 3)

Here, X; denotes the mole fraction of species i.
The mixture fraction was determined by the element
mass fractions of carbon, hydrogen, and oxygen as

defined by Bilger [39] as

¢ =(@/We)Zc — Zcp) + 0.5/ Wr)(Zu — Z.2)
+ (1/Wo)(Zo2 — Z0))/(2/We)(Zc,1 — Zc.2)
+ 0.5/ Wn)(Zn,1 — Zn,2)
+(1/Wo)(Zo2 — Zo,1)). 4

At stoichiometry, the mixture fraction becomes

st = ((2/ We)(—=Zc.2) + (0.5/ Wi) (— Zp1 )
+ (1/W0)(Z0,2))/(2/We)(Ze,1 — Zc,2)
+(0.5/Wn)(Zy,1 — ZH,2)
+(1/Wo)(Zo,2 — Zo,1)), )

where

Nq We
Zc= ch,i W, Yio

i=1 !

Ns Wiy
Zy = ZnH,i VYL',

i=1 !

N W,
Zo=) noi—2Y;. ©6)
i=1 Wi
Hence, the subscripts 1 and 2 represent the fuel
and air sides, respectively; nc ;, ny,;, and ng ; are
the numbers of carbon, hydrogen, and oxygen atoms,
respectively, in species i; W; and Y; are the molecu-
lar weight and mass fraction of species i; and Ny is
the total number of species considered. The @jocq) is
identical to the conventional equivalence ratio in the
unburned fuel-air mixture, and the &g location is es-
sentially identical to the ¢joca) = 1 location.

4. Results and discussion
4.1. Visual observations

Fig. 2 shows video images of the cup-burner flame
captured in microgravity aboard the KC-135 aircraft.
Unlike the conical-shape flames in normal earth grav-
ity [28] or elevated gravity (=~1.8gy, not shown) dur-
ing the aircraft pull-up period, the microgravity flame
without agent (Fig. 2a) was fatter and much sootier.
The blue flame zone was anchored at the outer edge
of the burner rim and slightly inclined outward, in
contrast to the inwardly inclined flames in 1gy. The
blue flame luminosity decreased downstream, while
the yellow luminosity increased on the fuel side of the
blue flame zone. As the agent (CO;) was added step-
wise into the air stream to a level lower than the ex-
tinguishing condition, the whole flame turned blue, it
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(b)

Fig. 2. Video images of microgravity methane diffusion
flames in coflow air with or without added CO;. Burner
0.d.: 31 mm. Uy =0.9 cm/s, Upx =9.7 cm/s. (a) No agent,
(b) with 21.5% CO,.

extended nearly parallel to the burner axis, and its tip
opened. As the agent concentration was incrementally
increased, the flame base detached from the burner
rim and lifted gradually above the burner (Fig. 2b).
The intensity of the blue flame zone showed a bright
spot at the flame base and weakened downstream. As
the flame base moved away farther downstream, the
standoff distance from the burner fluctuated randomly
up and down a few mm in response to the fluctuations
in the velocity and concentration fields. The g-jitter
influence generally observed in a quiescent pg en-
vironment appeared to be suppressed by the steady
oxidizer flow in the present experiments. Eventually,
the flame blew off and extinguished.

4.2. Extinguishing limits

Fig. 3 shows the measured (Xj,exp) critical agent
(COy) volume fractions in the oxidizing flow at ex-
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Fig. 3. Measured critical agent (CO3) volume fractions in
oxidizer at extinguishment for microgravity methane diffu-
sion flames together with those in normal earth gravity mea-
sured previously [30] (points: experiments; lines: curve fits).

tinguishment as a function of the mean oxidizer ve-
locity (Uox) in pg together with the 1g;, data reported
previously [28]. In 1gn, Xa exp Was nearly indepen-
dent over a wide range of Uyx, i.e., a plateau re-
gion [7,8,23]. In pg, the trend in Xj exp was similar
(showing mild variation with Uyy), and for compar-
ison purposes, the minimum extinguishing concen-
trations (MECs) of CO, (expressed as the volume
fractions) were determined at an oxidizer velocity of
Uox = 10.7 cm/s (as used previously [28]). For the
three conditions 1gn, ug with standard air (X, ox =
0.21 at 101 kPa), and pg with pre-EVA atmosphere
(X0,,0x = 0.3 at 70.3 kPa), the MECs were 0.157,
0.237, and 0.440, respectively. The X exp’s in the air
at ug were approximately 1.5 times larger than those
in 1gp, suggesting that cup-burner flames were more
difficult to extinguish in pg. In 1g,, the inwardly di-
rected upstream oxidizer flow contained vortices that
caused oscillation of the flame base, which in turn
blew off the flame [27,28]. On the other hand, in pg,
because of the lack of buoyancy-induced oscillating-
flow acceleration, the flame withstood the steady flow
to higher Xj exp values before blowoff. In the oxygen-
enriched pre-EVA pg environment, X, exp’s were ap-
proximately 1.8 times larger than those in air in pg.
As will be described in detail later using the com-
putational results, the higher oxygen concentration
resulted in higher flame temperatures and required
higher agent concentrations to cool off the flame to
lead to blowoff. The high Xa exp values (>40%) sug-
gest that fires in the pre-EVA pg environment would
be very difficult to extinguish with CO, for both total-
flooding and local applications.
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(b)

(d

Fig. 4. Calculated (C = 0.5) temperature fields in Og, methane flames in air with or without added CO;. Ur = 0.92 cm/s,
Uox = 10.7 cm/s. (a) No agent, Tinax = 1885 K; (b) Xa =0.19, Tnax = 1625 K; (¢) Xa = 0.22, Tinax = 1581 K; (d) X5 =0.24,
Tmax = 1565 K. Rainbow scale: 294 K (purple) to Tnax (red).
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Fig. 4 shows the calculated temperature fields in
methane flames in air (Fig. 4a) and air with CO;
(Figs. 4b to 4d) at various agent volume fractions
(Xa’s). A correction factor for radiation of C = 0.5
was used as described in the following paragraph.
Without CO, addition (Fig. 4a), the maximum flame
temperature (Tmax ) reached 1885 K. The temperature
field showed the features of the fat attached flame
experimentally observed (Fig. 2a). For X3 = 0.19
(Fig. 4b), the maximum flame temperature decreased
260 K, the flame base detached from the burner rim,
and the flame tip cooled down and opened. With fur-
ther CO, additions, the flame base lifted appreciably
in parallel to the axis (Fig. 4c), as observed experi-
mentally (Fig. 2b), and the flame base broadened lat-
erally as it lifted off farther (Fig. 4d).

Fig. 5 shows the calculated (X, cq) critical agent
(COy) volume fractions in the oxidizer as a function
of the correction factor (C), together with the exper-
imental values at Uogx = 10.7 cm/s (Fig. 3). In the
computation, as X, was increased incrementally (typ-
ically 0.001 near the limit), the flame either blew off
rapidly from a relatively small standoff distance, or
lifted off the burner continuously. In the latter case,
the data points (filled symbols) were determined as
the standoff distance exceeded 50 mm in order to
maintain consistency and to avoid a coarser grid-
spacing zone at a higher location. The effect of this
arbitrarily chosen cutoff height on the X, ¢4 value
determined was relatively small because the standoff
distance was highly sensitive to X, near the extin-
guishing limit as shown later. Although the calcu-
lated MECs (Xj cq1’s) of inert agents (N and Ar)

with C = 1 were in good agreement with the exper-
iment in both 1gn and pg (for both Xp, ox = 0.21
and 0.3) [28,29], X, ca1’s of CO3 in ug with C =1
were substantially smaller than X, exp’s, particularly
in the pre-EVA environment. The radiative heat trans-
fer generally becomes more significant in ug than in
1gn because the lack of buoyancy-induced flow ac-
celeration results in longer residence times and lower
heat-release rates. Although the radiative heat loss
was included in the present computation, reabsorption
was ignored (optically thin media were assumed). As
a result, the radiative heat loss can be overestimated
(for C = 1) if the radiating species are at high tem-
perature and present at high concentrations.

In the pre-EVA pg-condition, the radiation loss
term became particularly large because of the higher
flame temperature and the higher CO, volume frac-
tion at extinguishment, which makes the flame op-
tically thicker. Thus, X, cq1’s in pug matched better
with X exp’s using C = 0.5 for air and C = 0 for the
pre-EVA environment. The correction factor of C =0
suggested that the radiative heat loss balanced with
the reabsorption (which was not considered in the
present detailed computation). The correction factor
used for air in this study (C = 0.5) was comparable to
the value (0.54) reported previously [33] for solid fuel
burning in an impinging air flow. Although the sim-
plified radiation model with a correction factor has
a lower level of complexity than the full-chemistry
model used, the detailed flame structure and flow—
transport—chemistry interactions obtained should pro-
vide useful insight into the complex blowoff pro-
cesses.

4.3. Structure of the flame-stabilizing region

The inner structure of the flame base controls the
flame attachment and detachment processes [18-21,
24-29]. Fig. 6 shows the calculated structure of a
methane flame in air at Og, (with C = 0.5), includ-
ing the velocity vectors (v), isotherms (7'), total heat-
release rate (¢), and local equivalence ratio (¢jocal)
on the right and the total molar flux vectors of atomic
hydrogen (My), oxygen mole fraction (Xq,), 0xy-
gen consumption rate (—®0,), and mixture fraction
(&), including stoichiometry (£5; = 0.055), on the left.
The calculated flame base anchored at the outer edge
of the burner rim, with a small quenched distance;
the flame formed almost in parallel to the axis with
some outward expansion in the near field and a slight
inward inclination downstream. These qualitative fea-
tures matched those of the observed blue flame zone
(see Fig. 2a), although the downstream portion can-
not be compared (due to obscuration by the luminous
soot, which was not included in the computation).
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The velocity vectors show acceleration and stream-
tube expansion in the hot zone, particularly near the
flame base, due to longitudinal and lateral thermal
expansion of gases, respectively. Because of lack of
buoyancy in Ogy, the acceleration was moderate as
compared to the 1g, case [22,23,28]. As the momen-
tum and heat were transferred to the low-speed wake
region behind the cup burner, the velocity distribution
became more uniform downstream. The surrounding
air came into the lower part of the flame, where the
flame zone inclined outward. This trend resembled
those of the jet diffusion flame formed on a smaller
(3-mm i.d.) fuel tube in the coflowing (0.12 m/s) air
in Ogp previously studied (Fig. 6 in Ref. [19]).

The contours of both heat-release rate and oxygen-
consumption rate showed a peak reactivity spot (the
reaction kernel [18-21]) at the flame base. The chain
radical species (H, OH, and O) diffused back against
the incoming flow at the flame base (edge), where
the oxygen concentration was relatively high com-
pared to that in the trailing diffusion flame. Thus,
the chain-branching (H + O — O 4 OH [R73])
and subsequent reactions were enhanced, particularly
at the flame base, thus forming the reaction kernel.
The reactivity decreased steeply in downstream por-
tions of the flame zone as this unique geometric
feature of the edge diffusion flame was lost and the
reactants were diluted by the combustion products,
thus resulting in lower species concentration gradi-

ents and, in turn, fluxes. Thus, the reactivity nearly
vanished downstream. Moreover, the flame tempera-
ture decreased downstream due to the low reactivity
and radiative heat losses. Thus, the vigorously burn-
ing reaction kernel sustained stationary combustion
processes in the flow in the vicinity of the burner
rim (flame attachment) and held the trailing diffu-
sion flame zone downstream, as described in detail
elsewhere [18-21]. The heat-release rate, oxygen con-
sumption rate, velocity, temperature, oxygen mole
fraction, local equivalence ratio, and mixture frac-
tion at the reaction kernel were gx = 1771J /cm3 s,
—w0, k = 0.000488 mol/cm3 s, |vk] = 0.313 m/s,
Ty = 1478 K, X0, x = 0.050, ¢jocar,x = 0.61, and
& = 0.048, respectively.

Fig. 7 shows the variations of the species mole
fractions (X;), temperature, species formation rates
(@), and total heat-release rate across the reaction
kernel of the undiluted Og, flame in air. Basic fea-
tures in the flame structure are typical of diffusion
flames: i.e., chain radicals, formed at high tempera-
tures on the air side (slightly) of the peak reaction
zone, diffuse and decompose the fuel into methyl,
H,, CO, and C; species (slightly) on the fuel side;
finally, H, and CO are oxidized to the products on
the air side. An exception is that due to the quenched
space between the flame base and the burner rim
(see also Fig. 6, X, contours on the left side), the
oxygen penetrated to the fuel side. The heat-release
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Fig. 7. Calculated structure (C = 0.5) at the reaction ker-
nel height (zx = 0.33 mm) for a Ogn methane flame in air.
Radial distributions of the (a) mole fractions, temperature,
(b) species production rates, and total heat-release rate. S, L,
and R: stoichiometric, lean, and rich flammability limits.

rates of elementary steps (not shown) revealed that
the methyl oxidation reaction, O + CH3; — H +
CH;0 (R19), and the final product formation, Hy +
OH — H + H0 (R165), were major contributors to
the total heat-release rate peak. The reaction rates of
elementary steps (not shown) indicated that the chain-
branching, H + Oy — O + OH (R73), was the fastest
reaction of all, with its peak reaction rate coincident
with the heat-release rate peak. Other fast reactions
were the fuel dehydrogenation, OH + CH4 — CHj3
+ H,O (R191) and H + CH4 — CH3 + Hj (R103),
on the fuel side, the methyl oxidation (R19) at the
heat-release rate peak, and the final product forma-
tion, (R165) and OH 4+ CO — H + CO, (R193) on
the air side.

To determine the level of fuel-air mixing over
the standoff distance and its effects on the internal
structure of the reaction kernel, the radial distribu-
tion of the calculated local equivalence ratio @jocal
(not shown) was analyzed. Fig. 7 also shows the ra-
dial locations at which the local equivalence ratios
were at the stoichiometric condition (S), lower (L),
and upper (U) flammability limits of the methane—air
mixture; i.e., Pjoca] = 1,0.53, and 1.68, respectively
(as converted from the methane concentrations in the
literature [41]). Although ¢joca1 is determined from
the local composition of the reacting flow, it should
reflect the condition of the incoming unburned gas
mixture to produce the same composition because of
the elemental mass conservation. The thickness of the
layer within the flammability limits (0.2 mm) was
an order of magnitude smaller than that of the reac-
tion zone (1.5 mm), determined from the positive
heat-release rate. Therefore, the reaction kernel ex-
isted under the fuel-lean (but not the fuel-rich) con-
dition, and the air side of the reaction zone was below
the lower flammability limit, i.e., super-lean condi-
tions, burning as part of the diffusion flame structure.
A triple (or tribrachial) flame structure [40] (i.e., the
stoichiometric flame base with fuel-rich and fuel-lean
premixed flame branches on the fuel and air sides, re-
spectively) of lifted flames did not exist in the burner-
rim-attached diffusion flame.

Changes in the flame structure near the base are
profound, for even small variations in the CO, con-
centration near the extinguishing limit. Fig. 8 shows
the calculated structure of near-limit flames in Ogp
(with C = 0.5) in air diluted with CO, at three differ-
ent volume fractions in the oxidizer (X, = 0.19, 0.21,
and 0.22). As discussed later, the lean and rich
flammability limits (expressed in terms of the equiva-
lence ratio) are 0.74-1.19, 0.78-1.14, and 0.8-1.12
for Xy = 0.19,0.21, and 0.22, respectively. These
were determined from a flammability map presented
by Coward and Jones for methane in air diluted with
CO, [41].

For X, = 0.19 (Fig. 8a), the flame base (with a
standoff distance from the burner of 3.6 mm) sup-
ported the trailing diffusion flame in parallel to the
axis. The oxygen leaked onto the fuel side of the flame
zone, and the fuel-oxidizer mixing layer was formed.
The mixing time (f;ix), determined by dividing the
reaction kernel standoff distance by the mean oxidizer
velocity (Uox = 10.7 cm/s), was 43 ms. The flame
zone cooled due to dilution and radiative heat losses.
The values of the variables at the reaction kernel were
gk = 7971/cm3s, -0, x = 0.000217 mol/cm?s,
[vi| = 0.163 m/s, T = 1423 K, Xq, k = 0.042,
Plocal,k = 0.60, and & = 0.036.

For X, = 0.21 (Fig. 8b), the flame base drifted
downstream approximately 12 mm above the burner.
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Fig. 8. Calculated structure (C = 0.5) of Ogp methane flames in air with added CO,. Us = 0.92 cm/s, Uox = 10.7 cm/s. ¢ con-
tours (right): (2, 10, and 40) J/em? s. &, contours (left): (5 x 1076, 2 x 1075, and 1 x 107%) mol/em?s. (a) X, =0.19,
st = 0.041; (b) Xa = 0.21, &gt = 0.040; (¢) Xa = 0.22, ¢t = 0.039.

The calculated reaction kernel location and the weak base and the faint flame zone (Fig. 2b). The mix-
trailing diffusion flame were consistent with the vi- ing time was fpjx = 113 ms. The values of the vari-
sual observation of the bright spot at the flame ables at the reaction kernel were g = 70J /cm3 S,
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Fig. 8. (continued)

-0,k = 0.000186 mol/cm3 S, vkl = 0.163 m/s,
Ty = 1424 K, X0,k = 0.035, ¢ioca,k = 0.78, and
& =0.037.

For X, = 0.22 (Fig. 8c), the flame base lifted far-
ther downstream (23 mm), allowing more cold oxi-
dizer to mix into the fuel side, and the recirculation
zone in the wake of the cup burner became larger.
As a result of the increased fuel-oxidizer mixing
time (fix = 214 ms), the thickness of the flammable
mixture layer increased. Consequently, the reaction
kernel broadened laterally, thus forming a wing in
the reactivity mapping on the air side. The values
of the variables at the reaction kernel were gy =
67J/cm®s, —@0, k = 0.000168 mol/cm?s, |vi| =
0.169 m/s, Ty = 1418 K, X, x = 0.034, ¢jocal k =
0.76, and & = 0.036. The reaction kernel extended
far into the fuel-lean region.

Fig. 9 shows the radial and axial variations of cal-
culated variables crossing the reaction kernel of the
flame at X, = 0.19 shown in Fig. 8a. As a result of
increased flame-base standoff distance, oxygen pen-
etrated onto the fuel side and methane leaked out
onto the oxidizer side, thus promoting fuel-oxidizer
mixing. As the reaction kernel burns against the in-
coming flow, the methane and oxygen mole-fraction
distributions show dips; however, the radial thickness
of the layer within the flammability limits remained
thin (/0.2 mm) compared to that of the reaction
zone (~2 mm). As the CO, mole fraction more than

quadrupled over the reaction zone compared to the
undiluted flame (Fig. 7) (e.g., from Xco, = 0.053
to 0.221 at r = 14.6 mm), the level of the Hy con-
centration dropped and that of CO increased, proba-
bly because of an equilibrium in the water gas shift
reactions: CO + HpO < CO, + Hj. This result
demonstrates the chemical effect of CO, addition,
besides the thermal effect. The axial distributions of
the calculated variables crossing the reaction kernel
(Figs. 9¢ and 9d) showed some premixed nature of
the structure; i.e., the fuel and oxygen mole fractions
decreased, while the temperature increased and the
heat-release rate peaked at the reaction kernel. The
axial thickness of the reaction zone, defined as the full
width at the half height (FWHH) of the heat-release
rate peak, was ~0.4 mm.

For X, = 0.22 (Fig. 10), the increased mixing
time changed the flame structure significantly. The
dips in the methane and oxygen mole-fraction dis-
tributions expanded, thus forming a unique mirrored
flame structure (Fig. 10a) as the reaction zone (de-
fined as the region of positive heat release) broadened
radially (=3 mm) (Fig. 10b). The radial thickness
of the flammable layer (0.4 mm) became compa-
rable to the axial FWHH of the heat-release rate peak
(~0.4 mm), which remained unchanged (Fig. 10d).
As the reaction kernel drifted downstream and the
mixing progressed (zx ~ 22 mm, fyix = 214 ms),
the premixed combustion wave structure was getting
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Fig. 9. Calculated structure (C = 0.5) through the reaction kernel for a Og, methane flame in air with added CO, (X, =
0.19, zx = 3.6 mm, rx = 14.4 mm). (a), (b) Radial and (c), (d) axial variations of the (a), (c) mole fractions, temperature; (b),
(d) species production rates, and total heat-release rate. S, L, and R: stoichiometric, lean, and rich flammability limits.

formed. Nonetheless, the wing in the reactivity on the
air side (Fig. 8c) was still below the lean flammability
limit, under which condition the ordinary premixed
flame would not possess a laminar flame speed, i.e.,
an ability to propagate against the flow. On the air
side, the H + Oy + M — HO3 + M (R65) and sub-
sequent OH + HOy — Oy 4+ HyO (R171) reactions
with null activation energy were very exothermic even
at relatively low temperatures and thus contributed
to the total heat release. The fuel-lean reaction ker-
nel maintained stationary burning, thus supporting
the super-lean wing on the air side as well as the
trailing diffusion flame zone on the fuel-rich side.
Furthermore, because the flammable mixture layer
was so thin (radially), the triple flame structure with
the fuel-lean and fuel-rich premixed flame branches
was not formed. In a previous paper [27], computa-

tions of the edge diffusion flame propagation through
a flammable mixture layer, with a sufficiently long
mixing time (0.3 s), using a detailed reaction mech-
anism revealed that C; to C3 alkanes did not form
the triple flame structure, whereas ethylene and acety-
lene did. The rich flammability limit and the chemi-
cal pathway were responsible for the different fuel-
dependent behavior. Moreover, the one-step chem-
istry without artificial flammability-limit boundaries
may lead to unrealistic results, as demonstrated previ-
ously [18].

4.4. Flame-tip extinction and blowoff
extinguishment processes

Unlike in 1gp, in which buoyancy-induced flow
acceleration causes severe flame base oscillation and
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Fig. 11. Calculated (C = 0.5) temperature, heat-release
rate, and radiative heat losses along the flame zone in Ogy
methane flames in air with or without added CO5.

subsequent self-blowoff [27,28], the cup-burner flame
extinguishment in pg took place more gradually.
Fig. 11 shows the calculated temperature, heat-release
rate, and radiative heat losses (¢r) along the flame
zone (defined as the radial maximum 7 envelope
for T and the ¢ evelope for ¢ and gr) for various
agent (CO») volume fractions in the oxidizer. In the
undiluted flame (X, = 0), the temperature reached
a maximum of 1885 K around z = 10 mm and de-
creased linearly downstream due to radiative heat
losses at a rate between those for the cases with C =0
and 1 previously reported [23]. The heat-release rate
showed a peak (gx = 174 J/em?s at z; = 0.33 mm,
as shown in Fig. 6), decreased sharply downstream,
and was maintained at low levels until vanishing at
the flame tip on the centerline around z = 80 mm.
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For X, = 0.19, the maximum temperature and
heat-release rate decreased to 1625 K and ¢y =
81 J/cm3 s, respectively. As a result of increased
COy concentration, the radiative heat loss nearly
doubled, and the slope of the flame temperature pro-
file increased. For all flames with the CO, addition,
the temperature decreased smoothly downstream to
~1300 K, at which point both the heat-release rate
and the temperature dropped more rapidly. Eventu-
ally, the heat-release rate equals the heat loss (¢ =
gr ~ 3 J/cm3 s) at T ~ 1255 K (see dashed lines),
thereby shutting off exothermic reactions. Thus, the
flame tip opened as local extinction occurred down-
stream. As X, was increased, the length at which this
local extinction occurred (i.e., the flame length) be-
came less.

Asymptotic analyses of flames [42,43] empha-
size the importance of the inner layer temperature on
flame extinction. This temperature corresponds in dif-
fusion flames to the radial maximum temperature re-
ported here. It has been postulated that if that temper-
ature approaches the crossover temperature between
chain branching and chain breaking, extinction oc-
curs. To see if this argument applies to the present
flame-tip extinction, the calculated reaction rates were
examined. Fig. 12 shows the variations of the temper-
ature and the net (forward minus backward) reaction
rates of chain-branching (H + O, — O + OH [R73])
and the sum of chain-breaking reactions (H + O +
M — HO; + M [R65],H + Oy + Oy — HO; + O
[R67], H + Oy + HoO — HO; + H»>O [R69], H +
Oy + Np» — HOy + Ny [R71]) crossing the flame
at three heights: the reaction kernel (z = 3.6 mm),
the ¢ = gr point (z = 38.3 mm), and 2 mm down-
stream (z = 40.3 mm). The rate of chain branching
was larger than that of chain breaking at the reaction
kernel, obviously, and even at the flame tip (¢ = gR
at T ~ 1255 K). The crossover occurred on the air
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Fig. 13. Axial variations of the calculated (C = 0.5) ax-
ial and radial velocity components and temperature crossing
the reaction kernel of Og, methane flames in air with added
COs.

side at all three heights at a lower temperature of
~1100 K. Therefore, the flame tip extinction occurred
before the radial maximum temperature decreased to
the crossover temperature.

Fig. 13 shows the variations of the temperature and
velocity components crossing the reaction kernel par-
allel to the z-axis. The temperature rises steeply as
the flame base is approached and then drops slowly
as described above. With added CO,, the axial ve-
locity (U) first decreases toward the flame base (due
to stream-tube expansion into the wake region behind
the low velocity fuel jet as well the streamline deflec-
tion around the flame base, as shown in Fig. 8) and
then increases downstream as a result of longitudi-
nal gas expansion due to temperature rise. As X, was
increased (from 0.19 to 0.22), the absolute values of
the radial component decreased to null (the incom-
ing flow became parallel to the axis). The minimum
axial velocity component just before the temperature
rise (i.e., the apparent flame speed) was ~0.07 m/s at
Xa=0.22.

Fig. 14 shows the effects of the agent volume frac-
tion in the oxidizer on the calculated reaction ker-
nel properties: the axial (zx) and radial (ry) positions
from the burner exit on the axis (Fig. 14a) and the total
(Jvkl), axial (Uy), and radial velocity (Vi) (Fig. 14b).
(Values are shown for pg conditions, with Xq, ox =
0.21 or 0.30 and the corresponding total pressure.)
As X, was increased, the axial standoff distance of
the reaction kernel increased gradually and then more
steeply as the extinguishing limit approached. For
each X,, a steady-state solution for a stable station-
ary flame was obtained. The radial location of the
reaction kernel remained nearly constant, while the
flame base was close to the burner rim, and decreased
slightly as it detached, and increased as it lifted off.
The absolute values of |vg|, Ug, and Vi decreased
(i.e., the residence time through the reaction kernel
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Fig. 14. Calculated reaction kernel properties with added
CO3 in oxidizer stream of a Ogp methane flame: (a) reaction
kernel coordinates and (b) axial and radial velocity compo-
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increased) generally with increasing X,, except for
initial increases in |vg| and Uy for Xo, ox = 0.3.
Fig. 15 shows the maximum temperature in the
trailing diffusion flame, the reaction kernel tempera-
ture (Fig. 15a), the heat-release rate, and a ratio of the
heat-release rate and the total velocity (Fig. 15b). The
maximum flame temperatures for Xg, ox = 0.21 and
0.3 without agent were 1885 and 2222 K, respectively,
and decreased with increasing X, linearly down to
a range of 1600 to 1700 K. Thus, the X, ox = 0.3
case needed more agent to cool the flame zone to
this level. On the other hand, the reaction kernel tem-
perature was fairly constant within a range of 1400
to 1500 K, for both cases. The heat-release rate de-
creased with increasing X, and thus, the flame sta-
bilized at a location that provided a larger reaction
time. The quantity gi/|vk| (which relates to the ra-
tio of the residence time and the reaction time, i.e.,
local Damkholer number, at the reaction kernel [18])
decreased mildly over a wide range and more rapidly
as the flame lifted off the burner. This result suggests
that the reaction kernel shifted downstream to seek a
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Fig. 15. Calculated flame structure of a Ogn methane flame
with added CO; in oxidizer stream: (a) maximum trailing
flame and reaction kernel temperatures and (b) heat-release
rate and its ratio to total velocity at the reaction kernel (C =
0.5 for Xp,,0x =0.21 and C =0 for X, 0x =0.3).

location where longer residence time is available for
longer reaction time caused by CO, addition (which
lowers the overall reaction rate). A subtle balance be-
tween the residence time and the reaction time must
be important in flame stabilization as proposed pre-
viously for jet diffusion flames in which the coflow
air velocity was increased (decreasing the residence
time) [18].

5. Conclusions

The reduced-gravity aircraft experiments and nu-
merical simulations with full chemistry have re-
vealed the flame structure and blowoff mechanisms
of methane—air coflow diffusion flames in the cup-
burner configuration. Absence of gravity uncovered
the essential flame stabilization processes without
complications of the flame-base oscillation and self-
blowoff phenomena encountered in 1g,. The peak-
reactivity spot (reaction kernel) at the flame base is
responsible for both the trailing diffusion flame hold-
ing and extinguishment. In Ogp, the attached flame
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zone was formed in parallel to the axis due to lack
of buoyancy-induced flow acceleration. The flame
tip opened due to local extinction by radiative heat
losses when the calculated local flame temperature
decreased below ~1300 K. Addition of COy to the
oxidizer decreased the maximum trailing flame tem-
perature toward a threshold value (1600 K) and
weakened the reaction kernel, thereby inducing the
flame—base detachment and blowoff-type extinguish-
ment. At the reaction kernel height, the thickness of
the layer that was within the flammability limits was
an order of magnitude thinner than that of the reac-
tion zone (i.e., the region of positive heat release) and
the oxidizer-side reactivity branch of lifted flame base
existed under the super-lean conditions (i.e., beyond
the ordinary premixed flammability limits).
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