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Lean premixed methane-air flames are investigated in an effort to facilitate the numerical description of CO
and NO emissions in LP (lean premixed) and LPP (lean premixed prevaporized) combustion systems. As an
initial step, the detailed mechanism describing the fuel oxidation process is reduced to a four-step description
that employs CO, H,, and OH as intermediates not following a steady-state approximation. It is seen that, under
conditions typical of gas—turbine combustion, this mechanism can be further simplified to give a two-step
reduced description, in which fuel is consumed and CO is produced according to the fast overall step CH, +
% 0, — CO + 2H,0, while CO is slowly oxidized according to the overall step CO + % 0, — CO,. Because of
its associated fast rate, fuel consumption takes place in a thin layer where CO, H,, and OH are all out of steady
state, while CO oxidation occurs downstream in a distributed manner in a region where CO is the only
intermediate not in steady state. In the proposed description, the rate of fuel consumption is assigned a heuristic
Arrhenius dependence that adequately reproduces laminar burning velocities, whereas the rate of CO oxidation
is extracted from the reduced chemistry analysis. Comparisons with results obtained with detailed chemistry
indicate that the proposed kinetic description not only reproduces well the structure of one-dimensional
unstrained and strained flames, including profiles of CO, temperature, and radicals, but can also be used to
calculate NO emissions by appending an appropriate one-step reduced chemistry description that includes both
the thermal and the N,O production paths. Although methane is employed in the present study as a model fuel,
the universal structure of the resulting CO oxidation region, independent of the fuel considered, enables the
proposed formulation to be readily extended to other hydrocarbons.

INTRODUCTION

Pollutant emissions have become one of the
limiting factors when designing combustion
chambers of gas turbine engines. Among the
different concepts designed to meet the ever
more stringent regulations, lean premixed (LP)
and lean premixed prevaporized (LPP) combus-
tion systems are currently subject to intensive
research. In general, traditional design method-
ologies, largely based on empirical correlations,
fail to provide reliable predictions of CO and
NO emissions. With the ever increasing com-
puter power, the numerical computation of the
associated reacting flow fields has become a
commonly used design tool. For the numerical
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results to be meaningful, the computations must
incorporate adequate models for the turbulent
flow field, as well as an accurate representation
for the underlying chemistry. The chemistry
descriptions currently utilized to predict CO
and NO emissions are based on empirically
fitted rates, its applicability range therefore
being necessarily limited.

A more reliable description can be obtained
from systematically reducing the chemical ki-
netic mechanism, a technique that has been
successfully utilized in the description of both
premixed and diffusion flames [1-3]. This tech-
nique is applied in this paper to develop a
reduced chemical-kinetic mechanism well
suited for the description of combustion in LP
and LPP systems. The conditions of interest
here are then preheated fuel-lean mixtures
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burning at elevated pressures. Although a nu-
merical study addressing combustion under
those conditions has been published recently
[4], experimental and numerical data of fuel-
lean combustion at high temperature and pres-
sure is very scarce. In particular, the range of
conditions investigated here include lean and
stoichiometric mixtures, pressures, p, larger
than 5 bar and initial temperatures of the
reactant mixture, 7, above 500 K. Because
pollutant prediction is a major goal of the
reduced mechanism, the needed description for
fuel oxidation not only must accurately repro-
duce flame velocities and temperature distribu-
tions, but also concentrations of intermediates
such as CO, O, H, and OH. In addition, oxides
of nitrogen must be appropriately described by
including in the mechanism all relevant produc-
tion paths.

We shall show below that, under the condi-
tions of interest, fuel oxidation to H,O and CO,
takes place in two global steps, namely, fast fuel
consumption to produce H,O and CO, and slow
CO oxidation to give CO,. This is the so-called
slow CO oxidation limit of premixed combus-
tion [5], which has been used recently by Liet al.
[6]. The two processes occur separately in the
flow field. Thus, fuel is rapidly attacked by
radicals in a relatively thin layer, where CO and
H,O are produced. The fuel disappears in this
layer and cannot penetrate downstream, while
radicals are absent upstream, thereby freezing
all chemical activity. Radicals and H, maintain a
steady state downstream from the fuel-con-
sumption layer, in a large region where the CO
produced in the fuel-consumption layer is slowly
oxidized to give CO,. This slow oxidation pro-
cess involves the simultaneous action of radical
branching, radical recombination, and water—
gas shift reactions. Use of the steady-state con-
dition for H, and radicals enables the derivation
of a simple expression for the CO-oxidation rate
in this region. It is also in this region where most
of the NO production takes place. By appropri-
ately reducing the corresponding kinetics, NO
production is simplified to a single overall step.
Therefore, through use of reduced-chemistry
techniques a simple two-step description for the
chemical activity in the CO-oxidation region is
provided.

On the other hand, the fuel-consumption

layer appears in the flow field as a thin surface
that acts as a sink for fuel and radicals and as a
source for carbon monoxide and water vapor.
The rate at which fuel is consumed and CO is
produced depends on the inner structure of this
layer, in which radical branching, radical recom-
bination, and fuel attack by radicals all take
place simultancously. This rate is of fundamen-
tal importance for the overall solution in that it
determines the location of the fuel-consump-
tion layer, therefore also affecting the solution
in the much larger CO oxidation region. Be-
cause neither radicals nor H, follows a steady-
state approximation in this thin layer, the global
rate of fuel conversion into CO cannot be easily
extracted.

The existence of a thin fuel-consumption
layer complicates the numerical description of
gas—turbine combustion. Although the layer is
very thin, and therefore only affects the solution
through the rate at which fuel is converted into
CO, one needs in principle to resolve its inner
structure to obtain as an outcome the required
rate. This approach is not pursued in this paper,
because the needed detailed description is an-
ticipated to become prohibitely difficult in di-
rect numerical simulations of three-dimensional
(3D) unsteady flows. Instead, in the present
development we choose to represent all of the
chemical activity taking place in the fuel-con-
sumption layer by a single overall step, whose
rate is assigned a simple Arrhenius law. By
fitting the rate parameters to reproduce laminar
flame propagation velocities, it is expected that
the proposed empirical law be able to reproduce
the rate of fuel consumption (and, therefore,
the location of the fuel-consumption layer) in
complex flow configurations.

In summary, the reduced scheme proposed
here comprises two global steps for fuel oxida-
tion (fuel consumption and CO oxidation) and
an additional step to describe NO production.
Fuel consumption is fast, and takes place in a
thin layer, while the other two reactions are
much slower and take place downstream in a
distributed manner. The proposed mechanism
becomes inaccurate within the fuel-consump-
tion layer, but the associated inaccuracies are
seen to have a limited effect on the description
of the overall solution. In particular, because
the rates of CO oxidation and NO production



are rationally derived by reducing the chemistry
in the CO-oxidation region, the mechanism can
be anticipated to yield good predictions when
used for the computation of pollutant emissions
from combustion chambers.

A similar three-step description was em-
ployed in the unrelated work of Li et al. [6], but
the resulting rate expressions are, however,
different. On the one hand, for the application
investigated in Ref. 6 fuel consumption was
assumed to be controlled by turbulence, and
was assigned a rate derived from a simple
eddy-breakup model. Fuel consumption is as-
signed here an Arrhenius rate that, unlike that
of Li et al. [6], enables calculations of laminar
flames, serving also as starting point in turbulent
modelling efforts. On the other hand, we found
that some of the approximations used in Ref. 6
when deriving the CO-oxidation rate may lead
to nonnegligible errors in the description of the
postflame equilibrium solution. By retaining all
these missing effects, our CO-oxidation rate is
seen to describe accurately CO and radicals
everywhere. In addition, only the thermal mech-
anism was considered in the NO production
rate used in Ref. 6, which was applied to the
calculation of NO emissions from a dual-fuel
reciprocating engine. Although their simplified
rate gave results in excellent agreement with
experimental measurements for the application
considered, we have found that the contribution
of the nitrous—oxide path to NO emissions, that
was previously neglected in Ref. 6, is significant
under LP and LPP combustion conditions, and
is consequently retained here in the nitrogen
chemistry.

The separate processes of fuel consumption
and CO oxidation were also considered in the
early work of Westbrook and Dryer [7]. Among
other simplified descriptions, a two-step mech-
anism was proposed for the oxidation of hydro-
carbon fuels. By selecting appropriately the
reaction-rate parameters, the mechanism was
able to accurately reproduce flame propagation
velocities and adiabatic flame temperatures.
However, the chemical structure of the flame
itself could not be described with the proposed
simplified description. More recent contribu-
tions of relevance are that of Swaminathan and
Bilger [8], who performed direct numerical sim-
ulations of turbulent nonpremixed flames with a

two-step mechanism [9] that employs the sum of
CO and H, as an intermediate, and the work
Narayan and Rajan [10], who developed a sim-
plified description for NO production in pre-
mixed methane—air flames that utilizes simple
formulas for the evaluation of superequilibrium
radical concentrations.

Although methane is selected as a model fuel
in the present analysis, the results are applicable
to other hydrocarbons because of the fuel-lean
conditions addressed, that is, the resulting re-
duced mechanism is readily extendible by ap-
propriately changing the fuel consumption rate
as explained below. In the starting detailed
chemistry description we choose to disregard
the C, chain of fuel oxidation. This chain is
known to be important in describing flame
structures and burning velocities for sufficiently
rich flames [3]. Because a considerable fraction
of CH is created through a reaction path that
begins with C,H, + O — CH, + CO, retaining
the C, species can also be important in describ-
ing production of oxides of nitrogen through the
so-called Fenimore mechanism, which involves
CH + N, — HCN + N. Here, we are concerned
with lean premixed environments, in which the
Fenimore mechanism is seen to have only a
marginal contribution to NO production.
Therefore, in this study the C, chain can be
neglected altogether, yielding a detailed mech-
anism for fuel oxidation that contains 57 ele-
mentary reactions and 17 species. Details of the
mechanism and its associated rates, which are
largely taken from the recent recommendations
of the CEC group [11], are presented in Appen-
dix A. The nitrogen chemistry, which does not
influence the fuel-oxidation process because of
the very slow rates of its associated reactions,
can be similarly simplified by retaining only the
thermal and N,O paths of NO production,
thereby limiting the necessary description to the
46 elementary steps with nine nitrogen-contain-
ing species shown in Appendix B.

Insight into the complex chemical processes
may only be obtained by accounting for detailed
chemistry and transport, a task that is nowadays
feasible with reasonable effort in computations
of one-dimensional (1D) laminar flames. Re-
sults corresponding to numerical computations
of both freely propagating planar flames and
strained flames stabilized in the counterflow



configuration will be used here in the develop-
ment and subsequent tests of the reduced chem-
istry description. The “FlameMaster” code [12]
previously used, for instance, in Ref. 13, is
utilized in the detailed calculations. Different
values of the pressure, p, and of the tempera-
ture and equivalence ratio of the reactant mix-
ture, T, and ¢, were considered in the compu-
tations, with conditions covering in particular
those of aeronautical applications. The values of
the elevated pressure and elevated temperature
were computed by considering an isentropic
compression of a given initial mixture. To rep-
resent cruise conditions, calculations were per-
formed with p = 18 bar, 7, = 800 K and ¢ =
0.6, with the values of p and 7, corresponding
to a compression from standard atmospheric
conditions at 11,000 m. Similarly, sea-level val-
ues of temperature and pressure before the
compressor were employed to calculate the case
representative of takeoff conditions (p = 40
bar, 7, = 900 K and ¢ = 0.6).

As previously mentioned, although only 1D
laminar flames will be computed in this paper,
the proposed three-step mechanism is intended
to ultimately serve in computations of gas—
turbine combustors. In such systems, turbulence
dominates the transport of species and heat.
Because molecular transport is secondary, non-
unity Lewis number effects can be left out in
computations. Consequently, a unity Lewis
number can be assumed for all chemical species,
an assumption that allows the derivation of
simple transport equations for conserved scalars
through linear combinations of the species and
energy conservation equations, thereby reduc-
ing the number of differential equations to be
integrated. Anticipating this type of develop-
ment, the laminar computations with the re-
duced kinetics presented below incorporate a
unity-Lewis-number assumption for all species.
The general formulation in terms of conserved
scalars corresponding to our three-step mecha-
nism is presented as a separate section at the
end of the paper. The resulting equations and
boundary conditions can be used in direct nu-
merical simulations (DNS) of complex, 3D,
unsteady flows. They also serve as a basis for the
derivation with modeling of the equations for
describing combustion in turbulent flows (for
instance, in large eddy simulations using pre-

sumed probability density functions in the de-
scription of the subgrid fluctuations of main
species and enthalpy).

The structure of the paper is as follows. First,
a four-step mechanism for CH, oxidation under
lean premixed gas—turbine combustion condi-
tions is derived. Further reduction to a two-step
mechanism is presented next. The nitrogen
chemistry is then addressed, and the starting
chemistry description is reduced to two global
reactions, which further simplify to a one-step
mechanism by assuming N,O to follow a steady-
state approximation. Validation of the reduced
kinetics through extensive comparisons with de-
tailed chemistry calculations of unstrained and
strained planar flames is performed next. Fi-
nally, a general formulation for the energy and
species conservation equations based on the
reduced chemistry description is presented, and
some concluding remarks, including the exten-
sion of the proposed model to other fuels, are
given.

THE FOUR-STEP REDUCED MECHANISM
FOR CH, OXIDATION

Previous studies have shown that a four-step
reduced description, including CO, H,, and H
as intermediate species out of steady state,
suffices to describe most aspects of lean and
stoichiometric premixed flames [3]. Numerical
calculations incorporating such mechanisms ac-
curately reproduce, for instance, laminar prop-
agation velocities, with errors that are typically
smaller than a few percent over a wide range of
flow conditions. A three-step mechanism, that
follows from introducing a steady-state assump-
tion for H [1], and also a two-step mechanism,
obtained by incorporating a partial-equilibrium
approximation for the water—gas shift reaction
CO + OH % CO, + H, have also been
proposed [9]. Although these reduced descrip-
tions capture well the flame structure, they lead
to fairly large errors in flame propagation veloc-
ities, so that a four-step mechanism is accepted
as the minimal chemistry description for numer-
ically computing premixed combustion.

The above considerations suggest that a four-
step mechanism is also an adequate first step in
reducing the kinetic description of LP and LPP
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Fig. 1. Temperature and species mol fractions across a laminar
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systems. Because of the particular characteris-
tics of the combustion systems we study here,
namely, preheated lean mixtures burning at
relatively high pressures, modifications to the
previous reduced kinetic mechanisms can be
expected. To illustrate salient features of the
resulting flames, profiles of species and temper-
ature corresponding to an unstrained nonradi-
ating premixed flame with p = 18 bar, T, =
800 K, and ¢ = 0.6 are shown in Fig. 1. The
computation, which was performed with the
detailed chemistry description previously dis-
cussed, reveals, for instance, that the OH mol
fraction is an order of magnitude larger than
that of H, suggesting that under fuel-lean con-
ditions OH emerges as the dominant radical in
the H,~O, radical pool.

In selecting the intermediates out of steady
state in the reduced description, one must
choose either O, OH, or H as the radical
representative of the H,~O, radical pool. For
lean mixtures, previous studies [3] have shown
that the accuracy of the resulting mechanism is
quite insensitive to this selection, while for rich
mixtures H is the choice that provides most
accurate results. In our study, two different
four-step mechanisms were investigated in pre-
liminary computations [14], namely, one using
CO, H,, and H out of steady state and one with
CO, H,, and OH out of steady state. Calcula-
tions of laminar unstrained and strained flames
under conditions typical of gas—turbine combus-
tion showed that both mechanisms provide
equally accurate results. The analysis presented
below will make use of the second mechanism, a
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methane—air flame with p = 18 bar, T, = 800 K, and ¢ =

choice that is motivated by the dominance of
OH as the main component of the radical pool.
Note that the results of the following section, in
which all H,-O, radicals and H, are assumed to
maintain steady state in the region where CO is
oxidized, are however, independent of this se-
lection.

Introducing steady-state approximations for
all intermediates except CO, H,, and OH yields
the four-step reduced chemical-kinetic mecha-
nism

CH, + 20H — CO + H,O0 + 2H,, 1)
H, + O, = 20H, 1)
20H + H, = 2H,0, (111)
CO + H,0 = CO, + H.. (V")

The mol fractions of all intermediates not
present in the above global reactions are very
small, and contribute negligibly to the overall
mass balance. As can be seen, fuel consumption
occurs according to step I in a process that
involves radical removal. Step I1" is the oxygen-
consumption step, which produces radicals
through the hydrogen—oxygen chain, and step
IIT" represents radical recombination. The final
step IV’ is the water—gas shift that converts the
CO produced by step I' to CO,.

Although several elementary reactions con-
tribute to the rate of global steps I'-1V’, retain-
ing only a few contributors to each step is seen
to provide a reasonably accurate description. If
for instance an error of 10% is accepted in the



calculation of laminar flame velocities forp > 5
bar, 7, > 500 K and ¢ =< 1, then an appropriate
set of simplified global rates (moles per unit
volume per unit time) is found to be

wp = kg [CHL][H] + kser [CH,][OH],
oy = ki [Ox][H] — k4, [O][OH],

o = ke [M][O][H] — ke [MI[HO,],
wry = ky7[COJ[OH] — ky7,[CO,][H],

where [i] denotes the concentration of chemical
species i, M representing a third body, and &,
and kj, the specific reaction-rate constants in
the forward and backward directions for the
elementary reactions CH, + H 3¢ CH; + H,,
CH,; + OH 3¢ CH; + H,0, 0, + H L. O +
OH, 0, + H+ M 6. HO, + M, and CO + OH
17 CO, + H. Expressions for these reaction-
rate constants are given in Appendix A. Note
that, if the reverse rate of reaction 6 were not
included in the mechanism, then the resulting
equilibrium values of all intermediates for the
reduced mechanism I'-IV’ would be zero,
thereby potentially introducing significant er-
rors in predictions of CO emissions. Also, be-
cause postflame NO production depends on the
equilibrium radical level, this approximation of
irreversible radical recombination would lead to
underpredictions of NO formation. For these
reasons, the backward rate of reaction III’ is
retained in the mechanism for increased accu-
racy.

Suitable simplified expressions for the con-
centrations of H and O, necessary in evaluating
Eq. 1, can be obtained by further assuming
partial equilibrium of reactions H, + OH 2.
H,O + H and OH + OH 4 H,O + O to give

M

[H] = K5[H,][OH]/[H,0] (2)
and
[O] = K, JOH]*/[H,0], 3)

where K3 = ki /ks, and K, = ky/ky, are
equilibrium constants. Equations 2 and 3 can
also be obtained as severe truncations of the
steady-state expressions for H and O in which
only the elementary reactions 3 and 4 are
assumed to contribute to the production and
consumption of these species. The concentra-

tion of hydroperoxyl radicals needed to evaluate
the backward rate of I’ can be obtained from
the truncated steady-state expression

ke [IM][Oz][H] + k44,[O,][H,0]
ke [M] + kq1,/[OH] ’
“4)
where the rate constants kq;r and kqy, corre-
spond to the reaction HO, + OH 1 H,0 + O,.

[HO,| =

THE TWO-STEP REDUCED MECHANISM
FOR CH, OXIDATION

The Limit of Slow CO Oxidation

CO oxidation is the slowest of the four chemical
processes represented by I'-IV’ [5]. To illus-
trate this, one can use Eq. 1 to give the charac-
teristic chemical-time ratios ty/iy: = kyzp/
(k3apK3), tipltyy: = kygp/(kypK3), and tyy/iyy
= ky7t/(keAM]K3). These simplified expres-
sions, independent of the mixture composition,
follow from assuming, as a first guess, that in the
reaction zone the concentration of reactants is
comparable to that of water vapor, and also that
the concentration of carbon monoxide is com-
parable to that of molecular hydrogen. From
these estimates, it can be seen that at the
temperatures and pressures typical of gas—tur-
bine combustion the scaling law ¢, ~ f}; ~ {1y
<< {1y holds. For instance, at 7 = 1700 K and
p = 18 atm, and with a third-body efficiency
equal to 0.4 introduced in computing [M], the
above expressions give ¢/t1y = 0.01, t ./t =
0.016 and fyp./ty. = 0.037. As a direct conse-
quence of these relative scalings we find the
flame structure observed in Fig 1; fuel consump-
tion followed by radical branching and radical
recombination all occur in a thin layer that
exhibits small concentrations of H, and radicals,
while CO oxidation is much slower, and conse-
quently occurs in a distributed manner in a
downstream region where in the first approxi-
mation [CH,] = 0 and both H, and OH main-
tain steady state [S]. Because of fast radical
removal through reaction I', all chemical activ-
ity is frozen in the preheat zone upstream from
the fuel-consumption layer [1]. Note that the
relatively fast rate of radical recombination
(represented by the condition ¢/t << 1),



which leads to a steady-state approximation for
H, in the CO-oxidation region, is a consequence
of the existing high-pressure conditions, which
enhance H, consumption through reaction I11".
Therefore, while the H, mol fraction is typically
comparable in magnitude to the CO mol frac-
tion in atmospheric flames, it exhibits in this
high-pressure case a peak value an order of
magnitude smaller than that of CO.

The overall step occurring in the thin fuel-
consumption layer can be obtained by eliminat-
ing H, and OH by linear combinations of I'-III"
to give

CH, + 30, — CO + 21,0. 1)

On the other hand, incorporating the steady
states of H, and OH into step IV’ by linear
combinations with steps I’ and III" provides the
global CO-oxidation step

CO +10,=CO,. (IT)

Note that about one-third of the total heat is
released by reaction II, so that CO oxidation is
fundamental for the self-sustained motion of
the flame.

In the thin fuel-consumption layer where fuel
attack by radicals takes place, giving as a result
the overall reaction I, neither the H,—O, radi-
cals nor H, follow a steady-state approximation.
Therefore, utilizing o = ;- for the rate of
reaction I, with the radical concentrations eval-
uvated from appropriate steady-state expres-
sions, leads to unacceptable inaccuracies in cal-
culations of flame propagation velocities. As
previously discussed, this characteristic pre-
cludes in principle the use of reduced mecha-
nisms with less than four steps, and requires the
detailed description of the very thin fuel-con-
sumption layer if flame propagation velocities
are to be reproduced. To circumvent this diffi-
culty, we propose to represent w; by a heuristic
Arrhenius law, given below in Eq. 15, that is
seen to adequately reproduce the steady flame
propagation velocity and the flame response to
strain under a wide range of conditions. On the
other hand, the rate of reaction II is given by

Wy — Wy — k17f[CO][OH] — k17 [CO,][H].
(5)

As shown below, the CO-oxidation rate given
in Eq. 5 describes accurately the nonequilibrium
evolution of the CO concentration, as well as its
associated radical pool (through appropriate
steady-state expressions), downstream from the
fuel-consumption layer, with the failure of the
steady-state approximations for OH and H,
within the thin fuel-consumption layer having
only a very limited effect.

Steady-State Expressions for H, and OH

To completely define the rate given in Eq. 5, the
concentrations of OH and H must be calculated
in terms of the temperature and of the concen-
trations of O,, CO, CO,, and H,O. In the
CO-oxidation region, the corresponding steady-
state equations for H, and OH with [CH,] = 0,
—op — oy + oy = 0and 2o — 2oy =0,
can be solved to give the expression

[H,] = K5 '[0,] ey {(KyK)[OHF

+ 5 (k13 /1) [COJ[HOL}, ©)
together with the fourth-order polynomial
a,JOH]* + a5[OHP + a,[OH]? + a,[OH]!

+ay=0, (7)

where we have introduced the coefficients
a;= (Kl K[l — ay(1 = )],
a5 = (KK )1 — a,][M],
a, = 3 ay(kyqpkyypf ) (1 — y)[COJH,O],

(8)
a1 = 5 akrzpk /) IM][CO][HLO,
ag = (k6bk11b/k1f) [M][HZO]Z[OZ]
and the functions
_ 1 ki [C02]> -
a1<1+2 k1f [02] (9)
and
v = ke [M]/klf- (10)

Once Eq. 7 is solved for [OH], use can be
made of Eq. 6 to compute [H,] and of Egs. 2
and 3 to calculate [H] and [O].



Expressing [OH] through the polynomial
given in Eq. 7 is a necessary complication if one
wants to accurately describe the chemical equi-
librium state, as it is especially desirable in
configurations with nonnegligible NO produc-
tion in the postflame region. The simpler ex-
plicit steady-state expressions

1 k17fa2 [H,O0][CO]

N Vi S N (h
and
1 k7 Ki(1 — y)ay 1z
o= (3 )
- [H,O0]"?[COJ", (12)
where
B 1 ki [CO,J\T!
e[ aaon ) 9

which are obtained by neglecting the reverse of
reaction III’, are however, a very good approx-
imation in the initial part of the CO-oxidation
region. Equations 11 and 12 can be utilized to
express Eq. 5 in the compact form

- k?7fK1(1 B 7)“3) b 1/2 3/2
Wy = <W [H,O]*[CO] (14)

a simplified expression for the CO-oxidation
rate corresponding to the limit of irreversible
radical recombination. It will be shown below
that this alternative description is able to repro-
duce well peak values of CO and radicals, but
becomes increasingly inaccurate as the CO con-
centration decreases, giving in particular [CO]
= [H,] = [OH] = 0 (and also [H] = [O] = 0 by
virtue of Egs. 2 and 3) as the equilibrium state
obtained as solution of w;; = 0. This is the
limitation that precludes the use of Eq. 14 in
systems with nonnegligible postlame NO pro-
duction. It is worth remarking that the CO
oxidation rate employed in the analysis of Li et
al. [6] differs from that given in Eq. 14 in that
the backward rate of reaction 17 is neglected,
and the rate of the branching reaction 1f is
assumed to be much faster than that of the
recombination reaction 6f, thereby yielding an
even simpler rate expression with «, = 1 and
v =0.

The Rate of Fuel Consumption

As previously discussed, reaction I takes place
in a very thin layer where neither radicals nor
H, follows a steady-state approximation, and
where the partial equilibrium assumptions lead-
ing to Egs. 2 and 3 also fail. Clearly, the overall
rate at which fuel is converted into CO not only
depends on the interplay of reactions I'-III" in
the thin fuel-consumption layer, but also on the
solution in the preheat and CO-oxidation re-
gions. These dependences complicate the deri-
vation of a rate expression for reaction 1. As a
remedy that provides satisfactory results, we
propose the heuristic law

Wy = BYCH)%?(P/PO)O'S exp (—1,/T) (15)

for the fuel-consumption rate. As shown below,
use of this functional form, which incorporates
explicit dependences on fuel and oxygen mass
fractions, Yy, and Yo, , temperature, and pres-
sure, produces excellent agreement in values of
flame propagation velocities and of critical
strain rates at extinction. Discussion on the
selection procedure for the different reaction-
rate parameters is given below.

The rate o in Eq. 1 suggests a unity reaction
order with respect to fuel, which motivates the
selection used in Eq. 15. As for the scaling
pressure p,, its value is in principle arbitrary,
i.e., changes in p, can be readily absorbed in the
preexponential factor B. The value of B given
below corresponds in particular to p, = 18 bar.
The selection of B and of the remaining reac-
tion-rate parameters was largely based on com-
parisons of flame propagation velocities, u,,
obtained with the two-step mechanism with
results of detailed-chemistry computations.
Agreement in computations of laminar propa-
gation velocities seems to be a minimum re-
quirement for the two-step mechanism. It is
expected that, if the mechanism is able to
describe u;, then it will also be able to describe
with reasonable accuracy the location of the
fuel-consumption layer in the combustion
chamber.

Following this rationale, the 2.5 reaction or-
der with respect to the oxidizer was adjusted to
reproduce flame propagation velocities near
stoichiometric conditions. Similarly, the p°3 de-



pendence of the fuel-consumption rate was de-
termined by comparing the variation of u;, with
p for given conditions of temperature and com-
position of the reactant mixture. It is worth
mentioning that this last dependence can also
be rationally derived in cases where the elemen-
tary reaction CH, + H 34f CH; + H, is the
main fuel-consumption rate-limiting step. As-
suming that the steady-state expressions given
in Egs. 11 and 12 hold in the fuel-consumption
layer, it then follows from Eq. 2 that the con-
centration of H atoms is proportional to the
reciprocal of the square root of the pressure.
Introducing this result into the rate of 34f, with
the fuel concentration being linearly propor-
tional to the pressure, finally yields the p®°
dependence shown in Eq. 15.

With the other parameters fixed, only the
activation temperature, 7, and the preexpo-
nential factor, B, remain to be selected. The
value of 7, must be sufficiently large to pro-
duce a relatively thin fuel-consumption layer,
in agreement with the results shown in Fig. 1,
although an exceedingly large value intro-
duces unnecessary numerical stiffness in the
resulting flowfield calculations. For a given 7,,
the accompanying value of B was determined
by matching exactly the value of u; obtained
with detailed chemistry for a specific set of
flowfield conditions, namely, p = 18 bar, 7, =
800 K and ¢ = 0.6 (1; = 45.24 m/s). Values of
the activation temperature ranging from six
times the adiabatic flame temperature up to
roughly 20 times this value were investigated.
It was observed that, for all pairs (7,, B)
selected according to the above procedure,
the computations of other flames gave values
of u; with errors smaller than 20% over a wide
range of conditions of pressure, temperature,
and composition. The final values selected for
the computations shown below, 7, = 22,850 K
and B = 5.46 X 10° molcm > s, were seen to
give the best agreement in u;, while showing
reasonably rapid numerical convergence in
the calculations. As discussed below in rela-
tion to nonadiabatic stretched flames, the
value of 7, selected proved to be large enough
for the accurate description of extinction phe-
nomena.

Radical Consumption by Fuel Attack

As previously explained, radical removal
through fuel attack ensures a chemically frozen
preheat region where CO oxidation does not
occur. To incorporate this important effect,
which is not reproduced by the present model
due to the choice for the fuel-consumption rate
given in Eq. 15, an appropriate cutoff must be
incorporated in Eq. 5. To guide the selection of
this cutoff, it is instructive to momentarily as-
sume that OH maintains steady state in the
fuel-consumption layer. Solving for —2ep +
2w — 2o = 0 with the reverse of reaction
III" neglected and with reaction 34f assumed to
be faster than 36f yields

1/2
ol - {55 1~ pro.j}

[ ksglCH 2
<1 <1v>k1f[oz]> - 19

Observation of the last term in brackets in this
equation reveals that radical depletion occurs
when the fuel concentration increases to a cut-
off value given by

[CH,). = (1 — 'Y)k1f[02]/k34f~ (17)

Because the concentration of H atoms is lin-
early proportional to [OH], this consideration
suggests that the effect of radical consumption
by fuel attack can be incorporated in the model
in a straightforward manner by multiplying the
CO-oxidation rate given in Eq. 5 (or that given
in Eq. 14 if irreversible radical recombination is
assumed) by the expression (1 — [CH,)/
[CH,].)"* appearing in Eq. 16. As discussed in
Ref. &, this first option introduces complications
in the numerical treatment of the problem; the
resulting radical profiles abruptly decrease to
zero, exhibiting a nonzero gradient at the deple-
tion point. In selecting an alternative multipli-
cative factor, different smooth functional forms,
and also different cutoff fuel concentrations
with the effect of reaction 36f included, were
investigated. The computations of laminar
flames showed that the results were quite insen-
sitive to the cutoff selection. Among the differ-
ent options that provide radical profiles
smoothly decaying to zero across the fuel con-



sumption layer, the simple multiplicative factor
(1 + 3[CH,V[CH,].) *, with [CH,], given in
Eq. 17, is used for the computations shown in
the paper.

THE REDUCED MECHANISM FOR NO
PRODUCTION

Computations of laminar flames with detailed
nitrogen chemistry indicated that reactions
N27-N29 are extremely slow under the condi-
tions investigated, and give negligibly small con-
centrations of NO, (typically two orders of
magnitude smaller than that of NO). Conse-
quently, reactions N27-N29 were neglected,
along with the contribution of NO, to the total
NO, production. On the other hand, it was seen
that the consumption of NH,, HNO, NH, N,H,
and N is fast enough that all these intermediates
maintain steady state everywhere, so that the
nitrogen chemistry reduces to the two overall
steps

N, + 0, = 2NO (NI)
and
N, + 30, = N0. (NII)

The rates of these two global reactions are
given by
ont = k[ H][N2OJ + kniop[OH][N,]
+ kngp[ O[N] + knas[O][N2O] - (18)
and
oni = —kn11[H][IN;O] — knoi[HI[NO]
— fenasp [N2OIM] + kenasy [NR][O][M]
B kN24f [N2O][H] — knos[ O][NO].
(19)

In these rate expressions, only those elemen-
tary reactions that give a nonnegligible contri-
bution have been retained. More specifically, we
have neglected reactions N3, N11f, N12f, and
N18f in @y and reactions N11f, N21f, N24b,
and N26 in oy, because their collective contri-
bution amounts to less than 2% of the corre-
sponding global rates. As previously mentioned,

the nitrogen chemistry is very slow, so that the
amount of radicals and N, consumed through
NO production is insignificant. To evaluate Eqs.
18 and 19, one can consequently use the con-
centrations of H, O, and OH determined from
Egs. 2, 3, and 7, and neglect N, consumption
altogether.

In previous analyses of NO, emissions [13],
the intermediate N,O was also assumed to
maintain steady state, an approximation that is
valid sufficiently far downstream from the flame
front. The mechanism then simplifies to the
single overall step NI, with the concentration of
N,O appearing in Eq. 18 evaluated from its
steady-state expression, which can be computed
in this case by equating to zero Eq. 19 to yield

[N2O] = knosa N [O]IM Ak N116 + knoin

+ knoap [H] + knozr[M] + knos[ O]}
(20)

An approximation of this type was seen to be
adequate for diffusion flames [13], and will be
shown to also provide reasonably accurate re-
sults for NO production in lean premixed flames
under most conditions, with overpredictions be-
ing always relatively small.

DESCRIPTION OF FREELY
PROPAGATING PLANAR FLAMES

The reduced kinetics proposed here is now used
to compute 1D laminar flames under different
conditions. Results corresponding to freely
propagating flames are presented in this sec-
tion, while calculations of stretched flames are
left for the following section. As previously
mentioned, the simplicity of the flowfield con-
figurations selected enable also calculations
with the detailed chemistry exhibited in Appen-
dixes A and B, and the results of the two
approaches can then be mutually compared. In
comparing both sets of results, one should bear
in mind that a detailed transport description
[12] was utilized in the detailed chemistry cal-
culations, while unity Lewis numbers for all
chemical species not following a steady-state
approximation was assumed in the reduced-
chemistry computations. Although these pre-
liminary tests show excellent agreement be-
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Fig. 2. The flame propagation velocity for ¢ = 0.6 as obtained with detailed chemistry description (solid lines) and with

reduced kinetics (dashed lines).

tween the results of the reduced mechanism and
those of the detailed chemistry, further compar-
isons, including both unsteady and curvature
effects, would be necessary to guarantee the
validity of the reduced kinetic description.

Flame Propagation Velocity

An important characteristic of laminar pre-
mixed flames, often used as a global perfor-
mance test for reduced mechanisms, is the
flame propagation velocity, u;. With the reac-
tion-rate parameters selected above for the
fuel-consumption rate, the calculation of planar
flames with the reduced kinetics results in errors
in u, typically smaller than 10% for varying
conditions of mixture composition, tempera-
ture, and pressure. This is illustrated in Figs. 2
and 3, where the value of i, obtained with the
reduced mechanism is compared with that ob-
tained with detailed chemistry.

Figure 2 considers the effect of pressure and
temperature for a mixture with ¢ = 0.6, with the
values of p and T, corresponding to an isen-
tropic compression from sea-level conditions
(right-hand side plot) and from conditions at an
altitude of 11,000 m (left-hand side plot). The
maximum compression ratios considered in
these two plots are those typical of takeoff (p =
40 bar and 7', = 900 K) and cruise (p = 18 bar
and 7, = 800 K) operations, respectively.

Observation of this figure indicates that the
reduced kinetics captures the increase in flame
velocity for increasing compression ratios, with
differences between the two calculated values
being only a few centimeters per second over
the whole range of pressures investigated.

A similar agreement is found for the depen-
dence of the flame propagation velocity on the
mixture composition. This is investigated in Fig.
3, where we plot the variation of u, with equiv-
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Fig. 3. The flame propagation velocity as a function of the
equivalence ration for p = 7 bar and 7,, = 520 K as
obtained with detailed chemistry (solid lines) and with the
reduced kinetics (dashed lines).
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Fig. 4. Main species and temperature profiles for ¢ = 0.6 as obtained with the detailed chemistry description (solid lines) and

with the reduced kinetics (dashed lines).

alence ratio for a lean mixture initially at 7,, =
520 K burning at p = 7 bar. Although the
reduced kinetics was specifically developed to
reproduce combustion in lean environments,
with the selection for the explicit oxidizer de-
pendence Y% of the fuel-consumption rate,
agreement in u, is observed for conditions in-
cluding those of stoichiometric mixtures. Given
the relative simplicity of Eq. 15, and the fact
that the selection of 7, and B was based on
fitting a single value of u;, the degree of agree-
ment found over the wide range of conditions
investigated in Figs. 2 and 3 is certainly satisfy-
ing.

Flame Structure

The characteristic flame structure correspond-
ing to the reduced two-step model is shown in
Fig. 4, along with the results of the detailed-
chemistry calculations. For the mutual compar-
isons of the results of the two approaches, the
distance across the flame x is measured from the
location where the CO profile reaches its peak
value. This criterion, adopted hereafter for all
profile comparisons of freely propagating
flames shown in this paper, removes the arbi-
trariness associated with the translational in-
variance of the planar flame. Adoption of a
different origin for x, for example, the location
where the value of the fuel concentration de-
creases to half of its initial value, would result in
a small relative translation of the different

profiles by an amount of the order of the
fuel-consumption layer thickness.

As can be observed in Fig. 4, there exists good
agreement in profiles of main species and tem-
perature. In particular, the two-step model ad-
equately reproduces the shape of the CO pro-
file, with peak values differing only by a small
amount in the two cases considered. This agree-
ment is further illustrated in Figs. 5a-b, where a
logarithmic scale is utilized to show how the
proposed formulation remains accurate as equi-
librium is approached downstream from the
flame. As can be seen in Figs. Sc-h, the agree-
ment extends to profiles of OH, O, and H, with
the two-step model describing well the profile
evolution towards equilibrium. Failure of the
steady-state assumptions for radicals and H,
within the fuel-consumption layer introduces
small inaccuracies in peak radical concentra-
tions, with departures being somewhat larger
for H atoms. As can be observed, radical pro-
files peak slightly downstream from the location
of maximum CO concentration. This character-
istic, that follows from the inner structure of the
fuel-consumption layer [1], is accurately repro-
duced by the two-step model through the intro-
duction of radical consumption by fuel attack
(the cutoff criterion previously discussed).

Another point of interest concerns the results
corresponding to p = 40 bar and T,, = 900 K,
a case for which the flame velocity calculated
with reduced kinetics (u; = 41.63 cm/s) is
smaller than that calculated with detailed chem-
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istry (u; = 44.02 cm/s). As can be seen, this
discrepancy does not translate into a very large
error when calculating the flame structure, sug-
gesting that the inaccuracies in u, displayed in
Figs. 2 and 3 are within an acceptable margin.

Oxides of Nitrogen

Profiles of NO and N,O mol fractions across the
flame obtained with the reduced kinetics are
compared in Fig. 6 with detailed-chemistry re-
sults. The plot reveals the existence of an initial
region of rapid NO growth associated with
superequilibrium radical concentrations, fol-
lowed by a long tail with constant NO-produc-
tion rate. As can be seen, with the accurate
profiles of temperature and radicals determined
with the reduced chemistry of fuel oxidation,
both regions are accurately computed with the
reduced nitrogen chemistry NI-NII.

The accuracy of the steady-state assumption
for N,O is also analyzed in Fig. 6. As can be
observed, although the N,O steady-state profile
falls below that of the detailed calculations
across the initial and final sections of the flame,
it shows an intermediate peak value that is
overpredicted by as much as 25%. These inac-
curacies partially cancel when calculating the
NO production rate, so that discrepancies in
NO profiles are somewhat smaller. In view of
these results, we can then conclude that the
one-step global reaction NI (with a rate deter-
mined by Eqs. 18 and 20) provides a reasonably
good prediction for NO concentrations, al-
though the two-step description NI-NII should
be preferred in applications if increased accu-
racy is desired.

The Limit of Irreversible Radical
Recombination

Neglecting the reverse of the radical-recombi-
nation reaction III', a simplification adopted in
previous asymptotic analyses [1, 5] and also in
the recent work of Li et al. [6], leads to the
reduced CO-oxidation rate previously given in
Eq. 14. Because use of this more compact
expression would somewhat reduce the effort
required in computations, it is of interest to test
the accuracy of the resulting approach. Thus,
profiles of CO obtained by using Eq. 14 for the

5E-06 SE-05
i NZO Ty= 800K 1
i p =18 bar |
4E-06 | i (' —4E-05
I
s 'id g
i1 1 :
E 3E-06 = i + 0 ~13E-05 'E
uw i i i
K i \ ;
£ | ; -1 ]
2606 =
q“ - Q
2 =
1E-06 |-
NE
8E-06 6E-05
-| 56-05
6E-06 | |
% i 4E05 %
[ I ]
i . £
o 4E05 H3E05 g
o . [-]
= =
o
> 900 K {z£05 2
2E-06 [~ ]
1E-05
o 2]
5E-06 1
A
n 4 1.4€-05
N,O No\ 1
M 1 e
4E-08 | \| ST, AreEes
[ r'( T
-.g I : e iE0s§
g oE-08 - i‘Y B e ; B
w i - E‘ule
= !},f;‘-“ T,=700K °&08L
° - ISP AR . 5
- I/ 4 =16.6 bar Jec.06=
2E-06 o p =10. -|6E-08
Q, ! b : o
s i " . =
z bl \ \ 1
W (SN —|4E-06
1E-06 |~ Wy NN ]
_”l'l 5‘-‘.——.___._.__________. 2E-06
/i .lri ~
0 ___4‘,)' I 1 PR 1 P . P
0 025 05 0.75

X (mm)

Fig. 6. The profiles NO and N,O mol fractions for ¢ = 0.6
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CO-oxidation rate are plotted in Fig. 7, along
with profiles of radicals obtained from Eq. 12.
The comparison with the results obtained with
detailed chemistry indicates that the simplified
rate adequately describes the peak value and
the initial decrease of the CO profiles, with the
agreement being satisfactory over about two
orders of magnitude in CO mol fraction. How-
ever, with irreversible radical recombination,
the resulting description fails to reproduce the
final equilibrium value, approaching instead a
zero CO concentration far downstream from
the flame. A similar behavior is found for the
radical profiles, with significant departures ap-
pearing at somewhat smaller distances.

The inaccuracies in the radical-pool descrip-
tion readily affect the nitrogen chemistry
through the rate dependences on radical con-
centrations, an effect that is also exhibited in

Fig. 7. As can be observed, the NO profile
calculated in the limit of irreversible radical
recombination exhibits large errors that are
especially noticeable in the quasi-equilibrium
region that extends downstream.

From the laminar results presented here it
can be concluded that, although the assumption
of irreversible radical recombination greatly
simplifies the reduced kinetics, it introduces
inaccuracies in predictions of CO and NO emis-
sions that are in general too large. As can be
expected, even larger errors arise when further
chemistry simplifications are made. For in-
stance, the additional approximations of negli-
gible CO, consumption through 176 (a, = 1),
slow radical recombination (y = 0) and NO
production exclusively controlled by the thermal
path through the elementary reaction 18b
(wng = knisplO]IN,]) are also tested in Fig. 7.



Although the errors introduced through the
simplifications of y and «, in Eq. 14 partially
compensate, a further decrease is seen in the
resultant CO and radical mol fractions. The larger
errors seen in the NO profile are only partially due
to the reduced O concentration, with discrep-
ancies being instead mainly attributable to the
elementary reactions omitted in wyy.

CALCULATIONS OF STRETCHED FLAMES

The flow field that exists in gas—turbine combus-
tion chambers is characterized by the existence
of large recirculating regions of hot products.
Combustion typically takes place in strained mix-
ing layers that form between these recirculating
hot products and the incoming fresh mixture,
generating a very complex turbulent reactive flow
field where local flame stretch plays a determinant
role. To characterize the effects of flame stretch
on lean premixed flames, and elucidate whether
the reduced kinetics describes all of these effects,
we consider here the planar flow field that
emerges when a stream of methane and air is
counterflowing against a stream of its combus-
tion products. This fresh-to-burnt stagnation
point flow configuration has been widely used in
previous studies [15, 16]. The steady solution to
this problem, which depends only on the dis-
tance x to the stagnation plane, can be studied
in the boundary-layer approximation [3], result-
ing in a problem that was integrated numerically
with both detailed and reduced chemistry. As
for the case of unstrained flames, a detailed
transport description [12] was employed in the
detailed-chemistry calculations presented be-
low, while results of the reduced kinetics incor-
porate a unity-Lewis-number approximation for
the transport of all chemical species. Nonadia-
batic flames with temperatures of the products
stream below the adiabatic flame temperature
were considered along with adiabatic flames.

Effect of Strain

The results depend on the strain rate that is
imposed by the outer streams. For definiteness
in comparisons, we choose to characterize the
strain field by its corresponding value on the
reactant side of the mixing layer, a. The effect of

increasing a is illustrated in Fig. 8, where profiles
of main species and temperature across the mixing
layer are plotted for three different values of a,
with solid and dashed lines representing, respec-
tively, results obtained with detailed chemistry and
with the reduced kinetics. As can be seen, the
reactant stream approaches from x = —oo, thereby
facilitating comparisons with the profiles of freely
propagating flames previously shown. The cases
exhibited in Fig. 8 correspond to an adiabatic
flame with p = 18 bar. The temperature and
equivalence ratio of the reactant stream are
T, = 800 K and ¢ = 0.6, respectively.

The dependence of the solution on @ can be
adequately represented in dimensionless form
through a Damkéhler number u7/(aD ), where
u; and D, represent, respectively, the flame
propagation velocity of the reactant mixture and
the thermal diffusivity at the adiabatic flame
temperature, with both quantities evaluated at
the given pressure. Equivalently, one can char-
acterize the effect of strain through the Karlow-
itz number k = aD,/u7, the inverse of the
previously defined Damkéhler number. The val-
ues of k corresponding to the three cases a =
(4000, 40,000, 200,000) s~* shown in Fig. 8
are, respectively, k = (0.66, 6.6, 33). It must be
noticed that, due to thermal expansion, the local
strain rate experienced in the reaction zone is
somewhat smaller than that of the reactant
stream, which is the value employed in the defini-
tion of k. Consequently, the Karlowitz number
calculated here overestimates the effect of strain,
so that, for instance, a moderately small value of
k = 0.66 corresponds actually to a flame that is
very weakly strained, as seen below.

The Karlowitz number can be interpreted as
the ratio of the chemical time D,/uf to the
strain time o~ '. Alternatively, it may also be
interpreted as the square of the ratio of the
characteristic flame thickness D ;/u; to the char-
acteristic mixing-layer thickness (D,/a)"? or as
the square of the ratio of the characteristic
mixing-layer velocity (D,a)"? to u,. Use of all
of these interpretations helps to understand
how sufficiently small values of « correspond to
flames that are only weakly affected by strain,
i.e., the associated flames are thin compared
with the mixing-layer thickness and lie away
from the stagnation plane, at a location where
the local flow velocity equals u;. A weakly
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strained flame of this type is seen, for instance,
in Fig. 8a. The resulting flame structure is that
of a freely propagating flame, as revealed by
comparing the profiles in Fig. 8a with those
given previously in Fig. 4a. As can be seen in
Fig. 8b and ¢, for increasing values of a the
flame moves closer to the stagnation plane, and
eventually migrates to the products side of the
mixing layer in this adiabatic case.

The mutual comparison of the solid and
dashed profiles shown in Fig. 8 indicates that
the reduced kinetics accurately describes the
effects of strain on flame structure. For in-
stance, significant errors in CO profiles are only
found for the largest value of the strain rate
considered. The accuracy of the description
extends also to the H,~O, radical pool, as can
be seen in Fig. 9, where profiles of OH, O, and
H radicals corresponding to the intermediate
case a = 40,000 s~ ' are given. Even for this
case of relatively large strain, the inaccuracies
found in peak mol fractions and in profile
shapes are comparable to those previously ob-
served in Fig. 5 for the unstrained case.

Overall Consumption Rates

The global effect of stretch on the flame can be
adequately measured through the so-called reac-
tion-rate ratios [17]. These are functions of the
strain rate that are defined as the ratio of the inte-
grated reaction rate to the corresponding value
for a freely propagating flame. Thus, the fuel-con-
sumption and CO; production ratios are given by

xw
Wy dx
— 0

Mmp = (21)

f W dx
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and

(22)

Meo, =
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flow mixing layer with p = 18 and @ = 40,000 s™' as
obtained with detailed chemistry (solid lines) and with the
reduced kinetics (dashed lines) for an adiabatic flame with
p = 18 bar, ¢ = 0.6 and T,, = 800 K.
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where wp and w¢(, represent the local rates of
fuel consumption and CO, production (mol per
unit volume per unit time). The variation of
these two quantities with strain for the adiabatic
flame shown in Fig. 8 is given in Fig. 10. As
before, solid lines represent results of detailed-
chemistry calculations, and dashed lines are the
results of the two-step reduced kinetics. For the
latter calculations wp = w; and we,, = @y, as
follows from the overall steps I and II, while a
number of elementary steps from Appendix A
are involved in the detailed-chemistry rates,
namely, wp = —wys — w3 T @33 + w35 + w3
and w¢n, = w7 + .

The results indicate that the amount of CO,
generated per unit flame surface decreases with
strain, with significant decreases already occur-
ring for values of k of order unity (for instance,
M. = 0.5 for k = 5). The fuel burning rate is
less affected by strain; the value of my, although
increases initially, remains roughly equal to
unity for k = 20. This distinct behavior, also
observed in previous numerical studies 4], fol-
lows from the disparity in chemical times previ-
ously seen: CO, production by CO oxidation is
a relatively slow process that takes place in thick
regions that are easily affected by strain, while
fuel consumption is fast, and occurs in thin
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Fig. 11. The variation of CO emission index with the
Karlowitz number as obtained with detailed chemistry (solid
lines) and with the reduced kinetics (dashed lines) for an
adiabatic flame with p = 18 bar, T, = 800 K, and ¢ = 0.6.

layers that are only perturbed under strong
strain.

Implications about CO emissions can be with-
drawn from these results. For moderate strains,
Fig. 10 reveals that flame stretch leads to a
severe reduction in the rate at which CO is
oxidized, while the rate of CO production by
fuel oxidation remains roughly at the same
level. The difference [~ wpdx — [T, ¢, dx,
which is the rate of CO emission per unit flame
surface, therefore becomes an increasing func-
tion of the strain rate. An appropriate represen-
tation for this quantity is the emission index

-
J‘ wco, dx
i} 2
-
J. wp dx
P

defined as the grams of CO emitted per kilo-
gram of fuel consumed, with W; representing
the molecular weight of species i. The variation
of this quantity with strain can be obtained by
straightforward manipulation of the data in Fig.
10 to give the results included for completeness
in Fig. 11. As can be seen, for values of k of
order unity, a significant amount of the fuel
burnt is emitted from the flame as CO. Clearly,

x 103,

(23)

to avoid unacceptable emission levels in gas—
turbine operation, the CO that is locally emitted
from the stretched flamelets must be burnt
elsewhere in the combustor. Predictions of CO
emissions, therefore, require the numerical
computation of the whole reactive flow field, a
task that is facilitated by the simplified formu-
lation presented in the following section.

As can be seen in Figs. 10 and 11, the reduced
kinetics describes the overall response to strain
with reasonably good accuracy. In particular,
the decrease in CO, production rate with the
Karlowitz number is reproduced with errors
smaller than 10% over two orders of magnitude
in strain rate, a level of accuracy that could be
expected in view of the previous comparisons of
CO profiles shown in Figs. 4, 5, and 8. Some-
what larger discrepancies are found in the pre-
diction of the fuel-consumption rate, with errors
being typically smaller than 20% for k = 50. In
particular, with the value of T, selected for the
approximate Arrhenius law in Eq. 15, the re-
duced Kinetics is not able to predict the initial
increase in mp seen in the detailed-chemistry
calculations, where a maximum value mp = 1.1
is reached for k = 3. Although augmenting 7,
improves the description of m by yielding this
initial increase, the resulting calculation be-
comes increasingly stiffer, so that the associated
small improvement in my does not seem to

justify the use of a larger T,.

Nonadiabatic Flames

Secondary air is provided for dilution in typical
combustion chambers. Entrainment of this
colder gas reduces the temperature of the hot
recirculating products, with additional heat
losses emerging through radiation. To study
how this reduced temperature may affect
stretched Hames, we consider the fresh-to-burnt
configuration previously calculated (p = 18
bar, T, = 800 K, ¢ = 0.6), but with a modified
burnt-side temperature 7, = 1500 K. Profiles
of temperature, main species, and radicals cor-
responding to a strain rate @ = 5000 ™' (k =
0.83) are presented in Fig. 12, showing how the
accuracy of the reduced kinetics extends to the
description of nonadiabatic flames. The increas-
ing departures seen as the radical concentra-
tions decrease to small values on both sides of



0.07 T =
A —— 4
[ CHy - { 2000
0.08 :—___‘“\ ; /_,:—T':“ﬁi“_—:‘T_—_—m;
N / /5 N - 1800
N ! ™, i
0.05 - \\. Illr I.':,/ \\\. -
e E \ ||'. |‘|: s co b - 1600
-% 0o04f- \{ | IIJ \\__:
& : \t / < 1400
2 oo3f o :
= N i‘llll.l'! ..: 1200
ooz / A ]
.II-IIII'L _‘\)\ co _' 1000
0.01 - dh\ 7 i
E__,___f' / llll\\ N )
[, PSR I 1 2
9 02 0.1 0.1
x (mm)
107
107 ~
e | HRN
= i
[ 3 N
;: ; }ll \\\\\\
i \
. AN
10° : N
3 [ '\
: t \
[ v N
10-!--..[.-..| | 1 W T FWEWE TR raee SR
03 -025 -02 015 41(1 —%05 0 005 041 015
X (mm

Temperature (K)

™~
107 | i
5 F \\'\
ki : K
[ r "\,
= I N\
o VN
2 W\
10* | YN
- I :
B |
I ! i
|
|
10—~5....|-..I....II.-.I--..I---|41|.l|||-l|
-03 -025 -02 -015 -01 -005 O 005 0.1
x (mm)
10°F
p H
A\
107 f \\\
8 | \
c i \\
2 ] Wy
g ; W\
w 0F I LA
s | TN
bt
= | ! \\
10° {1 \\
| v
|1 \\-
: . &
- | LAY
Freeg IS PRGN Y W1 U I | T R
03 -025 02 -0.15 -01 005 0 005 01 015

X (mm)

Fig. 12. The profiles of main species, temperature, and radicals across the counterflow mixing layer with p = 18 bar anda =
5000 s~ as obtained with detailed chemistry (solid lines) and with the reduced kinetics (dashed lines) for an adiabatic flame

with burnt temperature 7,

the mixing layer are attributable to the simpli-
ficed transport description utilized in the re-
duced-kinetic calculations.

Increasing values of @ were seen in Fig. 8 to
cause the adiabatic flame to migrate towards the
hot side of the mixing layer. Although an initial
increase in fuel-consumption rate was observed
in Fig. 10, for larger values of k the resulting
flame was increasingly weak, with reaction-rate
ratios continuously decreasing towards a zero
value. This continuous dependence on the
strain rate is no longer observed in nonadiabatic
flames when the temperature of the products is
sufficiently low, as can be seen in Fig. 13, where
the variation of m and m -, with strain rate is
exhibited. As in Fig. 10, CO, production is seen

1500 K and with reactant-side equivalence ratio and temperature ¢ = 0.6 and 7,, = 800 K.

to decrease faster than fuel consumption, and
also values of m larger than unity appear for
moderate strains. However, as the Karlowitz
number increases sufficiently, the behavior
changes drastically from that previously seen: a
sharp reduction in reaction rates leads to an
abrupt extinction event, so that a premixed flame
cannot exist for @ above a critical value, a,.

This phenomenon of premixed-flame, strain-
induced extinction has been addressed in a
number of studies [15, 16]. For instance, Libby
and Williams [15] considered the effect of nona-
biabaticity for a fresh-to-burnt configuration,
with additional nonunity Lewis number effects
being taken into account in a sequel [16]. A
one-step Arrhenius chemistry with large nondi-
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mensional activation energy was employed for
the chemistry description. The physical mecha-
nism triggering extinction in nonadiabatic flames
was seen to be the heat loss towards the burnt side
of the mixing layer. Flame quenching was ob-
served for strain rates high enough to cause the
flame to approach the stagnation plane suffi-
ciently to give a relative decrease in peak tem-
perature of the order of the reciprocal of the
activation energy. A similar mechanism explains
the extinction of lean hydrocarbon-air flames
depicted in Fig. 13. As the flame approaches the
stagnation plane, an increasing amount of CO

leaves the flame unburnt, leading to a smaller
CO, production rate and to a reduced rate of
heat release. That, in turn, tends to reduce the
temperature at the fuel-consumption layer in
this nonadiabatic case, leading to extinction
when the Karlowitz number reaches a critical
value of order unity.

The results of the calculations indicate that the
critical strain rate predicted by the reduced kinet-
ics is in excellent agreement with that determined
with detailed chemistry. For instance, in Fig. 13
the reduced kinetics yields a, = 7200 s ', while a
critical value a. = 8400 s ' is obtained with
detailed chemistry. To study the dependence of a,.
on the temperature sensitivity of the fuel-con-
sumption rate, values of T, different from the
reference value 7, = 22,850 K were investigated,
with the corresponding value of the preexponen-
tial factor B adjusted each time as previously
indicated. It was found that larger values of T, do
not modify appreciably the value of a.. For in-
stance, the calculations performed with 7, =
30,000 K yielded a. = 6700 s~ ', This indepen-
dence suggests that, because extinction occurs
mainly through the flowfield interaction with the
CO-oxidation region, the fuel-consumption rate
plays only a secondary role on the extinction
phenomenon, provided the value of 7, is large
enough to ensure a thin fuel-consumption layer.
On the other hand, smaller values of T, were seen
to increase a ., and no extinction was found for
T, < 16,000 K. Clearly, although the value of
T, = 22,850 K selected here seems to be large
enough, consideration of extinction phenomena
introduces an additional constraint on the mini-
mum value of 7, a characteristic of the proposed

a?

kinetics to be kept in mind in future applications.
NO Production in Stretched Flames

The NO content that appears in the hot recir-
culating regions of the gas—turbine combustion
chamber depends on the overall residence time
available, and also on other characteristics of
the combustor, including the mixing with sec-
ondary air. Clearly, for a satisfactory operation,
NO levels in the combustor must be far below
the values corresponding to chemical equilib-
rium at the adiabatic flame temperature. There-
fore, in calculations of strained flames, a realis-
tic burnt-side NO mol fraction, much smaller
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Fig. 14. The profiles NO and N,O mol fractions across the
counterflow mixing layer with p = 18 bar as obtained with
detailed chemistry (solid lines), with the reduced kinetics
(dashed lines) and with the reduced kinetics with N,O in
steady state (dot-dashed lines) for an adiabatic flame with
reactant-side equivalence ratio and temperature ¢ = 0.6
and 7, = 800 K.

than the equilibrium value, must be specified,
giving NO profiles that depend on this arbitrary
choice. For instance, Fig. 14 shows profiles of

NO and N,O corresponding to the adiabatic
flame in Fig. 8 with a mol fraction of NO equal
to 1.78 x 10 7 selected for the products stream.
As can be inferred from the results in Fig. 6, this
value corresponds roughly to the NO level
achieved in the postflame region after a resi-
dence time of 10 s. As in Fig. 6, solid lines
represent results of detailed chemistry, and the
reduced chemistry calculations are performed
with the two-step nitrogen chemistry (dashed
lines) and also with the one-step description
with N,O in steady state (dot-dashed lines).

Despite the arbitrariness in the NO profiles
previously mentioned, the results in Fig. 14
serve to demonstrate the level of accuracy of the
reduced NO chemistry. Thus, when two steps
are used for NO production, the results are in
close agreement with those of detailed chemis-
try in the range of strain rates investigated. The
steady-state assumption for N,O, on the other
hand, is seen to fail at moderate strains, with
departures in N,O profiles increasing with
strain. Note that, because of the boundary con-
dition for NO at x = 2, these inaccuracies do
not translate into noticeable errors in NO pro-
files.

As previously mentioned in relation to the
results of freely propagating flames, two differ-
ent regions of NO production can be identified.
There exists a rapid production rate associated
with the superequilibrium radical concentra-
tions that appear at the flame front. This
“prompt”™ NO is followed by a constant NO
production rate (wyg), that occurs everywhere
in the equilibrium region. Because the latter
only depends on the equilibrium temperature
and equilibrium radical concentrations, it is
always present on the product side of stretched
flames regardless of the level of strain rate
imposed. Prompt NO, on the other hand, is
affected by flame stretch through the modified
radical pool. In trying to evaluate this particular
effect, an appropriate measure for the rate of
prompt NO production per unit flame surface
must be introduced. One such measure, that iso-
lates the effect of prompt NO by subtracting the
equilibrium production, is given by [~ wne dx —
I5 (@no)p dx, where x,, is the location of the flame,
defined as before where CO reaches its peak
value. To plot in Fig. 15 the variation of this



0.3
0.25
ozl T )NO
- ]
5 ~
015} R
o ~
&
NN
NN
ol g NN
SN
NN,
- ~ ~
0.05} ~
= A
= '\‘
0 PR | i L I | 3 m
10" 10° 10’ 107

Fig. 15. The variation of the prompt NO emission index
with the Karlowitz number as obtained with detailed chem-
istry (solid lines), with the reduced kinetics (dashed lines)
and with the reduced kinetics with N,O in steady state
(dot-dashed lines) for an adiabatic flame with p = 18 bar,
T, = 800 K, and ¢ = 0.6.

quantity with strain, use is made of the emission
index

4
(EDno = W:l(l)
J. wno dx — J (ono)p dx
| — = X 103, (24)

J wg dx

defined as the grams of NO produced at the
flame front per kilogram of fuel burnt. As can
be seen, the reduced kinetics yields results in
good agreement with those of detailed chemis-
try, and only small differences are found be-
tween the two reduced description.

SIMPLIFIED FORMULATION

The reduced kinetics developed above is de-
signed to describe combustion in lean premixed
combustion chambers, enabling in particular the
computation of CO and NO emissions. The
results presented above indicate that two overall
steps for fuel oxidation, supplemented by one

overall step for NO production, provide suffi-
cient accuracy under most conditions. The as-
sociated numerical calculation of the flow field
in the combustor requires the integration of the
conservation equations for chemical species and
energy, along with the continuity and momen-
tum equations. In general, a model for turbulent
transport must be incorporated to the conserva-
tion equations.

As a preliminary step to enable computations
with the reduced kinetics proposed, we rewrite
here the species and energy conservation equa-
tions in a simplified form that can be used as a
starting point in modeling studies. In particular,
the selected boundary conditions will be those
of a prototypical gas—turbine combustion cham-
ber. Thus, we consider a main feed stream that
supplies a mixture of fuel and air, together with
secondary feed streams that provide air to dilute
the combustion products. As previously men-
tioned in the Introduction, we assume unity
Lewis numbers for all of the chemical species
that remain out of steady state (a very good
approximation in view of the laminar flame
calculations previously shown), and define a
convective-diffusive differential operator

L()= Tj; [pO)1+ V- [pv()] = V- [pD, V)],
(25)

where p represents the density, v is the flow
velocity and Dy = A/(pc,) denotes the thermal
diffusivity of the gas mixture, with A and ¢,
representing its thermal conductivity and spe-
cific heat at constant pressure. In terms of this
operator, the conservation equations for the
reactive species corresponding to the reduced
chemistry description I-II can be written as

L(Tcn) = —oy, (26)
L(Tco) = o — oy, (27)
L(T¢o,) = oy, (28)
L(Ty,0) = 2o, (29)
L(Ty) = =30, — oy, (30)

where use is made of the variables I', = Y,/W,; =
[{]/p, with Y; denoting the mass fraction of
chemical species i. To also describe NO produc-



tion, the above equations must be supple-
mented with

L(T'no) = 20 (31)

as follows from the one-step nitrogen chemistry
description, with the concentration of nitrous
oxide being calculated in this approximation
from the steady-state expression given in Eq. 20.
Note that the concentration of N,, necessary to
evaluate the rate of reaction NI, can be either
computed from the condition X, W,I', = 1, or
calculated by integrating the transport equation

L(y) =0. (32)

Similarly, the energy equation can be written
for the thermal enthalpy h, = [7 ¢, dT as

L(hy) = qroq + quoyn — V- gg, (33)

where the overall heats of reaction are related
to the enthalpies of formation per mol of spe-
cies i, b7, by the equations q; = h¢o + 2Hy o
— hép, = 124,250 cal/mol, and gy = h¢o, —
2o = 67,700 cal/mol. In the formulation,
V - gg represents the radiative heat loss per unit
volume. In writing Eq. 33, a low-Mach-number
approximation has been employed, and un-
steady pressure variations have been neglected.
To completely describe the reacting flow field,
Eqgs. 26-33 must be integrated together with the
continuity and momentum equations with ap-
propriate boundary and initial conditions.
Because of partial mixing between the fuel
and the air, the conditions in the main feed
stream are in general nonuniform, so that at the
entrance of the combustor we find the reactant
distributions T'cy, = I'cpe, and ' = T,
together with the nitrogen distribution I'y, =
I'y,. and the thermal-enthalpy distribution &, =
hr.. If methane and air are used in generating
the reactant mixture, then the local values of
Feties Tope, and 'y, are related to the local
equivalence ratio ¢, by the equations

1_‘CH4@ FOze 1_‘Nze
—1 — 1 - — 1 -
WCH4 1_‘Ozoz 1_‘Nzoz
b

N .+ 2/{(Wen Lo, (34)

where ', = 0.23/Wq, and Iy, = 0.77/Wy,
are the values of the functions I'; and 'y in

air. On the other hand, in the secondary feed
streams, 'y = T'o 4, 'y, = Injes P, = 0 and
hy = hyp,. Also, appropriate boundary condi-
tions in all streams are 'y o = I'co, = I'co =
I'vo = 0. At the walls of the combustor, the
nonpermeability condition yields VI'; - 7 = 0 as
the appropriate boundary condition for all spe-
cies, where 71 is the unit vector normal to the
wall. The boundary condition for the thermal
enthalpy at the walls is in general more compli-
cated, and may require the detailed consider-
ation of the heat conduction problem in the
wall. In particular, the simple boundary condi-
tion Vi, - 7 = 0 applies when the walls can be
assumed to be adiabatic, while the assumption
of isothermal walls leads to the constant bound-
ary condition A, = h,,.

In view of the above boundary conditions for
CO and products, a first step to simplify the
integration of Eqs. 26-33 follows from combin-
ing linearly Egs. 27-29 to give

LTco + T'co, — %FHZO) =0, (35)
an equation that can be readily integrated with

the previously mentioned boundary conditions
to yield

Fgo=2Tco + T'eo)- (36)

On the other hand, introducing the coupling
functions

Ten, t I'co + Teo,

—1
Wen,

Lo~ To,~ 3Tco — 2lco,

1_‘Ozoz
FNza B FN2
= 7FN2(1 (37)

and

hy—hp —qilco — + r
= T 1 — @il co — (g1 + qn) Cco, (38)

hTa

reduces the problem to that of integrating
L(FCH4) - T W, (39)
L(Fcoz) - W, (40)
LX) =0, (41)



L(H) = =V - Gp, (42)
L(Tyno) = 20n (43)

with boundary conditions I'cy Wep, = X =
b/l e + 2/(Wenlo,n)l Teo, = 'vo = 0, and
H=H,= (hy, — hy,)/hy, in the main feed
stream, and ey, = T'eop, = Tno =X =H =0
in the secondary feed streams. At the walls, the
variable X satisfies VX -7 = 0, while the
boundary condition for H is more complicated,
reducing to VH - 7i = 0 when adiabatic walls
are considered and to H = [(hp, — A7) —
@(X/Wen, = Ten) — qul'co )b, in the case
of isothermal walls. Note that the definition of
X shown in Eq. 37 is motivated by the relation-
ship between the fuel and air content in the feed
stream displayed in Eq. 34.

In the particular case of perfect mixing, the
boundary conditions for X and H in the main
stream reduce to constant values that can be
used to redefine normalized variables X = X/X,
and H = H/H,, so that X = H = 1 in the main
stream. A further simplification arises when
adiabatic walls are considered and radiation is
neglected, a case for which Eq. 43 can be
replaced by H = H_X/X,, which in turn reduces
toH=0ifhy, = hy,.

Note that, although with the transport operator
L() defined in Eq. 25 the conservation Eqs. 39-43
can be readily used for direct numerical simula-
tion of laminar or turbulent flows, these compact
equations and their associated boundary condi-
tions also constitute an appropriate basis for model-
ing studies of turbulent 3D flows, but such mod-
eling equations are not further elaborated here.

CONCLUSIONS

The approximation of slow CO oxidation has
been used to derive a reduced chemical kinetic
mechanism for the premixed combustion of
fuel-lean methane—air mixtures at elevated
pressures. It is seen that, under those flowfield
conditions, the fuel is oxidized rapidly in a thin
layer, producing as a result water vapor and CO.
The latter is then slowly oxidized to CO, in a
much larger region, where all intermediates but
CO follow a steady-state approximation. Use of
the associated steady-state expressions for hy-
drogen and radicals enables the resulting rate of

CO oxidation to be expressed in terms of the
temperature, pressure, and of the concentra-
tions of CO, O,, CO,, and H,O. In the fuel-
consumption layer, on the other hand, the
steady-state assumptions for hydrogen and rad-
icals fail. This complicating characteristic is
overcome in the model by introducing a heuris-
tic law for the rate of fuel consumption that
accommodates semiempirically fitted depen-
dences on reactant mass fractions, temperature,
and pressure. The two-step fuel-oxidation
chemistry is supplemented with a one-step
mechanism for NO production that accounts for
both the thermal and the nitrous—oxide paths.
Calculations of one-dimensional laminar flames
with the resulting three-step mechanism re-
vealed that the reduced kinetics is able to
predict with remarkable accuracy the main
characteristics of fuel-lean premixed combus-
tion, including in particular flame propagation
velocities, flame structures, strain-induced ex-
tinction, and emissions of CO and NO.

It is worth emphasizing here that the range of
applicability of the proposed reduced-chemistry
mechanism is limited to fuel-lean (¢ = 1)
premixed combustion at elevated pressure (p =
5 bar) and elevated initial temperature (7, =
500 K). The specific selection of the reaction-
rate parameters of the fuel-oxidation rate given
in Eq. 15 is linked to these combustion condi-
tions, and is not expected to yield accurate
results under different conditions of composi-
tion, pressure, and initial temperature. Further-
more, many of the assumptions underlying the
present simplified description would fail should
the mechanism be used outside the above-
mentioned range of validity. For instance, the
steady-state assumption for H, is expected to
become less accurate as the pressure decreases
towards atmospheric conditions, because three-
body recombinations would no longer guaran-
tee a fast H, oxidation rate. Also, the C, chain
of fuel oxidation would become significant for
rich flames, necessarily promoting NO produc-
tion through the Fenimore mechanism, which
was neglected in our analysis.

With CO oxidation being always the slowest
fuel-oxidation process in high-pressure fuel-
lean flames, it can be anticipated that the fuel-
oxidation and NO-production chemistry of
other hydrocarbon fuels be described with a



similar three-step reduced mechanism, differ-
ences between different fuels entering only in
the rate of fuel consumption. In general, for
higher hydrocarbons the sequence of chemical
processes leading to fuel conversion into CO
becomes more complex than that of methane,
and requires a larger number of steps for its
detailed description. In seeking a simplified
kinetics, however, all of these chemical pro-
cesses can be globally represented by the reac-
tion

Xy y
C.H, + <2 + 4> 0,—xCO +5H,0,  (44)

with concentrations of intermediates other
than CO assumed to be negligibly small. On
the other hand, all of the fuel is depleted in
lean combustion at the fuel-consumption
layer, and no significant differences in com-
position or chemical activity are found in the
CO-oxidation regions of different hydrocar-
bon fuels. Therefore, the fuel-consumption
step given in Eq. 44 together with the overall
reactions

CO +10, IL Co,

and
N, + 0, ML 2NO

conform the needed reduced mechanism for a
general hydrocarbon fuel. Correspondingly, a
simplified formulation for the conservation
equations, similar to that presented in the pre-
vious section, could be easily derived for a given
hydrocarbon, modifications stemming mainly
from differences in stoichiometry of the fuel-
consumption step. While the rates of reactions
IT and NI are those derived in this paper, the
reaction-rate parameters of the fuel-consump-
tion step should be adjusted for each fuel to
match the flame propagation velocity under
varying conditions of pressure, composition and
initial temperature, as done above for methane.
Although Eq. 15 proved to be sufficient for
methane oxidation, other functional forms may
be needed for the fuel-consumption rate of
more complex hydrocarbons.
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APPENDIX A

CH, Oxidation Mechanism

Number Reaction A n E
0.01 H,-0O, React. (no HO,, H,0,)
1f O,+H—-0H+ O 9.756E + 13 0.00 62.1
1b OH+0—-0,+H 1.445E + 13 0.00 293
2f H,+O0—-0OH+H S119E + 04 2.67 26.3
2b H+OH—O0O+H, 2.301E + 04 2.67 18.5
3f H,+ OH —-H,0 + H 1.024E + 08 1.60 13.8
3b H,O0 +H —H, + OH 4.517E + 08 1.60 77.1
4f 20H—-H,0+ 0O 1.506E + 09 1.14 0.42
4b O + H,0 —20H 1.559E + 10 1.14 71.7
0.02 Recombination Reactions
St H + OH + M0 — H,0 + M0 2212E + 22 —2.00 0
Sb H,0 + MO —OH + H + M0 3.360E + 23 —2.00 498
0.03 HO, Formation/Consumption
6f H + O, + M1 - HO, + M1 3.535E + 18 —0.80 0
6b HO, + M1 -0, +H + M1 S.058E + 18 —0.80 196
7 HO, + H—20H 1.686E + 14 0.00 3.66
8 HO,+H —H, + 0O, 4.276E + 13 0.00 5.9
9 HO,+H—-H,0+0 3.011E + 13 0.00 7.2
10 HO, + 0 —OH + O, 3.192E + 13 0.00 0
11f HO, + OH - H,0 + O, 2.891E + 13 0.00 =21
11b 0, + H,0 — OH + HO, 3.069E + 14 0.00 300
0.04 H,0, Formation/Consumption
12 2HO, - H,0, + O, 4215E + 14 0.00 50.1
13 2HO, - H,0, + O, 1.325E + 11 0.00 —6.82
14f 20H + M2 - H,0, + M2 &, S.530E + 19 —0.76 0
k.. 7.226E + 13 -0.37 0
14b H,0, + M2 —=20H + M2 %, 7.036E + 21 —0.76 211
k.. 9.194E + 15 -0.37 211
15 H,0, + H—-H,0 + OH 1.024E + 13 0.00 15
16f H,0, + OH —H,0 + HO, 7.829E + 12 0.00 5.57
16b HO, + H,0 — OH + H,0, 1.574E + 13 0.00 131
1.01 CO Reactions
17f CO+OH—CO,+H 4.400E + 06 1.50 =31
17b H + CO, — OH + CO 1.270E + 09 1.50 98.7
1.03 CHO Reactions
18f CHO + M2 —-CO + H + M2 4.470E + 14 0.00 66
18b CO +H + M2 —CHO + M2 5.490E + 14 0.00 3.07
19 CHO +H —CO + H, 9.033E + 13 0.00 0
20 CHO + OH — CO + H,0 1.024E + 14 0.00 0
21 CHO + O, — CO + HO, 1.500E + 12 0.00 0
22 CHO + 0, - CO, + OH 1.500E + 12 0.00 0
1.04 CH,O Reactions
23 CH,O + OH — CHO + H,0 3.400E + 09 1.20 -1.9
1.05 CH; Reactions
24 CH; + O —-CH,O0 + H 8.430E + 13 0.00 0
25¢ CH;+H—CH, k, 6.257E + 23 -1.80 0
k.. 2.108E + 14 0.00 0
25b CH,—H + CH; &k, 6.585E + 25 -1.80 439
k.. 2.219E + 16 0.00 439
26 CH; + OH—-CH;0 + H 5.740E + 12 —0.23 58.3
27t CH; + OH — CH,0H + H 2.640E + 19 -1.80 33.8
27b H + CH,OH — OH + CH;4 2.407E + 20 -1.80 16.2
28 CH; + O, — CH,0 + OH 3.300E + 11 0.00 374
29 CH; + HO, — CH;0 + OH 1.800E + 13 0.00 0
30 CH; + HO, - CH, + O, 3.600E + 12 0.00 0




APPENDIX A

Continued

1.06 CH;0 Reactions

31 CH;0 + M2 - CH,O + H + M2 S.500E + 13 0.00 56.5
1.07 CH,OH Reactions
32 CH,0H + M2 - CH,0 + H + M2 S.000E + 13 0.00 105
33 CH,OH + O, — CH,0 + HO, 1.000E + 13 0.00 30
1.08 CH, Reactions
34f CH, + H—H, + CH;4 1.300E + 04 3.00 33.6
34b CH; + H, —H + CH, 4.031E + 02 3.00 29.3
35¢ CH, + O — OH + CH;4 6.923E + 08 1.56 355
35b CH; + OH— 0O + CH, 9.650E + 06 1.56 234
36f CH, + OH — H,0 + CH; 1.600E + 07 1.83 11.6
36b CH; + H,0 — OH + CH, 2.309E + 06 1.83 70.8
1.09 CH;OH Reactions
37 OH + CH; — CH;0H £, 1.596E + 44 -8.20 0
k.. 6.022E + 13 0.00 0
38 CH;0H + H —CH,0H + H, 4.000E + 13 0.00 25.5
39 CH;0H + OH — CH,0OH + H,0 1.440E + 06 2.00 =35
40f CH;0H + OH — CH;0 + H,O 6.300E + 06 2.00 6.28
40b H,0 + CH;0 — OH + CH;0H 1.598E + 07 2.00 70.3

Units are mol, cubic centimeters, seconds, kJoules, Kelvin.
Third body collision efficiencies are
[MO] = 1.0 [H,] + 1.0 [N,] + 6.4 [H,O] + 0.4 [O,] + 1.0 [OTHERS]
[M1] = 0.6 [Hy] + 0.4 [N,] + 0.44 [H,O] + 0.4 [O,] + 1.5 [CO,] + 3.0 [CH,] + 1.0 [OTHERS]
[M2] = 1.0 [Hy] + 0.4 [N,] + 6.5 [H,O] + 0.4 [O,] + 1.0 [OTHERS]
For those rate constants k, which depend on the pressure, k, and k. are given in the table and k = Fkyk..[M]/
(k.. + ko[M]), where log,o F = logiq F /(1 + (log,o(ko[M)/k..)/N)?) and N = 0.75 — 1.27 log,, F..
Broadening functions are:
F,.,=05
F,o5 = 0.577 exp(—1/2370)
= 0.18 exp(—17/200) + 0.82 exp(—7/1438)

Om
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APPENDIX B
NO, Mechanism

Number Reaction A n E
N.02 NH, Consumption
N1 NH, + O —=HNO + H 4.500E + 13 0.00 0
N2f NH, + OH — NH + H,0 4.000E + 06 2.00 4.19
N2b H,O + NH — OH + NH, 1.296E + 07 2.00 121
N3f NH, + NO —N,H + OH 9.300E + 11 0.00 0
N3b OH + N,H —NO + NH, S.946E + 11 0.00 5.31
N.03 NH Consumption
N4 NH+ O —-NO + H 5.500E + 13 0.00 0
NS NH + O —N + OH 3.720E + 13 0.00 0
N6 NH + OH — N + H,0 2.000E + 09 1.20 0.03
N7 NH + OH — HNO + H 2.000E + 13 0.00 0
N8t NH + OH —NH, + O 9.990E + 11 0.10 482
N8b O + NH, — OH + NH 3193E + 12 0.10 31
N9 NH + O, = HNO + O 3914E + 13 0.00 74.8
N10 NH + O, = NO + OH 4.500E + 08 0.79 S
N11f NH + NO —-N,O + H 3.140E + 14 —0.45 0
Ni1b H + N,0 —NO + NH 1.455E + 17 —0.45 146
N12f NH + NO — N, + OH 2.200E + 13 -0.23 0
N12b OH + N, —NO + NH 1.834E + 14 -0.23 409
N.04 HNO Consumption
N13f HNO+M—-H+NO +M 1.500E + 16 0.00 204
N13b NO+H+M—HNO +M 2.238E + 15 0.00 222
N14 HNO + H—-NO + H, 4.400E + 11 0.72 2.72
N15f HNO + OH —NO + H,0 3.600E + 13 0.00 0
N15b H,O + NO — OH + HNO 8.158E + 13 0.00 296
N.06 N Consumption
N1e6f N+0O,—-NO+0O 9.033E + 09 1.00 272
N16b O+NO—-0O,+N 1.804E + 09 1.00 159
N17f N+ OH —-NO + H 2.830E + 13 0.00 0
N17b H+NO—-OH+N 9.758E + 13 0.00 202
N18f N+NO—N,+O 4.276E + 13 0.00 6.57
N18b O+ N,—=NO+N 1.809E + 14 0.00 321
N.07 N,H Consumption
N19f N,H—N,+H 1.000E + 08 0.00 0
N19b H+ N, —=N,H 2.780E + 08 0.00 223
N20 N,H+H—N, +H, 1.000E + 14 0.00 0
N21f N,H+ O —=N,O0+H 1.400E + 14 —0.40 2
N21b N,O+H—-NH~+O 5.500E + 18 —1.06 198
N22 N,H + OH —N, + H,0 5.000E + 13 0.00 0
N.08 N,O Consumption
N23f N,O—=N,+0 k%, 9.000E + 14 0.00 237
k.. 1.260E + 12 0.00 262
N23b O+ N,—=N,O &k 1.103E + 13 0.00 734
k.. 1.545E + 10 0.00 98.4
N24f N,O0 + H—N, + OH 2.230E + 14 0.00 70.1
N24b OH + N, = H + N,O 4.011E + 12 0.00 333
N25 N,O + O —2NO 6.620E + 13 0.00 111
N26 N,O+O—=N,+0, 1.020E + 14 0.00 117
N.09 NO, Formation and Consumption
N27f NO+O+M—=NO,+M 4.700E + 24 —2.87 6.5
N27b NO,+M—=0+NO +M 4.888E + 26 —2.87 310
N28f NO + HO, — NO, + OH 2.110E + 12 0.00 -2
N28b OH + NO, - HO, + NO 8.881E + 12 0.00 36.1
N29f NO, + H—NO + OH 3.500E + 14 0.00 6.28
N29b OH + NO —H + NO, 4.938E + 12 0.00 130

Units are mol, cubic centimeters, seconds, kJoules, Kelvin.
The reaction-rate constants k,s and kys, are given in terms of the constants k, and k., given in the table by & =
ko IM/(k.. + ko[M]).



