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Abstract - The axisymmetric methane-air counterflow flame was simulated to
investigate changes in the flame structure due to the fuel concentration and to evaluate
the numerical method. The global strain rates ag= 20, 60, 90 s and the mole fractions
of methane xm= 20, 50 and 80% in the fuel stream were taken to be numerical
parameters. The axisymmetric simulation was conducted by using the Fire Dynamics
Simulator (FDS) which employed a mixture fraction combustion model, and the results
were compared with those of OPPDIF, which is an one-dimensional flamelet code and
includes detail chemical reactions. In all the cases tested, there was good agreement in
the temperature and axial velocity profiles between the axisymmetric and
one-dimensional simulations. It was shown.that the flame thickness and peak flame
temperature increase and the flame radius decreases as the fuel concentration increases.

Key words : methane-air counterflow flame, microgravity, fuel concentration, global
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. INTRODUCTION extinction mechanism of diffusion flames is
important in development of fire
Understanding  the  structure  and suppression  agents. The  nonpremixed
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counterflow flame = obtained from a simple
experimental. apparatus has been studied
for fire suppression agents (e.g., Hamins et
al.[1]). OPPDIF[2}, a program for
computing opposed-flow diffusion flames
and a part of CHEMKIN{3], and -an
one-dimensional flamelet code based on a
similarity solution by neglecting buoyancy,
has been utilized in many counterflow
flame - studies (e.g., Maruta et -all4]).
Although it provides results of complex
chemical reactions including species ‘mass
fraction, information on the axisymmetric
flame is not available. OPPDIF is
applicable to problems where bouyancy is
hegligible such. as in  microgravity
conditions. Meanwhile the Fire Dynamics
Simulator(FDS)[5], developed for three-
dimensional transtent fire simulations,
provide information on flame structure such
as flame shape and ternperature distribution
in  multidimensional  situations.  Park[6]
applied FDS with a direct numerical
simulation to the methane-air counterflow
flame and showed that FDS is capable of
predicting the counterflow flames in normal
and zero gravity. Further evaluation of the
method in a wide range of fuel
concentration is in need. The objectives of
this study are, through the axisymmetric
éimulations by using FDS, to investigate
the counterflow flame structure for fuel
concentrations, ~ and to evaluate FDS
further. Comparisons were made between
the results of FDS and those of OPPDIF.
The effects of fuel concentration on the
flame thickness and its radius were also
investigated.

Il. METHODOLOGY

P The counterflow burner has two
opposing ducts separated by 15 mm as
shown in Fig. 1. The fuel is supplied
through the fuel duct, and air flows in the
oxidizer duct. The diameter of each duct is
15 mm, and its thickness is 05 mm.
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Combustion takes place iIn quiescent
nitrogen gas. The oxidizer is pure air, and
the fuel is composed of a mixture of
methane and nitrogen.

The top hat velocity profile[7] was
imposed at the duct exits, and the no slip
condition on the duct walls. The
temperature of the -fuel and air streams
was set to 25°C. Since the results obtained
by axisymmetric simulations with FDS are
compared with those of OPPDIF[2] in
which buoyancy is neglected, the gravity
was set to zero in FDS, The radiation loss
was not included in both FDS and OPPDIF
since it is small[4].

v , compunational domam-
A {40 mm x 40 mm).
0.5 mm
ar oxtdizer duct,

Fig.. 1 The counterflow biirner and
computational domain.

'Following the prévious study of Parkl1],
the computational domain ‘was taken to be
40 -mm. x40 mm, and  a- uniform grid
spacing of 05 mm x. 0.5 mm. Since a
steady’ staté flame was obtained in about
0.7 s, the -average 'temperature and axial
velocity along.” the- centerline(y-axis) were
calculated from the instaritaneous values of
08-10 s. The solution procedures are
described in ‘McGrattan' et -al.[5] and Park
and Hamines[6].

For given global strain rate a, and fuel
concentration Xm, the air’ velocity Va and
the fuel velocity Vg at the duct exits are
calculated from the definition of the global
strain  rate, ag=—2Vall-Vere/Vara®V/L,
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where Va= -Vr, ra is the density of air,
and 1F is the density of the fuel (methane
and nitrogen mixture) at 1 atm and 25°C.
Computations were carried out for each
combination of the two  numerical
parameters, the strain rate of ag= 20, 60, 90
s, and the mole fraction of methane in

the fuel stream, xm= 20, 50, 80%.
{Il. RESULTS AND DISCUSSION
31 a;=20s"

The flames at ag= 20 s, obtained by
FDS, are compared for the mole fracion of
CH; in the fuel stream, xm= 20% and 80%
in Fig. 2. The flame of the richer fuel
concentration is thicker and the flame
radius is smaller compared with the flame
of the leaner fuel concentration.

(a) xm= 20%

(b)) Xm= 80%
Fig. 2 Flames for ag= 20 s (FDS).
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To see the changes in flame thickness
and radius with the fuel concentration
more clearly, the isotherms were plotted in
Fig. 3. Each line is of 100°C increment.
The innermost isotherm, which represents
1000°C, shows that increasing the mole
fraction of methane increases the flame
thickness, but decreases the flame radius.
Note that comparisons of the flame shape
or isotherms between FDS and OPPDIF
are not possible since OPPDIF simulates
the flame in one-dimension only.

In Fig. 4, the profiles of temperature and
axial velocity along the duct centerline
(y-axis in Fig. 1) for xm= 20, 50 and 80%
at ag= 20 s were compared between FDS
and OPPDIF. Both the temperature and
axial velocity are in excellent agreement
except for the temperature of xm= 80%.

(b) xm= 80%

Fig. 3 Isotherms for ag= 20 s (FDS).
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.Fig. 4 Comparison of temperature and
 axial velocity profiles for ag=
20 st

The theoretical peak flame temperature is
2227 KIB8l, and FDS predicted 2200 K
while OPPDIF did 2062 K for the undiluted
methane (xm»= 100%). This may imply that
the higher peak temperature of FDS is
better predicted compared with OPPDIF.
The temperature profiles also show that
the peak flame temperature increases with
the fuel concentration and that the flame
position slightly moves towards the upper
oxidizer duct with Xm.

._47_

32 ag= 60 s

Fig. 5 compares the flames for xm= 20%
and 80% at a;= 60 s”'. The fuel-rich flame
is thicker and the flame radius is smaller
than the fuel-lean flame.

(@) xm= 20%

(b) xm= 80%

Fig. 5 Flames for a;= 60 s (FDS).

Fig. 6 depicts the isotherms of the two
flames. It can be seen that the flame
thickness increases and the flame radius
decreases with increasing X, from the
innermost isotherm of 1000°C, similarly to
the lower strain rate case of a,= 20 s™.

Fig. 7 is the profiles of temperature and
axial velocity along the duct centerline for
the mole fraction of methane in the fuel
stream, xm= 20, 50 and 80%, at ag= 60 s
Both the temperature and axial velocity are
in very good agreement between FDS and
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OPPDIF. The. peak flame temperature of
FDS is higher than that of OPPDIF, and
FDS may predict it better than OPPDIF as
mentioned in the case of ag= 20 s It is
confirmed that the peak flame temperature
increases with X, The flame position
remains at the midplane hetween the two
ducts in spite of different Xm.

Distance from Fuel Duct (mm)

Fig. 7 Comparison of temperature and
axial velocity profiles for a,=
60 st

methane in the fuel stream is similar to
those of the two lower strain rate cases.
The temperature profiles of FDS in Fig.
10 agree well with those of OPPDIF for
the three fuel concentrations, and X, does
not change the flame position. Discrepancy
in the axial velocity profiles in the high
temperature region between = FDS and
OPPDIF is noted at xm= 50% and 80%.

33 ag= 90 5™

As shown in Figs. 8 and 9, when the
strain rate is 90 s’l, the flames are
stretched in the radial direction more than
the two lower strain rates of a,= 20 and
60 s?. This is caused by increase in the
velocity at duct exits with strain rate a,.
The variation in the flame thickness and
flame radius with the mole fraction of
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(a) xm= 20%

(b) xm= 80%

Fig. 8 Flames for az= 90 s (FDS).

IV. CONCLUSIONS

The flame structure of the nonpremixed
nitrogen diluted counterflow methane-air
flames were investigated using FDS for
the mole fractions of methane in.the fuel
stream, 20, 50, 80% at each strain rate of
20, 60, and 90 s The results of
axisymmetric simulations were ‘- compared
with those of one-dimensional simulations
with OPPDIF. The temperature and axial
velocity profiles along the duct centerline
of FDS agreed well with those of OPPDIF.
The flames and isotherms obtained by FDS
showed that increasing fuel concentration
increases the flame thickness and peak
flame temperature, and decreases the flame
radius in all the three strain rate cases.
The flame position remained unchanged at
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the midplane between the two ducts at
moderate strain rates, ag;= 60 and 90 s,
while the flame moved slightly towards the
oxidizer duct at low strain rate, ag= 20 s,
when the fuel concentration increased.

(a) xm= 20%

(b) Xm™ 80%

Fig. 9 Isotherms of a;= 90 s (FDS).
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NOMENCLATURE

global strain rate,
~2VAl1-Vre®?/Vara®I/L
separation distance between two
ducts, 15 mm

air veloéity at duct exit

fuel velocity at duct exit

fuel ' concentration ‘(mole fraction
of methane in fuel stream)
density of air

density of fuel
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