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Abstract
Detailed mechanisms for aviation fuels contain hundreds of species and thousands of reactions, indicating a necessity
for reduced mechanisms. Rate-Controlled Constrained Equilibrium (RCCE) provides a physical and mathematical
framework for deriving reduced mechanisms, where the kinetically controlled (slow) species are determined from the
kinetics of the detailed mechanism, while the equilibrated (fast or steady-state) species are calculated by minimising
the Gibbs free energy of the system. In this work, reduced chemical mechanisms for the oxidation of kerosene are
derived with RCCE. Several sets of constrained species for different surrogate fuels, based on n-decane or n-dodecane,
lead to different reduced mechanisms and a considerable degree of reduction is obtained.

Introduction
CFD simulations of real problems, which require com-

plex geometries, with comprehensive chemical mecha-
nisms are computationally infeasible. Detailed mecha-
nisms for aviation fuels may contain from few to hun-
dreds of species and thousands of reactions, indicating a
necessity for reduced mechanisms. Conventional meth-
ods for mechanism reduction are based on the approx-
imation of quasi-steady-state (QSSA), with which dif-
ferential equations are replaced with algebraic ones for
species which are assumed to be in steady-state. How-
ever, the size of the complex mechanisms for surrogate
aviation fuels may require considerable work in order to
derive the reduced system of differential-algebraic equa-
tions.

RCCE provides a physical and mathematical frame-
work for deriving reduced mechanisms, where the kinet-
ically controlled species (which refer to non steady-state
species for QSSA or slow species and are called con-
strained species) are determined from the kinetics of the
detailed mechanism, without any assumption. The re-
maining species, which are called equilibrated (steady-
state for QSSA or fast species) are calculated by min-
imising the Gibbs free energy of the system. This min-
imisation is subject to the constraint that the kinetically
controlled species must maintain their concentrations as
derived from chemical kinetics and also subject to the ad-
ditional constraints of conserving energy, mass and el-
ements. RCCE provides a general system of equations
which are already parametrised in terms of the constrained
species and does not require any individual derivation for
different chemical mechanisms but only the identification
of the constrained species. In this light, RCCE can eas-
ily provide the theoretical description for the reduction of
different detailed chemical mechanisms for aviation fu-
els.

The common aviation fuel for aircrafts is kerosene,
for both transport and military operations. Several sur-
rogate fuels for kerosene have been proposed so far in
order to match the physical and chemical properties of
the real fuel and some of them include single component
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fuels, like n-decane [1], while most of the later suggested
ones consist of multiple components. These components
are mainly n-paraffins, cyclo-paraffins and aromatics. N-
paraffins are major components of these surrogate fuels,
and particularly n-decane or n-dodecane are usually ap-
plied. Surrogates based on n-decane have been proposed
by Honnet et al. [2], as the Aachen surrogate fuel, and by
Gueret et al. [3], while surrogates based on n-dodecane
are those of Violi et al. [4] and Cooke et al. [5]. Most
of these surrogate fuels are accompanied by a chemical
kinetics mechanism.

Chemical mechanisms are necessary to describe the
oxidation of the hydrocarbons. Luche [6] introduced a
reduced mechanism which consists of 89 species and 680
reactions to describe the oxidation of kerosene in a per-
fectly stirred reactor, which is the only skeletal mech-
anism for kerosene to our awareness. Luche et al. [7]
used fuels based on n-decane, which seems to be the best
candidate for a single component surrogate fuel, as in
[3]. Dagaut et al. [8] developed another mechanism with
209 species and 1673 reactions to describe the oxidation
of both kerosene and n-decane in a jet stirred reactor.
They verified their results by conducting experiments us-
ing different types of surrogate fuels and kerosene and
concluded to a 3-component fuel consisting of n-decane,
n-propylbenzene and n-propylcyclohexane which descri-
bes the properties of kerosene best. Regarding mecha-
nisms based on n-dodecane, Narayanaswamy et al. [9]
developed a mechanism to describe the high temperature
oxidation of n-dodecane and verified it against experi-
mental results. They also used different kind of cyclo-
paraffins, such as methylcyclohexane, and different aro-
matics, like m-xylene. Their mechanism consists of 367
species and 1892 reactions. The only reduced mecha-
nism for kerosene oxidation is by Franzelli et al. [10],
who introduced a two-step chemistry mechanism with 5
species and the fuel C9.7396H20.0542. Another ongoing
effort is JetSurF 2.0 [11] in order to develop a Jet Sur-
rogate Fuel mechanism. Further details on jet surrogates
may be found in [12] or [13] while experiments on lam-
inar burning velocity of commercial kerosene have been
conducted by Vukadinovic et al. [14] and Kumar et al.
[15] for a wide range of pressures and temperatures.

In this work, we present several reduced chemical me-



chanisms derived via RCCE for the oxidation of kerosene
using different sets of constrained species, different sur-
rogate fuels and detailed mechanisms for kerosene and
we obtain a considerable degree of reduction while main-
taining the accuracy of species profiles.

RCCE formulation
RCCE is a method to describe chemical kinetics with

a differential algebraic-system of equations (DAE). This
system comprises a set of differential equations for the
evolution of the constrained species, a set which is de-
rived from the detailed mechanism, while a set of alge-
braic equations for the concentration of the fast species
in constrained equilibrium is also included in the DAE
system. The differential equation for the change in con-
centration of a constrained species ci is given through the
detailed mechanism

dci
dt

=

N∑
j=1

[
acij

NR∑
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(vjkrk)
]

(1)

where N is the total number of species, acij is a ma-
trix which contains the contribution of each constrained
species i to each species j, NR is the number of reac-
tions, vjk is the stoichiometric coefficient of the species j
in reaction k and rk is the reaction rate for reaction k. The
concentration of a fast species j, c∗j , is then calculated in
constrained equilibrium by
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(2)

where µo
j is the chemical potential of species j in stan-

dard state, Me is the number of elements, aeij is a matrix
which contains the contribution of each element i to each
species j, λei are Lagrange multipliers of species i , Mc

is the number of constrained species and λci are Lagrange
multipliers for constrained species. The final form of the
DAE system of RCCE is obtained by Eq. (1) and (2).
The reader is referred to [16], [17] and [18] for further
details on the RCCE derivation and application of RCCE
to different problems and fuels.

Selection of constrained species
The only input parameter for RCCE is the identifica-

tion of the kinetically controlled species, which has been
based either on an empirical and trial-and-error basis or
on methods for ordering the species’ importance, such
as Level of Importance (LOI) in [19] and [20]. LOI is
a timescale analysis which identifies the species which
are locally important by ordering the LOI indices for all
species at a given condition (e.g. steady-state). The LOI
index is a combination of the chemical lifetime of species
and a sensitivity factor towards a given species, so that the
LOI of species i at position x is given by

LOIi,x = τi,xSij,x (3)

where the chemical lifetime τi,x of species i is an approx-
imation calculated using the diagonal elements Jii of the
Jacobian matrix of the species and it is given by

τi,x = − 1

Jii
= − 1

∂ωi
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=
ci∑NR
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′
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′′
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′
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where v
′

jk is the stoichiometric coefficient for reactants,
v

′′

jk for products and rk is given by

rk = kk
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c
v
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ik

i (5)

where kk is the reaction rate coefficient. The sensitivity
factor Sij,x is given by
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Further details on LOI can be found in [21].
The determination of the species which must be con-

strained for the reduced mechanism results from an anal-
ysis on a steady- state solution. LOI is used for the pur-
poses of this work in order to identify the constrained
species for RCCE. In addition to LOI, species are ordered
according to a criterion similar to LOI but using only
the concentration of the species and the sensitivity fac-
tor. This Concentration and Sensitivity of species Crite-
rion (CSC) is compared to LOI to identify the constrained
species for RCCE. The CSC of species i at position x is
given by

CSCi,x = cj,xSij,x (7)

where cj,x is the concentration of species j at position x.
Both CSC and LOI order the species locally, for different
mixture fractions. An integration of these local criteria is
applied, in order to identify the important species, over
the mixture fraction space and weighted according to

LOIi =

∫ 1

0

LOIi,xdz =

z2−1∑
x=z1

LOIi,x(zx+1 − zx) (8)

where zx is the mixture fraction in position x, z1 is the
lowest mixture fraction and z2 is the highest mixture. The
integrated LOI and CSC for each species are ordered to
identify the species which are globally important. These
methods are also compared with a simpler one, which or-
ders the species according to the concentration of species
in steady-state only. Specifically, the highest concentra-
tion of each species all over the mixture fractions space
is identified and then ordered, offering a fast criterion for
the selection of the constrained species for RCCE. These
methods are applied to the skeletal mechanism suggested
by Luche [6] and to the detailed mechanism suggested
by Narayanaswamy et al. [9] and are summarized in the
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following Table 1. The surrogate fuels for both mecha-
nisms are those which are suggested by the authors of the
mechanisms and are shown in Table 2.

Three reduced mechanisms are derived for the Luche
skeletal mechanism constraining species indicated from
LOI, CSC and the maximum concentration method to
demonstrate the applicability and efficiency of these meth-
ods. A detailed investigation of the methods for the se-
lection of the constrained species for RCCE will follow
in a future work. The reduced mechanisms are tested in a
counterflow configuration (flamelet model [22]) and the
profiles of major species, both constrained and uncon-
strained, are compared with those of the detailed mech-
anism. The strain rate for the following results is s =
400s−1, with a timestep t = 10−6s, for an 100 different
mixture fractions.

Name Species Reactions

Luche skeletal [6] 89 680

Pitsch [9] 367 1825

Table 1: Chemical mechanisms for kerosene

Name Components Names Vol. Formula

n-Decane 74% n-C10H22

Kero A n-Propylbenzene 15% C9H12

[3] n-Cyclohexane 11% C9H18

n-Methylyclohexane 48.5% C7H17

Kero B n-Dodecane 30.3% n-C12H26

[9] m-xylene 21.2% C8H10

Table 2: Surrogate fuels for kerosene

Reduced mechanisms
Four reduced mechanisms are introduced for kerosene

with RCCE, three of which are derived from the Luche
skeletal mechanism and another reduced mechanism for
the Pitsch mechanism. The constrained species for these
mechanisms are identified with LOI, CSC and using the
species with the highest concentrations. In particular, the
reduced sets for Luche mechanism are derived with LOI,
CSC and the criterion for maximum concentration while
the Pitsch mechanism is reduced constraining species with
the maximum concentration. The three sets of constrained
species for the Luche mechanism are shown in Table 3.

The number of the species which are retained in the
reduced mechanism is set to 25, as this number was enough
to contain some very major species and the fuel compo-

Max Conc CSCCO LOIC2H2

1 N2 H2O n-C10H22

2 n-C10H22 O2 O2

3 O2 O CO
4 C9H12 H H2O
5 H2O H2 H2

6 C9H18 CO C9H12

7 CO C2H4 C2H4

8 CO2 OH CH4

9 H2 CO2 CO2

10 C2H4 CH4 C9H18

11 CH4 n-C10H22 O
12 C2H2 CH3 H
13 C3H6 C2H2 C2H2

14 H C7H7 C6H6

15 OH C9H18 C3H6

16 O C9H12 C7H8

17 C6H6 C3H6 a-C3H4

18 C2H6 CH2 p-C3H4

19 C7H8 C3H5 OH
20 C3H5 p-C3H4 C3H5

21 a-C3H4 a-C3H4 C2H6

22 p-C3H4 C9H17 CH3

23 C4H6 C3H3 C4H6

24 CH3 CH2O C7H7

25 C3H2 C6H6 C4H4

Table 3: Sets of constrained species for the Luche mechanism

nents, for all sets. C2H2 was selected as target for LOI
and CO was selected as target for CSC.

The three reduced mechanisms for the Luche mech-
anism are compared with those of the detailed mecha-
nism in Fig.1 - 8. The results for the reduced mecha-
nism constraining species from the LOI order are shown
with circles, the reduced mechanism with CSC species
with triangles, the reduced mechanism with the species
with highest concentration are shown with squares and
the detailed mechanism with red solid line. It is obvious
that the three reduced mechanisms have similar accuracy,
as it was expected by looking at the sets of constrained
species in Table 3. Most profiles of major species likeO2,
CO, H2 and the fuel components are reproduced as it is
shown in Fig1 - 8. The reduced mechanism constraining
the species with the highest concentration provides the
highest accuracy and the species profiles are very well
predicted.

One more reduced mechanism is derived for the Pitsch
detailed mechanism using the maximum concentration
method, as this method provided the highest accuracy for
the reduction of Luche mechanism. The 35 species with
maximum concentration are constrained, as this set was
found to include the major species and to provide good
accuracy in the species profiles for this problem.
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Figure 1: CO using the Luche detailed mechanism (solid line),
RCCE with 25 species from LOIC2H2 (circles), from CSCCO

(triangles) from maximum concentration (squares)

0 0.2 0.4 0.6 0.8 1
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

 mixture fraction 

 C
O

2
 s

p
e

c
if
ic

 m
o

l 
n

u
m

b
e

rs
 

 

 

Detailed
LOI(C2H2)
CSC(CO)
max conc

Figure 2: CO2 using the Luche detailed mechanism (solid
line), RCCE with 25 species from LOIC2H2 (circles), from
CSCCO (triangles) from maximum concentration (squares)
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Figure 3: H2O using the Luche detailed mechanism (solid
line), RCCE with 25 species from LOIC2H2 (circles), from
CSCCO (triangles) from maximum concentration (squares)
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Figure 4: H2 using the Luche detailed mechanism (solid line),
RCCE with 25 species from LOIC2H2 (circles), from CSCCO

(triangles) from maximum concentration (squares)
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Figure 5: C2H2 using the Luche detailed mechanism (solid
line), RCCE with 25 species from LOIC2H2 (circles), from
CSCCO (triangles) from maximum concentration (squares)
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Figure 6: n-Decane using the Luche detailed mechanism (solid
line), RCCE with 25 species from LOIC2H2 (circles), from
CSCCO (triangles) from maximum concentration (squares)
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Figure 7: OH using the Luche detailed mechanism (solid line),
RCCE with 25 species from LOIC2H2 (circles), from CSCCO

(triangles) from maximum concentration (squares)
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Figure 8: Temperature using the Luche detailed mechanism
(solid line), RCCE with 25 species from LOIC2H2 (cir-
cles), from CSCCO (triangles) from maximum concentration
(squares)

These species are N2, C7H14, n-C12H26, C8H10, O2,
H2O, CH4, CO, H2, CO2, C6H8O2, C2H4, C2H2,
C16H10, OH , C3H6, H , O, C6H6, C4H6, p-C3H4 ,
C2H6, C7H8, a-C3H4, C5H6, C3H3, C8H6 , CH3 ,
C5H10, C4H2, CH2CO, C6H10, C10H8, i-C5H8, p-
C4H8. Important species for the reduced mechanisms,
such as O, O2, CO, CO2, H , H2, OH and H2O as
well as important species for soot formation such as ben-
zene (C6H6), acetylene (C2H2) and pyrene (C16H10)
are identified.

Again major species such as C2H2, C2H2 and two of
the fuel components n-C12H26 and C8H10 are very well
predicted with RCCE. The profiles of the above men-
tioned species are predicted with high accuracy with RCCE
providing a reduction in computational cost of 12 - 15
times.

Discussion
Several reduced sets for kerosene are derived in this

work using three different methods for the identification
of the constrained species for RCCE. These methods are
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Figure 9: C2H4 and C2H2 for the Pitsch detailed mechanism
(solid line) and RCCE with 35 species from maximum concen-
tration (circles)
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Figure 10: m-xylene and n-dodecane for the Pitsch detailed
mechanism (solid line) and RCCE with 35 species from maxi-
mum concentration (circles)

LOI, CSC and simply the species with the highest con-
centration. RCCE was able to predict the concentration
of major species, like CO, C2H2, H2 and fuel compo-
nents for the oxidation of kerosene in mixture fraction
space. RCCE predicted the concentration of these major
species even when constraining different sets of species
indicating a flexibility of the method. Future work will
include verification of the reduced sets for ignition de-
lay time and burning velocity as well as urther reduction
in the number of the constrained species. An investiga-
tion of the optimal way for identifying the best number of
constrained species is also among our future tasks.
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