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Three chem i cal ki netic mech a nisms of meth ane com bus tion were tested and com -
pared us ing the in ter nal com bus tion en gine model of Chemkin 4.02 [1]: one-step
global re ac tion mech a nism, four-step mech a nism, and the stan dard de tailed
scheme GRIMECH 3.0.
This study shows good con cor dances, es pe cially be tween the four-step and the de -
tailed mech a nisms in the pre dic tion of tem per a ture and main spe cies pro files. But
re duced schemes were in ca pables to pre dict pol lut ant emis sions in an in ter nal com -
bus tion en gine. The four-step mech a nism can only pre dict CO emis sions but with -
out good agree ment.
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In tro duc tion

De tailed chem i cal ki netic de scrip tions of hy dro car bon com bus tion may re quire the
track ing of hun dreds of chem i cal spe cies and thou sands of re ac tion steps. For the fore see able fu -
ture, CPU time and com puter mem ory lim i ta tions will pro hibit im ple men ta tion of fully de tailed
de scrip tions of com bus tion chem is try into  com pu ta tional fluid dy nam ics (CFD) sim u la tions of
com bus tion hard ware.

Within CFD sim u la tions, the num ber of spe cies tracked im pacts the mem ory us age
and CPU time. As a re sult, it is im por tant to min i mize this num ber while re tain ing es sen tial fea -
tures of the de tailed chem is try. The num ber of spe cies re quired for sim u la tion of com bus tion
pro cesses de pends on the na ture of the phe nom e non, and the type of in for ma tion de sired from
the sim u la tion.

The re cent de vel op ment of com pre hen sive, val i dated, de tailed mech a nisms for com -
bus tion of large hy dro car bon is a sig nif i cant step for ward. Re duced chem i cal ki netic mech a -
nisms that can rep re sent im por tant as pects of the be hav iour of these de tailed mech a nisms us ing
few enough sca lars that they can be im ple mented into CFD sim u la tions of fer large po ten tial im -
prove ment in the mod el ling of prac ti cal com bus tion de vices [2].

The pres ent re search was in tended to dem on strate the fea si bil ity of the re duced re ac -
tion mech a nisms in the sim u la tion of in ter nal com bus tion en gines (ICE).

In this pa per, three chem i cal ki netic mech a nisms of meth ane com bus tion are com -
pared in an ICE con fig u ra tion. Meth ane was se lected for its eco nomic and eco log i cal ad van -
tages. These mech a nisms are: full de tailed mech a nisms GRIMECH 3.0, four-step re ac tions
mech a nisms, and a global one re ac tion mech a nism.
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We com pared those mech a nisms for tem per a ture pro files, spe cies pro files, and when
pos si ble, pol lut ant emis sions for var i ous ex cess air ra tios.

Our re sults and dis cus sion show that the four step re duced mech a nism is fea si ble for
the sim u la tion of com bus tion in ICE and can re place faith fully the full de tailed one but with
some lim i ta tions.

Chem i cal re ac tion mech a nisms for meth ane

Since meth ane is the sim plest hy dro car bon fuel avail able; sev eral stud ies have fo cused 
on meth ane-air flames [3]. The ox i da tion of meth ane is quite well un der stood and var i ous de -
tailed re ac tion mech a nisms are re ported in lit er a ture [4]. They can be di vided into full mech a -
nisms, skel e tal mech a nisms, and re duced mech a nisms. The var i ous mech a nisms dif fer with re -
spect to the con sid ered spe cies and re ac tions. How ever, con sid er ing the un cer tain ties and
sim pli fi ca tions in cluded in a tur bu lent flame cal cu la tion, the var i ous mech a nisms agree rea son -
ably well [5].

In lit er a ture, sev eral mech a nisms of meth ane com bus tion ex ist. We can cite: 
– for detailed mechanisms: Westbrook [6], Glarborg et al. [7], Miller and Bowman [8], and

recently, Konnov [9], Huges et al. [10], and the standard GRIMECH [11],
– for reduced mechanisms: Westbrook and Dryer [12], Duterque et al. [13] (1 to 2  global

reactions), Peters [14], Hutmann et al., [15], and Jones and Lindstedt [16] (more than 2
global reaction), Edelman and Fortune [17], and Edelman and Harsha [18] (1 global reaction
with many elementary reactions; these mechanisms are called quasi-global mechanisms).

These last mech a nisms are cer tainly more ac cu rate than global mech a nisms but they
are also nu mer i cally ex pan sive.

All chem i cal mod els used in com bus tion share the same de scrip tion of el e men tary
chem i cal re ac tions, based on an Arrhenius law, lead ing to a rate co ef fi cient ex pressed as:

k AT
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-

be
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R (1)

The val ues of A, Ea (or Ta = Ea/R) and of the tem per a ture-de pend ence co ef fi cient b are
thus re ac tion-de pend ent. Based on this ex pres sion, dif fer ent lev els of ap prox i ma tion can be de -
fined to de scribe the ki net ics.

The three fol low ing mech a nisms are in ves ti gated:

– the global one-step reaction mechanism of Duterque [13]
CH4  +  2O2 ® CO2  +  2H2O

– the four-step reaction mechanism of Jones and Lindstedt [16]
– CH4 + ½O2 ® CO + 2H2

– CH4 +  H2O ® CO  +  3H2

– H2 + ½O2 « H2O
– CO + H2O « CO2 + H2 
– the standard detailed mechanism GRIMECH 3.0 (53 species,

325 reactions) [11].
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In ter nal com bus tion en gine model the ory

CHEMKIN is a pow er ful set of soft ware tools for solv ing com plex chem i cal ki net ics
prob lems. It is used to study re act ing flows, such as those found in com bus tion, ca tal y sis, chem i -
cal vapour de po si tion, and plasma etch ing.
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CHEMKIN con sists of rig or ous gas-phase 
and gas-sur face chem i cal ki net ics in a va ri ety
of re ac tor mod els that can be used to rep re sent 
the spe cific set of sys tems of in ter est (fig. 1).

The CHEMKIN Re ac tor Mod els al low us -
ers to sim u late de tailed ki net ics in im por tant
in dus trial sys tems by pre dict ing the re act ing
flow con di tions or chem i cal state based on
op er at ing con di tions.

As sump tions and lim i ta tions

The con tents of a well mixed or stirred re -
ac tor are as sumed to be nearly spa tially uni -
form due to high dif fu sion rates or forced tur -
bu lent mix ing. In other words, the rate of
con ver sion of re ac tants to prod ucts is con trolled by chem i cal re ac tion rates and not by mix ing
pro cesses. Thus we con sider that the re ac tor is “lim ited” by re ac tion ki net ics. An es sen tial el e -
ment of the stirred re ac tor model is the as sump tion that the re ac tor is suf fi ciently mixed to be de -
scribed well by spa tially av er aged or bulk prop er ties. The ma jor ad van tage of the well stirred ap -
prox i ma tion lies in the rel a tively small com pu ta tional de mands of the math e mat i cal model.
Such a model al lows in ves ti ga tors to eas ily con sider and an a lyze large, de tailed chem i cal re ac -
tion mech a nisms or com plex re ac tor net works.

In ad di tion to fast mix ing, the mod el ing of ho mo ge neous re ac tors re quires sev eral as -
sump tions. First, mass trans port to the re ac tor walls is as sumed to be in fi nitely fast. There fore,
the rel a tive im por tance of sur face re ac tions to gas-phase re ac tions is de ter mined only by the sur -
face-to-vol ume ra tios of each ma te rial and the rel a tive re ac tion rates (rather than by trans port
con straints). Sec ond, the flow through the re ac tor must be char ac ter ized by a nom i nal res i dence
time, which can be de duced from the flow rate and the re ac tor vol ume [19].

            Gen eral equa tions

Con ser va tion of mass, en ergy, and spe cies for a
well mixed re ac tor or ho mo ge neous sys tem in clude net 
gen er a tion of chem i cal spe cies within the re ac tor vol -
ume, and net loss of spe cies and mass to sur faces in the
re ac tor. Ho mo ge neous sys tems in clude closed batch
re ac tors, sin gle-zone en gine-cyl in der mod els, per fectly 
stirred re ac tor ap prox i ma tions, well mixed (low-pres -
sure) plasma pro cess ing re ac tors, for ex am ple.

Fig ure 2 il lus trates the con cep tual rep re sen ta tion
of a ge neric re ac tor cham ber. A steady flow of re ac -
tants is in tro duced through the in let with a given spe -
cies com po si tion and tem per a ture. For tran sient sys -
tems, there may be no flow, such that the sys tem is
closed with re spect to mass trans fer other than sur face 
losses or gains.
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Fig ure 1. CHEMKIN pack age struc ture [19]

Fig ure 2. Sche matic rep re sen ta tion of a
well mixed re ac tor mod ule [19]



In our case, an ICE model sim u lates a com bus tion cyl in der un der auto-ig ni tion con di -
tions, most rel e vant to the study of fuel auto-ig ni tion be hav iour, en gine knock, and ho mo ge -
neous charge com pres sion ig ni tion (HCCI) en gines. This model is rep re sented by a closed ho -
mo ge neous 0-D re ac tor (when both in take and ex haust valves are closed). This re ac tor has no
ex change of mass or en ergy (adi a batic) with the ex te rior. So the con ser va tion equa tions are re -
duced to:
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for the en ergy con ser va tion. The rate of pro duc tion is &w j  given by chem is try with eq. (1)
The dis place ment of the pis ton gen er ates the change of the vol ume (fig. 3). Hey wood

[20] pro vides equa tions that de scribe the vol ume (to first or der) as a func tion of time, based on
en gine pa ram e ters. 

The en gine pa ram e ters are spec i fied by the user di rectly in the CHEMKIN User In ter -
face for the ICE reactor model [19].
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This equa tion al lows so lu tion of the gen eral equa tions for
spe cies and en ergy con ser va tion.

In puts of the sim u la tion are:
– chemical reaction mechanisms with Arrhenius coefficients,
– thermodynamic and transport data,
– molar fractions of reactive species (natural gas: CH4, C2H6,

C3H8, and air – O2, N2) for various equivalence ratios F, and
– geometrical parameters of the ICE.

So we can ex tract in for ma tion from the sim u la tion such as:
– temperatures profiles,
– pressures profiles,
– main species profiles,
– total rate-of-production, and
– peak of temperature for various excess air ratios F.

Re sults and dis cus sions

We sim u lated the com bus tion in a cyl in der en gine with the
three chem i cal ki netic mech a nisms listed be low. We used var i -
ous en gine pa ram e ters (geo met ri cal pa ram e ters, crank ro tary
speeds). An ex am ple of pa ram e ters is cited in tab. 1.

Ther mo dy namic and trans port data used in all sim u la tions
are those pro posed with GRIMECH 3.0 [11].
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Fig ure 3. Sche matic of an en -
gine cyl in der, used in the ICE
model to de ter mine the vol ume
as a func tion of time



In this sec tion, the con se quences of
the three chem i cal ki netic schemes for
the pre dicted tem per a ture and pres sure
pro files, spe cies pro files and when pos -
si ble pol lut ant emis sions are com pared
and dis cussed.

Tem per a ture and pres sure pro files

Fig ure 4 shows the tem per a ture pro -
files ob tained with the three chem i cal
ki netic mech a nisms (Duterque, Jones
and Lindstedt, and GRIMECH 3.0) for the adi a batic and stoichiometric con di tion (Tini = 447 K,
Pini = 1,07 bar, and F = 1,0). 

As shown in this fig ure, there is some dis crep ancy of tem per a ture pro files be tween the
de tailed mech a nism (taken here as a ref er ence) and the re duced ones. The com bus tion with re -
duced mech a nisms oc curs ear lier than with the de tailed mech a nism. The rea son of this dif fer -
ence in ig ni tion de lays is that the chem is try in re duced mech a nisms is in fi nitely abrupt. In fact
the spe cies and the tem per a ture reach their end or max i mum val ues very quickly.

Fig ure 4 shows also that the one-step mech a nism overpredict the com bus tion tem per a -
ture pro files (about 200 K). This overprediction dis ap pears when multi-step re ac tion ki net ics is
con sid ered.

But on an other hand, the peak of tem per a ture pre dicted us ing the four-step mech a nism
pro duces good agree ment with GriMech 3.0. This agree ment is also shown in fig. 6 on which the 
peaks of tem per a tures for var i ous val ues of ex cess air ra tios are drawn.

The same re sults are ob tained for pres sure (see fig. 5).

Spe cies pro files

Fig ure 7 il lus trates the main spe cies pro files of CH4, CO2, O2, and H2O for the
stoichiometric con di tion. Ob vi ously, the one-step mech a nism can not pre dict the CO pro files
since there are no path ways.
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Ta ble 1. Ex am ple of test en gine spec i fi ca tions

Pa ram e ter Set ting

Com pres sion ra tio 16.5

Cyl in der clear ance vol ume 103.3 cm3

En gine speed 1000 rpm 

Con nect ing rod to crank ra dius ra tio 3.714286

Cyl in der bore di am e ter 12.065 cm

Fig ure 4. Com par i son of tem per a tures pro files for
equiv a lence ra tio  F = 1

Fig ure 5. Com par i son of pres sures pro files for
equiv a lence ra tio  F = 1



Both one-step and four-step mech a nisms pre dict ear lier fuel and ox y gen dis ap pear -
ance than pre dicted us ing the de tailed mech a nism.
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Fig ure 6. Com par i son of peaks of tem per a ture for
var i ous equiv a lence ra tios F

Fig ure 7. Com par i son of main spe cies pro files for equiv a lence ra tio F = 1



For pro duc tion emis sions, one-step mech a nism (also the four-step mech a nism) dic -
tates that CO2 and H2O are formed as rap idly as fuel and ox y gen are con sumed, since there are
no al ter na tive path ways, with a con se quent larger amount of pro duc tion than the de tailed mech -
a nism which re quires that the fuel is pyrolysed to in ter me di ate hy dro car bons, which are then ox -
i dized to CO, which is then ox i dized to CO2 in a very slow re ac tion.

Al though there is dis crep ancy in spe cies pro files, the four-step mech a nism have the
same pace than the de tailed one and pro duces ac cept able agree ment in spe cies pre dic tion.

Pol lut ant emis sions

Ob vi ously, the one-step mech a nism can not be used to pre dict emis sion of pol lut ants.
And the four-step can only pre dict CO emis sion.

There fore, fig. 8 com pares the pre dicted emis sions of CO us ing four-step and de tailed
mech a nisms. This fig ure shows that the four-step mech a nism overpredict CO emis sion in ICE.
This is due to the fact that in this mech a nism the to tal ity of CH4 is trans formed into CO which
has only one way to be con sumed, but in the de tailed mech a nism CO re acts by mul ti tude path -
ways.

Con clu sions

Com bus tion within an in ter nal com bus tion en gine has been com puted us ing three
chem i cal ki netic schemes: one-step, four-step and de tailed mech a nisms.

The in flu ence of these mech a nisms on the tem per a ture pro files, spe cies pro files and
pol lut ant emis sions are com pared. All com par i sons were for var i ous equiv a lence ra tios val ues
and en gine pa ram e ters. The pres ent ob ject is to dem on strate the fea si bil ity of re duced mech a -
nisms in the sim u la tion of com bus tion in en gine cyl in der. The re sults are en cour ag ing.

As shown in the fig ures, all com par i sons of the pre dicted tem per a ture pro files, main
spe cies pro files and pol lut ant emis sions il lus trate that the four-step re duced mech a nism better
de scribes the full mech a nism. Thus the full mech a nism can be su per seded by the four-step
mech a nism for en gi neer ing ap pli ca tions of in ter nal com bus tion en gine. The ap pli ca tion of such
re duced mech a nism can re duce the avail able com pu ta tional re sources and cost be cause the
num ber of spe cies is re duced.
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Fig ure 8. Com par i son of CO emis sion for 
equiv a lence ra tio F = 1
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No men cla ture

A –  pre-exponential factor, [molm3s]
Am –  surface of the mth material in the reactor, [cm2]
C –  compression ratio of the engine, [–]
Cp –  specific heat capacity at constant

–  pressure, [Jkg–1K–1]
D –  cylinder bore diameter, [cm]
Ea –  activation energy of a chemical reaction, [Jmol–1]
hj –  specific enthalpy of specie j, [Jkg–1K–1]
k –  reaction rate coefficient, [–]
LA –  crank radius, [cm]
LC –  connecting rod length, [cm]
&m –  outlet mass flow rate, [kgs–1]
&mi –  inlet mass flow rate, [kgs–1]

nsp –  number of species, [–]
P –  pressure, [bar]
Qloss–  heat loss, [Js–1]
Qsource –  energy deposited into the gas from a heat

–  source, [Js–1]
R –  ideal gas constant, [Jmol–1K–1]
Rp –  ratio of the connecting rod length to the

–  crank radius, [Jmol–1K–1]
T –  temperature, [K]
Ta –  activation temperature, [K]
Te –  electron temperature, [K]

Tsurf –  surface temperature, [K]
t –  time, [s] 
V –  in-cylinder volume, [cm3]
Vc –  cylinder clearance volume, [cm3]
Yj –  mass fraction of specie j, [–]
Wj –  molecular weight of specie j, [kgmol–1]
Zk –  site fraction of the kth species at a site, [–]

Greek let ters

b –  temperature exponent of the preexponential
–  factor

F –  equivalence ratio, [–]
q –  angular position of the crank arm, [deg]
r –  density, [kgm–3]
&w j –  chemical production rate of specie j,

–  [molm–3s–1]
W –  speed of revolution of the crank arm, [deg s–1]
t –  nominal residence time, [s]

Sub scripts

j –  specie
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