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Abstract

The extinguishment characteristics of CO2 as a fire-suppressing agent have been studied experimentall
numerically using a methane–air laminar co-flow diffusion flame stabilized on a cup burner. Direct num
simulations of cup-burner flames under various gravitational forces were performed using a time-dep
axisymmetric mathematical model with a detailed-chemical-kinetic mechanism for CH4/O2 combustion. Exper
iments with cup-burner flames under normal-gravity (1g) conditions were performed for comparison purpos
Both the computed flicker frequency and the predicted critical concentration of CO2 for extinguishing the flame
compared well with the respective quantities measured in the experiments. As the buoyancy force is
the flicker frequency decreases, the flame diameter increases, the tip opens, and the base becomes vertical
predicted that the cup-burner flame ceases to flicker for gravitational forces corresponding to less than 0.5g. Nu-
merical experiments revealed that radiative heat loss is predominantly responsible for flame quenching (
in the tip region under microgravity (0g) conditions. In contrast, 1g flames are affected only slightly by the rad
tive heat loss. Calculations are made by adding different amounts of CO2 to the air stream for obtaining the critic
volume fraction of CO2 to extinguish 0g flames. The behavior is similar to that observed in 1g flames: the addition
of CO2 destabilizes the flame base, which then moves downstream in search of a new stabilization loca
CO2 volume fractions greater than 19.1%, the flame base moves out of the computational area, as it ca
a stabilization point within the domain. This critical concentration for the 0g flames is∼ 32% higher than tha
computed for the same flames under 1g conditions. Calculationsmade by ignoring radiation for the limiting flam
under 0g conditions yielded a stable flame. This study suggests that it is important to consider radiation hea
when estimating the extinguishment limits of cup-burner flames in microgravity.
 2004 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

A fire, either within a spacecraft or in an occupi
space on extraterrestrial bases, can lead to mis
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0010-2180/$ – see front matter 2004 The Combustion Institut
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termination and/or loss of life. The advent of long
duration missions to the moon, to Mars, or abo
a space station increases the likelihood of mish
that result from fire. Therefore, development of
ficient fire-safety systems and procedures for us
spacecraft environments represents a mission-cri
task. Chemically active agents such as trifluorob
e. Published by Elsevier Inc. All rights reserved.

http://www.elsevier.com/locate/jnlabr/cnf


V.R. Katta et al. / Combustion and Flame 137 (2004) 506–522 507

r
nd
ts to
-
their
re,
not
fter
sed
ntly
dy
(2)
s of
ing

ing
per-
s-
be-
hea

ribed
nar
on
of-
ce,
c-

tal
n-
if-
he
ri-

r the
ion
ing

d for
ri-
er,

ffu-
rner;
tions
ies
the
es

on

r
ith
n-

cy
on
ri-
ner
ion

ire-
her
ow-
se
av-
t
es
in

jet
stry,
im-
t of
0],
ef-
tly
ict-
nts

a-

per-
te-
-

ics
es

cal
ar-
om-
up-
ar-
yed
ents
ter-
-
ith
Fi-
an
fer-
nder
i-

as
of

ists
o-
ht,
se
the
the

con-
momethane (CF3Br, Halon 1301) are widely used fo
both terrestrial and spacecraft applications [1], a
numerous studies have been conducted in attemp
understand their inhibition mechanism [2–5]. Unfor
tunately, as halons deplete stratospheric ozone,
use is likely to be reduced in the future. Furthermo
because typical HVAC systems on spacecraft can
easily remove the agents from the environment a
the fire is extinguished, halons are unlikely to be u
on long-duration space missions. The predomina
inert agent CO2 was considered in the present stu
mainly because of (1) its wide use on earth and
its choice as the suppressant in the U.S. module
the International Space Station. Also, understand
the suppression mechanisms of CO2 (and other inert
agents) as well as CF3Br is important for their effi-
cient usage and for the development of new ones.

Studies to gain an understanding of the inhibit
effects of fire suppressants on flames have been
formed in premixed [6–8] and diffusion [9–11] sy
tems. Premixed flames have been selected mainly
cause the overall reaction rate, heat release, and
and mass transport in these flames can be desc
with a single fundamental parameter—the lami
burning velocity. On the other hand, most comm
fires are of the diffusion (non-premixed) type and
ten, under the influence of earth’s gravitational for
become dynamic in nature, with large vortical stru
tures entraining additional surrounding air.

The predominant laboratory-scale experimen
techniques for studying fire suppression in no
premixed flames employ either laminar co-flow d
fusion flames formed on a cup burner [12] or t
opposing-jet configuration. In both of these expe
ments, agents are quasi-statically added to eithe
fuel or the air stream. The opposing-jet configurat
offers very simple flames that can be modeled us
one-dimensional analysis and, hence, is often use
the development of chemical-kinetic models for va
ous agents. From a fire-safety point of view, howev
the most hazardous situation is a low-strain-rate di
sion flame such as those established over a cup bu
these flames are more stable and larger concentra
of the agent are required to extinguish them. Stud
on cup-burner flames are also important because
amount of agent required to extinguish these flam
is thought to scale to the requirements in comm
fires.

Under normal-gravity (1g) conditions, a lamina
co-flow diffusion flame formed over a cup burner w
a negligibly small fuel flow rate and a low-speed a
nular airflow will develop large-scale, low-frequen
(1–40 Hz), organized buoyancy-induced vortices
the air side. Both experimental [13,14] and nume
cal [15] studies have been performed on cup-bur
dynamic flames and steady, opposing-jet diffus
t

flames to identify the differences in the agent requ
ments for extinguishing these flames. On the ot
hand, several studies [16–18] have indicated that l
speed, coaxial, jet diffusion flames similar to tho
associated with cup-burners exhibit different beh
ior under microgravity (0g). As a result, the agen
requirements for extinguishing the cup-burner flam
in 0g could be different from those established
ground-based studies.

Several numerical investigations of dynamic
flames using the conserved-scalar, global-chemi
and detailed-chemistry models have elucidated
portant aspects of combustion such as the effec
heat release rate [19], the role of buoyancy [17,2
the enhancement of soot formation [21], and the
fects of Lewis number [22,23]. The authors recen
performed comprehensive computations for pred
ing the effects of various fire-suppressing age
[CO2, CF3H, and Fe(CO)5] on methane jet diffusion
flames in 1g using detailed chemical-kinetic mech
nisms [15,24,25].

The present article describes an investigation
formed for establishing the extinguishment cri
rion of cup-burner flames in microgravity. A two
dimensional numerical model with detailed kinet
that accurately simulates dynamic diffusion flam
was employed. The capabilities of the numeri
model were validated previously by simulating v
ious steady-state and dynamic flames. For c
parison, experiments were performed for the c
burner flames under normal-gravity conditions. C
bon dioxide, added to the air stream, was emplo
as a fire-suppressing agent in both the experim
and the simulations. The extinguishment charac
istics of CO2 in cup-burner jet diffusion flames un
der normal-gravity conditions were compared w
those obtained in counterflow diffusion flames.
nally, numerical experiments were performed in
attempt to understand the dramatic structural dif
ences observed in cup-burner flames operating u
normal-gravity, low-gravity, and microgravity cond
tions.

2. Experiment

The cup burner described previously [13–15] w
used for the present investigations on the effects
gravity on flame extinguishment. The burner cons
of a cylindrical glass cup (28 mm in diameter) p
sitioned inside a glass chimney (53.3 cm in heig
9.5 cm in diameter). To provide uniform flow, the ba
of the chimney was filled with 6-mm glass beads,
fuel cup was filled with 3-mm glass beads, and
burner assembly was covered with two 15.8-mesh/cm
screens. Gas flows were measured by mass flow
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trollers (Sierra 8601) that were calibrated such th
their uncertainty would be 2% of the indicated flo
(All uncertainties are expressed as expanded un
tainties, with a coverage factor of 2.) The flow ra
of the co-flowing gas was held constant at 41.6 ±
0.8 L/min. For determining the extinguishment co
dition, CO2 was added to the flow (in increments
< 1% near extinguishment), while the correspond
amount of co-flow air was reduced until liftoff wa
observed. The co-flow velocity with and without CO2
was 10.7 ± 0.21 cm/s, and the fuel-jet velocity wa
0.921± 0.018 cm/s. These velocities closely repr
sent those of entraining air and evaporating fuel,
spectively, of a liquid-fueled cup-burner flame. T
test for each condition was repeated at least th
times. The fuel gas used was methane (Mathe
UHP, 99.9%); the agent was CO2 (airgas); and the ai
was house compressed air (filtered and dried), wh
was additionally cleaned by passing it through
0.01-µm filter, a carbon filter, and a desiccant bed
remove small aerosols, organic vapors, and water
por. Visual flame images were recorded on VHS vid
tape using a charge-coupled-device (CCD) cam
(512× 512 pixels) and subsequently analyzed w
image analysis software to determine the flame b
location.

3. Computational model

A time-dependent, axisymmetric mathemati
model known as UNICORN (Unsteady Ignition a
Combustion using Reactions) [26] was used for
simulation of unsteady jet diffusion flames associa
with the cup burner. This model solves for axial a
radial (z and r) momentum equations, the contin
ity equation, and enthalpy- and species-conserva
equations on a staggered-grid system. The body f
term due to the gravitational field is included
the axial momentum equation to simulate upwa
oriented flames. A clustered mesh system is emplo
to trace the gradients in flow variables near the fla
surface. A detailed chemical-kinetic model GRI-V1
(developed by the Gas Research Institute) [27] is
corporated into UNICORN for investigation of th
effects of CO2 on methane combustion. This mec
anism for methane flames is comprehensive, with
species and 346 elementary reactions. Thermop
ical properties such as enthalpy, viscosity, therm

1 Certain commercial equipment, instruments, or ma
ial are identified in this paper for adequately specifying
procedure. Such identification does not imply recommen
dation or endorsement by NIST, nor does it imply that
materials or equipment are necessarily the best availabl
the intended use.
conductivity, and binary molecular diffusion of all o
the species are calculated from the polynomial cu
fits developed for the temperature range 300–500
Mixture viscosity and thermal conductivity are th
estimated using the Wilke and Kee expressions,
spectively. Binary-type diffusion is assumed, with t
diffusion velocity of a species being calculated us
Fick’s law and the effective-diffusion coefficient o
that species in the mixture. A simple radiation mo
based on the optically thin medium assumption w
incorporated into the energy equation. Only radiat
from CO2, H2O, CO, and CH4 was considered in th
present study [28].

The finite-difference forms of the momentu
equations are obtained using an implicit QUICKE
scheme [17], and those of the species and en
equations are obtained using a hybrid scheme of
wind and central differencing. At every time-ste
the pressure field is accurately calculated by solv
all of the pressure Poisson equations simultaneo
and using the LU (lower and upper diagonal) matr
decomposition technique.

Unsteady axisymmetric calculations for the cu
burner flames were made on a physical domain
200× 47.5 mm, using a 251× 101 nonuniform grid
system that yielded 0.2-mm grid spacing in both thz
andr directions in the flame zone. The computatio
domain is bounded by the axis of symmetry an
chimney wall in the radial direction and by the inflo
and outflow planes in the axial direction. The ou
boundary in thez direction is located sufficiently fa
from the burner exit (∼ 7.5 fuel-cup diameters) tha
propagation of boundary-induced disturbances
the region of interest is minimal. Flat velocity pr
files are imposed at the fuel and air inflow boundar
while an extrapolation procedure with weighted ze
and first-order terms is used to estimate the flow v
ables at the outflow boundary. Details of the bound
conditions are given in Ref. [29].

It is well known that heat transfer between t
flame base and the burner rim plays a crucial r
in the stability of the attached flames. For an ac
rate simulation of the flow structure at the base of
flame, the fuel-cup wall was treated as a 1-mm-lo
1-mm-thick tube in the calculations. Note that ev
though this millimeter-size wall may not be sufficien
for capturing the base structure of a well-ancho
diffusion flame, it is sufficient for the flames that a
near extinguishment (near-lift-off conditions), which
are the main focus of the present study. For simu
ing the heat transfer between the burner rim and
flame, the temperature of the tubular rim was se
600 K, which is close to that estimated from the e
periments.

The CFD model described above has been
tensively validated in the past by simulating va
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ous steady and unsteady counterflow [30,31] and
flow [17,32] jet diffusion flames and by comparin
the results with experimental data. Flame-flicker ch
acteristics [32], the flame liftoff process [33], an
the gravitational effects on buoyant jet flames [17,
have been successfully simulated. The velocities u
in the previous studies on jet diffusion flames [26,3
are comparable to these employed in the cup burn
which builds confidence in the ability of the numeric
model employed to simulate accurately the dyna
nature of the flames associated with cup burners.

Simulations for the cup-burner jet diffusion flam
were performed on a Pentium III 1-GHz-based p
sonal computer with 1 GB of memory. Typical ex
cution time was∼ 52 s/time-step. Stably oscillating
flames were obtained in about 3000 time-steps (wh
corresponds to 300 ms in real time).

4. Results and discussion

The uniform flow of non-premixed reactants in
cup-burner results in an axisymmetric, laminar d
fusion flame. Typically, very low velocities are em
ployed for the reactant flows in these burners to ens
that the flames generated are quite stable and
their structures are similar to those of uncontrol
fires. Under the influence of gravitational force, t
low annular-air velocity promotes buoyancy-induc
instabilities outside the flame surface and causes
flame to flicker at a low frequency. Several calcu
tions were made in attempts to understand the st
ture and extinguishment characteristics of these
namic flames under 1g conditions.

4.1. Flame dynamics under normal gravity

The co-flowing fuel and air velocities of 0.921 a
10.7 cm/s, respectively, used in the present inv
tigation establish a weakly strained flame. The l
fuel-jet velocity represents a condition, at which
flame size is comparable to that of liquid fuels
the cup burner. The airflow velocity is in the midd
of the so-called “plateau region,” where the critic
CO2 concentration at extinguishment is independ
of the oxidizer velocity [24]. The computed instant
neous flowfield of the pure CH4/air flame is shown
in Fig. 1. The CO2 iso-mole fraction and tempe
ature distributions are shown on the left and rig
halves, respectively. The velocity and iso-contours
the H2 mole fraction are superimposed on the temp
ature and CO2 distributions, respectively. Except
the base region (0.1 mm< z < 4 mm), the peak tem
perature of the flame is nearly constant everywher
1880 K. The flame height (the distance between
burner tip and the axial location at which the peak
Fig. 1. Cup-burner flame simulated under normal-grav
conditions. Distributions of CO2 mole fraction and tem
perature are plotted in left and right halves, respectiv
Contours of H2 mole fraction and velocity field are supe
imposed on left and right halves, respectively.

radial temperature distribution occurs at the cen
line) at the instant shown in Fig. 1 is∼ 64 mm.

The striking features of this flame are (1) t
low-frequency, large-amplitude oscillations in flame
height, and (2) the significant inward inclination
the flame surface at the base. Because of the g
ity term in the axial momentum equation and b
cause of the low-speed annular-airflow (10.7 cm/s),
solution of the governing equations results in la
toroidal vortices outside the flame surface. As th
naturally formed vortices convect downstream, th
force the flame to squeeze at certain locations
bulge at others and cause the flame height to incr
and decrease. It is important to note that no ar
cial perturbation is used in the calculations for t
development of these outer vortices. In the prese
of gravitational force, acceleration of hot gases alo
the flame surface generates the vortical structure
part of the solution. Although these vortices (or
stabilities) begin to form upstream in the flame n
the base region, they develop into recognizable vo
cal structures only in the locations farther downstre
(z > 50 mm). However, because of the formation a
convection of the vortices, the flame surface oscilla
radially at every location, with varying intensity. Th
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Fig. 2. Temperature evolution obtained at locations
30 mm and (b) 80 mm above burner exit. Flame flicker f
quency is∼ 11 Hz.

frequency corresponding to the passage of these
tices (also known as the flame-flickering frequen
is ∼ 11 Hz. The buoyancy-induced flow entrains t
surrounding air into the flame base. The low fuel
locity and the large fuel-cup diameter further increa
the entrainment flow which, in turn, generates an
ward inclination to the flame surface at the base. A
result, the velocity at the flame base is no longer p
allel to the flame surface.

Evolutions of the flame at two different heigh
above the burner are demonstrated in Fig. 2 thro
plots of the radial distribution of temperature at d
ferent times. While the image in Fig. 1 represe
the flame structure for a part of the flame dom
at t = t0 ms, that in Fig. 2 represents the temp
ature at two locations for approximately one cyc
(t0 + 0ms< t < t0 + 100 ms). Atz = 30 mm, the
flame is oscillating radially, along with a weak fluct
ation of the fuel jet at the center. However, the vortic
formed outside the flame surface have grown sign
cantly by the time they reach a height of 80 mm a
pinch off a portion of fuel from the fuel jet. The de
tached fuel mass burns separately as it convects do
stream. A comparison of evolutions at 30 and 80 m
reveals that the period of oscillation at the former
cation is∼ 105 ms (f ∼ 9.5 Hz), while that at the
latter is∼ 93 ms (f ∼ 10.8 Hz).

4.2. Suppression characteristics under normal
gravity

For evaluating the suppression performance
CO2 in this flame, several calculations were p
formed by increasing the amount of CO2 in the air
stream while not altering the co-flowing gas veloc
Fig. 3. Structure of normal-gravity flame with near-ext
guishment volume fraction (0.145) of CO2 added to air
stream. Temperature and velocity field are shown on r
half, and CO2 and H2 mole fractions are shown on left hal

at the cup rim. The addition of CO2 (increase in CO2
volumetric flow rate) was compensated by a red
tion in the volumetric flow rate of air for maintainin
the total volumetric flow rate (or velocity) constan
These calculations suggested that when the CO2 vol-
ume fraction was< 10% (i.e., oxygen> 18.9% and
nitrogen> 71.1%), no significant change in the flam
shape would be observed [15]. For concentrations
tween 10 and 14.5%, the flame base was separ
(< 4 mm) from the burner lip and stabilized at a ne
location. An instantaneous solution of the compu
flame for 14.5% CO2 is shown in Fig. 3. The vari
ables here are the same as those in Fig. 1. It is evi
from this plot that the flame base has moved ins
and downstream of the burner lip by∼ 4 mm. Inter-
estingly, the flame oscillation in the base region
creased significantly. As a result, the base of the fla
moved back and forth between the burner lip and
location shown in Fig. 3 with time. The separation b
tween the burner lip and the flame base allowed m
air and CO2 to enter the flame and provided partia
premixed flow conditions. When the concentration
the added CO2 was increased to a value> 14.5%, the
flame was completely blown out of the computatio
domain. The experimental result for the extinguis
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ment volume fraction of CO2 in the air stream wa
0.157±0.006 for an oxidizer stream velocity betwe
2.5 and 18.5 cm/s [24,25]. The calculated extinguis
ment volume fraction of 14.5% is within 10% of th
experimentally obtained value; the agreement se
reasonable considering the complex reaction me
anism incorporated and the approximations use
representing the cup burner with straight tubes in
model.

Calculations made with various CO2 concentra-
tions indicate that the cup-burner flame extinguis
through the blowoff process, which means that
flame at the base detaches from the burner first (s
ilar to lifting of jet diffusion flames [33]) and the
shifts downstream until it clears the computatio
domain. This suppression-through-blowoff proce
(i.e., via blowoff process) is the same for all of t
cases with CO2 concentration> 14.5% and is differ-
ent from the suppression-through-quenching proc
in which the flame chemistry is globally turned o
by the agent. The latter process is often obser
in opposing-flow jet-diffusion-flame configurations
which flames do not posses an edge or base. On
other hand, opposing-flow jet flames are subjec
to certain strain rates, depending on the inflow con
tions; consequently, the extinguishment concentra
for the agent in the opposing-flow jet flame depen
on the strain rate applied. For comparing the criti
concentrations of CO2 in extinguishing a cup-burne
flame (flame with an edge) and an opposing-jet fla
(flame without an edge), calculations were also m
for the opposing-jet diffusion flame for two strain-ra
conditions. Fuel (pure methane) and air jets issu
from 20-mm-diameter nozzles which are separated
13 mm are assumed to impinge on each other to cr
stable opposing-jet diffusion flames. A low strain ra
(global) of 30 s−1 was achieved by forcing a 0.2 m/s
fuel jet toward a 0.2 m/s air jet. Similarly, a moder
ate global strain rate of 90 s−1 was obtained betwee
0.6 m/s fuel and air jets. Complete axisymmetric 2
simulations (not just 1D along the stagnation lin
were made using the CFD code described earlier
adding different concentrations of CO2 to the air jet.

Several calculations were performed for the t
opposing-jet flames by gradually increasing the c
centration of CO2 in the air jet until the flames
were extinguished. For the low- and moderate-stra
rate cases, these maximum CO2 concentrations wer
found to be 16.4 and 10.4%, respectively. Recen
Bundy et al. [34] obtained extensive data for t
suppression limits for various agents (N2, CO2, and
CF3Br) using a counterflow burner having 23.4-mm
diameter nozzles and a separation distance of 25
Their data show that the globally strained flames of
and 90 s−1 were extinguished when 18.7 and 12.5
CO2 was added to the air stream, respectively. C
Fig. 4. Variations in flame temperature (Tmax) and peak CO2
mole fraction with percentage of CO2 added to air in oppos
ing-jet diffusion flames. (Solid and dashed lines repres
30 and 90 s−1 stretched flames, respectively.) Computed
measured limiting concentration for cup burner are indica
by vertical bars.

sidering the fact that the nearly double the sepa
tion distance used in these experiments (compa
with the 13-mm separation used in the present
culations) generates lower local strain rates at
flame surface due to jet expansion, which, in tu
demand larger amounts of agent for flame extingu
ment, they compare reasonably well with the resp
tive measurements of Bundy et al. [34].

The critical agent concentration obtained for
cup-burner flame is compared with those obtain
for the opposing-jet flames in Fig. 4. The variatio
in flame temperature and peak CO2 produced in the
flame zone as functions of added CO2 are shown
for the two opposing-jet flames with different stra
rates (30 and 90 s−1). The temperature of the weak
strained flame with 0% CO2 added is slightly highe
than that of the cup-burner flame; the temperatur
the moderate-strain flame is slightly lower. Consist
with these temperatures, the limiting volume fract
of CO2 for the cup burner (14.5% computed) falls b
tween those of the two opposing-jet-flame cases,
nearer the critical volume fraction (16.4%) of the lo
strain opposing-jet flame. This result is indeed con
tent with the experimental observations that the ex
guishment concentrations for the cup-burner flam
are generally comparable to those for opposing
flames at low strain rates (∼ 50 s−1) [35,36]. In-
terestingly, both opposing-jet flames extinguished
∼ 1580 K, which indicates that the suppression
opposing-jet diffusion flames is controlled primar
by kinetics, as was observed experimentally [37].
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4.3. Flame structure under microgravity

The gravitational force acting on the cup-burn
flames in Figs. 1 and 3 caused the flow to acc
erate and induced flow instabilities. Earlier stud
on jet diffusion flames in microgravity [16–18,38,3
suggest that flames tend to become steady in na
and larger in diameter as the gravitational force
them decreases. To investigate the effects of grav
tional force on cup-burner flames, calculations w
repeated under various gravitational force conditions
Results for 0.5g, 0.2g, 0.1g, and 0g are shown in
Figs. 5a–5d, respectively. Mole fractions of CO2 and
H2 are shown on the left half in these figures, wh
the velocity field and temperature are shown on
right. Note that the contour legends, color tables,
velocity-vector magnitudes used in these figures
identical to those used for the 1g flame (Fig. 1).

The salient features noted from a comparison
flame structures obtained under various gravitatio
force conditions are: (1) the flames became stea
state when the gravitational acceleration was< 0.5g;
(2) the flame height and diameter increased with a
duction in gravitational force; (3) the peak velocity
a height of 80 mm above the burner decreased f
∼ 2.2 to ∼ 0.2 m/s when gravity was reduced fro
1g to 0g; (4) the maximum temperature decreas
slightly but, more importantly, the temperature of t
flame tip decreased dramatically with a reduction
gravitational force; and (5) the severely concave (w
respect to the burner) flame near the burner rim
came parallel to the fuel jet when the gravitation
force was reduced from 1g to 0g.

Several investigators have studied the relations
between flame flicker and gravitational force [26,4
In general, flames were found to oscillate, even
der very low gravity conditions. It was suggest
that the flicker frequency increases with gravitatio
force raised to a power, typically, 0.5. Contrary
these findings, flicker appears to cease in cup-bu
flames when the gravitational acceleration is redu
to 0.5g. Several attempts with smaller time steps a
finer grids failed to produce a flickering flame f
0.5g. This suggests that buoyancy-induced insta
ity possesses a cutoff value on the gravitational fo
scale below which it vanishes. This is characteris
of an absolute instability mode of a jet flow [41]. In
typical jet diffusion flame with a small-diameter no
zle and high-velocity fuel jet, the cutoff gravitation
force for the disappearance of the absolute-instab
mode is near zero and was not captured either in
calculations or in the experiments. However, the v
low fuel-jet velocity and the large-diameter fuel c
used in the present investigation appear to incre
the limiting value to 0.5g. The existence of such
limiting value for the flame oscillations further con
firms that the buoyancy-induced instabilities are
the absolute-instability type.

The flame structure shown in Fig. 5d for t
0g case represents an open-tipped flame [39,42
fact, decreasing the gravitational force on a c
burner flame produced dramatic changes in its st
ture. At 1g, the flame was severely oscillating, wi
packets of fuel being pinched off from the jet a
burning independently (Figs. 1 and 2). At 0.5g, a
closed-tip steady-state flame was generated (Fig.
Even though the temperature of the flame tip un
a gravitational acceleration of 0.2g decreased signif
icantly, the flame tip was still closed at the cent
line (Fig. 5b). Finally, for 0.1g and 0g conditions
the flames became open-tipped ones, with burn
taking place only in the shoulder regions (Figs.
and 5d).

The maximum heat release rate, its radial lo
tion, and the flame temperature at different height
the flame for various gravitation forces are shown
Figs. 6a–6c, respectively. The heat release rate in
inar flames such as those in Fig. 5 represents the
chemical reactivity, and the radial location of the pe
value represents half the flame diameter. As Fig.
shows, the diameter of the flame increases with a
crease in gravitational force. Interestingly, the fla
height decreased when the gravitational accelera
was reduced from 0.5g to 0.2g. Earlier studies have
indicated that flame height may increase with gr
itational force in some flames [17,26] and may d
crease in others [39,42]. Apparently, the fuel-jet
locity has an important effect on the flame height w
decreasing gravitational force: the flame height of
higher-jet-velocity flame [17] decreases and that
the lower-jet-velocity flame [39] increases when t
gravitational force is decreased.

Distributions of the peak heat release rate
Fig. 6a and flame temperature in Fig. 6c demonst
the tip-opening process taking place in microgr
ity flames. In general, the heat release rate and fl
temperature decrease when the gravitational forc
reduced, and more interestingly, the latter quan
decreases with height more rapidly in lower-grav
flames. It was found from earlier calculations [4
that methane/air opposing-jet diffusion flames que
when the flame temperature drops below 1500
Based on this criterion, as the flame temperature
der 0.1g and 0g conditions dropped below 1500
for heights greater than 74 and 40.5 mm, respectiv
flames downstream of these locations should be c
sidered quenched. As flame quenching occurs w
rf is > 0 (Fig. 6b), these flames could be referr
as open-tipped ones. On the other hand, under.5g

and 0.2g conditions, flame temperature was abo
1500 K before the flame surfaces crossed the c
terline, and hence, these flames could be refe
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wn
Fig. 5. Cup-burner flames under (a) 0.5g, (b) 0.2g, (c) 0.1g, and (d) 0g conditions. Temperature and velocity fields are sho
on right halves, and CO2 and H2 mole fractions are shown on left halves.
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Fig. 6. Axial distributions of peak heat release rateqmax and
flame radiusrf (lines with symbols) under various gravita
tional conditions.

as closed-tip ones. The reasons for flame open
appearing in lower-g cases is discussed in the ne
section.

A different conclusion on tip opening emerges
one considers zero heat release rate as quenchin
terion. As seen from Figs. 6b and 6c, heat release
does not reduce to zero value when the flame tem
ature decreases to the quenching value of 1500 K.
chemical reactivity in the mixing region between t
products and air releases residual heat, and local
release rate becomes zero only when all the chem
reactivity is quenched. One might assume that the
of the flame is absolutely opened when the peak h
release rate decreases to zero before the flame su
converges to the centerline. For gravitational accel
tions of 0.1g, 0.2g, and 0.5g, flame surfaces interse
with the centerline and the local heat release rate
the flame tips are 13, 21, and 40 J/(cm3 s), respec-
tively (Fig. 6a). Based on the zero heat release
criterion these flames could be considered as clo
tip ones. On the other hand, in 0g flame the peak hea
release rate approached zero when the flame su
was still at 8.9 mm from the centerline, represe
ing an absolutely opened flame tip. It is importa
to recall that based on quenching-temperature crite
rion both the 0g and 0.1g flames were considered a
opened-tip ones.
Fig. 7. Distributions of heat release rateq (solid lines) and
radiative heat lossQrad (broken lines) at 20 mm abov
burner under various gravitational conditions.

4.4. Importance of radiation under microgravity

As described earlier, radiation from CO2, H2O,
CO, and CH4 was included in the present calcul
tions. A simple radiation model based on the optica
thin medium assumption was employed. As sugge
by Bonne [44] and T’ien [45], radiative heat loss
could become a dominating heat transfer mechan
when the generation of heat is decreased becau
the lack of reactant convection in microgravity.
verify this, radial distributions of the heat release r
and the radiative heat loss at 20 mm above the bu
were plotted (Fig. 7) for variousg cases. At this
height the flame exists in allg cases. Fig. 7 show
that the heat release rate decreases significantly
a reduction in gravitational force. For the 0g case
the maximum heat release rate is only one-third
obtained for the 1g case. As flame temperatures a
approximately the same at this location for all of t
cases, the reduction in heat release rate can b
tributed to the reduction in reactant fluxes into t
flame zone. The drastic decrease in convective fl
in the 0g case limits the reactant fluxes into the flam
zone in the downstream locations. On the other ha
the local radiative heat losses are about the sam
all g cases. Note that the total radiative heat loss
tegrated over the entire flame may increase as
flame becomes larger under low-gravity conditio
The dominance of local radiative heat loss over h
release rate in the 0g case causes the flame to quen
at the tip locations, where the heat release rat
smaller. The fuel and oxidizer fluxes in the vicinity
the flame surface are compared in Fig. 8 for norm
gravity (left) and zero-gravity (right) conditions. Th
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Fig. 8. Fuel and oxidizer fluxes under normal-gravity (left) and zero-gravity (right) conditions.
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flame surface locations are identified by plotting ne
peak-temperature contours. It is evident from this p
that the amount of fuel and oxygen penetrating i
the combustion products has significantly decrea
under zero-gravity conditions. In the presence of ra
diative heat loss, this reduction in mixing could n
maintain the flame temperature above the quenc
limit; hence, flame extinction occurred at downstre
locations.

To further verify that the radiative heat losses
causing the flame to extinguish at the tip, numeri
experiments were performed on a 0g flame. Three
calculations were made for this flame, ignoring
radiation in the energy equation, (2) finite-rate che
istry, and (3) both radiative heat loss and finite-r
chemistry. The flow conditions and numerical deta
used for these calculations were the same as those
ployed for the flame (0g case) shown in Fig. 5d. Al
three calculations converged to steady-state flam
even though unsteady simulations were performed

The 0g flame computed with no radiation is show
in Fig. 9; the plotting scheme employed is the same
that used for Fig. 5d. As expected, in the absenc
-

radiation, the flame tip closed and burning took pla
along the flame surface from the base at the bu
rim to the tip at the centerline. The peak flame te
perature increased by∼ 150 K; however, more inter
estingly, all along the flame surface, the tempera
was constant. The closed contours of H2 in Fig. 5d
have disappeared in Fig. 9, indicating that comb
tion is taking place all the way up to the flame
when the radiation is turned off in the calculation
Because of this increased burning (and volumetric
pansion), the local velocity has increased by∼ 35% at
z = 80 mm, compared with that in the 0g flame with-
out radiation (shown in Fig. 5d).

Flames resulting from the calculations made
ing the infinitely fast one-step chemical-kinetic mod
(CH4 + 2O2 + 7.5N2 ⇒ CO2 + 2H2O + 7.5N2) are
shown in Fig. 10. The iso-temperature color plots
the flames without and with radiation are shown
the left and right halves, respectively. The tempera
fields of these flames became similar to those of t
counterparts that were computed with finite-rate (
tailed) chemistry. The infinitely fast chemistry flam
computed with radiation is similar to that shown
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Fig. 9. Cup-burner flame under 0g conditions, calculated by
ignoring radiative heat losses.

Fig. 5d, and the flame computed without the rad
tive heat loss is similar to that shown in Fig. 9 (rig
side). These comparisons further suggest that fin
rate chemistry is not responsible for the tip quen
ing observed in the 0g and low-g flames; rather, the
flame quenching results from the deficiency of re
tants. Calculations were also performed with deta
chemistry for the 0g flame using the unity Lewis
number assumption (not shown). The resulting fla
with radiative heat loss has a structure similar to t
shown in Fig. 5d. This suggests that neither cur
ture nor preferential diffusion is responsible for t
tip opening of the 0g flame. Analysis of the result
obtained from the various numerical experiments s
gests that radiative heat losses are predominantly
sponsible for the quenching phenomenon observe
microgravity cup-burner flames. Interestingly, sim
lar numerical experiments performed on jet diffusi
flames established with a 1-cm-diameter nozzle
high fuel-jet velocitiesunder zero-gravity condition
suggested that radiation has a negligible effect
the flame structure. Therefore, other factors such
low fuel velocity and large fuel-tube diameter asso
ated with the cup-burner flames might have also c
tributed to the tip-quenching phenomenon obser
under microgravity conditions.
Fig. 10. Cup-burner flame under 0g conditions, calculated
with infinitely fast chemicalkinetics. Flames without an
with radiative heat losses are shown in left and right halv
respectively.

To understand why radiation affected only t
low-g flames, calculations for the 1g flame were
also repeated with the radiative heat loss in the
ergy equation being turned off. The flame result
from this simulation is shown in Fig. 11; the plo
ting scheme adopted for Fig. 1 was used. Althou
some minor differences exist in the flame tempe
tures, overall the 1g flames obtained with (Fig. 1) an
without (Fig. 11) the radiative heat losses are sim
in structure. The tips of both flames are closed, w
burning taking place all along the flame surface. B
flames are flickering, which results in pinching off
the fuel packets at the tip. However, the flickering f
quency increased to 12.5 Hz when the radiative h
loss was ignored in the calculations. An addition
vortex seems to be forming in Fig. 11 compared w
those formed in Fig. 1. These differences in fla
dynamics should be expected because the buoy
forces increase slightly with an increase in flame te
perature in Fig. 11.

The temperature and axial velocity along the fla
surface obtained with and without radiation are pl
ted for the 0g flame in Fig. 12a and for the 1g flame in
Fig. 12b. In all four calculations, temperature and
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Fig. 11. Cup-burner flame under normal-gravity conditio
calculated by ignoring radiative heat losses.

ial velocity have increased initially in the flame ba
region. However, in the 0g case, flame temperatu
remained more or less constant around 2000 K in
downstream locations when radiation was ignored
the calculations and decreased linearly from 185
when radiation was included. Based on the quench
temperature of 1500 K [43], it can be assumed t
the 0g flame (computed with radiative heat loss)
quenched at locationsz > 40.5 mm. Absence of com
bustion (or volumetric expansion) in these locatio
resulted in a constant axial velocity of∼ 0.22 m/s,
whereas axial velocity increased monotonically wh
the radiation was not considered. Note that the s
ing location for quenching determined based o
1500 K temperature criterion is different from th
obtained using the zero heat release rate crite
(Fig. 6).

In the case of the 1g flame, calculations made wit
and without the radiative heat losses yielded fla
temperatures that are nearly constant (Fig. 12b)
both of these 1g calculations the axial velocity ha
increased rapidly withz, primarily due to buoyancy
and, to some extent, due to thermal expansion of
hot gases. The oscillations in the axial velocity
sulted from the squeezing and bulging actions of
convecting vortices (cf. Figs. 1 and 11). The high
axial velocities in the case of the 1g flame (∼ 1 m/s
Fig. 12. Variations of temperature and axial velocity with
height along flame surface for (a) 0g and (b) 1g flames.

compared with 0.22 m/s in the 0g case) resulted in
higher reactant fluxes into the flame zone and
turn, increased heat release rates, sufficiently hig
overcome the heat losses due to radiation. As a
sult, radiation had a negligible effect on the 1g flame.
The weak axial velocity in 0g flames, on the othe
hand, brought significantly smaller amounts of re
tants into the flame zone. While these lowered re
tant fluxes could be able to maintain a flame in the
sence of radiative heat losses, they failed in doing
when part of the heat generated in the flame zone
removed due to radiation. Consequently, one sho
not expect flame quenching in the tip region in 0g if
the fuel-jet velocity is sufficiently high.

4.5. Flame-suppression characteristics under 0g

Calculations made for 1g and 0g conditions re-
vealed dramatic differences in the flame structu
due mainly to buoyancy and radiation. Because
these differences, suppression of the 0g flame through
injection of CO2 into the air stream could differ from
that of the 1g flame shown in Figs. 3 and 4. T
evaluate the performance of CO2 in extinguishing
0g flames, several calculations were made by add
CO2 in various volume fractions to the air stream
the 0g flame shown in Fig. 5d. The limiting volum
fraction of CO2 required to extinguish the flame wa
found to be 19.1%. This limiting value is nearly 32
higher than that required for extinguishing the sa
flame under normal-gravity conditions. Results o
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e
Fig. 13. Effect of CO2 addition to airflow on 0g cup-burner flame. CO2 addition: (a) 5%, (b) 10%, (c) 15%, (d) limiting valu
of 19.1%. Temperature and velocity fields are shown on right half, and CO2 and H2 mole fractions are shown on left half.
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tained with 5, 10, 15, and 19.1% CO2 are shown in
Fig. 13. The plotting scheme used here is the sam
that employed for Fig. 3. The addition of CO2 did not
change the overall structure of the 0g flame. That is,
irrespective of the amount of CO2 added, the flame tip
was opened, and the entire flame remained vert
However, as the CO2 volume fraction was increase
the height of the vertical flame also decreased.

Similar to the 1g flame quenching process, th
primary role of CO2 in 0g flame quenching was t
destabilize the flame base. As CO2 was added to the
air stream, the flame became weaker and the temp
ture in the base region decreased. For smaller vol
fractions (< 0.1) of CO2, the location of the pea
temperature (within the flame base) moved upstre
toward the burner rim; for moderate volume fractio
(0.1 < XCO2 < 0.15), it moved slightly downstream
away from the burner rim. When the CO2 volume
fraction was increased beyond 15%, the peak tem
ature location shifted downstream and yet the fla
sought a new stabilization location in the flowfie
For volume fractions> 19.1%, the flame base becam
unstable and continued to move downstream in se
of a new stabilizing location. Because the flame fai
to find another stabilizing location, it was complete
removed from the computational domain, resulting
flame suppression via blowoff. As in the 1g case, the
flame at 0g did not extinguish before its base beca
unstable.

The location of the peak temperature within t
flame base and the value of the peak temperature
plotted in Fig. 14 for the 1g case and in Fig. 15 fo
the 0g case for various concentrations of CO2. The
limiting volume fractions of CO2 necessary for extin
guishing these flames are also shown. The flame
locations identified from visible blue light in the e

Fig. 14. Peak temperature within base region, its loca
with respect to burner rim, and location of leading edge
1500 K contour with respect to burner rim for various v
ume fractions of CO2 in air stream for 1g flame. Solid square
symbols represent visible flame-base location obtaine
experiments.
periment and from the lowest point of the 1500 K te
perature contour in the calculations are also sho
in Fig. 14. The predicted flame base movement w
added CO2 agrees qualitatively with that obtained
the experiment. In both the calculations and exp
ments flame base shifted very little when the ad
CO2 volume fraction was less than 12% and shif
more quickly for higher CO2 concentrations. Not
that the calculations slightly underpredict the lim
ing volume fraction for extinguishing the cup-burn
flame. The computed flame base movement for
case of the 0g flame is shown in Fig. 15; correspon
ing experiments employing the NASA drop tower a
in progress.

The suppression mechanisms of the 1g and 0g
flames, as evident from Figs. 14 and 15, are si
lar. In both flames the peak temperature location
nearer the burner rim initially and then moved aw
with increased CO2 volume fraction in the co-flow
stream. On the other hand, the peak temperatur
the flame base decreased monotonically with C2
concentration. Some differences can be observed
tween the extinguishing processes taking place un
0g and 1g conditions. First, the peak temperature
cation under the 1g condition is more sensitive t
the volume fraction of the added CO2. This is prob-
ably due to the higher velocities near the flame b
that are induced from the strong entrainment pres
in these buoyant flames. Second, the peak temp
ture prior to extinguishment decreased rapidly in
case of the 1g flame but decreased linearly in th
case of the 0g flames. A rapid decrease in flame te
perature near extinguishment was also observe
the higher strain-rate case of opposing-jet diffus
flames (Fig. 4). It is interesting to note that the ba
of the 1g flame and the opposing-jet flame are su
jected to stretching, whereas the base of the 0g flame
remains nearly unstretched. This means that the r

Fig. 15. Peak temperature within the base region, its loca
with respect to burner rim, and location of leading edge
1500 K contour with respect to burner rim for various v
ume fractions of CO2 in air stream for 0g flame.
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Fig. 16. Cup-burner flame under 0g conditions and with
19.1% CO2 added to air stream. Calculations were made
ter ignoring radiative heat losses. Temperature and velocit
fields are shown on right half, and CO2 and H2 mole frac-
tions are shown on left half.

decrease in flame temperature near extinguishm
that is observed in ground-based experiments
in opposing-jet flames is due to the inherent stre
present on these flames and that only in microgr
ity can one find true limits (unaffected by stretch) f
extinguishment.

To determine the effect of radiation on the ne
extinguishment flame structure (Fig. 11d), calcu
tions for the 0g flame with 19.1% CO2 added in
the air stream were repeated, with the radiative h
losses in the energy equation turned off. The res
ing flame is shown in Fig. 16; the plotting schem
is adopted from that used in Fig. 13d. When the
diative heat loss was ignored, the tip of the fla
became closed, with burning taking place all alo
the flame surface between the burner rim and the
terline. The flame base also moved toward the bu
rim (cf. Figs. 16 and 13d), representing a more s
ble flame. This means that the extinguishment li
obtained by ignoring radiation would be> 19.1%. It
also illustrates the importance of considering rad
tion when the extinguishment limits are being det
mined.
5. Conclusions

A pure methane–air diffusion flame formed ove
cup burner was used to explore the suppression c
acteristics of CO2 under normal- and microgravit
conditions. A detailed chemical-kinetic model GR
V1.2 having 31 species and 346 elementary re
tion steps was incorporated into a time-depend
axisymmetric CFD model for investigation of the e
fects of CO2 on methane combustion. Under norm
gravity conditions, the laminar cup-burner flame
a low fuel flow rate and a low-speed annular airfl
generated large-scale, low-frequency (∼ 11 Hz) or-
ganized vortices on the air side of the flame. Cal
lations were performed for this flame under vario
gravitational forces. It was observed that the c
burner flame ceases to flicker for gravitational lev
< 0.5g. As the buoyancy forces were reduced,
flame diameter increased, the tip of the flame ex
guished (opened), and the flame at the base bec
vertical. Through numerical experiments it was fou
that radiative heat loss was predominantly respo
ble for the extinguishment of the flame tip underg
conditions. On the other hand, ignoring radiation
the 1g flame calculation did not change the burni
characteristics along the flame surface, however, i
sulted in a 25% increase in the flicker frequency.

Calculations for the cup-burner flame were ma
by adding CO2 to the air stream for obtaining th
limiting volume fraction for extinguishing the 1g and
0g flames. The predicted flame base movement w
added CO2 agrees qualitatively with that obtained
the experiment in 1g. In both the calculations an
experiments flame base shifted very little when
added CO2 volume fraction was less than 12% a
shifted more quickly for higher CO2 concentrations
The predicted limiting volume fraction of 14.5% fo
the cup burner under 1g conditions is within 10% of
the measured value. For comparison purposes,
pression limits for a weakly strained and for a mod
ately strained opposing-jet diffusion flame were a
obtained. Under 1g conditions, the limiting CO2 vol-
ume fraction for the cup burner is found to be betwe
those of the two opposing-jet flames.

Similar to the case of the 1g flames, the addition o
CO2 to 0g flames destabilized the flame base, wh
then moved downstream in search of a new stabil
tion location. For CO2 volume fractions> 19.1%, the
flame base moved out of the computational area
it could not find a stabilization point within this do
main. This limiting concentration for the 0g flame is
∼ 32% higher than that obtained for the same fla
under normal-gravity conditions. Calculations mad
by ignoring radiation for the limiting flame under 0g

conditions yielded a stable flame. It is important
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consider radiation when estimating the extingui
ment limits of cup-burner flames in microgravity.
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