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ABSTRACT

This study has identify useful reduced mechanisms that can be used in computational fluid dynamics (CFD) simulation
of the flow field, combustion and emissions of gas turbine engine combustors. Reduced mechanisms lessen computa-
tional cost and possess the ability to accurately predict the overall flame structure, including gas temperature and spe-
cies as CHy, CO and NO,. The S-STEP algorithm which based on computational singular perturbation method (CSP) is
performed for reduced the detailed mechanism GRI-3.0. This algorithm required as input: the detailed mechanism, a
numerical solution of the problem and the desired number of steps in the reduced mechanism. In this work, we present a
10-Step reduced mechanism obtained through S-STEP algorithm. The rate of each reaction in the reduced mechanism
depends 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 point relaxation algorithm. Based on premixed code calculations, The numeric
results which were obtained for 1 atm < Pressure < 30 atm and 1.4 < ¢ < 0.6 on the basis of the ten steps global mecha-
nism, were compared with those computed on the basis of the detailed mechanism GRI-3.0. The 10-step reduced
mechanism predicts with accuracy the similar results obtained by the full GRI-3.0 mechanism for both NO, and CH,4

chemistry.
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1. Introduction

The simulation of combustion in internal combustion
engines is important in order to make computer-aided
design possible, and also to be able to predict pollutant
formation and gain a better understanding of the coupling
between the various physical and chemical processes.
Accurate simulations of Diesel engines require models
for the various processes, such as spray dynamics, igni-
tion, chemistry, heat transfer, etc. as well as the interac-
tions between them, such as chemistry-turbulence inter-
actions, etc. This simulation by using detailed mecha-
nism required very long CPU times and reaching the lim-
its of available memory [1]. Thus, the usefulness of re-
duced mechanisms ranges from decreasing the computa-

tional time all the way to making the simulations feasible.

These reduced mechanisms consist of a few steps, which
involves only a small number of chemical species and the
corresponding rates are linear relations among the ele-
mentary rates.

Techniques are now available to create simplified
chemical schemes that faithfully represent detailed che-
mical descriptions over as appropriate range of condi-
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tions using many fewer species or progress variables.
Among them are: computational singular perturbation
(CSP) [2,3], intrinsic low-dimensional manifold methods
(ILDM) [4,5], rate-controlled constrained equilibrium
(RCCE) [6], repro modeling [7], flame generated mani-
folds methods (FGM) [8], and Roussel & Fraser algo-
rithm (RF) [9]. While each of these approaches can claim
some success, and several have been extensively applied,
none of these have achieved the level of applicability and
universality of reduced mechanism methods based on
steady-state assumption for a number of the chemical
species (QSSA) [10,11].

Given a detailed mechanism, the construction of a re-
duced mechanism requires 1) the identification of the
steady state species and the linearly independent ele-
mentary reactions that consume the fastest of these spe-
cies and 2) simple linear algebra calculations. In the past,
constructing a validated reduced mechanism was a tedi-
ous and time consuming process, made a little easier with
the appearance of computer codes being able to handle
the linear algebra calculations. These difficulties were
surpassed with the development of the algorithmic pro-
cedure implemented in the S-STEP algorithm, which is
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based on CSP and produces reduced mechanisms of arbi-
trary size [12,13]. The algorithm is fully automatic, iden-
tifies the steady state species and fast elementary reac-
tions, requiring as input simply the detailed kinetic
mechanism, a reference numerical solution of the flame
and the desired number of global steps in the reduced
mechanism.

In this work, we reduced the detailed mechanism of
the methane combustion in air (GRI-3.0) [14] by using
the CSP method. The methodology shall then be applied
to methane-air laminar premixed flame for the construc-
tion of a ten-step global mechanism. The range of valid-
ity of this mechanism will be examined by comparing
numerical results thus obtained with those calculated on
the basis of the detailed mechanism GRI-3.0 for a wide
range of operating conditions.

2. Objectives and Approach

The GRI-3.0 mechanism [14] developed by the Gas Re-
search Institute is considered one of the best mechanisms
that accurately describes CH4/NOy chemistry for natural
gas combustion. This mechanism involves 325 reactions,
53 species and 5 elements (i.e. K =325 N=53, E=5),
included C, species, prompt and thermal NO, and nitrous
oxide chemistry.

The objective of this work was to find a reduced
mechanism based on the GRI-3.0 that would describe
premixed CHy/air Combustion systems. The full GRI-3.0
mechanism was reduced using a S-STEP algorithm that
first identified steady-state species and the fast elemen-
tary reactions, requiring as input simply the detailed ki-
netic mechanism, a reference numerical solution of the
flame and the desired number of global steps in the re-
duced mechanism. This resulted in ten-step reduced
mechanism of CH, combustion coupled with NO, chem-
istry. The GRI-3.0 mechanism was then used as a
benchmark to test the global mechanism using a pre-
mixed code. Predictions of this global mechanism were
also compared with prediction of CH4 chemistry obtained
using the seven-step reduced mechanism [15].

S-STEP code is as interactive program that runs in
conjunction with CHEMKIN-II [16] and flame code such
as the premixed code. The PREMIX code [17] is more
commonly used due to its simplicity, and also because it
provides solutions to flame problems more quickly. Fig-
ure 1 shows the schematic diagram that explains the in-
teraction between the S-STEP code, CHEMKIN, and a
flame code such as the PREMIX code.

As shown in Figure 1, the detailed GRI-3.0 mecha-
nism 1) is first provided to the CHEMKIN interpreter.
This produces a linking file 2) that is utilized by the
PREMIX code 3) to solve the required problem. The
solution from the PREMIX code is stored in a save file 4)
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which is read by the S-STEP program 5). The save file
contains important information related to species con-
centrations, sensitivity coefficients, and other variables.

3. Construction of 10-Step Reduced
Mechanism by Using S-STEP Algorithm

After having a numerical solution obtained by the code
PREMIX code for a definite richness, the S-STEP code
produces a reduced mechanism with ten global reactions
(S =10) as shown by the following steps.

3.1. Steady State Species Identification

Given the desired number of global steps (S = 10), M =
N-S-E = 38 steady-state species must be identified, where
N = 53 is the total number of species in the detailed
mechanism and E = 5 is the number of elements. For this
reason, CSP analysis is performed at each grid point pro-
viding the CSP pointer P'(x) of each species i, which is a
function of space and takes a value between zero and
unity. After computing, at each grid point, the CSP basis
vectors 4, and B” (4, = [A}, A», -, Av], B" = [B', B%, -,
B"]'), Asand B* (4, = [Ay, -, A, B'= [B"", -+, B']'),
which describe the fast and slow subspace, the N diago-
nal elements P’ of the CSP-pointer:

M
P=diag{ZAiB’1 €))
i=1
are recorded, where P is N-dimensional vector. P’ are its
elements, the superscript refers to the ith species in the
detailed mechanism and their sum equals M. In physical
terms, the CSP pointer is measured of the influence of M
fastest chemical time scales on each of the species. When
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Figure 1. Flow diagram illustrating the relations ship be-
tween the S-STEP code, the flame code and CHEMKIN
preprocessor package.
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P'(x) = 1.0, the ith species are completely influenced by
the fastest scales and are the best candidates to be steady
state. In contrast, when P(x) = 0.0, the fast time scales
have no effect on the ith species and cannot be identified
as steady state.

From the results discussed in [12], the CSP-pointer
should not be considered alone when selecting the steady
state species but the integration of CSP-pointer is used
for identify the global steady-state species. The inte-
grated CSP-pointer for each species is defined by the
following expression:

1

1; =ZIOLPz(x)

9. (+)
s X (%)

dx 2)

|qz'

where |q[| is the net species production rate, qi|maX is
the corresponding maximum inside the calculation do-
main 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. The quantities /; for each
species are ordered (see Table 1) and the N — M = 15
species with the lowest values are taken as major (non-
steady-state) species. The M = 38 species with the largest
values are identified as steady-state species.

According to this table, the 15-species (CH4, CHj,
C,H,, CO, CO,, H,0, H,, O,, OH, H, N,0, HCN, NO, N,
and AR) that produce the smallest value are considered
as major species. The remaining species are the steady-
state species.

3.2. Fast Reactions Identification

Having selected the M = 38 steady-state species on the
basis of the integrate pointer [, the corresponding fast
elementary reactions are identified as follows. The rate of
each elementary reaction is integrated along the flame
[12]:

PR Y
Frk :ZJ.O dex 3)

where the subscript £ denotes the elementary reactions
consuming the ith species. The reactions that consume
the steady-state species and exhibit the largest integrated
rate are selected and deemed the fast reactions (the rest
are slow). For M = 38 steady-state species, M = 38 fast
reactions selected.

3.3. 10-Step Reduced Mechanism of Methane

In this section we present and discuss the reduced mecha-
nism constructed for methane flame. We discuss aspects
of the reduction procedure by examining the methane
mechanisms. The ten-step methane mechanism devel-
oped here is compared here with the seven-step methane
mechanism taken from [15].

The 10-step mechanism was constructed on the basis
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of the ordering of Table 1, for ¢ = 1.2, chosen so that a
C, species appears in the major species set which is an-
ticipated to improved predictions for rich flames. The
resulting mechanism still consists of 7 steps and 12 spe-
cies (excluding 4, and considering N, as an inert), and is
given by:

(R1) H, & 2H
(R2) H, + 0, <> 20H

Rs) 2H, + 0, <> 2H,0

(Ry) 2C0 + 0, <> 2CO,
(Rs) 2CH, + O, <> 2CO + 4H,
(Re) 2CH, < 2CH; + H,
Ry 2CH, + 30, <> C,H, + 60H

The reactions R, and R, describe respectively the for-
mation of the hydrogen (H) and the oxyhydrogen (OH),
while reactions R; and R4 describe the hydrogen to water
and carbon monoxide conversions. Reactions Rs; and Rg
represent the conversion of CHy — CH; — H, and CO,
R; account for the formation of C, species, such as C,H,.

We further note in the present study that the species O
is identified as steady-state species. In fact, extensive
validation [18-20] appears to support the validity of this
assumption in methane oxidation over a wide range of
combustion phenomena and under extensive thermody-
namical parametric variations.

With the additional consideration of NO, N,O and
HCN, S-STEP yielded a 10-step mechanism by including
the following tree global reactions:

(Rs) 2HCN + 0, & 2CO+ H, + N,
(Rg) 02 + N2 Ad ZNO
(Ri0) 0,+ 2N, & 2N,0

Note that Rg involves the prompt and reburning reac-
tions. Moreover, Ry describes the thermal NO pathway,
which is the dominant NO formation path due to the high
temperatures involved. Ry describes the formation of the
nitrous oxide pathway.

A comparison between seven-step mechanism, the
10-step mechanism contains the additional species C,H,,
CH; and HCN. Those species should appear in a reduced
mechanism valid for rich flames. Finally, note that N,O
appears in both mechanisms as major species, in contrast
to other reduced mechanisms.

From this mechanism, it is shown that the 7-step re-
duced mechanism [15] is a subset of the 10-step one. The
reactions Ri-Rs and Ry-Rj, of the 10-step one contain the
seven-step mechanism [15]. The first six global reactions
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Table 1. Integrate CSP-pointer.

Species I Species I Species I Species I
NNH 0.83220E+07 HCCOH 0.60560E+05 HCO 0.24359E+04 HCN 0.15939E+02
HCNN 0.82388E+07 CH,CHO 0.45958E+05 C,Hs 0.21088E+04 N.O 0.59425E+01
H,CN 0.49714E+07 NH; 0.17711E+05 CH, 0.12605E+04 C,H, 0.48243E+01
HOCN 0.25843E+07 C 0.15643E+05 CH;0H 0.12559E+04 CH, 0.40999E+01
CN 0.19646E+07 CH,OH 0.12273E+05 HO, 0.93244E+03 NO 0.66591E+00
HNO 0.12306E+07 CH 0.93531E+04 CH,CO 0.58971E+03 H, 0.46508E-01
NCO 0.50343E+06 CHx(S) 0.72133E+04 HNCO 0.27211E+03 0, 0.36800E—-02
NH 0.35861E+06 HCNO 0.61886E+04 CH,O 0.26721E+03 CO 0.86666E—03
C;H; 0.30920E+06 C;Hg 0.56332E+04 C,H,4 0.15339E+03 H,O 0.82282E-03
NH, 0.26922E+06 HCCO 0.55327E+04 C,H; 0.12569E+03 CO, 0.22872E-03
NO, 0.17989E+06 CH;0 0.41358E+04 (0] 0.10905E+03 N, 0.66178E-9
N 0.15017E+06 H,0, 0.38484E+04 OH 0.30672E+02 AR 0.10000E—60
CH 0.79015E+05 C,H; 0.35053E+04 CH; 0.28213E+02
CH;CHO 0.35000E+04 H 0.27430E+02

in the 10-step mechanism describe methane combustion
and the rest nitrogen chemistry.

The global rates Rw; (j = 1 to 10) of this mechanism
are a linear combination of elementary rates w; (i = 1 to
325) in the detailed mechanism GRI-3.0 and are listed in
Appendix A. These rates depend, of course, on all spe-
cies, 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.

4. Results and Discussion

The numerical which were obtained for 1 atm < Pressure
<40 atm and 0.6 < ¢ < 1.4 on the basis of the ten steps
global mechanism, were compared with those computed
on the basis of the detailed mechanism GRI-3.0 and
7-step reduced mechanism.

Using the reduced mechanism (R;-Rjo) it was shown
that numerical solutions were obtained about 3.5 times
faster than when using the detailed mechanism. This de-
cease of CPU time is in agreement with the reasoning of
Somers and Go Goey [21].

4.1. Flame Propagating Velocity

An important characteristic of laminar premixed flames,
often used as a global performance test for reduced
mechanisms, is the flame propagation velocity, S;. With
the 10-step reduced mechanism developed here, the cal-
culation of planar flames results in errors in Sj typically
smaller than 15% for varying conditions of mixture
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composition and pressure. This is illustrated in Figures 2
and 3, where the of S obtained with the reduced mecha-
nisms (10-step and 7-step is compared with that obtained
with detailed chemistry (GRI-3.0).

Figure 3 shown the comparison of flame propagation
velocity S, = pu/p, (p is the mixture density, u is the gas
velocity and p, is unburned gas density), as a function of
mixture pressure for CHy-air flames for different mix-
tures (¢ = 0.6, 1.0 and 1.4). Observation of this figure
indicates that the reduced mechanisms produce the accu-
rate values for this intrinsic parameter in particular for
the lean and rich mixtures. A similar agreement is found
for the dependence of the flame propagation velocity on
the mixture composition. This is investigated in Figure 4,
where we plot the variation of S; with equivalence ratio

(9.

4.2. Structure Flame

The characteristic flame structure corresponding to the
reduced mechanism is shown in Figures 4 and 5, along
with the results of the detailed chemistry and 7-step re-
duced mechanism. In Figure 4, calculated mole fraction
profiles for CH4, CO,, CO, O,, H,, H,0, O, H and OH
are compared with those computed using GRI-3.0 and
7-step reduced mechanism.

From those Figures 4(a)-(c), it is seen that the two
reduced mechanisms (10-step and 7-step) show a excel-
lent 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
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Figure 2. The flame propagation velocity as a function of
the pressure for different equivalence ratios (¢ = 0.6, 1.0
and 1.4) and T, = 300 K.
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Figure 3. The flame propagation velocity as a function of
the equivalence ratio for P = 1 bar and T, = 300 K.

curves are indistinguishable on the graphs. The Figure
4(c) shown that the developed reduced mechanism have
a better prediction of the species CO, H, OH, O, and CH,4
in comparison with 7-step reduced mechanism.

The following Figure 5 shows the predictions of the
final temperature at the point x = 3.0 cm as a function of
the equivalence ratio (¢).

In Figure 6, we present the final mole fraction of NO
according to the richness at the point x = 3.0.

It is shown from this figure that the NO at the end of
the computational domain is produced correctly by the
seven-step mechanism for equivalence ratio lower than 1
(lean mixtures), while the 10-step mechanism gives ex-
cellent prediction even for very rich flame. The peak NO
occurs at stoichiometry and the error between the re-
duced and detailed mechanisms is around 6.5%, which is
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Figure 6. NO mole fraction at x = 3.0 cm as a function of the
equivalence ratio for methane premixed flames.

considered small.

Figures 7(a)-(c) compares the spatially resolved spe-
cies profiles of NO and N,O for atmospheric, freely
propagating methane/air flames at equivalence ratios (¢)
0f 0.6, 1.0, and 1.4, respectively.

According to Figures 7(a) and (b), we can note the
existence of an initial region of rapid NO growth associ-
ated with equilibrium radical concentrations, followed by
a region of slow growth (small slope). The reduced
mechanisms over predicts the nitric oxide in the reaction
zone. This difference between the two results becomes
clearly distinguished in the case of a lean flame (see Fig-
ure 4(a)). In Figure 4(c), it is shown clearly that the de-
veloped mechanism (10-step) better predict the mole
fraction relating to the species NO and N,O in compari-
son with 7-step reduced mechanism. This is due to the
presence of C,-chemistry in 10-step reduced mechanism.
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For P = 30 atm: Figures 8 and 9 show the numerical
calculation of the major species and radical concentra-
tions profiles of the stoiciometric mixture of methane/air.

As in the case of atmospheric pressure (P = 1 atm),
predictions of the mole fractions of CHy, CO,, CO, O,,
H,, H,0, O, H and OH are presented on the Figure 8 for
¢ = 1. Consequently, the combustion rates predicted by
the two reduced mechanisms with ten and seven steps are
similar to detailed mechanism GRI-3.0 for a pressure of
30 atm. The peak CO concentrations are reproduced ac-
curately by two reduced mechanism. The CO, formation
rate is similar for the reduced and full mechanisms at all
conditions shown, included the effect of pressure.

Figure 9 shows predicted NO and N,O mole fractions
as a function of distance along the premixed flame. The
NO formation is largely dependent on the other condi-
tions within the reactor (i.e. temperature, major and mi-
nor species concentrations). Figure 9 shows that at 30
atm and ¢ = 1.0, the peak NO mole fraction is predicted
reasonably well by the ten-step and seven-step reduced
mechanisms.

It is obvious from the presented figures that the agree-
ment between the two reduced mechanisms (ten-step and
seven-step) and the detailed mechanism is reasonable.
This shows that the principal characteristics of the flame
are described reasonably by the two reduced mechanisms
for different richness and pressures. In fact, it is seen that
the two reduced mechanisms produce correct evolutions
of the important parameters such as the flame propaga-
tion velocity the temperature and the mole fractions of
the major species.

5. Conclusion

A major subject or this work was to develop mechanism
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Figure 8. Comparison of predicted profiles of CH,;, CO,,
CO, 0,, Hy, H,0, O, H and OH for P = 30 atm, T, = 300 K
and ¢=1.0.
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Figure 9. Comparison of predicted profiles of NO and N,O
for P=30atm, T, =300 K and ¢=1.0.

of CH,; combustion and NO, formation that describe
premixed combustion of methane.

A reduced mechanism for methane-air combustion
with NO formation has been constructed with the com-
putational singular perturbation method using a S-STEP
automatic algorithm. The analysis was made on solution
of adiabatic premixed flame with detailed kinetics de-
scribed by GRI-3.0 for methane that includes NO, for-
mation. A ten-step methane mechanism has been con-
structed which reproduces accurately flame speeds, flame
temperatures and mole fraction distributions of major
species for whole flammability range. Many steady-state
species are also predicted satisfactory. It uses CHy, O,,
HQO, COz, CO, Hz, OH, H, NO, NQO, HCN, CH3 and
C,H, as major species and it has been derived from a CP
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,-spe-
cies and HCN results in much better predictions for
prompt NO, especially for very rich mixtures. This
mechanism performs well for the whole flammable range
of equivalence ration and for pressures up to 30 atm.
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Appendix A: The Global Rates

Rw; = 2w, — 2w, — 2wy — W5 — Wg + W7 — Wg + Wy
— Wi T Wi~ 2Wi3 — Wiy — 2Wig — 2Wp7 — W — W3
= 2Wa4 T 2Ws = 2Wa7 F2Wa9 + 2W3g + W3 + 2W3p — 2wag
= 2W40 = 2Wu — 2Wap — W43 — Wag — 2Was — 2Wys — Wag
= 2Wyg — W50 — Wsy — Ws3 — 2Wsy — 2Ws5 — 2Ws9 — 2Weq
= 2We1 — 2Wey — 2We3 — 2Wes — 2We6 — 2We7 — Wyo — 2W7y
= 2wy — 2Wq7 — 2W3g — Wqg T 2Wgo + 2wy — 2wy + Wiy
+ Wgs T Wgg — Wg7 — Woo T Wy + Wop + Wo3 + Wog + Wog
— Wigo T Wior — Wig2 — Wio3 + Wigs T Wigs + Wigs = 2Wio7
+ Wit Wi~ Wiz T 3Wiig — Wiis — Wige — Wiz — Wiig
— Wiz T Wia1 — Wiz — Wia3 — Wigg T Wias — Wizg — 2Wi30
— W31 — 3Wi33 — Wisg T Wizs + Wiz — Wizg — 3Wig0 — Wigy
T Wigs T Wige — Wigo — Wiss + 2Wiss — Wigo + Wig1 T Wien
+ Wigs T Wigs = Wigs T Wigp + Wiga + 2Wi73 + 2Wi74 — Wigy
— Wig2 ~ Wigs T Wiga T Wigs — 2Wige — 2Wig7 — Wigo — Wio1
~ Wig2 ~ Wigg — Wigs — Wigg — 2ZWig97 — Wiog — Wao1 T Wap3
= 2Wao7 — Waog — 2Wa09 — Waig — Waip — 2Wapp + Ways
+ 2Wa16 = Wa17 — Waro — Waoo + Wapq — Waps + Wapy + 2Wa30
= 2Wa3g T Wagn T Waa3 — Wags + Wagg + Wase — Was7 — 2Wasg
+ Waso T Wago = 2Wae1 T Wasa — Wae3 + Was7 + Waes + 2Waeo
= Wazs T Wazs = Waze T Wazg — 2Wago T Wagy — Wag3 — Wagy
= Wago T 2Wagg T Wao1 + 2Wa9 + 2Wags — 2Wags + 2Woog
= 2Wag9 T W3g1 + Waga T W33 + 2W305 + 2W306 T SW307
+ 2w308 = 2W309 — W310 T SWaip — 2ZW313 — 2W314 — Wa3gs
+ W316 — W7 + 2w
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RW;3 =— ws + W + W7 + Wg + Wog — Wy — Wa3— W3p + Wa3
t Waq — Wa7 T Wsg T Wyp = Wyg + Wgq + Wgs T Wg + Wy
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— Wos7 = Wasg = Wogr = Woe3 = Woea — Woee — Wae7 — Wogo
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