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Computed Flammability Limits of Opposed-Jet H,/O,/CO,
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 flame over the entire range of flammable stretch rates. The flame 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 flammability 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 flame is not possible, is demonstrated. Low-stretch diffusion flames at low pressures are unusually thick,
with flame temperatures substantially below those of the adiabatic flames. This large temperature drop results
from the combined effect of flame radiation and limited gas residence time in the flame, 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 flames.

Nomenclature

= stretch rate (velocity gradient on the fuel side)
= constant-pressurespecific heat
= multicomponentdiffusion coefficient
= thermal diffusion coefficient
enthalpy

I = radiative intensity

P = pressure

= pressure path length

= radiative heat flux

= direction along a ray
temperature
nondimensionalradial velocity
axial mass flux

= diffusion velocity

molecular weight

mole fraction

mass fraction

axial direction

mean line width to spacing ratio
= line half-width

= line spacing parameter

= mean absorption coefficient

= heat conduction coefficient

= viscosity or direction cosine
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v = wave number
0 = density

T = transmittance
10} = production rate
Subscripts

b = blackbody

C = collision

D = Doppler

k = species index
400 = oxygen side
—oo = fuel side

Introduction

OMBUSTION of hydrogen with 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 flame structure and extinction limits
have been carried out both experimentally and theoretically using
opposed-jet (counterflow) geometry. In this configuration, an ap-
proximately one-dimensionallaminar flame can be achieved, which
simplifies the theoretical description. The literature on counterflow
hydrogen-oxygen diffusion flames is abundant. A recent paper' has
summarized many experimentalresults, and comparisonshave been
made with the available theoretical calculations. It contains most 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 insufficient gas residence
time at large stretch rates. The blowoft limit is obviously important
in high-speedflow and in high-intensity turbulent flames containing
flamelets. On the other hand, diffusion-flame extinction due to heat
losses (e.g., radiation)is a relatively newly studied phenomenonthat
occurs in weak flames. The recentactivity in microgravity combus-
tion has been instrumental in incorporating radiation into the flame
models??

To achieve a radiatively quenched limit, one generally needs
to slow convection in a flame. One such flame with simple one-
dimensional configuration is the opposed-jetdiffusion flame at low
stretch rates.*~!® These studies show that the extinction boundary
consists of two branches: the high-stretchblowoff branch due to in-
sufficient residence time and the low-stretch quenched branch due
to radiative loss. The merging point of these two branches defines a
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fundamentallimitbeyond which diffusionflames cannotexist at any
stretch rate. For example, if the extinction boundary is plotted using
stretchrate and ambient oxygen percentageas coordinates, this limit
is the lowest oxygen percentage to sustain a diffusion flame. The
fundamental limit is a conservative index from the point of view
of fire safety because, beyond it, the flame 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 generally outside 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 influence
of stretch and radiation. Therefore, an accurate computation of 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 flames
can be divided into several groups: 1) global kinetics with gray
surface radiative loss [for solid polymethylmethacrylate (PMMA)
fuel];* 2) narrowband gas radiation model for gaseous species with
global kinetics (for solid PMMA fuel),”*® and 3) detailed kinetics
with optically thin flame radiation for methane.”® Although all of
these works appearto give the correct extinctiontrend and hence the
essential physics, quantitativelymuch can be improved. It is known
that global kinetics lack the accuracy to make quantitative predic-
tion (unfortunately,for most complex solid fuels, detailed gas-phase
kinetics are not completely understood). On the other hand, the use
of an optically thin radiation model has been shown to overpredict
flame radiative loss.>!! Self-absorption from gaseous species ren-
ders the flame nonoptically thin. It appears that a combination of
detailed kinetics with a narrowband radiation model provides the
best match at this time.

The first work using this combination is that by Daguse et al.’
They studied nitrogen-dilutedhydrogen diffusion flame with air at
1 atm pressure. Both high-stretch and low-stretch extinction limits
are determinedin the computation.Results using this combinationin
anotherflame geometry, thatis, flame ball in microgravity,have been
computed.'? The present work studies theoretically the hydrogen—
oxygendiffusion flame, but with carbondioxideas a diluentand at a
low pressure. This choiceis based on the following objectives: First,
carbon dioxide is a strong radiation-participatng gas. By varying
the amount of carbon dioxide, the effect of flame radiation can be
studied more readily. Note that carbon dioxide has been used as a
practical flame-extinguishingagent. Second, there is interest in the
fire safety aspect of hydrogen as a feedstock of methane production
in the proposed in-situ resource utilization scheme in the future
exploration of Mars.!* 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
flame. The low-pressure condition also requires a special treatment
of the radiation model.

Mathematical Formulation

The flame configuration consideredis a counterflow, axisymmet-
ric laminar diffusion flame, stabilized near the stagnation plane of
two opposing jet flows. Two equivalentformulations of the problem
existin the literature!*: one specifying the flame stretchrate and the
other the jet exit velocity and nozzle separation distance. The con-
stant stretch rate formulationis utilized in this paper. If one assumes
that the density p, temperature 7', mass fractions Y, nondimen-
sional radial velocity U, and axial mass flux V are functions only of
the axial direction y, then the resulting equations are'’

Continuity:

dv
— +2palU =0 )
dy

Momentum:
dU d dU
v — (=) —a(p - pU?) =0 2
O dy(ﬂdy> a(ps — pU) @)
Energy:
a7 d (. dT - dT
Ve,— ——|A— ) + Y/ Vicy | —
dey dy( dy) (;P ke Vi pk) dy
K dq
+ ) oh+—=0 3
; e + 5 3)
Species:
dy, d
V—+ —(pY Vi) — ix =0, k=1,....K 4
dy dy
The equation of state is
p=(PW/RT) ®)

where W is the mixture molecular weight given by

K Y, -
W= ZWk (©)

The diffusion velocities are defined as

K

1 dXx, DI 1dT
v = > W Dy—L - L~ —
X W ITKTqy T Y, T dy

j=1

@)

where Dy; is the multicomponent diffusion coefficient, D] is the
thermal diffusion coefficient, X; is the mole fraction, and W, is the
molecular weight of kth species.

The boundary conditions for the preceding equations are

T (+00) = Tio ®)
T(~00) = T-w ©)
Yi(+00) = Yy 400, k=1,...,K (10)
Y, (—00) = ¥, ., k=1,....K an
U(—oc0) =1 (12)

U(+00) = (p-co/psoc)? (13)
Vy=0)=0 (14)

Fuel and oxidizerjets are located at negative and positive infinity,
respectively. The same mole fraction of CO, dilution at both the
hydrogenand the oxygen sidesis assumed. The inlet temperature of
reactantsis 300 K. Note that the quantity a in Egs. (1) and (2) is the
fuel-side stretch rate, consistent with the boundary conditions given
in Eqgs. (12) and (13). The stagnationpointis at y = 0 as indicated in
Eq. (14).The last termin the energy equation (3), dg, /dy, represents
the contribution from flame thermal radiation. The treatment of this
term is given in the next section.

Narrowband Radiation Model

A comparison of different treatments for one-dimensional diffu-
sion flames 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 strength distributionis used to calculate the radia-
tive propertiesof the participating gases assumed in the calculations
(CO, CO,, and H,0). A particularfeature of the presenttreatmentis
that, in the transmittance calculations, both the Doppler broadening
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and the collision broadening are considered. For flames at normal
Earth atmospheric conditions, the collision broadening is the most
important broadening mechanism. 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 transmittancet of ahomogeneousgas column with combined
collision and Doppler broadeningis given by Ref. 16:

1
7
T = exp(—kpl\/ 1—0°% ) (15)

-2

0 =[1—Xc/kpt?] 7 +[1 = Xp/kpD?] " =1 (16)

In these expressions, k is the mean absorption coefficient and pl is
the pressure path length. X and X are the equivalent widths for
collision and Doppler broadening, respectively.

The collision equivalent width X is given by

Xe = B/m)(V1+ Qrkpl/B) — 1) (17)

where B =2y /8 is the mean linewidth to spacing ratio. The col-
lision half-widthexpression y¢ and the line spacing parameter § are
taken from Soufiani and Taine.!”

The Doppler equivalent width X, is given by Ref. 16:

Xp = 17yp ({1 + [O.589(kpl/yp)]2})% (18)

The Doppler half-width yp is calculated from the following
expression!®:

Yo = 5.94 x 107°(v/v/W )y/T/273 (19)

The preceding formulas are extended to the nonhomogeneous
case with the use of the Curtis-Godson approximation.!® 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 transmittance over a narrowband'®:

9l,(s,Q) 9t,(s' = 5)
as N as’

a
[bv(s) + [wv(sws Q)g{rv(sw g S)}

s'=s

+ / E[M} I, (s") ds’ (20)
, 08 as’

Su

When the spectral intensity /, is calculated, the radiative source
term is obtained from a double integration over the solid angle 2
and the wave number v:

dg, d
9 _c [/ wl, O, Q)dQ:|Av 1)
dy dy Av 4n

The constant-stretchopposed-jetdiffusion flame equations (1-4)
were solved coupled with the narrowband radiative transfer equa-
tion (20). The OPPDIF program by Lutz et al.?* was modified 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 Sy discrete ordinates method. A
20-direction Gaussian quadrature set was used. The radiation par-
ticipating gaseous species included are CO, CO,, and H,O; their
narrowband radiative properties were taken from Ref. 17.

The solution of the governing equations (1-4) also requires
the knowledge of transport coefficients (A, ) and the thermody-
namic properties (¢,, ¢p, hi). These data were determined us-
ing the CHEMKIN and TRANSPORT package?!:?> The chemical
productionrates wy as functions of the state variables 7', P, and Y,
have to be provided by the user. In this work, the detailed kinet-
ics scheme of CO/H,/0O, flame was taken from Kim et al.>* 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 1/s. This is compa-
rable to the values of 8140 1/s in Ref. 24 and 8060 1/s in Ref. 25,
especiallyin view of the uncertaintiesin kineticsrate constants, ther-
modynamic/ransport properties,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 first and second gradients in the solution. The difference
between the present results and the ones with much more stringent
gradient specifications 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 CO, dilution (same on the fuel and the ox-
idizer sides) as parameters. Figure 1 shows the maximum flame
temperatures as a function of stretch rates at 50% CO, dilution,
with and without the consideration of flame radiation. The first ob-
servationis that all of the burning solutionsin this figure are located
in the low-stretch regime (a <40 1/s). The second observation is
that, with radiation, the flame temperature exhibits a peak at an
intermediate stretch rate for a given CO, 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 flame temperature at the low stretch
end is due to flame radiative loss. Therefore, the flame response
to the right and the left of the intermediate stretch rate, where the
flame temperature peaks, is dominated by flame stretch and flame
radiation, respectively. Although this trend has been identified in
previous works, the use of more accurate kinetic and radiative data
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Fig. 1 Maximum temperature of H,/O, diffusion flame as a function
of stretch rate (fuel side) at a total pressure of 1.013 kPa and 50% CO,
dilution (same on the fuel and the oxygen sides), with and without the
consideration of flame radiation.
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in this paper enables the quantitative difference to be assessed with
more confidence. To further a discussion on the mechanisms of the
flame temperature drop, the curve of 50% CO, without radiation
is first examined. The computed adiabatic flame temperature for
50% CO, dilution is 1972 K. At the blowoff limit, the flame tem-
perature is 989 K. This temperature is more than 900 K below the
adiabatic value! The flame temperature increases with decreasing
stretch rate, approaching the adiabatic limit only when a < 0.1 s~
The fast kinetic approximationfails fora > 0.1 s~!, basicallyfor the
entire computed range of stretch rate shown in Fig. 1. For the no-
radiation case, the temperature reductionis the result of insufficient
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 extinction of the homogeneous systemis about0.02 s with flame
temperature of 1030 K, at a low pressure of 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 flame
temperature when the residence time exceeds 10 s. This result is
consistent with the results shown earlier that the nonradiationflame
approaches the adiabatic limit only when the stretch rate is reduced
below 0.1 s~!'. As for the curves with radiation in Fig. 1, the drop
of flame temperature at low stretch is the result of increasing radia-
tive loss. Compared with the computed values without radiation at
50% CO,, this difference can grow to be very large as stretchrate is
decreased.

The maximum flame temperatures of the radiating flames at dif-
ferent CO, dilution levels are shown in Fig. 2. For all the radia-
tion cases shown in here, the flame temperatures are quite low. The
computed adiabatic flame temperatures for 50, 60, 70, and 75%
CO, are 1972,1743,1410, and 1224 K, respectively. The reason for
the flame temperature being lower than the correspondingadiabatic
flame temperature is because of the slow chemistry at low pressure,
insufficient residence time, and radiative loss. As CO, dilutionlevel
is increased, the stretch rate at which the flame temperature peaks
moves to a smaller value. As discussed earlier, the peak of flame
temperature for a given CO, dilution can be used as an indicator
of the relative importance of radiative loss vs flame 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% CO, are shown. For the other
cases, the quenchinglimits at lower stretchrates were not computed.

Note also in Figs. 1 and 2 that although the flame extinction
temperature can be substantially below the correspondingadiabatic
flame temperature, the extinction temperatureis nearly independent
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Fig. 2 Maximum flame temperature of H,/O, diffusion flame with
radiation as a function of stretch rate at different CO; dilution levels.

of the adiabaticity of system, the extent of dilution, and the control-
ling extinction mechanisms (either stretch induced or radiation in-
duced). In fact, the extinction temperature compares quite well with
the crossover temperature, which is around 651 K at 1.013 kPa.?®
The crossover temperature is determined when the reaction rates of
two competing H-O, steps are equal:

H+ O, — OH+ 0O (22)
H+0,+M — HO, + 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 HO, 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 henceretardsthe overall reactivity. This, therefore,
explains the increase of the crossover temperature with increasing
pressure. Because this limiting temperature representsthe transition
in dominancebetween chain-branchingand chain-terminationreac-
tions, it is expected that abrupt extinction should occur whenever
the flame temperatureis reduced close to the crossovertemperature.
The remarkable agreementbetween the extinctionand the crossover
temperatures signifies the resilience of the hydrogen-oxygen flame
to extinction.

The flammability 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 CO, dilution level
is increased, the flame can still be made flammable at lower stretch
rates. Furthermore, it is seen that the adiabatic system would cease to
be flammable only when the CO, dilution is beyond 90% (obtained
by extrapolatingthe stretchrate to zero). With radiation,low-stretch
quench limits exist and the trend of the extinction boundary is al-
tered. This behavior helps to define an absolute CO, dilution level
above which flame cannotexistat any stretchrate. The existenceand
the determination of this dilution level can be important from the
pointview of fire safety. For the presentdiffusionflame at 1.013 kPa
and an upstream temperature of 300 K, this dilution limit is 81%
CO,, equally from the fuel and the oxygen sides.

As seen in Fig. 2, the flame temperature curves relative to stretch
rate exhibit a maximum for a given CO, percentage. The locus of
this maximum flame temperatureis plotted along with the extinction
boundary in Fig. 3. In the region bounded by this locus and the
blowoff boundary, flame behavior is dominated by flame stretch.
On the other hand, in the region bounded by this locus and the
quenching boundary, the flame behavioris dominated by radiation.
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Fig. 3 Flammability boundary of H,/0,/CO; opposed-jet diffusion
flame with and without consideration of flame radiation (total pressure =
1.013 kPa; upstream temperature = 300 K).
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As mentioned earlier, the quenching limits for CO, less than 70%
were not computed because they occur at very low stretch rates.

Flame Structure

The flame structure at a low stretchrate (a =3 s~!, 50% CO,) for
cases with and without radiation are shown in Fig. 4. In this and the
following figure, the distance (Y;) is measured from the stagnation
point. The flame is about 15 cm thick (measured at the intermediate
temperature).In contrast,a PMMA solid diffusion flame at the same
stretch rate was found to have a flame thickness of approximately
2 cm in experiments performed at 1 Earth atm pressure.'” The un-
usual flame thickness in the present case is the combined result of
low pressure (1% of Earth atm), high diffusivity of hydrogen, and
low flame stretch. To be able to have a one-dimensional flame 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 H, and
0O, is of the order of 10 cm. Hydrogen peaks near the stagnation
point on the fuel side of the flame, whereas O and OH are aligned
closer to the temperature peak on the oxygen side away from the
stagnation point. The concentrationsof O and OH show substantial
sensitivity to radiation treatments (through temperature difference
in the two cases), whereas the H concentrationis less sensitive.

Comparing the cases with and without radiation, the radiative
flame temperature is about 200 K lower than that of the adia-
batic value. In addition, the radiative flame 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 CO, (the
characteristiclength for flame radiation is considerablylonger than
that for conductionor diffusion). Interestingly, the CO, profile has a
peak and a valley and CO also exists in the flame. CO, is not totally
chemically inert. It can be converted to CO in the high-temperature
part of the flame. A check of the production rates for the relevant
reactions involving CO and CO, shows that the conversion of CO,
to CO is mainly due to the reaction CO, +H — CO + OH. This
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Fig. 4 Flame structure ata =3 s~! and 50% CO, dilution, with and
without consideration of flame radiation.
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behavior also was found in Ref. 27, but for different conditions.
The roles of CO, are not limited to radiation and dilution, but also
include some degree of chemical participation.

One of the unusual findings in the calculation is the existence
of very thick diffusion flames. The diffusion flame thickness is of
the order (D /a)!'/?, where D is the mixture diffusion coefficient.
Because D is inversely proportional to pressure, P, the thicknessis
proportionalto (Pa)~'/2. Both low stretch and low pressure promote
a thick diffusion flame. To be able to use the one-dimensionalflame
approximationin an experiment, one will need to have a flame with
width-to-thicknessratio much greater than unity. If the flame is to
be generated using two opposing nozzles, a large nozzle diameter,
much larger than the flame thickness, is needed. Although this setup
would be unusually large scale, it is feasible. If, in an experiment,
the flame width-to-thickness ratio is not big enough, lateral heat
conduction will exist at the flame edges, which clearly requires a
multidimensional flame model.?*? On the other hand, since the
extinction of low-stretch flames is by heat losses, the existence of
this additional lateral heat conductive loss will render the flame
less flammable than the corresponding case of a flame with large
width-to-thickness ratio (which has only radiative loss). Thus, the
computed one-dimensional case provides an upper limit in terms of
flammability, which is useful from the point of view of fire safety.
In addition, these thick low-stretch and low-pressure flames can be
good candidates for experimental flame 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 investigated by performing several radiation
calculations using the calculated flame profile (as seen in Fig. 4) at
357" and 50% CO, dilution. The radiative source profiles 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 radiative energy
in the high-temperature part of the flame 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 flame, and there the two pro-
files 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 flame.
Consequently, Dopplerbroadeninghas to be consideredbesides col-
lisionbroadeningin the radiation model at sufficiently low pressure.
If anopticallythinradiationmodelis used, the netradiationemission



908 SHIH ET AL.

will be overestimatedand the absorption (mostly self-absorption)is
neglected!!

Conclusions

In this numerical work, the one-dimensional diffusion flame of
H, and O, have been solved with CO, as diluent. By coupling a nar-
rowband radiation model with the OPPDIF program,a computation
tool is made available to study the flame behavior and to explore
the flammability limits with improved accuracy, especially at low
flame 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
CO, dilution levels are equal on both the fuel and the oxygen sides
and are treated as a parameter in the computation together with the
flame stretch rate.

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

Although the qualitativetrends shown in this work are believedto
be correct, the accuracy of the quantitativeresults will depend on the
data used. Clearly, if these data are refined in the future, improved
flame prediction can 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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