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Abstract

The development of reduced chemical mechanisms in a systematic way has emerged as

a potential solution to the problem of incorporating the increasingly large chemical mecha-

nisms into turbulent combustion CFD codes. In this work, a methodology is proposed for

developing reduced mechanisms with Rate-Controlled Constrained Equilibrium (RCCE) via a

Computational Singular Perturbation (CSP) analysis of counterflow non-premixed flamelets.

An ordering of species for variable strain rates is derived by integrating over mixture fraction

space a modified CSP pointer that depends on the timescale and mass fraction of each chemical

species. Subsequently, a global set of kinetically controlled species is identified from weighting

the local ordering for each strain rate. RCCE simulations with the derived reduced mechanisms

for methane with 16 species and for propane with 27 species are compared with the integration

of the detailed mechanisms GRI 1.2 and USC-Mech-II respectively. The applicability of the

methodology is demonstrated in non-premixed flames for several strain rates, in non-premixed

flames ignited with a pilot in order to test the dynamics and ignition of the reduced schemes,

in premixed flames for different equivalence ratios and subsequently in perfectly stirred reac-

tors for ignition delay times for varying temperature, pressure and equivalence ratio. Overall

very good agreement is obtained, indicating that the methodology can produce reliable mecha-

nisms for different fuels and for a wide range of conditions, including dynamical behaviour and

conditions different from those employed for the derivation of the mechanism.
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1 Introduction

The reduction of emissions from engines and combustion in general is of major importance, and

research has focused on the accurate prediction of all polluting products. This requirement for
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accuracy, however, has led to the increase of the size of chemical mechanisms in order to include all

the minor species needed; Lu and Law [37] have illustrated how the size of chemical mechanisms

has developed during the last few decades. A chemical mechanism with more than a few tens of

species is not suitable for realistic application in computational turbulent combustion, due to the

size and the stiffness that it introduces. Current mechanisms for realistic fuels like kerosene [40],

[56] include thousands of reactions and several hundreds of species, many of which have timescales

of the order of 10−12 or even less, indicating a necessity for reduced mechanisms.

There are two main considerations in mechanism reduction: the identification of important

species and the method of derivation of a global reduced mechanism. Regarding the identification

of important species, the current methods exploit the separation of time scales either based on

experience or in a systematic way. Peters and Kee [42] used the species with the highest mole

fractions as non-steady state species to derive reduced mechanism for methane, while the Level

of Importance (LOI) method (Lovas et al. [31], [32]) orders the species according to their local

importance using the diagonal elements of the Jacobian matrix and a sensitivity factor related

to a target species. A more accurate systematic method for identifying major species based on

investigation of time scales is the Computational Singular Perturbation (CSP) method proposed

by Lam and Goussis [29], [28], [12], [27]. Massias et al. [39] implemented CSP to derive a reduced

mechanism from premixed flames using a CSP pointer to identify the steady state species and

refined basis vectors to evaluate the reduced mechanism.

Regarding the method for deriving reduced chemical mechanisms, the Quasi-Steady State Ap-

proximation (QSSA) and the Partial Equilibrium (PE) are the main methods employed, with QSSA

having been the prevailing approach. An analysis of the relation of QSSA and PE has been provided

by Goussis [13]. Chen [7] developed the Computer Assisted Reduction Mechanism Code (CARM)

in order to derive a 12-step reduced chemical mechanism for methane oxidation based on GRI 1.2

and then implemented CARM to generate the well-known Augmented Reduced Mechanism (ARM)

of Sung et al. [49]. The same mechanism was evaluated further in several combustion regimes [51]

and resulted in the addition of NO species and the application to GRI 3.0 in [50]. In parallel, Lu et

al. [34] developed a software for deriving a reduced mechanism from a detailed one, given thresholds

for the accuracy and based on CSP analysis of perfectly stirred reactors under different conditions.

They identified 13 major species and validated their reduced mechanism in perfectly stirred reactors

and premixed flames. Later Lu and Law [36] used CSP to identify the stead state species from

homogeneous regimes, after using Directed Relation Graph (DRG) [35] for the skeletal reduction of

GRI 3.0 and validated their reduced 19 species mechanism by application to several configurations

(perfectly stirred reactors, laminar premixed flames and non-premixed flames). DRG with Error

Propagation (DRGEP) [41] was also used in a very recent work by Jaouen et al. [20] to develop a

systematic method for mechanism reduction in combination with an optimisation procedure with a

genetic algorithm for the reaction rates with remarkable results. The same group [45] had also sug-
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gested a method to tabulate the species with very small concentrations using a similarity concept.

Another technique for mechanism reduction based on the separation of time scales is the Intrinsic

Low-Dimensional Manifolds (ILDM) [38] method, which is a simultaneous reduction and tabulation

technique.

Rate-Controlled Constrained Equilibrium (RCCE) represents an alternative to QSSA and PE

for deriving reduced mechanisms. The original RCCE concept was proposed by Keck and Gillespie

[26] and reviewed in [25]. In the original concept, the dynamical evolution of a chemical system

is considered to be led by a number of constraints that are, in general, linear combinations of

species, and correspond to slow processes. This initial formulation of RCCE was further developed

by studying different mechanisms and developing sets of constraints including both single species

and linear combinations such as total moles and free valence [14], [19] and was also used in an early

work in our group [24]. One problem with this approach is that it is difficult to systematise and

justify the particular choice of the linear combinations. For this purpose, a recent work by Beretta

et al. [3] presented a methodology for selecting constraints in a systematic way using the ’degrees of

disequilibrium’ and suggested the use of linear combination including neutral elements, total moles

and free valence.

A different view on RCCE has been adopted by other researchers [23], [21]: RCCE can instead

be viewed as a method for developing reduced mechanisms consisting of single species, similar to the

conventional mechanisms derived by QSSA and PE. In that point of view, the RCCE constraints

simply correspond to the leading species in QSSA and PE while the remaining species are what

would be called ’steady state’ species in a conventional reduced mechanism. RCCE is thus employed

as an alternative concept for deriving the algebraic equations for the fast species and offers several

advantages, which will be elaborated in Sec. 2. RCCE as a mechanism reduction method was

derived and applied to laminar premixed and non-premixed flames [23], [21], [46] as well as to

turbulent flames in conjunction with CMC [33] and with the transported PDF approach [9].

Yet another point of view that has been pursued, first appearing in [52], is to employ RCCE

as a dimension reduction method for use with tabulation approaches, such as In Situ Adaptive

Tabulation (ISAT) [44]. In order to reduce the dimensionality of GRI1.2 with the use of ISAT in

statistically homogeneous reactors, RCCE with Trajectory In Full Space (TIFS) was formulated [52];

TIFS (also in [18]) implies an integration of the full detailed mechanism given the initial composition

of the constrained species and then a projection back to the constrained equilibrium manifold. It was

subsequently found that RCCE-TIFS yields solutions which deviated slowly from the constrained

equilibrium manifold; to overcome this, the Close Parallel Inertial Manifold (CPIM) was proposed

[53] and the resulting improved accuracy of the formulation was demonstrated by application to

H2/air and CH4/air combustion in a plug-flow reactor. CPIM and TIFS are reviewed in [16]

along with an alternative projection called RCCE-RAMP (Reaction-mixing Attracting Manifold

Projector). However, as is also noted in the same work, these methods do not provide any direct
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computational savings, an aspect that is of little consequence in these works since the results are

used mainly for chemistry tabulation. Hiremath et al. [17] developed a Greedy Algorithm based

on the induced error from constraining random additional species and validated it by comparisons

with results obtained using GRI1.2. The same authors presented an ISAT approach and a Greedy

Algorithm with Local Improvement (GALI) [18] to improve the set of constrained species and it

was subsequently employed to predict a turbulent flame [15].

It is thus clear that a number of different viewpoints on RCCE exist in the literature. The

present article is the latest in a series of works [23], [21], [46], [33] [9] that aim to formulate and

employ RCCE as an alternative to QSSA and PE, in order to compute the dynamics of the chemical

system on the constrained equilibrium manifold. The latter is a manifold defined by a set of algebraic

equations (shown in Sec. 2) and parametrised by the choice of slow species; one advantage to QSSA

and PE being that the parametrisation is given by a general and explicit set of equations where

the choice of slow species enters simply as the coefficients of a matrix. The question of whether the

dynamics of this manifold approximate those of the exact solution, relies on the choice of fast and

slow species and it is the physics of this selection that can provide the ideal choice.

Traditionally, in QSSA and PE and also in some of our past work on RCCE [23], [21], [6], [9],

the slow species were chosen heuristically. However there is great merit in employing a systematic

method of time scale investigation for this choice, and such a step was first taken in [46] and [33]

where LOI was employed as the method for timescale investigation. The explicit parametrisation

of the RCCE equations in terms of the fast and slow species selection is ideal for linking with time

scale investigation methods, as the latter can provide a set of species that can be readily imported

to RCCE. This is in contrast to QSSA/PE, where the reduced mechanism has to be rederived for

each new choice of steady state species.

The main advances made in this article are as follows. First, a comprehensive derivation of the

RCCE formulation, different in certain aspects from the one presented in our previous papers [23],

[21], is presented here. Second, a methodology for the selection of constraints for use in RCCE

involving a time scale analysis via CSP is proposed. A preliminary study of this coupling was

shown in [48] in the context of a premixed flame; the approach taken there was similar to the

one in [39] for the derivation of QSSA mechanisms from premixed flames. Here we propose an

identification of major species for mechanism reduction through the integration of a modified CSP

pointer in laminar counterflow non-premixed flamelets. This has not been previously explored, even

in the context of QSSA mechanisms since, as far as the authors are aware, CSP-based studies for

the selection of steady state species have employed premixed flames or perfectly-stirred reactors.

Third, the methodology is employed to derive a global set of kinetically controlled species for two

different fuels, methane and propane. Fourth, the derived reduced mechanisms are evaluated by

application to counterflow laminar flamelets, premixed flames, dynamical evolution in flamelets

and homogeneous ignition. This comprehensive range of test problems encompasses a wide range of
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conditions and combustion regimes, while investigating both steady state and dynamical behaviour;

furthermore and most important, the RCCE reduced mechanisms are tested at conditions different

than those employed for its derivation.

2 Rate-Controlled Constrained Equilibrium (RCCE)

As outlined in the introduction, there are several alternative viewpoints of RCCE leading to al-

ternative formulations. In this section we will describe the basic foundations and assumptions on

which the formulation employed in this work is based, as well as provide the detailed derivation

of the RCCE equations. While the basics of this formulation appeared in earlier works from our

group [23], [21], we feel that certain aspects, such as the definition of the energy function to be

minimised, require further clarification; in addition, an alternative derivation of the implicit ODE

formulation will be presented here.

2.1 Chemical kinetics

The notation that will be employed for the chemical kinetics of the detailed mechanism will be

introduced first. Consider a chemical reaction mechanism featuring Ne atomic elements, Ns species

and Nr reactions. Its dynamical evolution is described by a set of differential equations in terms of

the reaction rates of individual reactions, rk, and the stoichiometric factors, νjk, as follows:

dnj

dt
=

Nr
∑

k=1

νjkrk(n1, ..., nNs
, T, ρ) (j = 1, ..., Ns) (1)

Here nj denotes the concentrations of chemical species in kmol per unit mass of the mixture, a

notation especially suited to variable density gas flows. For brevity, the dependency of rk on the

species, temperature and density will be omitted from now on for brevity. These ODEs must be

solved alongside the conservation of energy ODE:

Ns
∑

j=1

nj

dho
j

dT

dT

dt
= −

Ns
∑

j=1

ho
j

Nr
∑

k=1

νjkrk (2)

where ho
j is the specific enthalpy of each species (including both formation and thermal), a function

of temperature.

5



2.2 The RCCE concept

RCCE is a concept for mechanism reduction that is based on time scales separation, like the well

known QSSA and PE concepts. It is based on the idea that, if a number of species evolve according

to faster time scales than the rest, and thus reach an equilibrium state constrained by the slow

species, then it must be possible to determine the composition of these species by minimising an

energy function. The state of these species is called a constrained equilibrium state. It must be

emphasised that the entire chemical system is not in equilibrium and its evolution is still determined

by chemical kinetics.

The function to be minimised will be called here the kinetically constrained energy. Unlike the

free energy function that would yield the composition of the system at full equilibrium (e.g. the

Gibbs or Helmholtz free energy), the definition of this function depends on the imposed constraints,

and therefore on the choice of slow species. Consequently this selection must be such that time

scale separation is indeed present between the slow and fast species, otherwise the basic assumption

of the method is not satisfied. In the present work, CSP will be employed to investigate time scale

separation.

The constrained equilibrium state is parametrised by the current concentrations of the species

determined by the slower time scales, which will be called here kinetically controlled species, as

well as by the amount of chemical elements and two thermodynamic variables (e.g. enthalpy and

pressure). By contrast, the species governed by the fast time scales will be called equilibrated

species. The dynamical evolution of the kinetically controlled species is calculated according to

the chemical kinetics, using the full mechanism. These species subsequently function as time-

dependent constraints, from which the concentrations of the equilibrated species may be calculated

at any instance. The problem then reduces to the time integration of a constrained dynamical

system1.

2.3 Kinetically constrained energy and the constrained equilibrium man-

ifold

The starting point for the mathematical formulation of RCCE is the definition of the appropriate

energy function. We first consider the free energy functions that lead to the full equilibrium state.

One such possibility is the Gibbs free energy (for constant temperature and pressure); others, such

as the Helmholtz free energy, will not be considered here, as they would lead to a similar system of

1A similar situation arises in mechanics, where an equilibrium problem with constraints can be formulated in terms
of a force equilibrium or in terms of virtual work, and a dynamical problem can be formulated using Newton’s law or
D’Alembert’s principle [30]. For example, the material points along a rigid rod adjust their positions instantaneously
when a joint between two rods is being moved. Similarly, in our case it is assumed that the equilibrated species
adjust their concentrations instantaneously as soon as the kinetically controlled species change their concentrations.
In reality the change is not instantaneous, but it can be regarded as such because the associated relaxation time is
much faster.
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equations. The Gibbs free energy is a suitable starting point, because in computational methods for

turbulent combustion it is usually the enthalpy and pressure that are prescribed in the beginning

of the reaction fractional step (which is equivalent to prescribing temperature and pressure). The

Gibbs free energy (per unit mass) of a mixture of chemical species is:

g =

Ns
∑

j=1

µjnj (3)

where nj is the composition in kmol/kg of mixture, while µj is the chemical potential of each species

in the mixture, related to the chemical potential of a pure species as:

µj = µo
j +RT ln

pj

po
(j = 1, ..., Ns) (4)

where µo
j is the chemical potential of a pure species j in a standard state with pressure po, and pj

the partial pressure, given by the ideal gas law:

pj = njρRT (j = 1, ..., Ns) (5)

The ideal gas law for the mixture can be written as:

nρRT = p (6)

where p is the total pressure and n the total moles. Combining Eqs. (4), (5) and (6), the following

result is obtained, useful for future reference:

µj = µo
j +RT ln

nj

n
+RT ln

p

po
(j = 1, ..., Ns) (7)

In order to develop a procedure for the determination of the constrained equilibrium state, we

define a new energy function that additionally constrains the concentration of certain chemical

species. These species will function as the variables with respect to which the resulting constrained

dynamical system will be integrated. The new function will be called here kinetically constrained

energy and denoted by gc (per unit mass). In contrast to the Gibbs free energy, which represents

the chemical work required to change the amount of any species, the kinetically constrained energy

represents the chemical work needed to change the amount of equilibrated species without changing

the amount of kinetically controlled species, in addition to the constraints on enthalpy, pressure
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and total amount of elements. Therefore, while its absolute value is the same as the Gibbs free

energy, its minimum does not yield a point of equilibrium of the chemical system, but rather a

point of equilibrium of a subsystem containing the equilibrated species 2. It is thus a rigorous way

of enforcing the assumption of time scale separation, while its validity relies on the correct choice

of equilibrated species such that time scale separation is indeed present.

The condition for the minimisation of the kinetically constrained energy is that its variation is

zero, subject to constraining the elements, enthalpy 3, pressure and the values of the kinetically

controlled species. This can be written as the following variational equation:

δgc = 0 (8)

while the constraints are expressed as:

Ns
∑

j=1

aeijnj = Ei (i = 1, ..., Ne) (9)

Ns
∑

i=1

njh
o
j = h (10)

Ns
∑

i=1

njρRT = p (11)

Ns
∑

j=1

acijnj = Ci (i = 1, ..., Nc) (12)

where Ei are the chemical elements, h is the mixture specific enthalpy, aeij is the element-species

matrix, Ci are the kinetically controlled species and acij is the matrix defining the kinetically con-

trolled species. The latter has dimensions Nc x Ns, and each row of it specifies the contribution of

every species to a particular constraint; if a single species is constrained, then it will have the value

of 1 for that species and 0 for all others. This formulation allows any linear combination of species

2The fact that its absolute value is the same as that of the Gibbs free energy has led previous works, including
our own [23], [21], to identify it with the latter. However, while this distinction has no impact on implementation, it
is important from the theoretical point of view.

3Note that the constraint on enthalpy is equivalent to constraining the temperature, as ho
j
= f(T ).
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to be admitted as a kinetic constraint. Although only single species are constrained in this work,

it is convenient to retain this notation, as it allows the selection of kinetically controlled species to

appear as a parameter in the subsequent equations.

The computation of the species’ concentrations at the equilibrium state is thus reduced to the

solution of a constrained optimisation problem that can be solved with the method of Lagrange

multipliers. We first introduce the Lagrange multipliers referring to the elements λe
i , the Lagrange

multipliers referring to the kinetically controlled species λc
i and form the following function:

g′c = gc +

Ne
∑

i=1

λe
i

(

Ei − aeijnj

)

+

Nc
∑

i=1

λc
i

(

Ci − acijnj

)

(13)

To compute the constrained equilibrium state, we have to take the extremum of this function:

∂

∂nj

[

gc +

Ne
∑

i=1

λe
i

(

Ei − aeijnj

)

+

Nc
∑

i=1

λc
i

(

Ci − acijnj

)

]

= 0 (j = 1, ..., Ns) (14)

or:

µj −

Ne
∑

i=1

λe
ia

e
ij −

Nc
∑

i=1

λc
ia

c
ij = 0 (j = 1, ..., Ns) (15)

At this point we define:

Le
i = −

λe
i

RT
(i = 1, ..., Ne) (16)

Lc
i = −

λc
i

RT
(i = 1, ..., Nc) (17)

These variables are derived merely for convenience in the numerical method for minimising the

kinetically constrained energy. We now obtain the following equation:

µo
j

RT
+ ln

nj

n
+ ln

p

po
+

Ne
∑

i=1

Le
ia

e
ij +

Nc
∑

i=1

Lc
ia

c
ij = 0 (j = 1, ..., Ns) (18)

This equation is of primary importance in RCCE, because it defines the constrained equilibrium

manifold, thus the system can not deviate from it. This is an important point for the development
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of the numerical solution method. Eq. (18) is the analogous to the algebraic equations that must

be solved in the QSSA and PE methods.

2.4 RCCE - the Differential-Algebraic Formulation

The dynamical evolution of the chemical system in RCCE is calculated by combining the differential

equations of chemical kinetics with the algebraic equations just derived. The ODEs of chemical

kinetics lead the evolution of the system, while the algebraic equations force it to remain on the

manifold of constrained equilibrium. The ODEs for the kinetically controlled species are readily

obtained from the ODEs of the full mechanism as:

dCi

dt
=

Ns
∑

j=1

acij

Nr
∑

k=1

νjkrk (i = 1, ..., Nc) (19)

These ODEs must be solved together with algebraic equations defining the constrained equilibrium

manifold. The latter are derived from Eq. (18) by taking the exponential of both sides, so that the

resulting equations yield explicitly the composition on the manifold:

nj = n
po

p
e

−µo
j

RT
−

∑Ne
i=1

ae
ijL

e
i−

∑Nc
i=1

ac
ijL

c
i (j = 1, ..., Ns) (20)

together with the algebraic equations expressing conservation of elements and enthalpy and the

ideal gas law. These equations form a differential-algebraic (DAE) problem, the dependent variables

being the species, element and constrained potentials, temperature and density. In order to obtain

initial conditions for the potentials, the constrained equilibrium algebraic equations must be solved

for the initial state.

2.5 The implicit ODE formulation

An implicit ODE formulation of RCCE can be derived from the original DAEs. The numerical

solution of the former was found to be more efficient, and is adopted in this work; on the other

hand, the constraints are imposed less directly, but no significant errors were observed in practice.

Further discussion on the solution of DAEs via equivalent implicit ODEs can be found in [4]. In our

previous work [23], [21], this step was carried out by taking the total differentials of the constraints.

Here an alternative derivation will be presented, which results in a system where the temperature

and density ODEs are decoupled from the rest with potential benefits for the numerical solution,

as well as being a simpler ODE system overall. Since the constrained equilibrium manifold can be
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parametrised by the element and constraint potentials, temperature and density, the concentrations

of all species for states lying on this manifold can be written as a function of these variables:

nj = nj(L
e
i , L

c
i , T, ρ) (j = 1, ..., Ns) (21)

These functions are actually yielded by Eqs. (20). Inverse functions yielding Le
i , L

c
i , T and ρ from

the current composition are implicitly defined by the system of non-linear equations Eqs. (9), (10),

(11) and (12). The essence of deriving the implicit ODE formulation is to obtain ODEs for the

evolution of Le
i , L

c
i , T and ρ and the composition can then be recovered easily at any stage, since

the functions nj = nj(L
e
i , L

c
i , T, ρ) are given explicitly by Eqs. (20).

We first write eq. 2 as follows:

dT

dt
= A (22)

where:

A = −





Ns
∑

j=1

nj

dho
j

dT





−1
Ns
∑

j=1

ho
j

Nr
∑

k=1

νjkrk (23)

The density ODE is obtained from the ideal gas law:

nρRT = p (24)

where n =
∑Ns

j=1 nj . Since the pressure is constrained, we have:

d

dt
(nρRT ) = 0 (25)

Expanding, we have:

ρRT
dn

dt
+ nRT

dρ

dt
+ nRρ

dT

dt
= 0 (26)

Using Eqs. (22), (1) in (26) we have:
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dρ

dt
= B (27)

where:

B = −
ρ

n

Nr
∑

k=1

νjkrk −
ρ

T
A (28)

The temperature and density ODEs are thus given in an explicit manner. This is not possible to

attain for the potentials’ ODEs, which will be given implicitly. To obtain them, we first take the

time derivative of the concentrations of the kinetically controlled species and expanding it by taking

Le
i , L

c
i , T and ρ to be the independent variables:

dnj

dt
=

∂nj

∂ρ

dρ

dt
+

∂nj

∂T

dT

dt
+

Ns
∑

j=1

(

∂nj

∂Le
i

dLe
i

dt

)

+

Ns
∑

j=1

(

∂nj

∂Lc
i

dLc
i

dt

)

(29)

By partial differentiation of Eq. (21), we obtain the following:

∂nj

∂Le
i

= aeijnj (j = 1, ..., Ns) (i = 1, ..., Ne) (30)

∂nj

∂Lc
i

= acijnj (j = 1, ..., Ns) (i = 1, ..., Ne) (31)

∂nj

∂T
=

1

T

(

µo
j

RT
− 1

)

nj (j = 1, ..., Ns) (32)

∂nj

∂ρ
= −

1

ρ
nj (j = 1, ..., Ns) (33)

Substituting the above, as well as Eqs. (22), (27) into Eq. (29), we obtain:

dnj

dt
= −

1

ρ
njB +

1

T

(

µo
j

RT
− 1

)

njA+

Ns
∑

j=1

(

aeijnj

dLe
i

dt

)

+

Ns
∑

j=1

(

acijnj

dLc
i

dt

)

(34)

12



The element and constraint potential ODEs can now be obtained by taking appropriate linear

combinations of Eq. (34):

Element potential ODEs:

Ns
∑

j=1

aeij

Ns
∑

j=1

aeijnj

dLe
i

dt
+

Ns
∑

j=1

aeij

Ns
∑

j=1

acijnj

dLc
i

dt
(35)

=

Ns
∑

j=1

aeij
1

ρ
njB −

Ns
∑

j=1

aeij
1

T

(

µo
j

RT
− 1

)

(i = 1, ..., Ne) (36)

Constraint potential ODEs:

Ns
∑

j=1

acij

Ns
∑

j=1

aeijnj

dLe
i

dt
+

Ns
∑

j=1

acij

Ns
∑

j=1

acijnj

dLc
i

dt
(37)

=

Ns
∑

j=1

acij
1

ρ
njB −

Ns
∑

j=1

acij
1

T

(

µo
j

RT
− 1

)

+

Ns
∑

j=1

acij

Nr
∑

k=1

νjkrk (i = 1, ..., Nc)

(38)

It must be emphasised that the equations of RCCE are general and the selection of constrained and

equilibrated species appears only as a parameter via the matrix acij . This fact greatly facilitates

the investigation of several reduced systems.

The RCCE equations are far less stiff than a typical detailed mechanism, to the point that they

can be integrated with a non-stiff solver - in our implementation we employ an Adams method

that does not involve evaluation of the Jacobian, included in the VODE package [5]. However,

RCCE does involve a CPU overhead associated with the computation of the initial conditions for

the constrained equilibrium state. This operation is performed here with the method of Gordon

and McBride [11].

3 A methodology for constraints selection via CSP

Previous attempts to derive reduced mechanisms with CSP from detailed chemical kinetics employed

homogeneous combustion [7], [36] and laminar premixed flames [39]. In this work we will explore

the potential of the laminar non-premixed flamelet, which covers a wide range of composition space

(from unburnt fuel to pure oxidant). An ensemble of flamelets with varying strain rate will be

considered, and the mechanisms will be tested under dynamical conditions via both the standard

homogeneous ignition problem as well as by constructing an ’igniting’ flamelet. The performance
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of the mechanisms will be tested on premixed flames as well, in order to evaluate their potential to

extrapolate to different combustion regimes.

3.1 Computational Singular Perturbation (CSP)

Only the basic concepts of the CSP method will be described here; for more detail, one may consult

[28] and [27]. In CSP, Eq. (1) is rewritten such that the right hand side is expressed as a linear

combination of Ns linearly independent modes:

dni

dt
= wi =

Ns
∑

j=1

αijfj (i = 1, ..., Ns) (39)

where each of the columns of matrix αij represent one column basis vector, fj is the amplitude of

each mode and each mode is formed by the product of each column basis vector and the related

amplitude (for example the first mode is derived from the first column vector and the amplitude of

the first mode: [α11, α21, ..., , αNs1]
T f1). The amplitude of each mode is given by:

fj =

Ns
∑

i=1

bjiwi (j = 1, ..., Ns) (40)

where the row basis vectors bj are defined such that:

Ns
∑

i=1

bjiαij = δj (j = 1, ..., Ns) (41)

In a linear problem, the left and right eigenvectors of the Jacobian Jij would be the ideal basis

vectors αij and bji, which would decouple the modes in Eq. (39). Chemical kinetics are strongly

non-linear, however, and a refinement procedure for the initial basis vectors is suggested [27] if CSP

is to be implemented during the integration. In this work, a CSP analysis will be employed for the

derivation of reduced mechanisms and for a single-step CSP analysis, the left and right eigenvectors

of the Jacobian Jij may be used as basis vectors without a refinement procedure [8]. Then, the λi

eigenvalues of Jij are related to the timescale of each mode as follows:

τi =
1

|λi|
(i = 1, ..., Ns) (42)

14



If the fast and slow modes can indeed be decoupled, wi may be decomposed into a sum of contri-

butions from the fast and slow modes:

wi = [wi,fast + wi,slow ] =

M
∑

m=1

αimfm +

Ns
∑

j=M+1

αijfj (i = 1, ..., Ns) (43)

and then the influence from the fast modes can be assumed sufficiently small:

wi,fast =

M
∑

m=1

αimfm ≈ 0 (i = 1, ..., Ns) (44)

In this case, the contribution of the fast modes to Eq. (43) can be neglected, resulting to the leading

order CSP-simplified model:

dni

dt
= wi ≈ wi,slow =

Ns
∑

j=M+1

αijfj (i = 1, ..., Ns) (45)

where M is the number of exhausted modes. This formulation simplifies the ODEs for the major

species, while the fast species can be evaluated by algebraic equations. The assumption induced in

Eq. (44) is satisfied under the condition that the selected wi,slow includes all the kinetics for each

major species and no important information is omitted. As a result, the species that these slow

modes point to, will be the ideal set of kinetically controlled species in RCCE.

3.2 Selection of kinetically controlled species

The composition in a strained non-premixed laminar flamelet can be calculated by solving the

following equation [43]:

ρ
∂nj

∂t
= ρ

χ(z)

2

∂2nj

∂z2
+ ω̇j (46)

where z is the mixture fraction and χ is the scalar dissipation rate, given in terms of the strain

rate, S, as follows:

χ(z) =
S

π
e−2[erfc−1(2z)]2 (z = 0, ..., 1) (47)

Employing the CSP principles described in the previous section, the Jacobian Jij is evaluated,

followed by its eigenvalues λi and eigenvectors αij , bji. Assuming that the eigenvectors of Jij are
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the ideal basis vectors for CSP analysis at this mixture fraction point and that both the eigenvalues

and the eigenvectors are sorted according to the descending magnitude of the eigenvalues, then

the slow modes are related to the eigenvalues with the smaller absolute values, as indicated in

Eq. (42). If there exists a separation of timescales, then the M fast and the R = Ns − M slow

modes are decoupled and the species which are related to these slow modes are ideal candidates

to be kinetically constrained in RCCE. Therefore, the number of species to be retained in the

reduced mechanism is related to the number of slow modes. If this number R is selected, then

the contribution of these R slow modes only, is taken into account to associate the major species

with the slow modes using the left and right eigenvectors as basis vectors. Finally a modified CSP

pointer is utilised for the selection of the major species.

The number of species of the reduced mechanism R is user-specified, facilitating this way the

investigation of several mechanisms easily. In order to associate the slow modes with the major

species, the radical pointer for the identification of steady state species from [39] is modified and

employed here. This implies that the product of αij and bji, with contribution only from the R

slow modes, can function as a constraint pointer for each ith species:

Di =

Ns
∑

j=R

αijbji (i = 1, ..., Ns) (48)

The species that are related to the slow modes are identified as those exhibiting higher Di indices

and are good candidates for constraints in RCCE. In order to account for all the physical phenom-

ena which occur, the constraints pointer Di is not sufficient because it might point to some very

minor species which are important for a very small part of composition space [39]. Therefore, the

concentration of each species, similar to the criterion developed from Peters and Kee [42], is also

taken into account in a modified CSP pointer:

Pi = Diyi (i = 1, ..., Ns) (49)

where yi is the mass fraction of each species. The importance of the influence from the composition

space accessed, is considered by integrating the local pointer Pi across the flammable part of the

mixture fraction space to obtain a local ordering for each strain rate, Ss:

P s
i =

∫ zf

0

Diyidz (i = 1, ..., Ns) (50)

where zf is the high flammable mixture fraction. This means that the species with large mass

16



fractions, which are also associated with the slow subspace and slow modes (high Di indices), will

be highest ranked and will be the first to be constrained in RCCE. In contrast, some species with

high Di indices at some positions only, but with low concentrations will be discarded. This provides

a physical foundation for the selection of kinetically controlled species by incorporating both the

timescale of each species and its mass fraction, in contradiction to trial-and-error techniques [17]

or methods for selecting linear combinations of constraints using thermodynamics [3].

The final ordering results from weighting the Nst local integrated CSP pointers between the

two extinguishing strain rates S1 and SNst
to account for the different parts of composition space

accessed, when modifying the strain rate. This yields:

P
glob
i =

Nst
∑

s=1

P s
i

(

1−
|Ss − Sm|

Sm

)

(i = 1, ..., Ns) (51)

where Sm is the mean strain rate. The weighting of the pointers for each strain rate provides a

global ordering of species which encompasses the complex composition space which is accessed from

the several laminar non-premixed flamelets. Our methodology for the identification of the RCCE

constraints via CSP can be summarised in the form of an algorithm as follows:

1. Obtain solutions from non-premixed flamelets with varying stain rate.

2. Select number of species in the reduced mechanism (therefore number of slow modes for

investigation).

3. For each point in composition space the Jacobian is calculated.

4. The eigenvalues and eigenvectors of the Jacobian are calculated.

5. The slow modes are related to species Eq. (48).

6. A CSP pointer for each species is calculated from Eq. (49).

7. Species are ordered for each strain rate by integrating across mixture fraction space Eq. (50).

8. Lists with ordered species for each strain rate are weighted according to Eq. (51) to derive a

reduced mechanism with R species.

4 Derivation of RCCE-reduced mechanisms

In this section, the RCCE-CSPmethodology is employed in order to derive two reduced mechanisms.

The first one is for the oxidation of methane using GRI1.2; this was selected as a test case, because
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this combination of fuel and mechanism is well studied and there is considerable experience on the

selection of kinetically controlled species. Several aspects of the methodology are discussed in the

context of this case, such as the local ordering of species for each strain rate and the influence of the

number of species in the reduced mechanism. The second case is the oxidation of propane, which

has much more complex chemistry and is a more challenging test for the methodology.

4.1 Methane and GRI1.2

GRI1.2 [10] comprises 31 chemical species and 175 chemical reactions without NOx chemistry and

is selected for the oxidation of methane in laminar non-premixed flamelets. The initial conditions

for these flamelets are atmospheric pressure, inlet temperature 298 K for both fuel and air and

equilibrium mixture composition.

4.1.1 Derivation of the mechanism

For the derivation of the reduced mechanism for GRI1.2 and pure methane, Nst = 11 steady state

concentration profiles between the two extinction limits, from a low strain rate S1 = 50 s−1 up

to S11 = 550 s−1, are employed. In order to select the number of kinetically constrained species,

several sets were tested at high strain rates, close to the extinction strain rate (s = 550 s−1), where

more complex chemical phenomena take place. The minimum number of species that was able to

keep the laminar non-premixed flame burning at strain rate close to the extinction limit was 15

species. The accuracy improved with 16 species, after which point imposing additional constraints

did not make a significant difference. At lower strain rates, the performance of this set was found to

have only very minor differences in accuracy with the reduced schemes with 12 and 14 kinetically

controlled species, as shown in Fig. 1.

The ordering of the different reduced schemes which were tested are shown in Table 1. At the

highest positions we find species that are known to be major such as water, carbon monoxide and

carbon dioxide, followed by the fuel and oxidizer. It was found that the set with R = 16 kinetically

constrained species performed very well in all strain rates as will be shown later and this set was

selected for further investigation. The ordering for the selected 16 species to be retained in the

reduced mechanism, with descending importance, is: H2O, CO2, CH4, CO, O2, H2, C2H2, C2H4,

CH3, C2H6, OH, O, CH2O, CH2CO, CH3OH and H.
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Figure 1: Comparison of CO mole fraction with RCCE with 12, 13 and 14 kinetically controlled
species (dashed lines), RCGM16 (solid blue) and GRI1.2 (red circles) for a laminar flamelet at
s = 200 s−1.
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Table 1: Ordering of species of GRI1.2 for different numbers of species to be retained in the reduced
mechanism R = 10, R = 14, R = 16 and R = 20.

R = 10 R = 14 R = 16 R = 20

1 H2O H2O H2O H2O
2 CO2 CO2 CO2 CO2

3 CO CO CO CO
4 CH4 CH4 CH4 CH4

5 O2 O2 O2 O2

6 H2 H2 H2 H2

7 C2H2 C2H2 C2H2 C2H2

8 C2H4 C2H4 C2H4 C2H4

9 C2H6 CH3 CH3 CH3

10 OH C2H6 C2H6 C2H6

11 OH OH OH
12 CH2O O O
13 O CH2O CH2O
14 CH2CO CH2CO CH2CO
15 CH3OH CH3OH
16 H HO2

17 H
18 C2H2

19 HCCOH
20 HCCO

This reduced scheme provided very good results across the strain rate range while maintaining

a reasonable number of variables that would render it suitable for tabulation. It is notable that

RCGM16 (RCCE-CSP reduced mechanism for GRI1.2 and Methane with 16 species) is very similar

to the one employed by Elbahloul and Rigopoulos [9] for simulating the turbulent partially premixed

Sandia flames (based on GRI 3.0). Both the number and the choice of species is also similar to

other reduced sets for CH4 combustion that have appeared in the literature. The difference between

this set and the one employed in [34], for example, are the species CH3, C2H6, CH2O and CH3OH,

while HCCOH is not included here. If we compare, though, with the ARM mechanism [49], the

difference is that H2O2 and HO2 are not included in our set, while CH2CO, CH3OH and O are not

included in the former. The last three species can be found in the reduced mechanism of Lu and

Law [36] who also used CSP, the only difference with their mechanism being H2O2 and HO2.

The ordering of species before weighting (before the final step 8 of the suggested algorithm) is

also demonstrated in Table 2, which contains the order of species for various strain rates ranging

from very low up to extinction strain rate for the selected set with 16 constraints. The order is

similar, but H is generally ranked low and is included only in the local set for intermediate strain
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rate, while HO2 is higher ranked at high strain rates. Again, the top section of the order contains

major species such as H2O, CO2, CO, CH4 and H2, as expected.

Table 2: Local ordering of species of GRI1.2 for different strain rates s1 = 50 s−1, s2 = 250 s−1,
s3 = 400 s−1 and s4 = 550 s−1 from oxidation of CH4.

s = 50 s−1 s = 250 s−1 s = 400 s−1 s = 550 s−1

1 H2O H2O H2O H2O
2 CO2 CO2 CO2 CO2

3 CO CO CO CO
4 CH4 CH4 CH4 CH4

5 O2 O2 O2 O2

6 H2 H2 H2 H2

7 C2H2 C2H2 C2H4 C2H4

8 C2H4 C2H4 C2H2 C2H2

9 OH CH3 CH3 C2H6

10 CH3 OH C2H6 CH3

11 O C2H6 OH CH2O
12 C2H6 O CH2O OH
13 CH2O CH2O O O
14 CH2CO CH2CO CH2CO CH2CO
15 HCCOH CH3OH CH3OH CH3OH
16 CH3OH H HCCO HO2

Regarding CPU savings, RCGM16 was found to take a similar amount of time as GRI1.2 to

integrate in non-premixed flames and was about 50% faster in premixed flames. This can be

attributed to the fact that the number of equations solved is not much smaller than in the case

of the detailed mechanism, and GRI1.2 is also not very stiff. As will be noted later, RCCE shows

substantial CPU benefits when used in conjunction with more bigger and more stiff mechanisms.

4.1.2 Laminar counterflow non-premixed flames

In this section, the RCGM16 mechanism is tested in counterflow non-premixed flames with different

strain rates. Furthermore, its ability to reproduce the extinction strain rate is evaluated.

The results obtained with this set are shown in Figs. 2 and 3 and the predictions are very good

for most of the species which are compared, including radicals. In Fig. 4 the peak temperature is

plotted versus the strain rate, and we can see that the extinction strain rate is also well predicted. It

can be concluded that this set performs well in the chemical space covered by the CH4-air flamelet,

and it is no surprise that a very similar set provided very good results for the RCCE simulation

of the Sandia flames [9]. The similarity of the species retained in the reduced model with those
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in the QSSA mechanisms mentioned above is also not surprising, as both QSSA and RCCE are

alternative ways of imposing the assumption of separation of time scales.
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Figure 2: Species profiles and temperature for reduced mechanism with 16 kinetically controlled
species RCGM16 (solid lines) and GRI 1.2 (symbols) for a laminar flamelet at s = 200 s−1.
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Figure 3: Species profiles and temperature for reduced mechanism with 16 kinetically controlled
species RCGM16 (solid lines) and GRI 1.2 (symbols) for a laminar flamelet at s = 400 s−1.
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Figure 4: Peak temperatures for several strain rates with GRI 1.2 (dashed line) and RCCE with 16
kinetically controlled species RCGM16 (solid line) for 1atm and 298 K inlet temperature.
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4.1.3 Freely-propagating premixed flame

The same set of constraints is now tested in a freely propagating premixed flame with non-equal

diffusivities. The temperature of the unburnt mixture is 298 K and the pressure is atmospheric.

The solver employed is an in-house code for laminar freely propagating premixed flames, applying

zero gradient boundary condition at the outlet.
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Figure 5: Species profiles and temperature for reduced mechanism with 16 kinetically controlled
species RCGM16 (solid lines) and GRI 1.2 (symbols) for a premixed flame at φ = 0.8.
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Figure 6: Species profiles and temperature for reduced mechanism with 16 kinetically controlled
species RCGM16 (solid lines) and GRI 1.2 (symbols) for a premixed flame at φ = 1.0.
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Figure 7: Species profiles and temperature for reduced mechanism with 16 kinetically controlled
species RCGM16 (solid lines) and GRI 1.2 (symbols) for a premixed flame at φ = 1.3.

A range of equivalence ratios including lean, stoichiometric and rich conditions covering the

flammable limits is tested, and the RCCE-reduced mechanism is found to produce very good pre-

dictions. Temperature, major species’ profiles including CO, CO2, CH4, OH and O2, and fast

species’ profiles such as H and CH3 are reproduced very accurately as shown in Figs. 5-7. Fig.

8 shows the flame speed versus the equivalence ratio, and it may be seen that it is only slightly

overpredicted. The results for the premixed flame are remarkable particularly because no infor-

mation from the premixed flame was used to derive the set of constraints; they indicate that the

reduced mechanism can actually extrapolate in this case to another combustion regime, which is

very important for the application of reduced mechanisms to complex partially premixed flames.
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Figure 8: Flame speeds for several equivalence ratios with GRI 1.2 (dashed line) and RCGM16
(solid line) at 1atm and unburnt temperature 298K.

4.1.4 Perfectly Stirred Reactor

Finally, our reduced mechanism is tested for several pressures and equivalence ratios in a perfectly

stirred reactor to calculate ignition delay times. Four cases are tested for pressures p = 1 atm and

p = 10 atm and for equivalence ratios φ = 1.0 and φ = 1.5. Results are depicted in Fig. 9 and show

very good agreement between the detailed mechanism and RCGM16 for all cases, except at lower

initial temperatures. This is to be expected, as low temperature autoignition features considerably

different kinetics.
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Figure 9: Ignition delay times with initial temperature for GRI 1.2 (dashed line) and RCGM16
(solid line) for varying pressure and equivalence ratio.

4.2 Propane and USC-Mech II

Detailed mechanisms for the oxidation of hydrocarbons including propane, such as USC-Mech-II

[57], typically include a large number of species and reaction steps and are thus impractical for

coupling with CFD. Relatively few reduced mechanisms for propane-air combustion are available.

Tomlin et al. [54] developed a reduced mechanism for the pyrolysis of propane using sensitivity

analysis and QSSA. The reduced scheme involved 50 reaction steps and 12 additional steady state

species, and performed well in that regime. Reduced mechanisms for propane have also been

derived in the past based on CSP [55], [2], on LOI [1] and on RCCE using heuristic methods

[22]. Furthermore, in [48] an RCCE-reduced mechanism was obtained by CSP analysis of premixed

flames. Due to the greater number of species and more complex chemistry, propane mechanisms

represent a considerably greater challenge for reduction.

4.2.1 Derivation of the mechanism

The full model to be employed here is the USC-Mech II [57], which comprises 111 species and

784 chemical reactions. It is suitable for the oxidation of C1 - C4 hydrocarbons and is based on

chemical mechanisms developed by the same research group and on the GRI mechanisms [10], [47].

The methodology described in Section 3.2 is applied to USC-Mech II in laminar non-premixed

flames with strain rate varying from low values s = 100 s−1 up to values very close to extinction
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at s = 800 s−1, in order to cover a wide range of composition space. The procedure for choosing

the number of species to be retained is the same as for methane. At high strain rates and close

to extinction, where chemical phenomena are far more complex, several sets are tested in order

to identify the minimum number of kinetically controlled species required to keep the laminar

non-premixed flame burning. Subsequently, this set is compared against the detailed model at

several strain rates and, if the accuracy is less than 90-95%, species are added until the desired

accuracy is accomplished. A detailed comparison of different schemes at strain rate s = 200 s−1 is

shown in Fig. 10. It was found that the set of 27 kinetically constrained species could provide the

desired accuracy, while being sufficiently small and reproducing most features of the combustion

problems investigated. Thus, the RCUP27 (RCCE-CSP reduced mechanism for USC-mech-II and

Propane with 27 species) is derived and it comprises CO2, H2O, CO, O2, C2H4, C2H2, CH4, H2,

C3H6, C4H2, C3H8, O, C6H6, OH, pC3H4, C2H6, C4H4, C6H5CH3, aC3H4, C3H3, H2C4O, CH3,

C5H6, C2H3CHO, H, C6H2 and aC3H5. The performance of the reduced scheme is demonstrated

again in several combustion regimes including laminar premixed flames, counterflow non-premixed

flames at several conditions and perfectly stirred reactors. An investigation of the performance of

the mechanism for its dynamic behaviour during an ’igniting’ flamelet and during ignition is also

shown in this section.

As far as CPU times are concerned, the reduced scheme RCUP27 was found to perform from

2 times (non-premixed flames) to 6 times (premixed flames) faster than USC-Mech-II. This is a

significant speed-up given the accuracy shown in the following of this section and the fact that the

mechanism performs well in several combustion regimes, as well as capturing the dynamic behaviour

of the flamelet, as will be shown below.
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Figure 10: Comparison of CO mole fraction with RCCE with 22, 25, 26, 30 and 35 kinetically
controlled species (dashed lines), RCUP27 (solid blue) and USC-MechII (red circles) for a laminar
flamelet at s = 200 s−1.

4.2.2 Laminar counterflow non-premixed flames

Our set is examined in counterflow non-premixed flames at low (Fig. 11) and high (Fig. 12)

strain rates; the accuracy of the species’ profiles and temperature is remarkable, given the high

degree of reduction (from 111 species to just 27 species). Important species such as CO, CO2 and

temperature agree well with the detailed model, and furthermore RCUP27 is found to calculate very

well most major species over the range of strain rates that were examined. A significant finding is

that important soot precursors, such as C2H2 and C6H6, are not only identified with the suggested

methodology as major species, but also accurately predicted with RCUP27.
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Figure 11: Species profiles and temperature for RCUP27 (solid lines) and USC-MechII (symbols)
for a laminar flamelet at low strain rates (s = 100 s−1).
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Figure 12: Species profiles and temperature RCUP27 (solid lines) and USC-MechII (symbols) for
a laminar flamelet at high strain rates (s = 600 s−1).

Fig. 13 shows how RCUP27 predicts the extinction limits of the detailed model. It can be

seen that it extinguishes slightly earlier than USC-Mech-II. Our tests showed that 8 more species

were needed to halve this difference, resulting in an increase of the CPU time by an an additional

20%-40% compared to RCUP27.
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Figure 13: Peak temperatures for RCUP27 (solid line), reduced mechanism with 35 kinetically
controlled species (dashed line) and USC-MechII (red dashed line with circles) for several strain
rates.

4.2.3 Freely-propagating premixed flame

In this section, RCUP27 is employed in laminar premixed flames covering a range of equivalence

ratios from lean (phi = 0.7) to rich (phi = 1.3) mixtures. Again all the major species including

CO, CO2, O2, the fuel C3H8 and temperature are calculated very accurately in all lean to rich

conditions, except from a slight underprediction of OH downstream of the flame at the lean case.

In Fig. 17 the flame speeds of freely propagating laminar premixed flames for several equivalence

ratios obtained with the reduced mechanism are compared with the flame speeds from USC-Mech

II and show reasonable agreement, even if there is some underprediction.
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Figure 14: Species profiles and temperature for RCUP27 (solid lines) and USC-MechII (symbols)
for a lean premixed flame at φ = 0.7.
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Figure 15: Species profiles and temperature for RCUP27 (solid lines) and USC-MechII (symbols)
for a stoichiometric premixed flame at φ = 1.0.
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Figure 16: Species profiles and temperature for RCUP27 (solid lines) and USC-MechII (symbols)
for a rich premixed flame at φ = 1.3.
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Figure 17: Flame speeds for several equivalence ratios with USC Mech II (dashed line) and RCUP27
(solid line) at 1atm and unburnt temperature 298 K.
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4.2.4 Igniting laminar non-premixed flames

In this section, the ignition in non-premixed flames with propane is studied with the application of

a small pilot in composition space. Hence the initial condition is not equilibrium but rather unburnt

mixture, with a small region of composition space around the stoichiometric point set to equilibrium

in order to ignite the flamelet. The pilot is applied from mixture fraction z = 0.05 to z = 0.10 and

maintained for 500 steps and Fig. 18 shows how temperature evolves in time, starting from ignition

with the pilot and going to steady state. This is a more complex case that will allow us to test the

performance of the mechanism during ignition and dynamical phenomena. The comparison with

the detailed mechanism at the same time points is shown in Fig. 19, which shows the dynamical

evolution of CO2 and CO at 50, 100, 500 and then 10000 steps. The results for the steady state of

this ’igniting’ flamelet are shown in Fig. 20. RCUP27 is again able to reproduce the profiles arising

from the detailed mechanism with accuracy at all time points, which is particularly encouraging

regarding the potential of this mechanism for use in flames with ignition.
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Figure 18: Evolution of temperature with RCUP27 from ignition to steady state for an igniting
laminar flamelet at s = 200 s−1.
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Figure 19: Evolution of CO2 (top) and CO (bottom) for RCUP27 and USC-MechII (red circles)
for an igniting laminar non-premixed flamelet at s = 200 s−1. The green dashed line shows the
position of the pilot from z = 0.05 to z = 0.10 and the initial composition of each species.
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Figure 20: Species profiles and temperature for RCUP27 (solid lines) and USC-MechII (symbols)
for an igniting laminar flamelet at s = 200 s−1.

4.2.5 Perfectly Stirred Reactor

The last step is to test the ability of the reduced mechanism RCUP27 to predict the ignition delay

time in a perfectly stirred reactor. Simulation results are shown for a range of initial temperatures,

pressures and equivalence ratios. Apart from a slight overprediction, the mechanism performs very

well along this wide range of conditions, which is remarkable given the fact that perfectly stirred

reactor results were not used for its derivation.
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Figure 21: Ignition delay times with initial temperature for USC mech II (dashed line) and RCUP27
(solid line) for varying pressure and equivalence ratio.

5 Conclusions

A methodology for developing reduced mechanisms with RCCE based on CSP analysis of coun-

terflow laminar flamelets is proposed in this article, together with a discussion of the RCCE con-

cept, underlying assumptions and an alternative derivation of the implicit ODE formulation. The

methodology has been validated with the derivation of two reduced mechanisms. Both were found

to perform very well not only under the cases from which they were derived, but also to provide

high accuracy in different combustion regimes.

The methodology employs several laminar non-premixed flamelets covering the flammable range

of strain rates up to extinction limit. For each strain rate under investigation, the Jacobian matrix is

calculated at each mixture fraction, followed by its eigenvalues and eigenvectors which are utilised

in order to associate the species with the slow modes. The number of slow modes which are

considered, is equal to the user-specified number of species to be retained in the reduced mechanism.

A modified CSP pointer is then integrated across the mixture fraction space and the species are

ordered according to the pointer locally, for each strain rate. Finally, a weighting of the local orders

for each strain rate, provides a global set of species which are used as kinetically controlled species

in RCCE.

Two fuels and corresponding combustion mechanisms were investigated: methane with the

GRI1.2 mechanism, and propane with USC-Mech-II. The former was selected as it is a well-
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established benchmark case, while the latter features more complex chemistry and represents a

greater challenge for reduction. Two reduced mechanisms were developed and used for validation

of our methodology; one with 16 kinetically controlled species using GRI1.2 for the oxidation of

methane, RCGM16, and another one with 27 kinetically controlled species from USC-Mech-II for

propane, RCUP27. In the case of methane, given that it has been extensively studied, there was

no surprise that the species included in this new scheme vary only slightly from those employed in

other reduced mechanisms for methane and the sets that have been used in our previous RCCE

studies with methane.

Our reduced model was tested at several strain rates and predicted both species profiles and

temperature with high accuracy, as compared with the direct integration of the full mechanism,

even close to the extinction limit which is captured accurately. The set was then tested in laminar

premixed flame propagation and it also agrees well with the flame speeds and species profiles of the

detailed model for different equivalence ratios. Ignition delay times also agreed very well with the

full model.

Moving to propane, the resulting mechanism RCUP27 predicted accurately all major species,

temperature and radicals in laminar non-premixed flamelets from which it was derived. There

is only an underprediction of the extinction limit for high strain rates. RCUP27 was also tested

in laminar premixed flames and provided excellent results, apart from an underprediction of the

flame speed. Finally, the reduced mechanism was tested under dynamic conditions, to predict the

evolution of an igniting flamelet and the ignition delay time in a perfectly stirred reactor for a

range of initial temperatures, pressures and equivalence ratios. The mechanism performed very

well, which is of great importance for its potential for employment in real CFD problems. Another

important finding is that important soot precursors such as C2H2 and C6H6 are calculated with

accuracy from RCUP27 during oxidation of propane.

The CPU savings in RCCE become more prominent when employed with bigger more stiff

mechanisms; in the case of propane the integration time with RCCE was 2-6 times faster than the

detailed mechanism. Apart from CPU savings, RCCE offers a potential way of dimension reduction

in order to prepare a mechanism for tabulation. The present study is thus a major step towards

establishing a systematic approach for the selection of constraints in RCCE in a physical context

based on timescale information. Given that RCCE provides a set of readily parametrised equations

in terms of the selection of slow species, the RCCE-CSP synergy provides a rigorous framework for

the automatic generation of reduced mechanisms that can be employed for the reduction of complex

mechanisms. Coupled with tabulation methods such as Artificial Neural Networks (ANNs), the

methodology can thus provide a complete framework for incorporating complex mechanisms into

PDF simulations of turbulent combustion. Future work could be towards developing a reduced

mechanism for realistic fuels like diesel or kerosene and towards identifying systematically the ideal

number of kinetically constrained species.
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