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Global reduced mechanisms for methane and hydrogen
combustion with nitric oxide formation constructed with CSP
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Abstract. Reduced mechanisms for methane-air and hydrogen—air combustion including NO
formation have been constructed with the computational singular perturbation (CSP) method
using the fully automated algorithm described by Massias er al. The analysis was performed
on solutions of unstrained adiabatic premixed flames with detailed chemical kinetics described
by GRI 2.11 for methane and a 71-reaction mechanism for hydrogen including NO, formation.
A 10-step reduced mechanism for methane has been constructed which reproduces accurately
laminar burning velocities, flame temperatures and mass fraction distributions of major species for
the whole flammability range. Many steady-state species are also predicted satisfactorily. This
mechanism is an improvement over the seven-step set of Massias et al, especially for rich flames.
because the use of HCNO, HCN and C2H; as major species results in a better calculation of prompt
NO. The present 10-step mechanism may thus also be applicable to diffusion flames. A five-step
mechanism for lean and hydrogen-rich combustion has also been constructed based on a detailed
mechanism including thermal NO. This mechanism is accurate for a wide range of the equivalence
ratio and for pressures as high as 40 bar. For both fuels, the CSP algorithm automatically pointed to
the same steady-state species as those identified by laborious analysis or intuition in the literature
and the global reactions were similar to well established previous methane-reduced mechanisms.
This implies that the method is very well suited for the study of complex mechanisms for heavy
hydrocarbon combustion.

This article features supplementary data files available from the abstract page in the online
journal; see wuw.iop.org.

1. Introduction

The need for reduced mechanisms for the description of combustion chemistry and pollutant
formation is pressing, both to improve our understanding of the relevant phenomena and to
make calculations of turbulent flames with realistic chemistry feasible. The use of reduced
mechanisms in flame calculations requires accurate mechanisms of small size and a wide field
of application, so as to predict phenomena such as ignition, flame propagation, extinction, NO
formation, etc. From the point of view of research in chemical kinetic mechanism reduction,
there is a need to create mathematical tools that identify automatically the global steps, steady-
state species and algebraic relations that comprise the reduced mechanism. Such tools can
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be used for the reduction of the long and complex mechanisms that appear continuously
for hydrocarbon combustion. In this paper, we present reduced mechanisms for methane
and hydrogen combustion derived from such a mathematical tool, the computational singular
perturbation (CSP) method described in [1], and we discuss their range of application, as well
as the insight they can offer concerning pollutant formation.

The traditional method to systematically create reduced mechanisms has been reviewed
in detail in [1] and references therein. Typically, steady-state approximations and partial
equilibrium assumptions are used to create a set of global steps that describe the major features
of the chemistry. Various reduced mechanisms have been thus produced for methane [2-10]
and other fuels [11-15].

For hydrogen, reduced mechanisms for both premixed and non-premixed flames have
appeared {12, 13] and have been used extensively in turbulent flame calculations [13, 16, 17].
The absence of the prompt-NO pathway in hydrogen flames and the lack of coupling
between the thermal (Zel’dovich) chemistry and the fuel-consumption reactions facilitates
the construction of reduced mechanisms that also capture NO formation, such as the five-step
mechanism for diffusion flames by Chen er al [13]. We will present here an alternative reduced
mechanism for premixed combustion of hydrogen, in part to further validate CSP.

Less work has been done in creating reduced mechanisms incorporating thermal and
prompt NO in hydrocarbon combustion, not least because there was no generally accepted
complete set of detailed reactions for NO until recently. We could perhaps say that a degree of
consensus has been achieved with the optimization of the work of Miller and Bowman [18] that
culminated in various complete and extensively tested detailed mechanisms [19-21). Recent
developments to create reduced reaction sets for both methane combustion and NO formation
include the six-step mechanism for lean mixtures in well-stirred reactors by Glarborg et al
[22], an 11-step reduced mechanism for diffusion flames [23], while Chen {9] has presented
a 10-step mechanism for methane ignition and combustion and a derivative 12-step set that
includes NO formation for premixed and diffusion flames and well-stirred reactors. Here,
we will show reduced mechanisms for premixed methane combustion that are of comparable
accuracy, but use a smaller number of steps. This may be advantageous for their use in turbulent
flame calculations.

The specific objectives of the present paper are to create and discuss reduced mechanisms
for hydrogen and methane premixed combustion and NO formation and to further demonstrate
the ability of the CSP method by constructing accurate reduced mechanisms of different
sizes and for different fuels. The remainder of the paper is organized as follows. For self-
consistency, certain elements of the algorithm presented in [1] are repeated in section 2. Then,
the mechanisms are presented and discussed in section 3 and the paper closes with a summary
of the more important conclusions.

2. The algorithm

2.1. The CSP algorithm

The construction of reduced mechanisms by CSP starts with the choice on the desired number
of global steps, say S, and follows the steps outlined below. For details and the mathematical
foundations of the method, the reader is referred to [1]. Here, we summarize the physical
significance of CSP data and how these are used.

Step 1: the reference solution. A numerical solution of the flame structure with a suitable
detailed mechanism is obtained, on which the CSP analysis is performed. It is anticipated that



Global reduced mechanisms for CHy and H, combustion 235

the reduced mechanism will be accurate over a range of conditions close to those of the detailed
kinetics solution. The exact range of the mechanism’s applicability is quantified a posteriori.

Step 2: CSP local pointers. Given the desired number of global steps, M = N — S steady-state
species must be identified, where N is the total number of species in the detailed mechanism.
For this purpose, CSP analysis is performed at each grid point providing the CSP pointer of
each species i, D;(x), which is a function of space and takes a value between zero and unity.
In physical terms, the CSP pointer is a measure of the influence of the M fastest chemical time
scales on each of the species. When D;(x) = 1, the ith species are completely influenced by
the fastest scales and are the best candidates to be steady state. In contrast, when D;(x) = 0,
the fast time scales have no effect on the ith species and cannot be identified as steady state.

Step 3: integrated pointers. The local pointer D;(x) is integrated across the flame using the
local species net production rate and species mole fraction as a weighting factor, to give an
‘integrated CSP pointer’ for each species:

1t i (%)
I = — Di(x)————d 1
L fO (X)Iq"lmaxxi(x) ! ( )

where |g;| is the net species production rate, |g; |max 1S the corresponding maximum inside the
calculation domain of length L and X; is the species mole fraction. In contrast to the CSP
pointers, the scalars /; can take any value between zero and infinity. As discussed in [1],
the weighting by the mole fraction is consistent with the traditional criterion of taking low-
concentration species as the steady-state ones. The quantities /; for each species are ordered
and the N — M species with the lowest values are taken as major (non-steady-state) species.
The M species with the largest values are identified as steady-state species. We will discuss
in section 3.1.1 such ordered lists that show which species would be treated as steady state for
various mechanisms. It will become evident that equation (1) points to major species consistent
with our intuition and the choices made in previous literature of reduced mechanisms.

Step 4: fast reaction identification. The rate of each elementary reaction is integrated along
the flame. The reactions that consume the steady-state species (step 3) and exhibit the largest
integrated rate are selected and deemed the ‘fast’ reactions (the rest are ‘slow’). For M steady-
state species, M fast reactons are selected.

Step 5: global reactions. Based on the results of steps 3 and 4, the stoichiometry and rates
of the global reactions are compiled following [1, 24]. The reduced mechanism consists of the
global steps involving the major species and the corresponding global rates, which are expressed
as linear combinations of the ‘slow’ elementary rates. These rates depend, of course, on all
species, steady state and non-steady state. The former are calculated from the solution of a
system of steady-state algebraic relations with the ‘inner iteration’ procedure.

Step 6: truncations. The accuracy of the reduced mechanism constructed by steps 1-5 above
might not be the optimum one. Frequently, abnormally high concentrations are encountered
for some steady-state species, which might result in low accuracy. This problem is resolved
by comparing the relative contributions of each elementary reaction to the total production
rate for the species from both the reduced and detailed mechanisms. If large discrepancies
exist, the corresponding elementary rates are truncated from the steady-state relations [25, 26].
Typically, only two to three truncations are necessary (section 3.1.2).
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If step 3 were missing, the sequence of steps 1-5 would create ‘local’ reduced mechanisms
[1]. The integrated pointers. however, provide an objective way to identify species that can be
treated as steady state throughout the computational domain. Hence the construction of ‘global’
reduced mechanisms is possible. Steps 1-5 above are fully automated in the computer code
S-STEP [1], which takes as input the detailed kinetics solution and the user-defined number
of global steps. It produces the reduced stoichiometry, global reaction rates and algebraic
relations for the steady-state species. Typically, this code takes a few minutes of CPU time on
a current workstation.

2.2. Detailed mechanisms and flame solutions

The detailed mechanism GRI 2.11 [20] was used here as the basis for the construction of the
reduced methane mechanisms. This mechanism has been optimized against experimental data
at low and high pressures for ignition delays, perfectly stirred reactors and laminar flames
and is considered to be one of the most up-to-date detailed mechanisms concerning methane
combustion and nitrogen oxides formation [20]. It consists of 279 reactions with 49 species
and includes C- species, prompt and thermal NO, and nitrous oxide chemistry. The hydrogen
mechanism we used is presented in the appendix [27]. Tt includes nitrogen oxides formation
and consists of 71 reactions with 18 species. For both fuels. solutions for unstrained adiabatic
premixed flames have been obtained with the code RUN-1DL, developed by Rogg [28]. Unless
otherwise noted, all flames were computed at an initial temperature of 300 K and a constant
pressure of | bar.

3. Results and discussion

In this section we present and discuss the various reduced mechanisms constructed for methane
and hydrogen flames. We discuss aspects of the reduction procedure by examining in detail the
methane mechanisms. The seven-step methane mechanism is taken from [1] and is compared
here with a new 10-step one. The strengths and limitations of each reduced set are emphasized.

3.1. Seven-step and 10-step reduced mechanisms for methane

3.1.1. Integrated CSP pointers. ~We present first the integrated pointers (/;) for all species
appearing in the detailed mechanism. The lists in tables 1 and 2 are the integrated CSP
pointers presented in descending order for the seven- and 10-step mechanisms, respectively.
The species low in the list are taken as major ones, while those early in the list (i.e. with high
value of integrated pointer) are treated as steady state. Tables 1 and 2 are different because
the integrated pointers are not a unique property of the detailed chemistry solution, but also
depend on the desired number of global steps. The CSP pointers denote the angle of the
species” axes with respect to the manifold, along which the solution (trajectory) evolves. The
species producing the largest pointers have their axes the most perpendicular to the manifold.
Since this manifold depends on the number of global steps, the pointer value changes with the
dimension of the reduced mechanism. The mechanism is constructed by selecting as major
species the last My in the list, where M., is the desired number of global steps plus the number
of elements appearing in the detailed mechanism (in the case of GRI2.11 and a 10-step reduced
mechanism, M, = 10+ 5 = 15). It is possible to bypass this ordering, if one wishes to treat
a specific species as major in order to ensure its more accurate calculation.
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3.1.2. The rediced mechanisms. The solution for ¢ = 1.0 was selected for the construction
of the seven-step reduced mechanism [1] and the resulting global steps are repeated below to
facilitate comparison with the new 10-step reduced mechanism:

() H, = 2H

(11 0, + 3H; = 2H + 2H,0

(11I) 2H,0 + 0, = 40H

(IV) CO + H,0 = CO, + H;

(V) CH, + H,0 + 2H = CO + 4H,
(VD) N, + 0 = 2NO

(VI) N, +0.50; = N;O.

The mechanism was created automatically by S-STEP, with only one truncation in the steady-
state relations. The 10-step mechanism was constructed on the basis of the ordering of table 2,
but for ¢ = 1.2, chosen so that a C; species appears in the major species set which is anticipated
to improve predictions for rich flames. The resulting global steps are given below1:

(I) H2 = 2H

an 0, + 3H; = 2H + 2H,,0

i 2H.0 + O, = 40H

(1v) CO+H,O0=CO; +H,

(V) CH4 + H O+ 2H = CO +4H;,
(VD 2CH4 + 30, = C;H; + 60H

(VID) N> +0; = 2NO

(VII) N> +0.50, = N,0

(Ix) HCN + 0.50; = HCNO

X) 2CH4 + N; + 30; = 2HCN + 60H.

A comparison between the two reduced mechanisms shows that the seven-step mechanism
is a subset of the 10-step one, as reactions I-V and VII-VIII of the 10-step one contain the seven-
step mechanism. The first six global reactions in the 10-step mechanism describe methane
combustion and the rest nitrogen chemistry. The 10-step mechanism contains the additional
major species C;H,, HCN and HCNO. It was not surprising that the first two should appear
in a reduced mechanism valid for rich flames [9, 22, 23], but the identification of HCNO as a
major species was not evident. Finally, note that N,O appears in both mechanisms as a major
species, in contrast to other reduced mechanisms [9,22]. Again, this outcome of the CSP
analysis deserves some discussion, which is facilitated after the presentation of results which
is given next.

3.1.3. Results. Both mechanisms are in excellent agreement with GRI 2.11 for laminar
burning velocities for all equivalence ratios between the flammability limits (see figure 1).
Figure 2 shows the excellent prediction of the carbon monoxide profile along the flame. The
agreement for all other major species is at least as good as for the monoxide, to the point that
most curves are indistinguishable on the graphs. Very small differences may be seen for the
peaks of CO (figure 2), H and OH (figure 3), but it is evident that both reduced mechanisms

+ The rates and steady-state relations are given in a supplementary data file available from the abstract page in the
online journal; see www.iop.org.
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Figure 1. Laminar burning velocity as a function of equivalence ratio for premixed flames.
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Figure 2. CO mass fraction for premixed methane flames for three different equivalence ratios.

(This figure can be viewed in colour in the electronic version of the article; see www. iop.org)

perform very well. The fact that a reduced mechanism constructed at one equivalence ratio is
also so successful at lean and rich combustion demonstrates the ability of the CSP method.
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Figure 3. Mass fraction, Y, of (a) Hy, (b) H, (¢) OH, (d) O, (e) CH3 and (f) CH,CO for premixed
methane flames for three different equivalence ratios. The first three are major and the last three

are steady-state species in both reduced mechanisms. Symbols and curves as in figure 2.
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The agreement between the reduced mechanisms and GRI 2.11 is also very good for
nitrogen-containing major species. Figure 4 shows that the NO at the end of the computational
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Figure 4. NO mass fraction at x = 30 mm as a function of the equivalence ratio. Includes data
from a GRI 2.11 mechanism with all nitrogen chemistry removed except the Zel’dovich reactions.

domain (at x = 30 mm, corresponding to about 23 mm from the main reaction zone) is
reproduced very well by the seven-step mechanism, with a small deviation beginning after
about ¢ = 1.2, while the 10-step mechanism gives excellent predictions even for very rich
flames. The peak NO occurs at stoichiometry and the error between the reduced and detailed
mechanisms is around 5%, which is considered very small. Profiles of N,O and NO across the
flame are also very well reproduced (figure 5) by both mechanisms for lean and stoichiometric
flames. The slight inaccuracy of the seven-step mechanism for rich flames is explained by the
underprediction of prompt NO by this mechanism (figure 5(b), ¢ = 1.4).

The relative importance of thermal over prompt NO is shown more clearly in figure 4 which
includes predictions with a version of the GRI 2.11 mechanism with all nitrogen chemistry
removed, except for the Zel’dovich reactions. (The reaction rate coefficients appearing in GRI
for the thermal-NO reactions are the same as those of the Zel’dovich mechanism [29].) It
is evident that for stoichiometric flames the Zel’dovich mechanism accounts for about 80%
of the NO formed. The thermal contribution becomes negligible for flames leaner than 0.6
and richer than 1.3, with significant NO formed by the prompt mechanism and through N,O.
It is clear that an accurate prediction of NO cannot be made based only on the Zel’dovich
mechanism.

Differences between the seven- and 10-step mechanisms are also shown in figure 6. The
species HCN, C,H, and HCNO are taken as steady state in the seven-step mechanism and as
major species in the 10-step one, and this results in a much better prediction by the latter. In
general, our experience shows that if a species is taken as major it is predicted more accurately,
and the accuracy of approximation of some steady-state species increases with the number
of steps used (see, for example, the equal accuracy in the two reduced mechanisms for the
steady-state species O and CHj in figures 3(d) and (e), but the better approximation of CH,CO
by the 10-step mechanism in figure 3(f)). Carrying C;H,, HCN and HCNO as major species
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Figure 5. Mass fractions of (a) N»O and (b) NO for premixed methane flames for three different
equivalence ratios. Symbols and curves as in figure 2.

in the 10-step mechanism helps, we believe, in the somewhat better prediction of prompt NO
in rich flames.

Finally, as a check on the applicability of the reduced mechanisms for various operating
conditions, figure 7 shows that the increase of the laminar burning velocity with the initial
mixture temperature is very accurately captured.

3.1.4. Discussion. A comparison of our reduced mechanisms with others found in the
literature is given below. First, reactions I-III and V in the 10-step mechanism form the
mechanism of Peters and co-workers {2, 6] and, after some manipulations, the mechanism of
Bilger and co-workers [4, 5]. It is clear that we have reproduced with CSP, in an automatic
manner, these well established mechanisms produced by traditional approaches and this gives
credence to the present method. Second, acomparison with the diffusion-flame 11-step reduced

LS TENOT R 3 A N .

e sreans




nt

Global reduced mechanisms for CHy and Hy combustion

2.0e-05 T T -
ler) ‘
1 — GRI2.11
:: — 10-step
z 1.5e-05 |+ I —— T-step .
O I
= h
™ ||I
© 1
g I
= 10e-05 | I 4
: i
- I
4 i
3 {1
50e-06 | i -
| II |
-————A
0.0e+00 ! A - .
0.006 0.007 0.008 0.009 0.010
Distance (m)
1.2e-04 T T T
(h) J"
R — GRI2.11
1.0e-04 I l\ — 10-step
l' \ —= T-step
2 80e-05 | P -
= i
= | \
&  6.0e-05 | Py 1
|
£ oo
5 4.0e05 | ! ,‘ |
rl \‘
2.0e-05 | ! \ 1
J ;—\
\'\
0.0e+00 b L
0.006 0.007 0.008 0.009 0.010
Distance (m)
8.0e-04 ; . ;
)
— GRI 211
i — 10-step
6.0e-04 | il —— T-step
= I
%) ]
- 1]
e h
= "
S 40e-04 | I 1
E 1
|
& : l
4 X
= g0e04 | ]
0.0e+00 - L
0.006 0.007 0.008 0.009 0.010
Distance (m)

247

Figure 6. Mass fractions of HCN, C;H, and HCNO for premixed methane flames for ¢ = 1.0 (a),
(¢), {¢) and ¢ = 1.4 (b), (d), (). These species are seady state in the seven-siep mechanism [1]
and major in the 10-step mechanism.
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mechanism of Hewson and Bollig [23] shows that we have kept N, HCN, N,O and NO as
major species important to nitrogen chemistry, while these authors also use NH3 and NO,, and
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Figure 7. Laminar burning velocity of methane premixed flames as a function of initial temperature.

HNCO rather than HCNO. The overall similarity between the mechanisms and the excellent
behaviour of the 10-step reduced mechanism for rich combustion suggests that our set could
also be used for diffusion flames.

Further examination of the integrated CSP pointers is very instructive. It was shown in
[1] how different mechanisms (i.e. with a different number of steps) can be constructed by
CSP and here we discuss the different species that would participate in mechanisms of equal
dimension, but constructed at different ¢. Let us follow, by way of example, the evolution of
the position of C;H, from lean to rich combustion in a 10-step reduced mechanism (table 2).
For ¢ = 0.5, this species occupies position 25 (i.e. 10-species ‘deep’ into the steady-state
ones from the limiting line of 49 — 5 — 10 = 34) and first becomes a major species at about
¢ = 1.1. Atricher flames, it is clear that C;H, is a major species, consistent with other reduced
mechanisms [9, 23] and the fact that rich combustion proceeds through a C, pathway [30]. As
another example, note that HCN and CH; could or could not be taken as major species since
their positions lie close to the limiting line. However, they are definitely major species for
rich flames (column for ¢ = 1.4). Finally, consider the case of N,O, which appears as a
major species for all ¢. Note the very small mass fraction of this species throughout the flame
(figure 5). Based on this observation, the ‘traditional’ criterion [1] would deem N, O as steady
state. The fact that N,O is a major species in the present mechanisms does not imply that
the N,O pathway contributes more than the prompt or thermal NO, but rather that for these
low-pressure flames the N,O chemistry subset is slow and insignificant [31], and so N,O is
more like an inert than a reactive species in what concerns the rest of the flame. This provides
an explanation for the occurrence of species with low-mass fractions in the major-species part
of the CSP list. The fact that the steady-state approximation for N, O is not valid has also been
concluded by Lindstedt and Selim [32] by comparative testing of reduced mechanisms that use
this approximation and others that do not, perhaps a more time-consuming effort compared to
the examination of the integrated pointers performed here.
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It is interesting to observe the evolution of NO in tables ! and 2. For flames away from
stoichiometry, NO lies in the steady-state part of the list. This, for example, implies that
were we to construct a mechanism at, say, ¢ = 0.5, NO would be caiculated from algebraic
relations in the ‘inner iteration’ part of the solution procedure [1,28]. Although in practice
it would perhaps be unwise to construct such a mechanism if emphasis were needed on the
accurate prediction of NO, treating NO as steady state for very lean or very rich flames is
consistent with the relatively low importance of the Zel’dovich mechanism at lean and rich
flames (figure 4). The thermal mechanism continuously produces NO in the post-flame region
and so it is impossible to consider NO as steady state in high-temperature flames where this
mechanism is active. Indeed, the CSP pointers show that NO is a major species for ¢ around
unity (table 2). In contrast, the prompt mechanism produces NO only in a narrow region
inside the flame, with the profile of NO resembling a step function (figure 5(b)) going from
zero before the flame to a constant level right after the reaction zone. Such behaviour is not
inconsistent with the steady-state assumption since the net creation rate of NO is virtually zero
for most of the calculation domain.

In this section, we have presented a new reduced mechanism for methane premixed flames
that is very accurate for the prediction of flame speeds, flame temperatures and pollutant
formation for the whole flammable range of equivalence ratio. The advantage of the new
mechanism is that it contains C2H; and makes a better prediction of NO for rich flames,
which suggests that it may also be valid for diffusion flames. All pathways of NO formation
present in GRI 2.11 (thermal, prompt, N,0) have been captured adequately. The success of
a single reduced mechanism in flames with various equivalent ratios and initial temperatures
to reproduce all major species and pollutants, indicates the ability of CSP to create highly
accurate reduced mechanisms.

In general, the CSP-based automatic major species selection is consistent with the choices
made by other investigators. Both the discussion above and the very good results obtained
by the reduced mechanisms suggest that the integrated pointer criterion works very well
and reflects what we know about the chemistry. Lists such as in tables 1 and 2 may
offer an additional way to reaction path analysis and sensitivity analysis to help with the
comprehension of hydrocarbon chemistry. The consistency of the CSP-based observations
with the literature indicates that the method’s potential will prove very useful for large
and complicated mechanisms, such as for example for heavy hydrocarbon combustion, soot
formation or atmospheric pollution chemistry.

3.2. Five-step reduced mechanism for H-air flames

A reduced mechanism for hydrogen premixed combustion is presented here to further show the
potential of the CSP method. As for the reduced mechanisms for methane discussed previously,
the major species that appear have been selected by examination of the CSP pointersat¢ = 1.2.
The global steps are given below:

(D H, = 2H

an H; + 0 = H0
(11T 4H + 0, = 2H,0
(Iv) N, + O, = 2NO
(V) N, + 0 = N;0.

t The rates and steady-state relations are given in a supplementary data file available from the abstract page in the
online journal; see www.iop.org-
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the Steps (1) and (III) form, after a straightforward linear combination, the two-step mechanism
of Mauss et al [12], while a comparison with the five-step reduced mechanism of Chen
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squares, ¢ = 1.0; diamonds, ¢ = 1 4.

(This figure can be viewed in colour in the electronic version of the article; see www.iop.org)
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et al [13] shows that the inclusion of N,O chemistry in our detailed mechanism forces
CSP to choose N,O as a major species (see section 3.1.4) and keep OH in steady
state.

Figure 8 shows that the laminar burning velocity is accurately calculated for a wide range
of equivalence ratios, with the reduced mechanism making a slight over-prediction around
stoichiometric conditions. The flame speeds are also in good agreement with experimental
data [12] (quoting Law and Warnatz), which partly validates the detailed mechanism we used.
An over-prediction of the burning velocity was also evident in the two-step reduced mechanism
of {12] and the discrepancy was attributed by those authors to the neglect of the steady-state
species in the elemental mass balances, with the major species mass fractions taken erroneously
to sum up to unity. The agreement between the reduced and detailed mechanisms was improved
by ad hoc corrections [12], but no such effort was performed here. The NO mass fraction at
the end of the domain (at x = 30 mm, i.e. about 28 mm from the main reaction zone) is over-
predicted by about 15% (figure 9), probably due to the larger flame temperature (by about 2%)
calculated by the reduced mechanism (not shown). Note that in hydrogen flames there is no
prompt-NO contribution, and so the thermal mechanism, which has a high activation energy
and is hence very sensitive to temperature, is the only significant one. The flame structure
is captured accurately, with the profiles of major species being in very good agreement with
the detailed mechanism (figure 10). Finally, figure 11 shows that the mechanism calculates
laminar burning velocities accurately for pressures as high as 40 bar. The results in this
section offer additional evidence of the very high accuracy that can be achieved by CSP-based
reduced mechanisms. The present five-step mechanisim for hydrogen premixed combustion
has a wide range of validity and is of low enough dimension to be useful for turbulent flame
calculations.
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4. Conclusions

Two reduced mechanisms for methane—air and hydrogen-air combustion with NO formation
have been constructed with the computational singular perturbation method using a previously
developed fully automated algorithm. The analysis was made on solutions of unstrained
adiabatic premixed flames with detailed chemical kinetics described by GRI 2.11 for methane
and a 71-reaction mechanism for hydrogen that include NO, formation. A 10-step reduced
methane mechanism has been constructed which reproduces accurately flame speeds, flame
temperatures and mass fraction distributions of major species for the whole flammability range.
Many steady-state species are also predicted satisfactorily. It uses CHy4, O,, H,0, CO,, CO,
H,, OH, H, NO, N,0O, HCNO, HCN and C,H, as major species and it has been derived from
a CSP analysis at ¢ = 1.2. Comparison with our previous seven-step mechanism, which
was derived at ¢ = 1.0, shows that the improved accuracy in the calculation of C,-species
and HCN results in much better predictions for prompt NO, especially for very rich mixtures.
The 10-step mechanism may also be applicable to diffusion flames. A five-step mechanism
for lean and rich hydrogen combustion has been constructed based on a detailed mechanism
including thermal NO, which is possibly of low enough dimensionality to be used in current
PDF calculations of turbulent flames. This mechanism performs well for the whole flammable
range of equivalence ratio and for pressures up to 40 bar.

The reduced mechanisms presented here were constructed with a prescribed number of
global steps. This number must balance the competing needs of accuracy and simplicity of the
mechanism. An algorithmic methodology for the specification of S currently does not exist
and is a subject of further research.

As with past experience [33], the reduced mechanisms presented here produced CPU time
savings only linear in S. The expected savings cubic in § were not realized because a very large
portion of the CPU time is taken by the ‘inner iteration’ loops for the steady-state species. It
is expected that other methods of computing the steady-state species will further reduce CPU
time [34-36].

The mechanisms presented in this paper are all of very high accuracy. The CSP algorithm
pointed to the same steady-state species as those identified by laborious analysis or intuition in
the literature, but in an automatic way. In addition, the global reactions are consistent with past
well established reduced mechanisms, which suggests that the CSP-based reduction method
reproduces the results of the traditional way of creating reduced mechanisms. The success of
the CSP-based reduced mechanisms and the algorithmic nature of CSP imply that the method
is very well suited for the study of complex mechanisms of heavy hydrocarbons and for the
construction of reduced mechanisms at various operating conditions.
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Appendix: Detailed mechanism for hydrogen including NO, formation

The mechanism below is due to Yetter [27]). Elementary reaction rates are given by
k = AT? exp(—E/RT). Units are mol, cm?, mol, cal.
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Table Al.
A b E
1 H+0; =0+ 0H 1.92E+14 0.0 16 440.00
2 O+H, =H+OH 5.08E+04 2.7 6292.00
3 OH + H, = H+H,0 2.16E+08 1.5 3430.00
4 OH +0OH = O0+H;0 2.10E+08 1.4 397.00
52 H,+M=H+H+M 457E+19 —1.4 104 400.00
62 0+0+M=0+M 6.17E+15 —-0.5 0.00
77 O+H+M=O0OH+M 4.72E+18 -1.0 0.00
828 H+OH+M=H,0+M 2.25E+22 2.0 0.00
92 H+0;+M=HO;+M 6.17E+19 —-1.4 0.00
10 HO;+H=H2+0; 6.63E+13 0.0 2126.00
11 HO> +H = OH + OH 1.69E+14 0.0 874.00
12 HO;+0=0H+ 0O, 1.81E+13 0.0 —397.00
13 HO; +OH =H,0+ 0> 1.45E+16 —1.0 0.00
14 HO; + HO; = H;0, + 0, 3.02E+12 0.0 1390.00
15* H0,+M=OH+0OH+M 1.20E+17 0.0 45500.00
16 H>0; +H = H;0+0OH 1.00E+13 0.0 3590.00
17 H;0; +H = H,; + HO, 4.82E+13 0.0 7948.00
18 H;0; + O = OH + HO» 9.55E+06 20 3970.00
19 H,;0; + OH = H,0 + HO; 7.00E+12 0.0 1430.00
20 NO+M=N+O+M 1.45E+15 0.0 148 400.00
21 NO; +M=NO+0O+M 6.81E+14 0.0 52 800.00
22 NO+O=0;+N 1.81E+09 1.0 38750.00
23> NO +H(+M) = HNO(+M) koo 1.52E+15 —-0.4 0.00
ko 8.96E+19 -—1.32 735.20
Feemp = 0.82
24 NO+H=N+OH 1.69E+14 0.0 48 800.00
25 NO + OH(+M) = HONO(+M) koo 1.99E+12 —-0.1 -7.20
ko 5.08E+23 -2.51 —-67.56
Feee = 0.62
26 NO+NO=N;+0O; 1.30E+14 0.0 75630.00
27 NO + HO; = HNO + 0O, 2.00E+11 0.0 2000.00
28 NO; +H; = HONO +H 2.41E+13 00 28 810.00
29 NO; +0 =0, +NO 391E+12 00 —238.40
30 NO; + O(+M) = NO3 (+M) koo 1.33E+13 0.0 0.00
ko 1.49E+28 —4.08 2468.00
31 NO;+H=NO+OH 1.29E+14 0.0 361.60
32 NO; + OH(+M) = HONO;(+M) ko 2.41E+13 0.0 0.00
ko 6.42E+32 -5.49 2351.00
33 NO; + OH = HO; + NO 1.81E+13 0.0 6676.00
34 NO; + NO=N;0+0; 1.00E+12 0.0 60 000.00
35 NO; + NO; = NO3; + NO 9.64E+09 0.7 20920.00
36 NO; + NO; =2NO +0; 1.63E+12 0.0 26 120.00
37 N2O(+M) = N3 + O(+M) koo 1.30E+11 0.0 59610.00
ko 7.23E+17 —-0.73 62 780.00
38 NO+O=N2+0 1.02E+14 0.0 28 020.00
39 N>,O+0 =NO+NO 6.63E+13 0.0 26 630.00
40 N2O+H = N; +OH 964E+13 0.0 15 100.00
41  N;O+OH=HO:; +N; 2.00E+12 00 10000.00
42  N3;0+NO =N; +NO; 1.00E+14 0.0 49675.00
43 HNO + O = OH + NO 3.61E+13 00 0.00
4 HNO+0=NO,+H 5.00E+10 05 2000.00
45 HNO +H =H; +NO 1.81E+13 0.0 993.50
46 HNO + OH = H;,0+NO 4.82E+13 0.0 993.50
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4. Conclusions

Two reduced mechanisms for methane-air and hydrogen—air combustion with NO formation
have been constructed with the computational singular perturbation method using a previously
developed fully automated algorithm. The analysis was made on solutions of unstrained
adiabatic premixed flames with detailed chemical kinetics described by GRI 2.11 for methane
and a 71-reaction mechanism for hydrogen that include NO, formation. A 10-step reduced
methane mechanism has been constructed which reproduces accurately flame speeds, flame
temperatures and mass fraction distributions of major species for the whole flammability range.
Many steady-state species are also predicted satisfactorily. It uses CH4, O3, H20, CO;, CO,
H,, OH, H, NO, N,0, HCNO, HCN and C;H; as major species and it has been derived from
a CSP analysis at ¢ = 1.2. Comparison with our previous seven-step mechanism, which
was derived at ¢ = 1.0, shows that the improved accuracy in the calculation of C,-species
and HCN results in much better predictions for prompt NO, especially for very rich mixtures.
The 10-step mechanism may also be applicable to diffusion flames. A five-step mechanism
for lean and rich hydrogen combustion has been constructed based on a detailed mechanism
including thermal NO, which is possibly of low enough dimensionality to be used in current
PDF calculations of turbulent flames. This mechanism performs well for the whole flammable
range of equivalence ratio and for pressures up to 40 bar.

The reduced mechanisms presented here were constructed with a prescribed number of
global steps. This number must balance the competing needs of accuracy and simplicity of the
mechanism. An algorithmic methodology for the specification of S currently does not exist
and is a subject of further research.

As with past experience [33], the reduced mechanisms presented here produced CPU time
savings only linear in S. The expected savings cubic in S were not realized because a very large
portion of the CPU time is taken by the ‘inner iteration’ loops for the steady-state species. It
is expected that other methods of computing the steady-state species will further reduce CPU
time [34-36].

The mechanisms presented in this paper are all of very high accuracy. The CSP algorithm
pointed to the same steady-state species as those identified by laborious analysis or intuition in
the literature, but in an automatic way. In addition, the global reactions are consistent with past
well established reduced mechanisms, which suggests that the CSP-based reduction method
reproduces the results of the traditional way of creating reduced mechanisms. The success of
the CSP-based reduced mechanisms and the algorithmic nature of CSP imply that the method
is very well suited for the study of complex mechanisms of heavy hydrocarbons and for the
construction of reduced mechanisms at various operating conditions.
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Appendix: Detailed mechanism for hydrogen including NO. formation

The mechanism below is due to Yetter [27]. Elementary reaction rates are given by
k = AT? exp(—E/RT). Units are mol, cm?, mol, cal.
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Table Al.
A b E
! H+0;=0+0H 1.92E+14 0.0 16 440.00
2 O+H, =H+OH 5.08E+04 2.7 6292.00
3 OH+H; =H+H;0 2.16E+08 1.5 3430.00
4 OH+OH =0+H;0 2.10E4+08 14 397.00
52 H;+M=H+H+M 457E+19 —1.4 104 400.00
62 0+0+M=0+M 6.17E+15 -0.5 0.00
77 O+H+M=OH+M 4.72E+18 —1.0 0.00
82 H+OH+M=H,0+M 2.25E+22 -2.0 0.00
92 H+0;+M=HO:+M 6.17E+19 —1.4 0.00
10 HO;+H=H:+0 6.63E+13 0.0 2126.00
11  HO;+H=O0OH+OH 1.69E+14 0.0 874.00
12 HO; +0O=0H+0; 1.81E+13 0.0 —397.00
13 HO; + OH = H:0+ O, 1.45E+16 —1.0 0.00
14 HO; +HO; = H;0: + O 3.02E+12 00 1390.00
152 H,0,+M =0OH+OH+M 1.20E+17 0.0 45500.00
16  H;0;+H =H,0+O0H 1.00E+13 0.0 3590.00
17 H;0:+H=H, +HO; 482E+13 0.0 7948.00
18  H;0; +0 = OH +HO, 9.55E+06 2.0 3970.00
19  H,0;+OH = H,0 + HO; 7.00E+12 0.0 1430.00
20 NO+M=N+0+M 1.45E+15 0.0 148 400.00
21 NO;+M=NO+0+M 6.81E+14 0.0 52 800.00
22 NO+0=0;+N 1.81E+09 1.0 38750.00
23"  NO +H(+M) = HNO(+M) koo 1.52E+15 -0.4 0.00
ko 8.96E+19 —1.32 735.20
Feent = 0.82
24 NO+H=N+OH 1.69E+14 0.0 48 800.00
25  NO + OH(+M) = HONO(+M) koo 1.99E+12 —0.1 —17.20
ko 5.08E+23 -2.51 —67.56
Feem = 0.62
26 NO+NO=N;+0; 1.30E+14 0.0 75630.00
27 NO+HO; =HNO+0; 2.00E+11 0.0 2000.00
28 NO; +H; = HONO +H 241E+13 0.0 28810.00
29 NO; +0 =0;+NO 391E+12 0.0 —238.40
30 NO; + O(+M) = NO3(+M) Koo 1.33E+13 0.0 0.00
ko 1.49E+28 —4.08 2468.00
31 NO;+H=NO+O0OH 1.29E+14 0.0 361.60
32 NO; + OH(+M) = HONO;(+M) ko 241E+13 0.0 0.00
ko 6.42E+32 —5.49 2351.00
33  NO; +OH = HO; +NO 1.81E+13 0.0 6676.00
34  NO; +NO =N;0+0, 1.00E+12 0.0 60000.00
35 NO; +NO; = NO; +NO 9.64E+09 0.7 20920.00
36 NOj +NO; =2NO +0; 1.63E+12 0.0 26 120.00
37 N2O(+M) = N; + O(+M) koo 1.30E+11 0.0 59610.00
ko 7.23E+17 -0.73 62 780.00
38 NO+0=N;+0; 1.02E+14 0.0 28 020.00
39 N;0+0=NO+NO 6.63E+13 0.0 26 630.00
40 N,O0+H=N;+0H 9.64E+13 0.0 15 100.00
41 N;O+OH=HO;+N; 2.00E+12 00 10000.00
42  N;O0+NO =N; +NO; 1.00E+14 0.0 49675.00
43 HNO + 0 =0H +NO 3.61E+13 00 0.00
44 HNO+0O=NO;+H 5.00E+10 0.5 2000.00
45 HNO+H =H; +NO 1.81E+13 0.0 993.50
46  HNO+OH =H;0+NO 482E+13 0.0 993.50
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Table Al. Continued.
A b E

47 HNO+NO =N;0+O0OH 2.00E+12 00 26 000.00
48 HNO +NO; = HONO + NO 6.02E+11 0.0 1987.00
49 HNO + HNO = H,0 + N,O 843E+08 0.0 3102.00
50 HONO+O0 =O0OH+NO; 1.20E+13 0.0 5961.00
51  HONO +OH = H;0 + NO; 1.26E+10 1.0 135.10
52 HONO + HNO = H;0 + NO + NO 1.00E+12 0.0 40000.00
53 NH+0; =HNO+O 1.00E+13 0.0 12000.00
54 NH+0; =NO+OH 7.60E+10 0.0 1530.00
55 N+HO; =NH+0O, 1.00E+13 0.0 2000.00
56 NH+0=NO+H 2.00E+13 0.0 0.00
57 NH+H=N+H; 3.00E+13 0.0 0.00
58 N+OH=NH+0 3.80E+13 0.0 0.00
59 NH+OH =HNO+H 2.00E+13 0.0 0.00
60 NH+OH=N+H,0 5.00E+11 05 2 000.00
61 NH+N=N;+H 1.00E+14 0.0 0.00
62 NH+NO=NO+H 2.40E+15 -0.8 0.00
63 N+HNO=NH+NO 1.00E+13 0.0 2000.00
64 NH+NO; = NO + HNO 1.00E+11 0.5 4000.00
65 N+NO=N;+0 3.27E+12 0.3 0.00
66 N+N,O0=N;+NO 1.00E+13 0.0 19870.00
67 N+NO; =NO+NO 4.00E+12 0.0 0.00
68 N+NO; =N,0+0 5.00E+12 0.0 0.00
69 N+NO;=N;+0O; 1.00E+12 0.0 0.00
70 N+HNO=N;O+H 5.00E+10 0.5 3000.00
71 HO; = NO + OH 1.00E+13 0.0 2000.00
2 Enhanced third-body efficiencies (relative to Ny) are [M] = 12[H,0] + 2.5[H3].
b Pressure-dependent reaction, ko and ko refer to low- and high-pressure limits, respectively.
Reactions with specified Fie, parameters use the Troe form, all others use the Lindemann
expression.
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