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Computed Flammability Limits of Opposed-Jet H2/O2/CO2

Diffusion Flames at Low Pressure

Hsin-Yi Shih,¤ Hasan Bedir,† James S. T’ien,‡ and Chih-Jen Sung§

Case Western Reserve University, Cleveland, Ohio 44106

A narrowband radiation model is coupled to the OPPDIF program to enable the study of one-dimensional
hydrogen–oxygen diffusion � ame over the entire range of � ammable stretch rates. The � ame characteristics and
the extinction limits at a low pressure of 1.013 kPa are sought, with the amount of carbon dioxide dilution level
and stretch rate as parameters. The conditions studied are particularly relevant to Mars exploration. In addition,
a � ammability map is presented using these two parameters as coordinates. Both the high-stretch blowoff and the
low-stretch quenching limits are found. The existence of an absolute carbon dioxide dilution limit, above which the
diffusion � ame is not possible, is demonstrated. Low-stretch diffusion � ames at low pressures are unusually thick,
with � ame temperatures substantially below those of the adiabatic � ames. This large temperature drop results
from the combined effect of � ame radiation and limited gas residence time in the � ame, and may be particular to
the hydrogen–oxygen chemical kinetics. One of the novel features of the application of the narrowband radiation
model is the inclusion of Doppler broadening, which is shown to be important in low-pressure � ames.

Nomenclature
a = stretch rate (velocity gradient on the fuel side)
C p = constant-pressurespeci� c heat
D k j = multicomponentdiffusion coef� cient
DT = thermal diffusion coef� cient
h = enthalpy
I = radiative intensity
P = pressure
pl = pressure path length
qr = radiative heat � ux
s, s 0 = direction along a ray
T = temperature
U = nondimensionalradial velocity
V = axial mass � ux
v = diffusion velocity
W = molecular weight
X = mole fraction
Y = mass fraction
y = axial direction
¯ = mean line width to spacing ratio
° = line half-width
± = line spacing parameter
· = mean absorption coef� cient
¸ = heat conduction coef� cient
¹ = viscosity or direction cosine
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º = wave number
½ = density
¿ = transmittance
! = production rate

Subscripts

b = blackbody
C = collision
D = Doppler
k = species index
C1 = oxygen side
¡1 = fuel side

Introduction

C OMBUSTION of hydrogenwith oxygenhas been the research
topic in numerous studies both because of its importance as a

practical fuel in propulsion systems and because it is an important
intermediate in the burning of hydrocarbons. Fundamental studies
of hydrogen–oxygen diffusion � ame structure and extinction limits
have been carried out both experimentally and theoretically using
opposed-jet (counter�ow) geometry. In this con� guration, an ap-
proximatelyone-dimensionallaminar � ame can be achieved,which
simpli� es the theoretical description. The literature on counter�ow
hydrogen–oxygendiffusion� ames is abundant.A recent paper1 has
summarizedmany experimentalresults, and comparisonshave been
made with the available theoretical calculations. It containsmost of
the relevant background and is not repeated here. In these previ-
ous studies, the emphasis on the extinction phenomena was on the
blowoff limits, that is, extinction due to insuf� cient gas residence
time at large stretch rates. The blowoff limit is obviously important
in high-speed� ow and in high-intensityturbulent � ames containing
� amelets. On the other hand, diffusion-�ame extinction due to heat
losses (e.g., radiation)is a relativelynewly studiedphenomenonthat
occurs in weak � ames. The recent activity in microgravity combus-
tion has been instrumental in incorporating radiation into the � ame
models.2;3

To achieve a radiatively quenched limit, one generally needs
to slow convection in a � ame. One such � ame with simple one-
dimensional con� guration is the opposed-jetdiffusion � ame at low
stretch rates.4¡10 These studies show that the extinction boundary
consists of two branches: the high-stretchblowoff branch due to in-
suf� cient residence time and the low-stretch quenched branch due
to radiative loss. The merging point of these two branches de� nes a
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fundamentallimit beyondwhich diffusion� ames cannotexist at any
stretch rate. For example, if the extinctionboundary is plotted using
stretch rate and ambientoxygenpercentageas coordinates,this limit
is the lowest oxygen percentage to sustain a diffusion � ame. The
fundamental limit is a conservative index from the point of view
of � re safety because, beyond it, the � ame cannot exist regardless
of the dynamic condition (e.g., stretch rate). These previous stud-
ies also show that the fundamental limit occurs at a relatively low
stretch rate, which is generallyoutside the range of most laboratory
experiments. From a theoretical point of view, the merging point of
the two extinction branches is the result of the combined in� uence
of stretch and radiation. Therefore, an accurate computationof this
limit condition requires accurate transport, kinetic, and radiation
treatments and the inclusion of low-stretch regime.

Depending on the detailed treatment of chemical kinetics and ra-
diation, past computational works of low-stretch diffusion � ames
can be divided into several groups: 1) global kinetics with gray
surface radiative loss [for solid polymethylmethacrylate (PMMA)
fuel],4 2) narrowband gas radiation model for gaseous species with
global kinetics (for solid PMMA fuel),5;6 and 3) detailed kinetics
with optically thin � ame radiation for methane.7;8 Although all of
these works appear to give the correct extinctiontrend and hence the
essentialphysics, quantitativelymuch can be improved. It is known
that global kinetics lack the accuracy to make quantitative predic-
tion (unfortunately,for most complex solid fuels, detailedgas-phase
kinetics are not completely understood).On the other hand, the use
of an optically thin radiation model has been shown to overpredict
� ame radiative loss.9;11 Self-absorption from gaseous species ren-
ders the � ame nonoptically thin. It appears that a combination of
detailed kinetics with a narrowband radiation model provides the
best match at this time.

The � rst work using this combination is that by Daguse et al.9

They studied nitrogen-dilutedhydrogen diffusion � ame with air at
1 atm pressure. Both high-stretch and low-stretch extinction limits
are determinedin thecomputation.Results usingthis combinationin
another� ame geometry,that is, � ame ball in microgravity,havebeen
computed.12 The present work studies theoretically the hydrogen–
oxygendiffusion� ame, but with carbondioxideas a diluentand at a
low pressure.This choice is based on the followingobjectives:First,
carbon dioxide is a strong radiation-participating gas. By varying
the amount of carbon dioxide, the effect of � ame radiation can be
studied more readily. Note that carbon dioxide has been used as a
practical � ame-extinguishingagent. Second, there is interest in the
� re safety aspect of hydrogen as a feedstock of methane production
in the proposed in-situ resource utilization scheme in the future
exploration of Mars.13 Carbon dioxide is the main component of
the Martian atmosphere, and the average atmospheric pressure on
Mars is about 0.01 of Earth’s atmospheric pressure. The chosen
diluent in this theoretical study is therefore carbon dioxide and the
pressure is 1.013 kPa. As will be seen later, the combination of
low pressure and low stretch results in an unusually thick diffusion
� ame. The low-pressure condition also requires a special treatment
of the radiation model.

Mathematical Formulation
The � ame con� gurationconsidered is a counter� ow, axisymmet-

ric laminar diffusion � ame, stabilized near the stagnation plane of
two opposing jet � ows. Two equivalentformulationsof the problem
exist in the literature14: one specifying the � ame stretch rate and the
other the jet exit velocity and nozzle separation distance. The con-
stant stretch rate formulation is utilized in this paper. If one assumes
that the density ½ , temperature T , mass fractions Yk , nondimen-
sional radial velocityU, and axial mass � ux V are functions only of
the axial direction y, then the resulting equations are15
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where Dk j is the multicomponent diffusion coef� cient, DT
k is the

thermal diffusion coef� cient, Xk is the mole fraction, and Wk is the
molecular weight of kth species.

The boundary conditions for the preceding equations are

T .C1/ D TC1 (8)

T .¡1/ D T¡1 (9)

Yk .C1/ D Yk;C1; k D 1; : : : ; K (10)

Yk .¡1/ D Yk;¡1; k D 1; : : : ; K (11)

U .¡1/ D 1 (12)

U .C1/ D .½¡1=½C1/
1
2 (13)

V .y D 0/ D 0 (14)

Fuel and oxidizer jets are located at negativeand positivein� nity,
respectively. The same mole fraction of CO2 dilution at both the
hydrogenand the oxygen sides is assumed. The inlet temperatureof
reactants is 300 K. Note that the quantity a in Eqs. (1) and (2) is the
fuel-side stretch rate, consistentwith the boundaryconditionsgiven
in Eqs. (12) and (13). The stagnationpoint is at y D 0 as indicated in
Eq. (14).The last term in the energyequation(3), dqr =dy, represents
the contributionfrom � ame thermal radiation. The treatment of this
term is given in the next section.

Narrowband Radiation Model
A comparison of different treatments for one-dimensionaldiffu-

sion � ames has been made in Ref. 11. Optically thin and gray mod-
els have been shown to be inadequate for quantitative predictions.
In this work, a statistical narrowband model with the exponential
tailed inverse line strengthdistributionis used to calculatethe radia-
tive propertiesof the participatinggases assumed in the calculations
(CO, CO2, and H2O). A particularfeatureof the present treatment is
that, in the transmittancecalculations,both the Doppler broadening
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and the collision broadening are considered. For � ames at normal
Earth atmospheric conditions, the collision broadening is the most
important broadeningmechanism. The collision broadening is pro-
portional to pressure and inversely proportional to the square root
of the temperature. Doppler broadening, on the other hand, is not
proportional to pressure. Therefore, at the low pressure (0.01 Earth
atm) considered in this paper, the collision broadening is reduced
and the importance of the Doppler broadening is increased, as will
be shown in the following sections.

The transmittance¿ of a homogeneousgascolumnwith combined
collision and Doppler broadening is given by Ref. 16:

¿ D exp

³
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2
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In these expressions, k is the mean absorption coef� cient and pl is
the pressure path length. XC and X D are the equivalent widths for
collision and Doppler broadening, respectively.

The collision equivalent width XC is given by

XC D .¯=¼/
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where ¯ D 2¼°C =± is the mean linewidth to spacing ratio. The col-
lision half-widthexpression°C and the line spacing parameter ± are
taken from Sou� ani and Taine.17

The Doppler equivalent width X D is given by Ref. 16:
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The Doppler half-width °D is calculated from the following
expression16:
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The preceding formulas are extended to the nonhomogeneous
case with the use of the Curtis–Godson approximation.18 With this
approximation, the nonhomogeneous gas properties are obtained
from the same expressionsusing equivalent parameters.

The radiative source term in Eq. (3) is given by the nongray
radiative transport equation for an absorbing and emitting medium
written in terms of the mean transmittanceover a narrowband19:
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When the spectral intensity Iº is calculated, the radiative source
term is obtained from a double integration over the solid angle Ä
and the wave number º:
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The constant-stretchopposed-jetdiffusion � ame equations(1–4)
were solved coupled with the narrowband radiative transfer equa-
tion (20). The OPPDIF program by Lutz et al.20 was modi� ed and
utilized in the solutions. First, this program was converted from
the constant-velocity formulation to the constant-stretch formula-
tion. Second, the statistical narrowband solver was coupled with
the OPPDIF program. The nongray narrowband radiative trans-
fer equation was solved with the S8 discrete ordinates method. A
20-direction Gaussian quadrature set was used. The radiation par-
ticipating gaseous species included are CO, CO2, and H2O; their
narrowband radiative properties were taken from Ref. 17.

The solution of the governing equations (1–4) also requires
the knowledge of transport coef� cients (¸, ¹) and the thermody-
namic properties (cp , cpk , hk ). These data were determined us-
ing the CHEMKIN and TRANSPORT package.21;22 The chemical
production rates !k as functions of the state variables T , P , and Yk

have to be provided by the user. In this work, the detailed kinet-
ics scheme of CO/H2/O2 � ame was taken from Kim et al.23 with
11 species and 30 reactions. Using this set of data, a comparison
with existing results was made by performing a computation of
pure hydrogen with air at standard atmospheric condition (300 K
and 101.3 kPa) without radiation. The computed blowoff limit at
an air-side stretch rate was found to be 9155 l/s. This is compa-
rable to the values of 8140 l/s in Ref. 24 and 8060 l/s in Ref. 25,
especiallyin viewof the uncertaintiesin kineticsrateconstants,ther-
modynamic/transportproperties,and the transportdescriptions.For
instance, thermal diffusion is neglected in Ref. 24, but it is included
in the present calculation. It is further noted that thermal diffusion
tends to increase the blowoff extinction limit.

A grid independence check also has been performed. In the
OPPDIF program, variable grid distribution is used and the grid
sizes are adaptable. Grid sizes are controlled by specifying the ac-
ceptable � rst and second gradients in the solution. The difference
between the present results and the ones with much more stringent
gradient speci� cations is minimal. For example, the difference of
the maximum temperaturesin Fig. 4 is less than 4 K (out of 1230 K).
So, the present results are essentially grid independent.

Results
Computations were performed using fuel-side stretch rate and

molar percentage of CO2 dilution (same on the fuel and the ox-
idizer sides) as parameters. Figure 1 shows the maximum � ame
temperatures as a function of stretch rates at 50% CO2 dilution,
with and without the considerationof � ame radiation. The � rst ob-
servation is that all of the burning solutions in this � gure are located
in the low-stretch regime (a < 40 l/s). The second observation is
that, with radiation, the � ame temperature exhibits a peak at an
intermediate stretch rate for a given CO2 dilution. This result con-
trasts to the case without radiation,which shows a monotonic trend
with respect to stretch rate. Compared with the computed values
without radiation, this difference becomes larger as stretch rate is
decreased. Clearly, the drop of � ame temperature at the low stretch
end is due to � ame radiative loss. Therefore, the � ame response
to the right and the left of the intermediate stretch rate, where the
� ame temperature peaks, is dominated by � ame stretch and � ame
radiation, respectively. Although this trend has been identi� ed in
previous works, the use of more accurate kinetic and radiative data

Fig. 1 Maximum temperature of H2/O2 diffusion � ame as a function
of stretch rate (fuel side) at a total pressure of 1.013 kPa and 50% CO2
dilution (same on the fuel and the oxygen sides), with and without the
consideration of � ame radiation.
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in this paper enables the quantitative difference to be assessed with
more con� dence. To further a discussionon the mechanisms of the
� ame temperature drop, the curve of 50% CO2 without radiation
is � rst examined. The computed adiabatic � ame temperature for
50% CO2 dilution is 1972 K. At the blowoff limit, the � ame tem-
perature is 989 K. This temperature is more than 900 K below the
adiabatic value! The � ame temperature increases with decreasing
stretch rate, approaching the adiabatic limit only when a < 0:1 s¡1.
The fast kineticapproximationfails for a > 0:1 s¡1 , basicallyfor the
entire computed range of stretch rate shown in Fig. 1. For the no-
radiation case, the temperature reduction is the result of insuf� cient
gas residence time. Additional calculationsusing a residence-time-
limited chemical system, namely a perfectly stirred reactor, have
been carried out to further quantity the characteristic chemical re-
action time. Results show that the critical residence time leading to
the extinctionof the homogeneoussystem is about0.02 s with � ame
temperatureof 1030 K, at a low pressureof 1.013 kPa. Such a kinet-
ics limit is seen to compare quite well with the state at the blowoff
limit, in terms of either extinction stretch rate or extinction tem-
perature. Furthermore, the homogeneous calculations demonstrate
that the system temperature is within 100 K of the adiabatic � ame
temperature when the residence time exceeds 10 s. This result is
consistentwith the results shown earlier that the nonradiation� ame
approaches the adiabatic limit only when the stretch rate is reduced
below 0.1 s¡1 . As for the curves with radiation in Fig. 1, the drop
of � ame temperature at low stretch is the result of increasing radia-
tive loss. Compared with the computed values without radiation at
50% CO2, this difference can grow to be very large as stretch rate is
decreased.

The maximum � ame temperatures of the radiating � ames at dif-
ferent CO2 dilution levels are shown in Fig. 2. For all the radia-
tion cases shown in here, the � ame temperatures are quite low. The
computed adiabatic � ame temperatures for 50, 60, 70, and 75%
CO2 are 1972, 1743, 1410, and 1224 K, respectively.The reason for
the � ame temperaturebeing lower than the correspondingadiabatic
� ame temperature is because of the slow chemistry at low pressure,
insuf� cient residence time, and radiative loss. As CO2 dilution level
is increased, the stretch rate at which the � ame temperature peaks
moves to a smaller value. As discussed earlier, the peak of � ame
temperature for a given CO2 dilution can be used as an indicator
of the relative importance of radiative loss vs � ame stretch, which
we illustrated later. The vertical dashed lines in Fig. 2 indicate the
extinction limits. Although all of the blowoff limits are given, only
the quenching limits at 70 and 75% CO2 are shown. For the other
cases, the quenchinglimits at lower stretch rateswere not computed.

Note also in Figs. 1 and 2 that although the � ame extinction
temperature can be substantiallybelow the correspondingadiabatic
� ame temperature, the extinctiontemperature is nearly independent

Fig. 2 Maximum � ame temperature of H2/O2 diffusion � ame with
radiation as a function of stretch rate at different CO2 dilution levels.

of the adiabaticityof system, the extent of dilution, and the control-
ling extinction mechanisms (either stretch induced or radiation in-
duced). In fact, the extinctiontemperaturecompares quite well with
the crossover temperature, which is around 651 K at 1.013 kPa.26

The crossover temperature is determined when the reaction rates of
two competing H-O2 steps are equal:

H C O2 ! OH C O (22)

H C O2 C M ! HO2 C M (23)

Note that reaction (22) is a two-body, temperature-sensitivebranch-
ing reaction, whereas reaction (23) is a three-body temperature-
insensitive terminating reaction because the intermediate HO2 is
relatively inactive. Thus, increasing temperature facilitates reac-
tion (22) and hence the overall reactivity, whereas increasing
pressure facilitates the three-body reaction (23) over the two-body
reaction(22) and hence retardsthe overall reactivity.This, therefore,
explains the increase of the crossover temperature with increasing
pressure.Because this limiting temperature representsthe transition
in dominancebetweenchain-branchingand chain-terminationreac-
tions, it is expected that abrupt extinction should occur whenever
the � ame temperature is reducedclose to the crossovertemperature.
The remarkableagreementbetween the extinctionand the crossover
temperatures signi� es the resilience of the hydrogen–oxygen � ame
to extinction.

The � ammability map in Fig. 3 presents a more complete picture.
First, without radiation, the extinction boundary is monotonic with
respect to stretch rate. From the trend of the computed boundary,
there is no apparent low-stretch limit; when the CO2 dilution level
is increased, the � ame can still be made � ammable at lower stretch
rates.Furthermore,it is seen that theadiabaticsystemwouldceaseto
be � ammable only when the CO2 dilution is beyond 90% (obtained
by extrapolatingthe stretch rate to zero). With radiation,low-stretch
quench limits exist and the trend of the extinction boundary is al-
tered. This behavior helps to de� ne an absolute CO2 dilution level
abovewhich � ame cannotexistat any stretch rate.The existenceand
the determination of this dilution level can be important from the
point viewof � re safety.For the presentdiffusion� ame at 1.013 kPa
and an upstream temperature of 300 K, this dilution limit is 81%
CO2 , equally from the fuel and the oxygen sides.

As seen in Fig. 2, the � ame temperature curves relative to stretch
rate exhibit a maximum for a given CO2 percentage. The locus of
thismaximum� ame temperatureis plottedalongwith the extinction
boundary in Fig. 3. In the region bounded by this locus and the
blowoff boundary, � ame behavior is dominated by � ame stretch.
On the other hand, in the region bounded by this locus and the
quenching boundary, the � ame behavior is dominated by radiation.

Fig. 3 Flammability boundary of H2 /O2 /CO2 opposed-jet diffusion
� amewith andwithoutconsiderationof � ameradiation(total pressure =
1.013 kPa; upstream temperature = 300 K).
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As mentioned earlier, the quenching limits for CO2 less than 70%
were not computed because they occur at very low stretch rates.

Flame Structure

The � ame structureat a low stretch rate (a D 3 s¡1 , 50% CO2) for
cases with and without radiationare shown in Fig. 4. In this and the
following � gure, the distance (Ys) is measured from the stagnation
point. The � ame is about 15 cm thick (measured at the intermediate
temperature).In contrast,a PMMA soliddiffusion� ame at the same
stretch rate was found to have a � ame thickness of approximately
2 cm in experiments performed at 1 Earth atm pressure.10 The un-
usual � ame thickness in the present case is the combined result of
low pressure (1% of Earth atm), high diffusivity of hydrogen, and
low � ame stretch. To be able to have a one-dimensional � ame with
this thickness experimentally,a special setup is required.This setup
is discussed later.

The temperature peak is located 2 cm from the stagnation point
on the oxygen side. The region with substantial overlap of H2 and
O2 is of the order of 10 cm. Hydrogen peaks near the stagnation
point on the fuel side of the � ame, whereas O and OH are aligned
closer to the temperature peak on the oxygen side away from the
stagnationpoint. The concentrationsof O and OH show substantial
sensitivity to radiation treatments (through temperature difference
in the two cases), whereas the H concentration is less sensitive.

Comparing the cases with and without radiation, the radiative
� ame temperature is about 200 K lower than that of the adia-
batic value. In addition, the radiative � ame is narrower in the high-
temperature region. Longer tails are predicted on both the fuel and
the oxygen sides because of the radiative absorption by CO2 (the
characteristic length for � ame radiation is considerablylonger than
that for conductionor diffusion). Interestingly,the CO2 pro� le has a
peak and a valley and CO also exists in the � ame. CO2 is not totally
chemically inert. It can be converted to CO in the high-temperature
part of the � ame. A check of the production rates for the relevant
reactions involving CO and CO2 shows that the conversion of CO2

to CO is mainly due to the reaction CO2 C H ! CO C OH. This

Fig. 4 Flame structure at a = 3 s ¡ 1 and 50% CO2 dilution, with and
without consideration of � ame radiation.

Fig. 5 Divergence of radiative heat � ux based on the � ame pro� le at
a = 3 s ¡ 1 , 50% CO2 dilution.

behavior also was found in Ref. 27, but for different conditions.
The roles of CO2 are not limited to radiation and dilution, but also
include some degree of chemical participation.

One of the unusual � ndings in the calculation is the existence
of very thick diffusion � ames. The diffusion � ame thickness is of
the order .D=a/1=2 , where D is the mixture diffusion coef� cient.
Because D is inversely proportional to pressure, P , the thickness is
proportionalto .Pa/¡1=2. Both low stretchand low pressurepromote
a thick diffusion � ame. To be able to use the one-dimensional� ame
approximation in an experiment, one will need to have a � ame with
width-to-thickness ratio much greater than unity. If the � ame is to
be generated using two opposing nozzles, a large nozzle diameter,
much larger than the � ame thickness, is needed.Although this setup
would be unusually large scale, it is feasible. If, in an experiment,
the � ame width-to-thickness ratio is not big enough, lateral heat
conduction will exist at the � ame edges, which clearly requires a
multidimensional � ame model.28;29 On the other hand, since the
extinction of low-stretch � ames is by heat losses, the existence of
this additional lateral heat conductive loss will render the � ame
less � ammable than the corresponding case of a � ame with large
width-to-thickness ratio (which has only radiative loss). Thus, the
computed one-dimensionalcase providesan upper limit in terms of
� ammability, which is useful from the point of view of � re safety.
In addition, these thick low-stretch and low-pressure � ames can be
good candidates for experimental � ame structure studies because
good spatial resolution can be obtained rather easily.

Radiation Treatment

In the preceding section, it was mentioned that, at low pressures,
collision broadening decreases and Doppler broadening becomes
more important. In this section, the importance of collision and
Doppler broadening is investigatedby performing several radiation
calculations using the calculated � ame pro� le (as seen in Fig. 4) at
3 s¡1 and 50% CO2 dilution.The radiativesourcepro� les are shown
in Fig. 5 for the three different cases: case 1, combined Doppler
and collision broadening; case 2, only Doppler broadening; and
case 3, only collision broadening. The negative values of the ra-
diative source term correspond to net emission of radiative energy,
whereas positive values correspond to net absorption of radiative
energy.Case 1 shows that there is a net emission of radiativeenergy
in the high-temperature part of the � ame and net absorption at the
edges, where the temperature is lower. Comparing this case with
case 2 reveals that the Doppler broadening is dominant, especially
at the high-temperature part of the � ame, and there the two pro-
� les are similar. On the other hand, a comparison between case 1
and case 3 shows that the collision broadening alone does not give
an accurate prediction in the high-temperature region of the � ame.
Consequently,Dopplerbroadeninghas to be consideredbesidescol-
lisionbroadeningin the radiationmodel at suf� ciently low pressure.
If anopticallythin radiationmodel is used, thenet radiationemission



908 SHIH ET AL.

will be overestimatedand the absorption(mostly self-absorption)is
neglected.9;11

Conclusions
In this numerical work, the one-dimensional diffusion � ame of

H2 and O2 have been solved with CO2 as diluent.By couplinga nar-
rowband radiationmodel with the OPPDIF program,a computation
tool is made available to study the � ame behavior and to explore
the � ammability limits with improved accuracy, especially at low
� ame stretch rates.

In the computations presented, the pressure chosen is 1.013 kPa
(approximately the Martian atmospheric pressure). The upstream
temperatures are 300 K on both the fuel and the oxygen sides. The
CO2 dilution levels are equal on both the fuel and the oxygen sides
and are treated as a parameter in the computation together with the
� ame stretch rate.

Unlike the adiabatictheory,one-dimensionaldiffusion� ame with
radiation predicts the existence of an absolute CO2 dilution limit.
Above this limit, a diffusion � ame cannot exist at any stretch rate.
Below this absolute limit, there is an upper and a lower bound of
� ammable stretch rate. At 1.013 kPa, with more than 50% CO2 di-
lution, the hydrogen–oxygen diffusion � ame can be sustained only
at stretch rates lower than 40 s¡1. This behavior is due to the slow
chemical reactions at such a low-pressure level. The peak temper-
atures of these � ames are quite low, much less than the adiabatic
values. The decrease of � ame temperature is the combined result of
limited gas residence time (� ame stretch) and radiative loss. In the
� ammability map presented, the domain where the effect of � ame
stretchdominatesand the domainwhere the effect of � ame radiation
dominates are indicated.

Although the qualitativetrends shown in this work are believedto
be correct, the accuracyof the quantitativeresultswill dependon the
data used. Clearly, if these data are re� ned in the future, improved
� ame predictioncan result. It is also of interest to test the predicted
results experimentally,although a large-scale setup, a low-pressure
facility, and probably a low-gravity environment will be needed.
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