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ABSTRACT″

The effects of oxidizer stream velocity and oxygen 
concentration, as well as gravity and pressure, on the 
extinguishment limits of laminar co-flow diffusion 
flames of methane, formed in a cup-burner apparatus, 
have been studied experimentally and computationally.  
A first attempt was made to measure the cup-burner 
minimum extinguishing concentration (MEC) of CO2 in 
microgravity (µg) aboard the NASA Reduced Gravity 
Aircraft (KC-135).  Numerical simulations with 
detailed chemistry and radiative heat-loss models were 
performed to reveal the flame structure during the 
unsteady blowoff-type extinguishing processes and to 
predict the extinguishment limits.  The MEC values 
determined for various oxidizing environments were:   
 Experiment Computation
Air/1g/1 atm (15.7 ± 0.6) % 14.5 % (16.1 %) 
Air/1g/0.7 atm (15.4 ± 0.5) % 13.5 % 
30 % O2/1g/1 atm (34.0 ± 1.2) % 31.0 % 
30 % O2/1g/0.7 atm (32.4 ± 1.1) % 29.9 % 
21 % O2/µg/1 atm (21.4 ± 0.7) % 19.1 % 

Considering the complex chemistry and flow-field 
interactions in the blowoff extinguishment processes, 
the predicted MEC values were consistently in good 
agreements (~8 % less on average) with the 
measurements.  The relatively high MECs of CO2 in 
oxygen-enriched environments point to a need for 
further trade-off studies of fire-extinguishing agents 
suitable for spacecraft and surface habitats in space 
exploration. 
                                                           
Copyright ©2005 by the authors.  Published by the American 
Institute of Aeronautics and Astronautics, Inc., with 
permission. 

INTRODUCTION 
To enable NASA’s human exploration of the moon 

and Mars, fire safety for spacecraft and planet surface 
bases is essential for mission success.  NASA’s fire 
safety approach for manned spacecraft has been based 
primarily upon controlling the flammability of 
materials onboard and eliminating ignition sources1-3.  
The longer-duration missions for space exploration, 
however, increase the likelihood of accidental fire 
events aboard spacecraft or in surface habitats.  
Incipient or established fires must be promptly detected 
and extinguished by a fire protection system.  To 
develop effective fire protection systems, the behavior 
of fires in various environments encountered in the 
space exploration must be properly understood.  Fire 
behavior and suppression processes in the space 
exploration missions are strongly influenced by low-
gravity environments in flight and on the planetary 
surfaces.  Thus, fire safety technology must be tailored 
to respond to the unusual fire characteristics in low-
gravity environments1. 

The worst case oxygen concentration and pressure 
environment is currently 30 % oxygen in nitrogen at 
70.3 kPa (0.7 atm).  This atmosphere corresponds to the 
Space Shuttle and International Space Station (ISS) 
environments that are prescribed for crew conditioning 
prior to extravehicular activities2,3.  Such an oxygen- 
enriched atmosphere may also be used for the future 
spacecraft and habitats in order to reduce the mass of 
the inert-gas component needed to bring up to space.  

Fire-extinguishing agents act to suppress the flame 
physically and chemically4,5.  Carbon dioxide (CO2) 
and water-based foam used in the ISS as well as 
numerous terrestrial applications are physically acting 
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agents.  These agents are relatively inefficient as fire 
suppressants1-3.  The chemically active agent, halon 
1301 (CF3Br), which is still in use in the Space Shuttle, 
is highly effective, but its production was banned by 
the Montreal Protocol6,7 in 1995.  Although the existing 
systems may continue to be used, new agents or 
techniques are ultimately needed for long-duration 
missions2,3,8.  Physically acting agents, despite their 
lower effectiveness, are more likely to be used for 
space applications due to environmental control system 
and crew safety considerations.   

To determine the effectiveness of gaseous fire-
extinguishing agents, the cup burner method, specified 
in national and international standards9,10, has most 
widely been used11-18 in fire safety engineering for 
terrestrial applications.  Therefore, the use of the cup 
burner apparatus for fire safety in low-gravity space 
exploration is a logical extension.  Vast normal-gravity 
data bases of the minimum extinguishing concentration 
(MEC) for a variety of fuels and agents are available 
for comparison.  The cup-burner flame is a laminar co-
flow diffusion flame with a circular fuel source (either 
a liquid pool or a low-velocity gas jet) inside a co-axial 
chimney with an oxidizing stream.  An agent is 
generally introduced into the coflowing oxidizer in the 
cup-burner apparatus to determine the MEC of agent.  
The MEC measured by the cup burner is then used for 
determining the minimum design concentration of a 
gaseous agent, along with third-party approval 
procedures for a complete fire extinguishing system18. 

In recent years, numerical investigations19-26 using 
detailed chemistry models have revealed the co-flow 
diffusion flame structure, blowoff phenomena, and 
physical and chemical suppression processes.  Major 
findings include a decisive role of the peak reactivity 
spot (i.e., reaction kernel), formed at the flame 
attachment point in the edge (base) of diffusion flames, 
in blowoff processes. 

The overall objectives of the present study are to 
understand the physical and chemical processes of cup-
burner flame suppression phenomena and to provide 
rigorous testing of numerical models, which include 
detailed chemistry and radiation sub-models.  This 
paper describes the experimental and numerical 
extinguishment limits, as well as the flame structure 
changes which occur near the limits, for methane as the 
fuel and CO2 as the agent in various oxidizing 
environments relevant to the space exploration 
missions. 

EXPERIMENTAL PROCEDURES 
The NASA Reduced Gravity Aircraft (KC-135) 

hardware for fire suppression in extraterrestrial 
environments (the FSEE rig), used for both 
microgravity (µg) and normal earth gravity (1g) testing, 

consists of the experiment rig (Fig. 1a), the support 
rack (Fig. 1b), and the aircraft gas bottle rack facility 
for the oxidizer and agent.  The experiment rig is a 
standard 2.2-s Drop Tower “A-frame”-style rig 
modified for operation on the KC-135.  The support rig 
contains a fuel lecture-bottle, a back-pressure regulator, 
video equipment, and computer interface. 

The standard microgravity cylindrical test chamber 
(25.5 cm inner diameter × 53.3 cm length, aluminum) 
has four rectangular (10 cm width × 15 cm height) 
observation windows.  The cup-burner apparatus is 
coaxially placed inside the test chamber.  A cylindrical 
stainless-steel cup (28 mm i.d., 31 mm o.d., 45º-
chamfered inside the rim) is coaxially positioned inside 

( a ) 

( b ) 
Fig. 1 KC-135 hardware (FSEE).  (a) Experiment 
rig, (b) support rig.   
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a quartz chimney (85 mm i.d., 45.7 cm height), through 
which the oxidizer and agent flow.  A hot-wire igniter 
(coiled 29 gauge Kanthal) is used to ignite the fuel.  A 
rotary solenoid, placed underneath the chamber, is used 
to position the igniter near the burner for ignition and 
away from it otherwise.  To provide uniform flow, two 
layers of honeycomb plates (1.6 mm cell size, 15 mm 
thickness, aluminum alloy) and two screens (40 mesh 
and 100 mesh, stainless steel) atop the honeycomb are 
placed in the base of the chimney, and a sintered porous 
plate (3.2 mm thickness, 25 µm to 40 µm pore size, 
60 % density, stainless steel) plugs the fuel cup at 6.4 
mm below the exit plane.  In the aircraft testing, the 
exhaust from the test chamber is connected to an 
outboard vent via the back-pressure regulator (Tescom, 
44-4700, ER3000∗), which maintain the chamber 
pressure at a set pressure. 

Gas flows were measured by mass flow meters 
(Hastings HFM-300 [fuel and agent], HFM-301 
[oxidizer]) which were calibrated so that their 
uncertainty is 1 % of indicated flow.  The fuel gas used 
is methane (Matheson UHP, 99.97 %) and the fire-
extinguishing agent is carbon dioxide (Airgas, 
99.99 %).  The oxidizers are (21 ± 0.21) % or (30 
± 0.30) % oxygen in nitrogen (AGA, primary standard 
mixture) for the aircraft tests and house compressed air 
for the 1g-laboratory experiment.  The compressed air 
is filtered, dried, and cleaned to remove aerosols and 
water vapor.   

Prior to the extinguishment test, the flame was lit 
on for a certain period (~16 minutes) to ensure a 
thermal steady state for the burner.  In the aircraft 
experiment, the flame was re-ignited during the high-g 
pull-up period, and the agent was injected during the 
low-g period.  To determine the extinguishment 
condition, for a fixed methane flow rate, the agent was 
added (in increments of < 1 % near extinguishment) to 
co-flowing air (held at a constant flow rate) manually 
until extinguishment occurred. 

The experimental control and data acquisition were 
achieved by using an onboard computer (Dolch, PAC, 
Pentium III, 600 MHz) and software written in a 
graphical programming language (LabVIEW).  The 
oxidizer, fuel, and agent flow-control solenoid valves, 
the igniter rotary solenoid, and the igniter power were 
initiated manually through the computer interface.  
Data signals from the mass flow meters, gas-
temperature thermocouples, gas-line and test-chamber 

                                                           
∗Certain commercial equipment, instruments, or materials are 
identified in this paper to adequately specify the procedure.  
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. 

pressure transducers, a tri-axis accelerometer 
(Crossbow, CXL02TG3-S), and a thermopile 
radiometer (Dexter, ST150 Amplified, nitrogen filled, 
KRS-5 window) were digitize and recorded at 30 Hz 
using a data acquisition board (National Instruments, 
PCI-6033E).  The radiometer is placed behind a neutral 
density filter with its optical axis perpendicularly to the 
burner axis.   The extinguishment process was observed 
by two CCD color cameras (Hitachi KP-D8 and HV-
D30) with orthogonal views and their S-video signals 
were recorded using two sets of digital video cassette 
recorders (Sony DVCAM DSR-V10), time-code 
generators, and video titlers (Horita, TG-50 and SCT-
50, respectively). 

Reported uncertainties in the experimental data are 
of Type B, expressed as expanded uncertainties, with a 
coverage factor of two.  The uncertainty in the MEC is 
3.4 %, in gas co-flow velocity 3.6 %, and test chamber 
pressure, 1 %. 

NUMERICAL METHODS 
A time-dependent, axisymmetric numerical code 

(UNICORN27) is used for the simulation of unsteady jet 
diffusion flames stabilized on the cup burner.  The code 
solves the axial and radial (z and r) full Navier-Stokes 
momentum equations, continuity, and enthalpy- and 
species-conservation equations on a staggered-grid 
system.  The body-force term due to the gravitational 
field is included in the axial-momentum equation to 
simulate upward-oriented flames.  A clustered mesh 
system is employed to trace the gradients in flow 
variables near the flame surface.  A detailed reaction 
mechanism of GRI-V1.228 for methane-oxygen 
combustion (31 species and 346 elementary reactions) 
is incorporated into UNICORN.  Thermophysical 
properties of species are calculated from the 
polynomial curve fits for 300 - 5000 K.  Mixture 
viscosity and thermal conductivity are then estimated 
using the Wilke and Kee expressions, respectively.  A 
simple radiative heat-loss model29 based on optically 
thin-media assumption and Plank-mean absorption 
coefficients for CO2, H2O, CH4, and CO was 
incorporated into the energy equation.   

The finite-difference forms of the momentum 
equations are obtained using an implicit QUICKEST 
scheme28, and those of the species and energy equations 
are obtained using a hybrid scheme of upwind and 
central differencing.  At every time-step, the pressure 
field is accurately calculated by solving 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 × 
47.5 mm using a 251 × 101 or 541 × 251 non-uniform 
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grid system that yielded 0.2 × 0.2-mm or 0.05 × 0.05-
mm minimum grid spacing, respectively, in both the z 
and r directions in the flame zone.  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 boundary conditions are treated in the 
same way as those reported in earlier papers22-26.  The 
outflow boundary in z direction is located sufficiently 
far from the burner exit (>7 fuel-cup diameters) such 
that propagation of boundary-induced disturbances into 
the region of interest is minimal.  Flat velocity profiles 
are imposed at the fuel and air inflow boundaries, while 
an extrapolation procedure with weighted zero- and 
first-order terms is used to estimate the flow variables 
at the outflow boundary.   

The cup burner outer diameter 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, which is 
somewhat higher than the measurement made using a 
glass cup burner24.  The fuel and oxidizer velocities are 
0.921 cm/s and 10.7 cm/s, respectively.  The low fuel 
velocity represents a condition at which the flame size 
is comparable to that of typical liquid-fuel cup-burner 
flames.  The air velocity is in the middle of the so-
called “plateau region9,14,16, where the extinguishing 

agent concentration is independent of the oxidizer 
velocity. 

RESULTS AND DISCUSSION 
Figure 2 shows video images of cup-burner flames 

of methane in air with or without agent (CO2) in 1g and 
µg.  In 1g without agent (Fig. 2a), the blue flame base 
anchored at the burner rim with a steep inward 
inclination due to accelerating buoyancy-induced flow.  
Thus, the downstream portion of the flame was 
contracted and had an orange-yellow tip due to soot 
formation.  The flame was dynamic (unstationary) due 
to flickering caused by instability of the buoyancy-
induced flow.  The flickering frequency measured at 
≈5 cm above the burner by a photodiode was bimodal: 
≈11 Hz or ≈15 Hz, depending on the air velocity.  As 
CO2 was added into the coflowing air (Fig 2b), the 
entire flame turned blue.  As the CO2 concentration was 
increased to the extinguishment limit, the flame base 
shifted gradually downstream and oscillated 
continuously before the flame blew off.   

In µg without agent (Fig 2c), the blue flame 

 
( a ) 

 
( b ) 

Fig. 3 Temporal variations of measured gravity 
level, radiometer output, and agent (CO2) volume 
fraction.  (a) 1g, (b) µg. 

0
(

 
 ( a ) ( b ) 

 
 ( c ) ( d ) 
Fig. 2 Video images of cup-burner methane flames
with or without agent (CO2).  (a)(b) 1g, Uf = 

.9 cm/s, Uo = 8.7 cm/s; (a) Xa = 0, (b) Xa = 0.16. 
c)(d) µg, Uf = 0.9 cm/s, Uo = 9.7 cm/s; (c) Xa = 0, (d) 

X  = 0.215. 
a
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attached to the outer edge of the burner rim and the 
downstream portion, including the yellow zone, 
expanded outwardly, thus making the flame fatter.  As 
CO2 was added (Fig 2d), the flame again turned blue.  
Furthermore, the flame zone was more upright, the 
downstream portion of the flame became very weak, 
and thus the flame tip appeared to be opened. 

Figure 3 shows the measured z-axis gravitational 
acceleration (g), normalized by the earth gravity (g0), 
radiometer output voltage (Vrad), and the agent (CO2) 
volume fraction (Xa), determined from the air and agent 
flow rates.  In 1g (Fig. 3a), the radiometer output 
showed a spike at ignition and then maintained a nearly 
constant level.  The agent volume fraction showed an 
overshoot just after its introduction and then gradually 
increased as a manual metering valve was opened 
incrementally.  Because there was a time lag between 
the agent volume fraction measurement and the actual 
time when the agent reached the flame location, the 
radiometer output level shifted down due to soot 
disappearance after approximately 4 ms after the agent 
release.  Thus, the critical agent volume fraction at 
extinguishment was determined by taking into account 
the residence time of the oxidizer flow between the 
mixing point and the burner location. 

Figure 3b shows the results of the aircraft 
experiment, during which the flame was ignited in the 
~1.8g pull-up period, and the agent was released in the 
low-g period.  The radiometer output increased as the 
gravity level dropped because the flame became larger 
(see Fig 2).  The subsequent decrease in the radiometer 
output was due to continuous flame lifting and 

weakening above the burner until extinguishment. 
Figure 4 shows the measured and calculated 

critical agent (CO2) volume fraction at extinguishment 
(Xac) as a function of the oxidizer velocity (Uo) in 
various environments at 1g.  For air at 1 atm, the 
critical agent volume fraction was nearly independent 
of the oxidizer velocity over a wide range (2 < Uo < 18 
cm/s).  This insensitivity of the suppression limit to the 
oxidizer flow, once a minimum flow is achieved, 
(plateau region) has been reported in the literature9,14,16.  
The fuel velocity, the fuel cup diameter, and the 
chimney diameter are also known to have a small or 
negligible impact on the agent concentration at 
suppression14.  In the plateau region, the current results 
of the Xac measurement using the stainless-steel burner 
( ) was consistent with those obtained previously25 
with the standard glass burner ( ).  As the oxidizer 
velocity was decreased below the lower edge of the 
plateau region and approached a threshold (Uo ≈ 1 
cm/s) for forming an over-ventilated flame, Xac 
decreased rapidly toward zero.  Thus, an under-
ventilated flame in Uo < 1 cm/s could never been 
stabilized on the burner.  Decreasing the atmospheric 
pressure from 1 atm to 0.7 atm decreased Xac only 
slightly.  On the other hand, increasing the oxygen 
concentration in the oxidizer to 30 % doubled Xac for 
both 1 and 0.7 atm.  For  30 % O2 and 1 atm, Xac 
decreased slightly with increasing Uo. 

Figure 5 shows the results of the extinguishment 
tests aboard the KC-135 and the calculated critical 
agent (CO2) volume fraction at extinguishment in air at 
0g.  The low-g period during the parabolic flight (22 s 

Fig. 4 Measured and calculated critical agent 
(CO2) volume fraction at extinguishment in various 
oxidizing environments at 1g. 

Fig. 5 Measured and calculated critical agent 
(CO2) volume fraction at extinguishment in air at 
µg. 
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to 25 s) was not long enough to reach the extinguishing 
concentration for the test, for which the initial agent 
concentration was too low.  Figure 5 shows the data 
points for both extinguished and no extinguished tests.  
The MEC value was determined from the lowest 
extinguished data point. 

Fig. 6 Oxidizer heat capacity and adiabatic flame 
temperature at measured extinguishment limits in 
various oxidizing environments. 

Table 1 lists the experimental and calculated  
minimum extinguishing agent (CO2) volume fractions, 
(Xac,exp, Xac,calc) as well as the corresponding limiting 
oxygen volume fractions (XO2c,exp, XO2c,calc) the heat 
capacity of the oxidizer (Cp,298,o), and the adiabatic 
flame temperature31 (Tf) of the stoichiometric fuel-
oxidizer mixture at the measured extinguishing 
condition for various oxidizing environments.  The 
limiting oxygen volume fraction was converted from 
the extinguishing agent volume fraction as XO2c = 
XO2,initial (1 – Xac), where XO2,initial = the initial oxygen 
volume fraction in the neat oxidizer.  For 30 % O2 
environments, Xac doubled, yet XO2c was still higher, 
compared to the air cases.  The calculated values were 
approximately 8 % lower, on average, than the 
measured values.  Considering the complexity in the 
blowoff-type flame extinguishment processes as a 
result of interactions between chemistry and transport 
phenomena in the flow field in the flame stabilizing 
region, the predictions are in good agreement with the 
measurements.  In fact, upper one of the two computed 
data points for the air, 1g, and 1 atm environment 
almost exactly matched the experiment.  Only the 
differences in the computations were different kinetic 
parameters32 for a methyl-H atom reaction step, CH3 + 
H + M → CH4 + M, as described elsewhere24. 

Figure 6 shows the heat capacity of the oxidizer 
stream, and adiabatic flame temperature of a 
stoichiometric mixture of methane with the oxidizer, as 
a function of the CO2 volume fraction; the measured 
extinguishment conditions in various oxidizing 
environments are shown by the points.  Adding CO2 
has two effects: raising the heat capacity of the mixture 
(Cp,298, CO2 is 37.129 J/mol K whereas Cp,298 for N2 or O2 

is about 29 J/mol K), and diluting the mixture, i.e., 
lowering the heat release per unit mass of oxidizer.  The 
calculated adiabatic flame temperature accounts for 
these two effects, so that at the extinction point, Tf is 
decreased to the mid-1900s K (bounded by dashed 
lines) for all 1g flames as compared to neat oxidizers 
(air/1 atm, 2223 K; air/0.7 atm, 2214 K; 30 % O2/1 atm, 
2525 K; 30 % O2/0.7 atm, 2506 K).  This result 
indicates that the extinguishing CO2 concentration was 
basically determined by the thermal and dilution 
effects.  In microgravity, more agent concentration was 
required to extinguish the flame. Thus, the adiabatic 
flame temperature at the extinguishment condition was 
lowered to near 1800 K.  The relatively high minimum 
extinguishing concentrations (Xac ≥ 0.3) for the 30 % 
O2 environment suggest that in a practical sense, for 
these enriched oxygen environments, fire 
extinguishment and prevention of subsequent re-
ignition is more difficult. 

Table 1  Extinguishment limit, heat capacity, and adiabatic flame temperature. 

Environment Xac,exp Xac,calc XO2c,exp XO2c,calc

expac,

expac,calcac, )(
X

XX −
 

Cp,298,o 

(J/mol 
K) 

Tf (K) 

Air/1g/1 atm 
0.157 

0.145, 
0.161a 0.177 

0.179, 
0.176a

-0.076 
0.025 

30.43 1927 

Air/1g/0.7 atm 0.154 0.135 0.178  0.181 -0.123 30.40 1933 
30 % O2/1g/1 atm 0.340 0.310 0.198 0.207 -0.088 31.90 1940 

30 % O2/1g/0.7 atm 0.324 0.299 0.203 0.210 -0.077 31.77 1969 
21 % O2/µg/1 atm 0.214 0.191 0.165 0.170 -0.107 30.88 1815 

a Using different kinetic parameters32 for a methyl-H atom reaction step24
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In the flame attachment and blowoff-type 
extinguishment processes typical of the cup burner, the 
flame structure near the flame base plays a decisive 
role.  Figure 7 shows the calculated structure of a 
methane flame in the 30 % O2 in N2 mixture at 1g, 
including the velocity vectors (v), isotherms (T), total 
heat-release rate ( ), and the local equivalence ratio 
(φ

q&
local).  The local equivalence ratio is defined33 by 

considering a stoichiometric expression for 
intermediate species in the mixture to be converted to 
CO2 and H2O and is identical to the conventional 
equivalence ratio in the unburned fuel-air mixture.  The 
velocity vectors show the longitudinal acceleration in 
the hot zone due to buoyancy.  As a result of the 
continuity of the fluid, surrounding air was entrained 
into the lower part of the flame.  The entrainment flow 
inclined inwardly because of the minimal fuel flow 
rate.  The heat-release rate contours showed a peak 
reactivity spot (i.e., the reaction kernel19-21) at the flame 
base.  The heat-release rate, velocity, temperature, and 
local equivalence ratio at the reaction kernel were q& k = 
193 J/cm3s, |vk| = 0.224 m/s Tk = 1554 K, and φlocal = 
0.95, respectively.  Back diffusion of chain radical 
species into the oxygen rich incoming flow at the flame 
base (edge) enhanced the exothermic reactions, thus 
forming the reaction kernel.  The reactivity decreased 

steeply in downstream portions of the flame (14 J/cm3s 
at z = 5 mm) 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 concentration gradients and then fluxes.  On the 
other hand, the velocity increased downstream 
significantly (~3.2 m/s at z = 50 mm) by a cumulative 
effect of the buoyancy-induced flow.  Thus, the 
vigorously burning reaction kernel sustained stationary 
combustion processes in the flow in the vicinity of the 
burner rim (flame attachment) and held the trailing 
diffusion flame as described in more detail 
elsewhere19-21. 

Figure 8 shows the variations of the species mole 
fractions (Xi), temperature, species formation rates 
( iω̂ ), and total heat-release rate across the reaction 

Fig. 8 Calculated variables across the reaction 
kernel of a methane flame in 30%O2 in N2 mixture 
at 1g.  zk = 0.48 mm.  (a) Mole fractions, 
temperature, (b) production rate, and heat-release 
rate.

Fig.7 Calculated structure of a methane flame in 
30%O2 in N2 mixture at 1g.   contours:  5, 20, and 
80 J/cm

q&
3s. 
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kernel of the uninhibited 1g flame in the 30 % O2 in N2 
mixture.  General trends in the species mole fractions 
and formation rates resembled to those in the cup-
burner methane flame in air reported previously26.  
Basic features in the flame structure are typical of 
diffusion flames; i.e., chain radicals, formed at high 
temperatures on the air side (slightly) of the peak 
reaction zone, diffuse and dissociate the fuel into 
methyl, H2 and CO and C2 species (slightly) on the fuel 
side, and finally H2 and CO are oxidized to the products 
on the air side.  The heat-release rates of elementary 
steps (not shown) revealed that the methyl oxidation 
reaction, CH3 + O → CH2O + H (R19), and the final 
product formation, H2 + OH  →H2O + H (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 + O2 → OH + O 
(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, 
CH4 + OH → CH3 + H2O (R191) and CH4 + H → CH3 
+ H2 (R103), on the fuel side, the methyl oxidation 
(R19) at the heat-release rate peak, and the final 
product formation, (R165) and CO + OH → CO2 + H 
(R193) on the air side. 

Figure 9 shows the calculated structure of a near-

extinguishment-limit 1g-flame in the 30 % O2 in N2 
mixture with 30.9% CO2 added to the oxidizer.  The 
flame base detached from the burner rim and shifted 
inwardly above the burner.  The incoming flow into the 
reaction kernel was almost horizontal.  The flame base 
oscillation just prior to extinguishment was reported 
previously25 for air.  The heat-release rate, velocity, 
temperature, and local equivalence ratio at the reaction 
kernel were q& k = 151 J/cm3s, |vk| = 0.246 m/s Tk = 1479 
K, and φlocal = 0.64, respectively.  As a result of CO2 
addition, the reaction-kernel temperature (and the heat-
release rate) decreased mildly.  By contrast, the flame 
temperature in the trailing diffusion flame (not shown) 
decreased nearly 500 K (from 2160 K to 1668 K at z = 
10 mm), which was nearly equal to the reduction in the 

Fig. 10 Calculated variables across the reaction 
kernel of a methane flame in 30%O2 in N2 mixture 
with 30.9% added CO2 at 1g.  zk = 2.48 mm.  (a) 
Mole fractions, temperature, (b) production rate,
and heat-release rate. 

Fig. 9 Calculated structure of a methane flame in 
30%O2 in N2 mixture with 30.9% added CO2 at 1g. 

 contours:  5, 20, and 80 J/cmq& 3s. 
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adiabatic flame temperature (Fig. 7). 
Figure 10 shows the variations of calculated 

variables across the reaction kernel of the 1g flame in 
the 30 % O2 in N2 mixture with 30.9% CO2 added to 
the oxidizer.  The CO2 addition reduced the oxygen 
concentration in the oxidizer down from 30 % to 
20.7 % (Table 1), i.e, dilution effect.  The mole 
fractions and formation rates of chain radicals (OH, H, 
and O) decreased significantly.  Nevertheless, the 
reaction kernel was still vigorously burning just prior to 
extinguishment, thus supporting the much weaker 
trailing flame zone.  Thus, the cup-burner 
extinguishment phenomenon is neither due to global 
extinction of the diffusion flame nor local extinction at 
the reaction kernel.  It is rather due to continuous flame 
stabilization processes to search a new balancing point 
in the flow in response to an increase in the agent 
concentration. 

Figure 11 shows the calculated structure of a 
methane flame in the 30 % O2 in N2 mixture at 0g.  The 
heat-release rate, velocity, temperature, and local 
equivalence ratio at the reaction kernel were q& k = 260 
J/cm3s, |vk| = 0.257 m/s Tk = 1477 K, and φlocal = 0.90, 
respectively.  General features of the flame are similar 
to the coflow methane-air 0g-flames previously studied 
using the cup-burner26 and a small tube burner21.  

Because of lack of buoyancy, the velocity vectors show 
only slight acceleration in the hot zone due to thermal 
expansion.  As the momentum of the coflowing air 
transferred to the low-speed wake-like region behind 
the cup burner, the velocity distribution became nearly 
uniform downstream.  The flame zone was formed 
nearly vertically, and the surrounding air came into the 
lower part of the flame.  Figure 13 shows the variations 
of the calculated variables across the reaction kernel of 
the 0g flame.  The flame structure was similar to that of 
the 1g flame (Fig. 7), except that the 0g flame was 
somewhat more reactive and the heat-release rate was 
larger at the reaction kernel.  The heat-release rate 
decreased rapidly downstream in the same manner with 
the 1g attached flame (Fig. 7) and became very small 

Fig. 12 Calculated variables across the reaction 
kernel of a methane flame in 30%O2 in N2 mixture 
at 0g.  zk = 0.18 mm.  (a) Mole fractions, 
temperature, (b) production rate, and heat-release 
rate. 

Fig. 11 Calculated structure of a methane flame in 
30%O2 in N2 mixture at 0g.   contours:  2, 20, and 
80 J/cm

q&
3s. 
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because the velocity stayed at a low level (~0.22 m/s), 
thus resulting in low species concentration gradients 
and fluxes.  As a result, the downstream portion of the 
0g flame was much weaker than that of the 1g flame. 

Figure 13 shows the calculated structure of a near-
extinguishment-limit 0g-flame in the 30 % O2 in N2 
mixture with 33% CO2 added to the oxidizer.  The high 
CO2 mole fraction shows the highly diluted reaction 
zone.  The heat-release rate, velocity, temperature, and 
local equivalence ratio at the reaction kernel were q& k = 
78.1 J/cm3s, |vk| = 0.142 m/s Tk = 1424 K, and φlocal = 
0.61, respectively.  The gas velocity increases in the hot 
zone due to thermal expansion and is directed toward 
the low-speed wake behind the cup burner, thus 
forming a recirculation zone.  The fuel-oxidizer mixing 
occurred over the stand-off distance of ≈6 mm, which 
converts to the residence time of ≈0.06 s.  The heat-
release rate contours show a hook-shaped flame base 
with the reaction kernel, which resembles to that in jet 
diffusion flames in coflowing air in 1g studied 
previously20.  The flame tip opened as the extinction of 
the trailing flame occurred as the heat-release rate 
decreased downstream and radiative heat losses became 
substantial (~37% at z = 10 mm). 

Figure 14 shows the variations of the calculated 
variables across the reaction kernel of the near-limit 0g 

flame.  The flame structure resembled the near-limit 1g 
flame (Fig. 10), except that the reaction rates and heat-
release rate halved.  As a result of the vigorously 
burning reaction kernel inside the incoming flammable 
mixture flow, the radial distributions of the species 
mole fractions show a unique flame structure, where 
the fuel-side variations are somewhat mirrored on the 
air side with the leftover fuel.  This trend was also 
observed previously33 in the edge diffusion flame 
propagating through the flammable mixture layer in the 
fuel jet. 

The practical relevance of the current findings to 
space fire suppression is the fact that fire spread over 
condensed fuel surfaces and extinguishment of such 
fires relate to the attachment and blowoff processes of 
edge diffusion flames as represented by the cup-burner 

Fig. 14 Calculated variables across the reaction 
kernel of a methane flame in 30%O2 in N2 mixture
with 33% added CO2 at 0g.  zk = 5.93 mm.  (a) Mole 
fractions, temperature, (b) production rate, and 
heat-release rate.

Fig. 13 Calculated structure of a methane flame in 
30%O2 in N2 mixture with 33% added CO2 at 0g. 

 contours:  2, 20, and 80 J/cmq& 3s. 
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flame.  During the blowoff process of 0g flames caused 
by dilution with the inert gas, the reaction-kernel 
temperature decreased moderately, whereas the velocity 
and the heat-release rate decreased more substantially.  
This result suggests that the reaction kernel shifted 
downstream to seek a location where the residence time 
(which depends on the reciprocal of the velocity) is 
sufficient for the longer chemical reaction time (which 
depends on the reciprocal of the reactivity) caused by 
dilution (lower oxygen concentration).  Therefore, the 
overall mechanism of the flame-base movement is 
based on the subtle balance between the chemical time 
and the residence time at the reaction kernel, not the 
trailing diffusion flame.  This reaction kernel 
hypothesis 19-21 has been proposed for the lifting 
process of jet diffusion flames as a result of an increase 
in the coflowing air velocity.  A main difference is that, 
unlike the dilution process, increasing the coflowing air 
velocity increased the peak reactivity (the “blowing 
effect”) and pushed further the reaction-kernel 
downstream at higher velocities. 

CONCLUSIONS 
The laboratory and aircraft experiments and 

numerical simulations with full chemistry have 
revealed the flame structure and extinguishment 
behavior of laminar methane diffusion flames in co-
flowing normal or oxygen-enriched air in the cup-
burner configuration under 1g and 0g conditions.  In 
1g, the buoyancy-induced flow acceleration in the hot 
region downstream resulted in the inward air 
entrainment into the wake behind the cup burner, thus 
inclining the burner-rim-attached edge diffusion flame 
inwardly.  As the agent (CO2) was added to the 
oxidizer, the flame base detached and pushed inwardly 
above the burner toward the more squeezed flow zone 
in search of a new stabilizing point.  By contrast, in 0g, 
the attached flame zone was upright due to lack of 
buoyancy-induced flow and detached axially 
downstream at relatively low velocities with the tip of 
the flame opened due to extinction in the downstream 
portion by radiative heat losses.  In both 1g and 0g, the 
reaction kernel (a peak reactivity spot) at the edge 
diffusion flame is responsible for both the trailing 
diffusion flame holding and extinguishment via blowoff 
processes. 

The minimum extinguishing concentrations of CO2 
doubled in the 30 % O2 in N2 mixture compared to 
those in air at 1 atm and 0.7 atm in 1g tests.  The MEC 
of CO2 in air at µg was ~36 % higher than that in 1g.  
Further aircraft testing is needed for oxygen-enriched 
conditions.  Fire suppression for space fires would 
become practically difficult if the MEC value 
approached to 40 %. 
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