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ABSTRACT

Two new 14-step and 16-step reduced mechanisms for
methane-air combustion were developed with the emphasis on
their capabil ities to predict NO2 formation.  The systematic
reduction was carried out by assuming the quasi-steady state for
26~28 species in the starting mechanism with the help of a
automatic mechanism reduction code.  The two reduced
mechanisms reproduce NO2 formation behaviors obtained with
the starting mechanism both in post flame region and in opposed
diffusion flames.  The promotion of NO2 formation by
hydrocarbon additive was also successfully predicted by the
reduced chemistry.  In addition, the reduced chemistry is
accurate in predicting the diffusion flame structure and the
ignition delay time.
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INTRODUCTION

Nitrogen dioxide emission from combustion devices is a
concerned issue because of its higher toxicity than nitrogen
oxide.  In spite of this fact, there have been no previous studies
attempted at developing concise reaction mechanisms that can
be used in practical CFD simulations.  The present paper is
aimed at proposing such new reduced mechanisms based on
quasi-steady state assumption(QSSA).  The development of
reduced mechanisms for NO2 formation is also of great interest
in terms of exploring the applicabilit y of QSSA to low
temperature combustion phenomena.

In this study, we will present two new 14-step and 16-step
reduced mechanisms aiming at the use in turbulent flame
simulation.  Since even a single turbulent flame contains
fundamentally different combustion zones, the reduced
mechanisms were tested extensively under various situations
such as post flame mixing region, CO/H2-air diffusion flame and
CH4-air diffusion flame.  The ignition delay time of the

methane-air mixture was also examined, since it possibly affects
the global flame structure through local flame stabilit y.

DEVELOPMENT OF REDUCED CHEMISTRY

Reduced mechanisms based on the QSSA have the advantage
to mimic the starting full mechanism with less computational
resources.  However, the development of an appropriate reduced
mechanism usually needs a large amount of human effort.
Chen(1988) developed a general procedure for constructing
QSSA based reduced mechanisms through automatic matrix
operation by a computer.  Based on this formulation,
Chang(1996) developed an interactive code(CARM: Computer
Assisted Reduction Mechanism) for automatic generation of
reduced chemistry.  This code produces FORTRAN source
codes needed for computing the chemical sources, which can be
linked to Chemkin(Kee, et al., 1989).  In the present work, we
developed the new reduced mechanisms with the help of CARM
code.

The starting mechanism was a detailed methane-air
chemistry(Miller and Bowman, 1989), which contains 46
species and 224 reactions(51 species in the original work; C3

and C4 chemistry and C2N2 were removed from the original
mechanism for their negligible importance on the subject).  The
development of the reduced mechanisms were done through the
following three steps.

In the first step, several Perfectly Stirred Reactor(PSR)
calculations and the corresponding sensitivity analysis were
performed to gather the information about species to be assumed
in quasi-steady state.  The inlet gas to the PSR was a self-
ignitable mixture with a small heat release(CH4:0.1%,
C2H6:0.1%, CO:0.86%, H2:1.72%, O2:3.0%, CO2:7.72%,
H2O:15.44%, N2:71.0%, Tin=800K).  In order to give sufficient
information at various reaction stages into CARM code, five
results for different residence times were prepared as the input
files to CARM code(

�
=10ms:T=837K, 

�
=44ms:T=917K,



�
=100ms:T=1038K, 

�
=1sec:T=1050K, 

�
=10sec:T=1052K).

In the second step, a trial reduced mechanism was developed
with the help of CARM code.  CARM code reads the output
files from PSR calculations and shows relative/absolute QSS
errors defined by

Where           and         are the mole production rate and the mole
consumption rate of k th species  and         is the mole fraction of
k th species.  Using this information, some species of the starting
mechanism can be identified in good approximation by the
quasi-steady state.  Once QSS species were specified, CARM
code produces FORTRAN expressions of the corresponding
reduced mechanism as a CHEMKIN linkable subroutine.

In the third step, the candidate mechanism was tested mainly
by the Transient Well -Mixed Reactor(TWMR), which will be
fully described in the following section.  These procedures were
repeated until the appropriate reduced mechanism was
developed.

Through the above procedures, we applied the QSSA on 28
species(C, C2H, CH, CH2(s), NNH, CN, N, H2CN, HCCO, NH,
CH2, NH2, HCO, NCO, C2H3, CH2OH, NH3, CH3O, C2H5,
HOCN, CH2CO, HNO, HCCOH, HNCO, HCNO, N2O, H2O2

and HCN).  The resulting reduced mechanism contains 14
reactions among 18 species as follows.
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In order to assess the validity of QSSA on H2O2 and HCN, we

also developed a 16-step reduced mechanism, which contains
the following two additional reactions.
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ASSESSMENT OF THE REDUCED MECHANISMS

Transient Well-Mixed Reactor
 The Transient Well -Mixed Reactor(TWMR) is an idealized

continuous flow reactor which allows the growth of the internal
mass due to several continuous inflow streams.  Since the
mixing in the reactor is ideally fast, the mixture in TWMR can
be treated as molecularly uniform.  The additional inflow rates
and their gas compositions, as well as the reactor pressure and
the heat loss to the reactor wall , are specified as a function of
time so that the instantaneous reaction source terms can be
determined.

We simulated the mixing region of high temperature
combustion products and cold air in post flame region by
TWMR to assess the validity of the developed reduced
mechanisms, since it is the dominant source of NO2 formation in
practical combustors.  The initial gas composition in the reactor
was methane-air combustion products(T=2224.6K, B B =1.0,
equil ibrium composition for H2, CO, CO2, H2O, O2 and N2,
NO=300ppm, NO2=0ppm). The continuous inflow stream was
air(T=298K).  The inflow air rate at each time was set to
increase the mass of the mixture in TWMR by factor of two
during each given mixing characteristic time C C mix.  This mixing
pattern has a close relation to the binary mixing models in
Monte-Calro pdf simulation for turbulent flames, where
randomly sampled two particles of same mass mix to produce
two particles in intermediate composition.  In order to consider a
wide range of mixing time scale, C C mix was varied from 0.1ms
to100ms.  The typical temperature versus time history is
presented in FIg.1.

0

0.1

0.2

0.3

0.4

0.5

0500100 01500200 0250 0

D
mix = 100 m sD

mix = 10m sD
mix = 1m sD

mix = 0.1m s

Miller(1989)
14-step
16-step

N
O

2/
N

O
x

Tem perature (K)EGF H@I JLK7M N O PRQTS"UWV F PRXYF X[Z@\"]L^_ `�a b c dfegeih@h S�U�j6jRkgj[VlP�U6F Qlm

0

0.2

0.4

0.6

0.8

1

0500100 01500200 0250 0

D
mix = 10m sD

mix = 1m sD
mix = 0.1m s

D
mix = 100 m s

Miller(1989)
14-step
16-step

N
O

2/
N

O
x

Tem perature (K)EGF H@I nLK7M N O PRQTS"UWV F PRXYF X[Z@\"]L^_�` N a o c dWe�efhRh S>U�j6jRkijYVpPLUgF Q'm

|)||,max(|

|| qq
qq

r ss
ss

c

k

p

k

c

k

p

kX kabsolute

tu
v w p

k

X k

v w c

k

0

500

1000

1500

2000

2500

0 0.2 0.4 0.6 0.8 1

T
em

p
er

a
tu

re
 (

K
)

Tim e (sec)EGF HRI x[ZRkfS h kiQ'UfVpy@Qlk�zRF {gVpP6Q}|~F X?Z6\,]�^� Ui� � y@� U�V F PRX _ � x e6e SY{gm�
mix

0

0.1

0.2

0.3

0.4

0.5

0500100 0150 0200 0250 0

D
mix = 0.1 m sD

mix =1m sD
mix =10m sD

mix =100m s

Miller(1989)
14-step
16-step

N
O

2/
N

O
x

Tem perature (K)EGF HRI �LK�M N OlPgQ'SYUWV F PRXYF X[Z@\,]�^_ K&P?z6|6jRQlP � U6Ql�RP6X?UfjRj�F V�F P�X�m

|)||,max(|

|| ��
��

� ��
��

c

k

p

k

c

k

p

k

relative

��



Figure 2 shows the predicted NO2/NOx conversion ratio as a
function of mixture temperature.  As time proceeds, the mixture
temperature reduces and some portion of NO is converted to
NO2.  Therefore, the point corresponding to the instantaneous
mixture condition moves along the lines in Fig.2 from lower left
to upper right.

The amount of the NO to NO2 conversion is very small if the
combustion products gradually mix with air as the case of � � mix =
100ms in Fig.2.  However, the conversion becomes prominent if
mixing is fast.  The other point of notice is that the characteristic
temperature of NO2 formation shifts to lower side as mixing
becomes fast.  As seen in Fig.2, both the 14-step and 16-step
reduced mechanisms produced identical results to the starting
mechanism for all � � mix.  We would like to emphasize that the two
reduced mechanisms reproduced NO2 formation characteristics
even at very low temperatures.

It is well known fact that even a small amount of hydrocarbon
additive promotes large NO2 conversion ratio(HORI et al.,
1992).  This is a practically important phenomenon in view of
reducing NO2 emission from the practical combustor.  It is also
an interesting issue for the reduced mechanism development
since addition of hydrocarbon makes the NO2 formation
mechanism more complicated.  Figure 3 and Fig.4 show the
computed NO2/NOx ratio under CH4/C2H6 addition to the air.
The hydrocarbon addition promotes more NO2 conversion for
slower mixing cases.  This is an important feature because it can
change the dependence of final NO2 emission on mixing time
scale.  It is also interesting that C2H6 has a stronger impact on
NO2 formation than CH4.  It is noteworthy that both the 14-step
and 16-step mechanisms reproduced these unique NO2

formation behaviors quite accurately.

CO/H2-Air Opposed Diffusion Flame
The two reduced mechanisms were tested in opposed diffusion

flames.  In opposed diffusion flames, we can examine the
validity of the reduced mechanism in different view point from
the previous test since it has two additional features:
(1)molecular diffusion has an important role unlike reactor test
and (2)it has a large heat release.

Firstly, CO/H2-air diffusion flames are considered.  The
temperatures at both boundaries were 300K and the fuel
composition was CO:H2=1:1.  The strain rate was varied from 1
to 1000(1/s).  Figure 5~8 show NO2 concentration profiles as a
function of N2 concentration.  We can see that 14-step
mechanism tends to under-predict NO2 formation as strain rate
increases.  However, the maximum difference is about 20%.
The 14-step mechanism also produced the flame structures
identical to those obtained with the starting mechanism, which
were not presented in this paper due to the space limitation.  It is
reasonable to conclude that the 14step reduced mechanism is
applicable to CO/H2 opposed diffusion flames.

CH4-Air Oppsoed Diffusion Flame
Secondly, CH4-air opposed diffusion flame was also

computed.  The boundary temperatures at both side were 300K
and the strain rate was 10(1/s).

Figure 9 shows the comparison of the flame structure.  As
seen in the figure, both the 14-step and 16-step mechanisms
predicted major species profiles identical to those obtained with
the starting mechanism.  The two reduced mechanisms also
successfully reproduced O, OH, H and HO2 concentrations as
shown in Fig.10.  On the other hand, the 14-step is less accurate
in predicting NO formation in this flame.  Figure 11 and FIg.12
are the predicted NO profiles and the corresponding NO2
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profiles.  Clearly, the
14-step under-predicts
NO at this condition.
On the contrary, the 16-
step mechanism gives
the nearly identical NO
and NO2 profiles to the
starting mechanism.
According to this
comparison, the error of
the 14-step mechanism
for NO prediction stems
from the assumption of
the QSS on HCN.
Consequently, the 14-
step mechanism failed
to predict prompt NO
formation accurately.
Therefore, the 14-step
mechanism is
applicable to methane-
air flame only when the
contribution of prompt
NO to the total NO
formation is small .  The
same results were
obtained for the flame
of strain rate = 100(1/s),
which are not shown here again due to the lack of space.

Plug Flow Reactor(PFR)
Ignition delay time is

also examined in PFR
for a wide range of
equivalence ratio.
Figure 13 shows the
temperature history of
methane-air mixture of
1,100K at atmospheric
pressure for �  = 0.6, 1.0
and 1.5.  For all
equivalence ratios, both
the 14-step and 16-step
mechanisms gave
excellent agreement with
the starting mechanism.
The two mechanisms
were also able to reproduce HO2 and NO2 profiles during auto-
ignition, which are shown in Fig14 and Fig.15.

CONCLUSIONS

Two new 14-step and 16-step reduced mechanisms for NO2

formation in methane-air combustion were developed using
CARM code with a relatively short development effort.  The
two reduced mechanisms successfully reproduced NO2

formation with the starting mechanism in Transient Well -Mixed
Reactor, CO/H2-air diffusion flame, CH4-air diffusion flame and
Plug Flow Reactor.  The diffusion flame structure and the

ignition delay time predicted by the reduced mechanisms agreed
with those of the starting mechanism.  The success of the
reproduction shows that the quasi-steady state assumption can
be applied to low temperature combustion.
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