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Abstract

Computer simulations using accurate chemical kinetic models are increasingly being

used to support the development of combustion technologies and fuels. This action

is essential for the reduction of hazardous and green-house gas emissions as well as

for efficiency improvement of combustion applications. Consequently, the need to

incorporate detailed chemistry in the simulation of combustion processes resulted

in an increased interest in developing effective tools for mechanism reduction, from

both accuracy and efficiency point of view.

In this work, the Rate-Controlled Constrained Equilibrium (RCCE) and the

Computational Singular Perturbation (CSP) methods are combined in order to gen-

erate an automatic technique for chemical kinetics reduction. The former method

identifies the steady-state species and fast reactions while the latter simplifies the

kinetics of complex reacting systems. The non steady state species provided by CSP

represent the constraints employed in the RCCE code which systematically reduces

the detailed mechanism. The benefits of combining the two reduction methods are

briefly assessed for H2–air and C2H2–air chemical mechanisms and other two lam-

inar premixed flames are thoroughly investigated i.e. the CH4–air and C3H8–air

flames. The detailed chemical kinetics mechanisms used for describing the later two

gas mixtures consist of 53 species and 325 reactions and 118 species and 665 reac-

tions, respectively. The direct numerical solution of 1−D laminar premixed flames

is computed using the premixed flame code, providing accurate data for the pro-
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posed methodology of detailed chemistry reduction for methane-air and propane-air

mixtures. The computational work involves the investigation of several chemical re-

duced models for each of the above gas mixtures in order to test the potential of the

synergy between the two chemical mechanism reduction methodologies. These mod-

els are obtained by gradually increasing the number of constraints used for RCCE

(resulting in reduced schemes with 12, 16 and 20 constraints for the methane/air

flame and 15, 25, 35 and 45 constraints for the propane/air flame) as well as varying

the equivalence ratio in the range of (0.8–1.2). The comparison with the results ob-

tained from direct numerical simulations shows that the reduced models containing

20 constraints for the methane case and 45 constraints for the propane case pro-

vide good predictions of the laminar flame structure, including steady-state minor

species both at stoichiometric and rich/lean mixtures, as well as adequate values of

the corresponding burning velocities. Very good agreement with the detailed kinetic

model as well as a significant computational time gain are observed.

The study also derived a reduced chemical model that can predict flames of

various mixture composition at specific pressure value. This reduced chemical model

uses the same set of constraints for various equivalence ratio cases and it is able to

predict global variables and species concentration within acceptable accuracy limits.

The computation time by using this RCCE-CSP scheme is reduced to a third of the

simulation time required in the case of applying the direct integration method.

Overall, the results suggest that the combined RCCE–CSP is potentially a very

reliable time-scale separation method for deriving low-dimensional models by the

use of a fully automatic reduction algorithm. Since the proposed technique is an

approach to automatically generate reduced chemical models and requires minor

computations, it is recommended for the simplification of large detailed chemical

kinetic mechanisms as well as for applications to turbulent combustion due to its

potential for tabulation.
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Chapter 1

Literature Review

1.1 Introduction

The motivation behind this work originates from the increased interest in reducing

the computational time associated to modelling combustion processes. Combustion

continues to represent the main source of energy at global level and its existence

and control are essential to life on Earth. Combustion of fossil fuels such as coal,

petroleum, natural gas and propane, continues to supply almost 82 percent of World

energy use. Despite renewable energy and nuclear power being the World’s fastest-

growing energy sources, fossil fuel generation and conservation continue to bridge

the gap all the way through 2040, according to Energy Information Administration

(EIA). With a global consumption increase of 1.7 percent per year, natural gas is the

fastest-growing fossil fuel in the outlook. Fossil fuels represent an essential reason

for modern life being possible. These large sources of energy work to generate steam,

electricity and power transportation systems and enables the manufacturing of tens

of thousands of commercial goods. They are created from the remains of plants

and animals that existed millions of years ago in the form of concentrated biomass.

Although fossil fuels have become equivalent with modern industrial society, their

1



2 1. Literature Review

capability to solve some of the challenges of humans existence has been understood

throughout history. According to the Institute for Energy Research (IER), nowa-

days, from all the fossil fuels, none has had a more far-reaching effect on society

than oil. Besides being the key ingredient in tens of thousands of consumer goods,

other refined products have the highest scale of impact on Society. For instance,

each 42−gallon barrel of oil typically yields these refined products (percent of barrel)

[IER]:

• 45.2% gasoline for use in automobiles

• 29.1% heating oil and diesel fuels

• 20.9% other products, including those derived from petroleum for the manu-

facturing of chemicals, synthetic rubber, and plastics.

• 9.5% jet fuel

• 2.3% asphalt

Further more, combustion modelling is also necessary when dealing with the

main downside of the combustion process, that is environmental pollution. Pollu-

tion concerns related to global warming, acid rain, smogs, health hazards or ozone

depletion contribute to the motivation for studying combustion. The products of

combustion are mostly unburned or partially burned hydrocarbons, carbon monox-

ide, sulfur and nitrogen oxides (NOX and SOX) accompanied by various forms of

particulate matter. Also according to EIA, world carbon dioxide emissions from

the consumption of energy are expected to rise by 1% annually between 2008 and

2035 from about 30 billion metric tons in 2008 to 43 billion metric tons in 2035.

Significant part of these emissions is expected to occur in the emerging economies

of countries which fuel their economic development with fossil energy. The need to
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predict, quantify and control the latter pollutants contributes significantly towards

the necessity to perform combustion analysis. Besides the above motivations for

studying combustion, the subject itself is rather intellectually stimulating due to

the multitude of disciplines that are combined in combustion: from thermal sciences

to chemistry and from modelling to practical engineering.

The variety of practical applications of combustion comes from the wealth of ways

in which the heat resulting from combustion can be applied. Such heat highlights

the importance chemical reactions have it in combustion, i.e. the energy stored in

chemical bonds is transformed into heat. Behind every combustion process or type

of flame there is a detailed chemical mechanism describing the chemical reactions

characteristic to that application/gas mixture. The importance of chemical kinetics

in the recent years has led to the development of highly complex detailed kinetic

mechanisms involving hundreds of species and thousands of reactions. In order to

deal with realistic computational simulation of combustion, equally accurate input of

the laws governing fluid flows and chemistry are required along with a truthful char-

acterization of the physical and chemical properties of each individual gas mixture

under consideration. As a consequence of storing all this detailed information inside

computer codes for simulation purposes, computers need to be able to process this

application within reasonable amount of time and computer storage requirements,

as well as with acceptable accuracy. Therefore the motivation of this thesis can be

restated by connecting it directly to the necessity to reduce the computational time

required to simulate complex combustion applications within a practical amount of

time and adequate accuracy by combining two chemical kinetics reduction methods

already present in the specialized literature.
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1.1.1 Chapter Structure

The structure of this chapter is as follows. A short introduction to combustion the-

ory and numerical combustion modelling is provided in Section 1.2. Next, the role of

complex chemical kinetics in combustion is presented in Section 1.3. The necessity

of providing comprehensive mechanisms and the cost nowadays associated to real-

istic simulations are presented at this stage of the study. Section 1.4 describes the

increased interest in chemical kinetics reduction as a part of combustion modelling

accompanied by a review of chemical mechanism reduction methodologies. In the

subsection 1.4.1, a particular category of reduction methodologies is emphasised i.e.

the time-scale separation methods, which covers the most extensively used reduction

methodologies developed so far. In this way, a connection is made with Section 1.5

that deals with the contribution of this work to the field of numerical simulation

of combustion. The first chapter ends with a description of the thesis structure, in

Section 1.7.

1.2 Numerical Combustion Modelling

Combustion modelling represents a significant aid in the development of advanced

engines with increased efficiency and lower emissions. In this sense, the development

of accurate combustion kinetic models coupled with equally accurate computational

fluid dynamic models is essential. In the context of recent progress in the areas

of numerical methods, computational fluid dynamics (CFD) has become one of the

most powerful and efficient tools for obtaining and analyzing detailed flow data

for combustion phenomenon. However, the development of adequate and accurate

CFD methodology and efficient computer codes for combustion simulation is still

a challenging task. The most important reason for this is that combustion is a

multidiciplinary subject that consists of a high number of very complex and inter-
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acting phenomena. Therefore, developing a new CFD code that would reproduce

the behavior of realistic fuel combustion should come with the following two main

requirements:

• It should model the combustion-associated complex processes with sufficient

accuracy.

• The simulation should be possible with acceptable computer storage resources

and within reasonably-short computational times.

1.3 The Role of Complex Chemical Kinetics in

Combustion

The concepts from chemical kinetics represent an integral part of combustion nu-

merical simulations. In order to develop the next generation of combustors while

having control over the associated pollutant emissions, information such as ignition,

combustion efficiency, flame stabilization and formation of combustion products is

extremely important. The accuracy of simulating such phenomena highly depends

on the level of kinetic details that is retained in computer models. In terms of reac-

tive flows, the importance of chemical kinetics has been recognized in recent years.

This is sustained by the increased effort that exists nowadays to incorporate more

and more complex reaction mechanisms in the studies of combustion modelling.

In turbulent combustion, computations of reacting flow using detailed chemical

kinetics are essential for a fundamental understanding of the flow structure interac-

tion with flames. Even in the case of laminar flames, the large range of time and

length scales present in the system impose a severe stiffness in the species conserva-

tion equations and thus, such computations can become extremely challenging. The

cause of stiffness is given by a number of very fast chemical time scales which, by
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being locally exhausted in a quick manner, are forcing the solution to evolve with

the relatively slower scales on a manifold; this manifold is in fact a low dimensional

manifold in the phase space described by linearly independent relations among the

elementary reaction rates. As a consequence, the coexistence of fast and slow time

scales introduces severe difficulties both in numerical time integration and spatial

discretization.

1.3.1 Chemical kinetics

To express the rapidity of a chemical reaction in a quantitative manner it is neces-

sary to use the reaction rate, which expresses the rate of change of concentration

concomitent with reaction.

ReactionRate = k(T )[A]m[B]n (1.1)

where

k(T) is the reaction rate constant that depends on temperature, valid for the

chemical reaction in which reactants A and B are reacting having as a result the

product C. The exponents m and n are called partial orders that are dependant on

the reaction mechanism and can be determined experimentally.

The Arrhenius equation

In general, an increase in temperature accelerates the rate of chemical reaction. More

specifically, Arrhenius defined the theory (Arrhenius law) which suggests that the

rate coefficients depend strongly, in a nonlinear way on temperature. The effect is

usually presented with the use of the variation with temperature of the rate constant,

k, which follows the Arrhenius equation:
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k = A · e−Ea/RT (1.2)

According to Equation 1.2, the only molecules that react are those whose energy

is greater than the activation energy, Ea. Both A, called the pre-exponential factor,

and the activation energy are assumed temperature independent.

Chemical mechanisms describe in a stepwise manner the exact collisions and

events that are required for the conversion of reactants into products. This is done by

breaking up the overall balanced chemical equation into a series of elementary steps.

These mechanisms must predict the experimentally determined rate law. A reaction

mechanism should describe what occurs at each step of a reaction, must show the

rate of each elementary step as well as the order at which the bonds form or break.

Another category of factor included in a mechanism are the reaction intermediates,

which are stable molecules that do not appear in the experimentally determined rate

law because they are formed in one step and consumed in a subsequent step. Due

to the fact that a reaction cannot proceed faster than the rate of slowest elementary

step, the slowest step in a mechanism defines the rate of the overall reaction (the

rate determining step). Therefore, a mechanism must satisfy the two requirements

bellow:

• The overall balanced equation for the reaction should be the sum of all the

elementary steps.

• The rate law for the rate-determining step must agree with the experimentally

determined rate law.

1.3.2 Importance of detailed comprehensive mechanisms

The greatest challenge in combustion kinetics consists in developing comprehensive

detailed mechanisms for describing realistic fuels, i.e. fuels with a high level of com-
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plexity. Since the task of including all the possible compounds for a commercial fuel

would render the task too complex and would require resources that are not currently

available, alternative methods of developing realistic detailed chemical mechanisms

are used. These mechanisms contain components that have similar physical and

kinetic properties as those of a commercial fuel. Furthermore, these comprehensive

mechanisms are optimized and validated by using accurate species concentration

data gathered by gas sampling and investigation using analytical techniques (e.g.

Mass Spectroscopy and Gas Chromatography).

Several detailed chemical kinetic mechanisms have been developed for a wide

range of fuels. However, most of these mechanisms have restrictions in their appli-

cability to only some particular operating conditions, i.e. they are valid only for

specific ranges of temperature, pressure and mixture composition. This fact implies

that their use outside their limitations could lead to highly erroneous results. There

are cases when even comprehensive mechanisms that have similar features could lead

to results that are qualitatively different due to a small change of single reaction

rate constant. More specifically, by updating an existing reaction mechanism, the

rates of some essential reactions for a specific phenomenon could be unintentionally

modified, hence leading to unexpected results.

On the other hand, the use of highly simplified mechanisms can also pose some

issues. One of them is related to the accuracy and comprehensiveness of highly

reduced mechanisms derived from the initial detailed kinetic mechanism. Due to

the small number of overall reactions they can be easily applied in simulations. An

example of a widely used category of mechanisms is the four-step mechanism for

hydrocarbons [3]. Their application though is frequently restricted as their deriva-

tion from the original kinetic mechanism is made by the use of extensive assump-

tions. Figure 1.1 illustrates a comparison between the computed ignition delays

of methane-air mechanisms [4] resulting from simulations of the detailed kinetic
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mechanism, a highly simplified four-step mechanism [5] and two other larger re-

duced mechanisms. The comparison reveals the high discrepancy in the capability

of the four-step mechanism to be comprehensive due to the large number of assump-

tions involved in its derivation. In fact, by extending the level of reduction steps

from 4 to 10 or 12, it can be noticed that the ignition delay is well captured.

Figure 1.1: Various reduced mechanism vs. detailed mechanism - Comparison of pre-
dicted ingnition delay times of stoichiometric methane-air mixtures at atmospheric
conditions.

To summarise, the importance of developing detailed comprehensive mechanisms

comes from the following relation: the fidelity of any subsequent mechanism reduc-

tion step depends on the fidelity of the detailed kinetic mechanism. However, the

development of detailed mechanisms that are comprehensive is a very challenging

task because of two main aspects. First, it can be extremely diffcult, if not im-

possible for more complex fuels, to identify and gather all the species and chemical

reactions in a detailed mechanism. Secondly, the determination of the rate constants

corresponding to each identified reaction is a complicated and demanding endeavour,

be it experimentally or computationally [6].

The comprehensiveness of a reaction mechanism could only be captured if there
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would exist a systematic procedure of identifying the entire set of relevant species

and reactions of that particular mechanism. Since such a procedure does not exist

at the moment, combustion scientists rely at the moment on developing kinetic

mechanisms as comprehensive as possible and that have the ability to reproduce

combustion phenomena in detail. This directly implies that the size of a mechanism

is dictated by its extent of comprehensiveness. For this reason, some mechanism

reduction can be achieved by applying some restrictions such as to fix the pressure

to 1atm since many fundamental and practical combustion phenomena take place

at atmospheric pressure; other limitating assumptions can involve lean combustion

or homogeneous charge combustion. However, in the simulation of complex flows it

is more conservative to apply comprehensive mechanisms with no such restrictions.

1.3.3 Computational cost associated to simulations

In the modern era of supercomputors and direct simulations, numerical solutions of

a complex chemical reaction system can be constructed much easier once a reliable

and up-to-date database of all relevant elementary reactions and their reaction rates

is available. In a world where the combustion applications could benefit enormously

from a better insight in the complexity of the combustion phenomenon, the under-

standing of this concept alone by researchers represents an extremely exciting and

challenging endeavour. In this view, it is difficult to extract explanations of the

combustion phenomenon only from the massive computer outputs of the solutions.

Therefore, one advantage of working with a simplified model that can generate sim-

ilar solutions to those of the full chemistry model is the facilitation of handling the

combustion simulations output. Another major advantage for simplifying a chemical

reaction mechanism is to reduce the numerous computing resources usually required

for detailed chemistry simulations. The evaluation of the chemical rate can be proven
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to be asymptotically inexpensive. This happens as the evaluation of the chemical

rates is a linear function of the number of reactions I and also of the number of

species K, due to the linear relation between them (to be shown in the next section

by Equation 1.3 and illustrated in Figure 1.2, [1]). Jacobian operations are known

to be time consuming in simulations that use implicit solvers. Given the fact that

the reactions need to be re-evaluated for each perturbed species concentration, the

evaluation of the numerical Jacobian scales quadratically. Several major approaches

can be adopted to tackle simulations of complex chemical mechanisms, such as di-

mension reduction that addresses species and reactions, diffusion reduction, stiffness

removal and computational cost minimization (CCM) methods.

1.4 Chemical Kinetics Reduction Methodologies

Describing the combustion of hydrocarbons using detailed chemical kinetic mech-

anisms requires including hundreds of chemical species and thousands of reaction

steps in the simulations. Current CPU time and computer storage limitations for

such applications prohibit the implementation of fully detailed chemical mechanisms

into multi-dimensional CFD analysis of combustion. Except for simpler gas mix-

tures such as hydrogen-air and methane-air and for simple combustion applications

such as one-dimensional laminar flames, more complex fuels are too large to be in-

tegrated in combustion simulations unless substantial reduction is performed. A set

of detailed and reduced skeletal mechanisms representing various hydrocarbon fuels

is illustrated in Figure 1.2. The 20 mechanisms present in the graph are of various

molecular complexities and they have been developed and compiled over the last

two decades.

A number of interesting observations can be derived from this graph:

• the number of species and reactions of a particular mechanism increase with
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Figure 1.2: Various detailed and skeletal mechanisms for hydrocarbon fuels - mech-
anisms sizes and the approximate years when they were compiled, [1].

the size of the molecule, nearly in an exponential manner. More exactly, for

mechanisms specific to C1 and C2 species there are usually about one hundred

corresponding species, whereas, for realistic fuels i.e. complex engine fuels,

the mechanism can consist of hundreds of species and thousands of reactions.

In the case of such complex mechanisms, even 1 − D flame simulations are

difficult to perform. One such extreme example is represented by a biomass

surrogate fuel, i.e.methyl decanoate [7], which contains of 3036 species and

8555 reactions. Consequently, the methyl decanoate reaction mechanism is

computationally demanding even in the case of 0−D simulations.

• as new discoveries are made in the field of chemical kinetics, the size of the

chemical reaction mechanisms seem to grow with time. However, the fact that

such large mechanisms comprise more information on the chemical aspects still

has a major contribution to the difficulty of integrating them in simulations.

• there seems to be an approximately linear relationship between the number of
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species and that of reactions:

I ≈ 5K (1.3)

Although a fundamental explanation for this correlation does not exist, it

can be conveniently used to analyze the computational cost once one of the

variables is known.

The memory usage and CPU time associated to CFD simulations are directly

influenced by the number of species defining the fuel-air mixture. Therefore, it is

important to minimize this number while preserving the chemical fidelity of the de-

tailed kinetic mechanism. The recent development of validated detailed mechanisms

for combustion of large hydrocarbon fuels [8], [9] is a major step forward. Reduced

chemical kinetic mechanisms that use a smaller number of scalars than the original

mechanism into CFD simulations and at the same time preserve the behaviour of

the original global parameters offer significant improvements in the modelling of

practical combustion devices.

Another characteristic of detailed mechanisms is consisted by the drastic differ-

ences in reaction time-scales. The main consequence of such variations is the high

chemical stiffness that appears in simulations. The predominant factors that trigger

such chemical stiffness are usually the fast depleting radicals that reach quasi steady-

state (QSS) fairly quickly or the fast reversible reactions in partial equilibrium (PE)

state. Even though in the case of hydrogen, methane or ethylene oxidation the

chemical stiffness is moderate, for larger hydrocarbons the context is changes dras-

tically. More specifically, while direct numerical simulations have been succesfully

performed on small hydrocarbons by using explict solvers [10], [11], the same situ-

ation cannot be extended for fuels with larger molecules, e.g. a skeletal mechanism

of n-heptane [12] where unless the stiffness is removed, the use of explicit solvers is

not feasable.
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Therefore, the large size and the chemical stiffness of the reaction mechanisms are

the main factors that impede detailed kinetics of complex fuels from being adopted

in large-scale simulations. This fact leads to the hypothesis that reducing both size

and chemical stiffness is perhaps one of very few feasable ways to extend combustion

simulation to even more realistic fuels in the future.

The main objective of simplified kinetics modeling is to derive a reaction system

which is simple but retains the essential features of the original detailed combustion

system. Although chemists may be interested in only a small number of species, the

detailed kinetic reaction model can almost always be very complex. In the past three

decades, mechanism reduction has been thoroughly studied resulting in a collection

of methodologies for simplified kinetics. The variety of reduction methodologies can

be classified into several main categories that will be individually described in the

next section. According to Law and Lu [6], this classification is as follows:

• Skeletal reduction by eliminating the unimportant species and reactions present

in the detailed chemical kinetic mechanism. The reduced model is in fact a

subset of the detailed kinetic mechanism with all the important reactions being

conserved in elementary form. This strategy of dimension reduction is most

suitable as a first step in the overall reduction process. The skeletal mechanism

can be obtained through two approaches:

Reaction oriented, including methods such as sensitivity analysis [13],

[14], computational singular perturbation (CSP) [15], principal component

analysis (PCA) [16], [17] and other optimization methods [18], [19].

Species oriented, which can be attained by using methodologies such as

Jacobian analysis [20], directed relation graph (DRG) [21], [22] or CSP [23].

• Lumping provides methods of reducing any general reaction system into a lower

dimensional system of equations by representing information about groups of
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species through a single paramenter [24]. There exists:

Linear lumping methods, in which the new species are represented as

linear combinations of the original species in the detailed mechanism.

Nonlinear lumping methods which, although more general, can involve

complicated algebraic theory that limits their applications.

• Time-scale analysis methods. These methods are based on time-scales separa-

tion of the chemical species and they have proved highly successful in their ap-

plication to chemical system reduction; furthermore, they allow the use of less

expensive integration methods due to the reduction in stiffness they provide as

they remove the fast equilibrating processes. The number of independent pro-

cesses is diminished by using algebraic equations that couple the species. The

algebraic relations result by associating the exhausted fast chemical processes

with QSS species and PE reactions. The oldest time-scale separation method

still in use and with the highest proven success rate is the quasi steady-state

analysis (QSSA) [25], [26]. Other more systematic methods based on time-

scale separation include intrinsic low-dimensional manifolds (ILDM) [27], [28],

CSP [15] and rate-controlled constrained equilibrium (RCCE) [29], [30]. The

ILDM technique proposed by Maas and Pope is based on the time-scales of

linear combinations of variables rather than on species. Its main advantage

is that it requires no information about which reactions are assumed to be

in equilibrium and which species in quasi-steady-state. The detailed chemical

mechanism and the number of degrees of freedom desired in the simplified

scheme are the only inputs required by this method. Next, ILDM tabulates

quantities such as production rates on the lower dimensional manifold. CSP,

as well as ILDM, use the Jacobian analysis in order to decouple the fast and

slow time-scale subspaces. However, since the evaluation of the Jacobian is
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expensive to evaluate and to manipulate, both methods require tabulation for

facilitation reasons [31].

• Stiffness reduction. Although it typically involves on-the-fly procedures that

in turn require high efficiency, all the methods listed above can also be applied

for stiffness reduction.

In addition to the conventional approaches described above, many new methodolo-

gies have been developed, among which there are: artificial neural network [32],

genetic algorithm [33], self-organizing map [34] and tabulation [35]. In the next

Section, the above reduction techniques based on time-scale separation will be de-

scribed in more detail as two of them contribute to the combined methodology

developed in the current work.

1.4.1 Time-scale separation reduction methodologies

Combustion simulations using detailed chemical mechanisms require very long CPU

times and most of the time exceed the limitations of available memory [36]. There-

fore, the necessity to reduce mechanism ranges from decreasing the computational

time all the way to extending the feasability of simulations. Usually, the reduced

mechanism comprises few global steps involving a much smaller number of chemical

species than in the original mechanism and for which the corresponding rates are

linear relations among the elementary rates. Employing methods based on time-

scale separation relies on the fact that the chemical system consists of a series of

species that react with each other over a range of time scales of several orders of

magnitude. More specifically, chemical processes that are much faster than the con-

trolling time scale typically go to depletion thus resulting in fast exhausted modes.

The species related to the fast exhausted modes can be expressed by algebraic re-

lations instead of differential equations. In other words, some of the reactions can
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be considered as being fast by comparison with the physical processes involved, i.e.

diffusion, turbulence or perhaps other reactions that are generally characterized by

a slow time-scale, as illustrated in Figure 1.3. The process of eliminating the fast

time scales can be carried out by adopting a time scale separation procedure that

dissociates slow and fast time sub-spaces.

Figure 1.3: Comparison between physical and chemical timescales, by Nillson [2].

Quasi Steady-State Analysis (QSSA)

Chemical mechanisms reduction via time-scale separation has been extensively stud-

ied in the last three decades and, as a consequence, a series of methods have been

developed and tested. The oldest approaches that can claim the highest level of

applicability and generalisation are the quasi steady-state analysis (QSSA) [37]

and partial equilibrium approximations (PEA) [38]. These methods simplify the

system by introducing physical assumptions regarding the fast time-scale species;

these species are considered as being either in steady-state or in equilibrium, with

the further requirement that their corresponding concentration is relatively small.

These assumptions reduce the list of species to only those involved in the remaining

set of differential equations. Another effect is solving the numerical stiffness problem
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that these fast time scales introduced in the system. Numerical stiffness is gener-

ated when the iteration over the differential equations needs very small steps since,

usually, terms involving the fastest time scales may lead to quick variations of the

solution. Between the two approaches, QSSA is generally more straightforward to

apply due to the low concentrations of QSS species. More specifically, QSSA is based

on the following assumptions: firstly, fast depleting species can reach low concen-

tration fairly quickly and they remain in this state; secondly, the resulting reaction

rates of QSS species are much smaller than their corresponding production and de-

struction rates. Regarding the PEA approach, it assumes that, if a fast reaction is

not limited by a depleted reactant, it can be balanced by its reversible reaction. The

short time scales present in every detailed chemical mechanism studied so far are

almost always induced by QSS species and PE reactions. Much effort has been de-

voted in the recent years to developing automatic reduction of chemical mechanisms

by using the time-scale separation procedures. These procedures include Intrinsic

Low-Dimensional Manifold methods (ILDM), Computational Singular Perturbation

(CSP) and Rate-Controlled Constrained Equilibrium (RCCE), all of which will be

discussed in the next paragraphs. Other such methods are lifetime analysis based

on the Level of Importance (LOI) [39], [40].

Computational Singular Perturbation (CSP)

The CSP reduction technique is based on a rigorous time-scale separation that di-

vides the chemical source term into slow and fast sub-spaces and constructs mech-

anisms that present a much more reduced stiffness than the initial system. This

method was first propsed by Lam in 1985, [41] who formalized the fundamental

ideas together with D.A. Goussis [42], [43], [44]. What CSP does is to define

the two time sub-spaces and to put in steady-state those fast species associated

to the fast sub-space. Furthermore, Lam and Goussis [45] proved that sensitivity
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information can also be extracted using CSP data.

CSP has been applied in a variety of chemical kinetic problems [46]. These

problems include the reduction of the non-linear combustion chemistry of flames,

in studies carried by Goussis [47] and Massias et al. [48], [49], as well as au-

toignition problems [50], [51]. Another application where elements of CSP have

been succesfully implemented is the analysis of very simplified atmospheric chemical

mechanisms [52].

Intrinsic Low-Dimensional Manifold (ILDM)

The intrinsic low dimensional manifold (ILDM) was first presented by Maas and

Pope in 1992, [53]. As in the case of CSP, ILDM is based on establishing a significant

separation between the slow and fast timescale sub-spaces, where the slow time

scale species define a slow manifold that describes the evolution of the chemical

reaction system. With the use of this method, a tabulation of the chemistry can be

provided that is capable of describing any combustion regime. ILDM is based on

a rigorous mathematical approach to chemical processes, thus, it is not dependant

of the flame topology. By using this technique, if Ns is the number of species

involved in a given detailed kinetic mechanism, the combustion is characterized

by a system a system of Ns equations. The subspace (low dimensional manifold)

of interest is determined by investigating the eigenvalues and eigenvectors of the

system of equations and neglecting those timescales that are smaller than a defined

time limit. It should be mentioned that the inverse of the eigenvalues are in fact

the corresponding timescales. The minimum number of species that are required

to be transported in order to predict the behavior of the full reactive system is

reflected by the number of coordinates of the manifold . However, highly reduced

ILDM manifolds usually do not reasonably reproduce the phenomena correlated to

the fast timescales. More exactly, the flame regions with low-temperature cannot
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be addressed in a reasonable manner [54].

CSP as well as ILDM use the Jacobian analysis of ODEs as follows:

dy

dt
= g(y) (1.4)

that transforms into

dg

dt
= J • g(y), J =

dg

dy
(1.5)

where y is the vector of species concentrations and temperature while g is the

source term.

Although it could be argued that ILDM and CSP are virtually the same, they

have different ways of presenting the solutions. The main difference between the

two methods is the sub-space created to describe the new, low-dimensional mani-

fold. ILDM applies partial equilibrium approximations for the species selected and

creates a species sub-space, whereas CSP employs steady state approximations and

creates a sub-space for reactions. A more detailed presentation of CSP is provided

in Chapter 2 as this method contributes significantly to the proposed combined

reduction methodology developed and tested in the current work.

Rate-Controlled Constrained Equilibrium (RCCE)

Based on the second law of thermodynamics, the Rate-Controlled Constrained Equi-

librium method was initially developed by Keck and Gillespie [55] and later by

Keck and coworkers [56], Tang and Pope [57] and Jones and Rigopoulos [58] in

order to estimate the state of a nonequilibrium system by applying the principle

of maximum entropy. This principle is applied at any time during the nonequilib-

rium evolution subject to a priori defined constraints imposed on the system. In

what concerns the remaining part of the system, its dynamics is then determined
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by the constrained equilibrium requirement. According to RCCE, in a complex re-

acting system the slow reactions impose constraints on the system’s composition,

and control the rate at which it relaxes to chemical equilibrium; meanwhile, the

fast reactions equilibrate the system subject to the constraints imposed by the slow

reactions. As a consequence, the system relaxes to chemical equilibrium through a

sequence of constrained-equilibrium states at a rate controlled by the slowly chang-

ing constraints [59]. A thorough description of RCCE and the way in which it is

combined with CSP will be presented in Chapter 2.

1.5 Present Contribution

The literature review presented in the previous sections highlighted the importance

of introducing realistic chemistry in large scale simulations of reactive flows as well

as the consequences and the limitations that accompany such an innitiative. Gener-

ally, there are two components that are essential for the accommodation of complex

chemical kinetics in numerical simulations: the availability of comprehensive detailed

chemical mechanisms and the tools (computational and mathematical) necessary to

reduce the size and the stiffness of the original mechanism to a point that it can be

implemented in large scale simualations. While the development of supercomput-

ers is evolving, so does the elaboration of comprehensive detailed mechanisms such

that, at least for the foreseeable future, it is extremely difficult to use detailed kinetic

mechanisms in complex turbulent large scale applications. In this sense, there has

been extensive work done on developing dimension reduction techniques in the past

three decades. However, this topic still presents an increased interest as the focus

drops on finding more automatic procedures for chemical mechanism reduction that

can be extended to a variety of realistic fuels as well as a broad range of laminar and

turbulent large scale simulations. The previous sections showed a series of method-
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ologies have been developed that managed to work with moderately large detailed

mechanisms. Each of the mechanism reduction methods presented above has been

particularly efficient on a specific type of fuels, operating conditions or with a limited

level of automation. Most of these methods require a specific degree of involvement

of the user in tackling the specifications of the fuels or that of the chemical mech-

anism reduction. The aim of this current work is to develop and test a combined

mechanism reduction methodology with the aim of defining an automatic altgorithm

that requires minimum involvement from the user in providing a reduced chemical

model able to reasonably, if not accurately, reproduce the physical behaviour of a

variety of flames. This combined methodology derives from exploiting the potential

of two already developed chemical mechanism reduction techniques, namely compu-

tational singular perturbation (CSP) and Rate-Controlled Constrained Equilibrium

(RCCE) described earlier in this chapter. It was Keck [60] who first mentioned that,

it might be from a combination of such methods that even better results might arise.

Both methods have proved a strong efficiency in a number of combustion applica-

tions by using several types of fuels. This study analyses the potential of each

of these two methods and explores the interesting aspect that they present, more

specifically, the possibility of being complementary. More exactly, RCCE offers an

important advantage in what concerns the computational aspect: having provided

a computer program for the solution of the RCCE equations, a variety of reduced

systems can be tested as no mathematical manipulations are required for the deriva-

tion of each individual reduced mechanism (as in QSSA, for example). Since RCCE

does not determine the fast and slow species sub-spaces but it does require them

as input for the mechanism reduction, the attention is therefore directed to CSP

which, as part of its reduction algorithm, deals with identifying the slow and fast

time-scales. Therefore, the aforementioned main characteristics of the two mehtods

have been combined in this work by using CSP’s procedure of providing a classifica-
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tion of major and minor species in the formation of the matrix of constraints needed

by RCCE towards reducing the system under investigation. In order to validate

this proposed RCCE-CSP combined methodology, it is tested on one-dimensional

laminar premixed flames with the purpose of extending its applications to turbu-

lent flames, as a part of future work. Two chemical reaction mechanisms that have

been thoroughly tested in the past decades are also investigated in this work. The

first mechanism tested with RCCE-CSP is the GRI3.0. methane-air detailed kinetic

mechanism; it is tested at different operating conditions and with different mixture

composition. The second, more complex reaction mechanism put under investiga-

tion with RCCE-CSP reduction methodology is the Curran propane-air chemical

mechanism. By varying the value of the equivalence ratio and that of pressure, a

much wider perspective on the potential of RCCE-CSP has been captured in the

current study. A series of different physical properties are examined together with

the laminar burning velocity and predictions of carbon dioxide. Apart from the

CPU time gain associated to each reduced model obtained by using RCCE-CSP,

the degree of automation of this combined procedure is studied, with the aim of

limiting the user’s involvement to only that of specifying the number of constraints.

Another key feature of RCCE-CSP combined methodology is that it can provide

reduced models suitable for tabulation solutions. Thus, this feature could grant

access to a variety of applications in turbulent flow simulations.

1.6 Thesis Structure

The thesis is structured in five chapters. Chapter 1 provided a general overview on

combustion and combustion modelling nowadays. In section 1.3 the role of com-

plex chemical kinetics in combustion modelling was presented. First, fundamental

aspects of chemical kinetics were reviewed, followed by a subsection that highlights



24 1. Literature Review

the importance of utilizing comprehensive mechanisms in simulations. The end of

this section offered an insight in the way in which the overall computational cost

associated to simulations is derived. Next, a review of the existing categories of

chemical kinetics reduction methodologies was provided in subsection 1.4. Special

interest was paid to a particular type of mechanism reduction, that is the time-scale

separation analysis. Here, some of the most used mechanism reduction techniques

were briefly presented. Among them, the RCCE and CSP methods receive of a

much wider description in Chapter 2 as they represent the basis of the present work.

The first chapter ends with a presentation of the contribution of the current work

to the field of numerical simulation of combustion and a detailed summary of the

structure of this thesis.

Chapter 2 introduces the two chemical mechanism reduction techniques that are used

in the proposed combined reduction methodology. Basic concepts of both Computa-

tional Singular Perturbation and Rate-Controlled Constrained Equilibrium methods

are presented, with an emphasis on the aspects that make them complementary and

thus lead to the possibility of merging them. In the last section of this chapter

the combined RCCE-CSP methodology is presented in detail, with a step-by-step

algorithm of the computer codes involved in this study as well as the RCCE-CSP

application to 1−D laminar premixed flames which are the type of flames put under

investigation.

Chapter 3 gathers the first set of results obtained with RCCE-CSP. The chemical

reaction mechanism on which the combined methdology was tested is the methane-

air GRI 3.0. A description of the detailed kinetic mechanism is provided prior to

examining the flame behaviour in various conditions. The following subsections

present the results obtained at atmospheric and elevated pressure (20atm) for three

different mixture compositions. The corresponding simulations offer a significant

data pool for analyzing the potential of RCCE-CSP, such as CPU time gain, flame
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structure, laminar burning velocity and other key paramenters. The chapter closes

with a summary of the theory of RCCE-CSP and the results obtained at this level

of study. In Chapter 4, the same procedure is applied for a more complex reaction

mechanism, that of propane-air, developed by Curran et al. (2004), [61]. Results

of simulations run at pressures of 1atm and at 30atm are illustrated and examined

against direct numerical simulation data. In Section 4.4, simulations using a single

RCCE–CSP reduced model for various equivalence ratios are investigated to check

the possiblity to generalize the RCCE-CSP reduced model to a the whole spectrum

of mixture compositions. In Chapter 5, the conclusions of the current work are sum-

marised. The strengths and weaknesses of the proposed methodology are discussed.

Suggestions for future work and potential applicability to modelling of turbulent

reacting flows are made based on the findings of the present study.
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Chapter 2

RCCE-CSP methodology

2.1 Definition of time scales and stiffness

A system of ODEs having time as an independent variable is characterized by a

range of local time scales. The concept of time scales in a system of ODEs de-

scribing reaction kinetics originates from the fact that the elementary reactions of

combustion processes occur at different rates. The various time scales due to the el-

ementary reactions can be quantified with the use of the eigenvalues of the Jacobian

of the ODE system, see Appendix D. All the necessary numerical information about

the linearization of the system at a point is contained in the Jacobian. The solution

of the linearized system describes the system’s behavior near that point. Moreover,

the inverse of the real parts of the Jacobian’s eigenvalues are the time scales for the

system behavior near the point; therefore, there are just as many time scales asso-

ciated with the system as the number of species ODEs. For an complex eigenvalue

the real and the imaginary part have difference significance; the nonzero imaginary

part defines the frequency of oscillation of the solution at the point, wheareas only

the real parts of the eigenvalues have an impact on the rate of exponential decay or

growth of the solution that defines the time scales. it is to be noted that because the

27
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Jacobian of the system varies with time, the time scales of the solution also change.

In order to understand what the time scales represent, firstly, one has to consider

that at a given time, each species concentration is changing. The local solution that

describes the variation of species concentrations with time contains several terms.

One time scale is associated with each term and, in general, all time scales affect the

evolution of each species, although the amount by which each term affects a given

species concentration is not the same for each species.

For an initial period of time, some species concentrations will evolve faster than

others being affected by the fast time scale terms. After a certain period of time,

the slower time scale terms begin to influence the behavior of the system and grad-

ually dominate the evolution of each species concentration. In the study of detailed

chemical kinetics, the ratio of the fastest to the slowest time scale of the species

equations is known as the stiffness of the system. The larger the latter ratio, the

stiffer is the system. More precisely, if the eigenvalues of the Jacobian of a system

are λ1, λ2, ..., λns
, the stiffness St is:

St =
|Re(λ)|max

|Re(λ)|min

(2.1)

where Re represents the real part and indices ns the number of species present in

the system.

An interesting fact is that, in some cases when the slowest and fastest time

scales associated with a solution differ by several orders of magnitude, it is often

possible to experimentally observe the system’s response to the solutions of the slow

time scales which contains the most important information regarding the system’s

bevavior. On the other hand, some of the faster time scale solutions are not capable

of being observed in the laboratory for the time being. It is also due to this gap

between the intrinsic variations of the system’s response to different time scales
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of the solution that fast time scale species may be assumed to be at steady state

without accounting for a significant loss compared to the initial system kinetics. As

a consequence, the slow time scale term of the solution is essential and it can may

define the kinetics of a system under consideration.

2.2 Rate-Controlled Constrained Equilibrium

(RCCE) Method

A fundamental objective in the context of practical combustion applications is rep-

resented by the necessity to develop theoretical models for describing the time evolu-

tion of complex reacting systems. The main difficulty in simulating such applications

arises from the fact that the detailed kinetics of C/H/O/N molecules can easily in-

volve hundreds of chemical species and isomers, and thousands of potential reactions

even for systems containing only C1 molecules. Therefore, the computational ef-

fort demanded by modelling such systems is extremely large. In addition, when

considering a detailed kinetic mechanism that is coupled with transport equations

and turbulence models, the mathematical and computational requirements become

extremely challenging due to the presence of a wide range of length and time scales

that often result in stiffness problems. Current computing capability makes possible

the simulation of homogeneous chemically reacting systems, but when it comes to

dealing with detailed chemical kinetic calculations coupled with computational fluid

dynamic (CFD), the simulations of chemically reacting flows are still unrealistic.

As presented in the previous chapter, extensive work has been carried in order to

develop techniques capable of generating reduced mechanisms such as quasi-steady

state analysis (QSSA), [62], intrinsic low dimensional manifolds (ILDM) [63], par-

tial equilibrium assumption (PEA) [64], computational singular perturbation (CSP)
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[65], sensitivity analysis [66], time-scale analysis [67], and computer augmented re-

duced mechanism (CARM) [68]. All the above chemical kinetics reduction tools

use the approach of eliminating both species and reactions.

A different concept for deriving a low-dimensional model based on time-scale

separation is represented by the Rate-Controlled Constrained Equilibrium (RCCE)

method; RCCE was first proposed by Keck and Gillespie [69], [55] and extensively

developed by Metghalchi et.al [70] and it is founded on a sound principle, i.e. the

Second Law of Thermodynamics. This method presumes that, for most combustion

applications, the evolution of a complex reaction system can be reproduced with

reasonable accuracy by a number of rate-controlling reactions that is relatively small

compared to the initial number of reactions in the detailed mechanism; another

assumption taken into consideration is the existance of fast reactions that relax the

system to a constrained-equilibrium state on a time scale that is shorter than that

on which the constraints are changing.

The RCCE concept takes into advantage the time-scale separation that charac-

terizes the chemistry of reacting systems in terms of slow and fast time-scale re-

actions. However, it consists of a distinct approach for generating low-dimensional

manifolds as compared to other time-scale separation methods i.e. it employs the

second law of thermodynamics in order to derive a mathematical apparatus that

will describe the reduced system, based on a pre-established selection of slow and

fast time-scale species. The rate-controlled constrained equilibrium works with two

categories of species: the kinetically controlled species i.e. species whose dynam-

ical evolution is described by the corresponding differential equations taking into

consideration the chemical kinetics of the initial detailed chemical mechanism, and

the equilibrated species. The latter category involves the steady-state species whose

concentrations are resolved by applying the principle of maximum entropy which,

in turn, implies the minimization of the free energy. Thus, the equilibrated species
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composition will be computed by minimizing the Gibbs free energy, since in this

paper we are dealing with a constant pressure system. It is to be concluded from

above that RCCE is not used for the identification of slow and fast time-scales

species but rather to derive a reduced system based on a sound physical principle

that is employed to solve the kinetically controlled and the equilibrated species. The

specification of these two categories of species can provided by the use of other time-

scale separation methods, physical reasoning, trial and error or quantitative analysis.

A significant advantage that RCCE presents is that it does not require individual

mathematical manipulations for each specific reduced model i.e. setting up a com-

puter program for the equations developed by RCCE will allow the testing of various

reduced systems by changing only the input of the particular selection of equilibrated

and kinetically controlled(constrained) species [29]. The RCCE method has been

successfully applied in various combustion applications by Keck and co-workers for

the investigations of formation of air pollutants as well as ignition delay times cal-

culations for hydrogen oxidation. Hydrogen-combustion problems were investigated

with the use of RCCE by Sugden and co-workers [71] and Schott [72]. For the case

of reacting gas mixtures, Keck and Gillespie [69] developed a general formulation

of the rate-controlled constrained equilibrium method. Delichatsios and Keck [73]

and Morr and Heywood [74] have obtained obtained predictions of carbon monoxide

and nitric oxide formation by using RCCE in hydrocarbon combustion applications.

RCCE has also been used in developing the method for open reacting systems by

Appleton and Galant [75] and for the treatment of reactions in molecular beams by

Levine [76]. Moreover, concepts similar to RCCE have been tested on applications

from other fields such as Kerner’s study of speciation in ecological systems [77].

This chapter presents the RCCE mathematical formulation that has been used

in this thesis, some of the theoretical aspects of RCCE method as well as an un-

derstanding of the advantages and disadvantages of RCCE and its potential to be
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combined with other methods in order to deliver a significant contribution to the

nowadays simulations of chemical reacting systems.

2.2.1 Mathematical formulation of RCCE

Treatment of chemical reactions

In any given reactive system, the composition of the species is changing as a result

of chemical reactions which can be expressed in the following form:

Ns
∑

j=1

(νf
jkSj) =

Ns
∑

j=1

(νr
jkSj) (k = 1, ..., Nr) (2.2)

where νf
jk and νr

jk are the forward and reverse stoichiometric coefficients of species

j for the reaction k, Sj is the species j andNr is the number of reactions in the system.

In order to accurately describe the dynamical evolution of a system, the full set of

species rate equations needs to be solved. For an individual species j of a particular

detailed mechanism the corresponding rate equation is given in terms of all reactions

rate by the follwing expression:

Wj =
Nr
∑

k=1

(νjkrk) (j = 1, ..., Ns) (2.3)

where Nj is the number of moles of species j, νjk is the net change in moles of

species j due to reaction k and rk is the net reaction rate per unit volume. The net

reaction rate is represented as rk = rf − rr, where rf and rr are the forward and

reverse reaction rates.

By making use of a more thorough understanding of the systems’ dynamics, it

is usually discovered that the time dependant behaviour of the system is relatively

insensitive to many of the governing kinetic mechanisms. As an example, in the case

of an internal combustion engine, for the exothermic dynamics of the expansion of
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combustion products, the three body reactions are considered dominant while the

bimolecular reactions are almost equilibrated.

Constrained Equilibrium Method

Let us consider a system consisting of N chemical species that are formed by com-

bining a number of Me fundamental elements. The equilibrium state of a system

is entirely defined by two thermodynamic properties (enthaply and pressure in this

work) and its elemental composition, the later being described in the RCCE formu-

lation by the use of a matrix aeij that contains the contribution of each species in

each element.

Ei =
N
∑

j=1

(aeijnj) (i = 1, ...,Me) (2.4)

where Me is the number of elements that can combine to form the N chemical

species present in the detailed chemical mechanism. Note that, in this investigation,

the quantity used to describe the concentrations, nj or Ei is mole number i.e. kmol

per unit mass of the mixture.

RCCE employs a well-known concept from statistical theromodynamics i.e. the

Principle of Maximum Entropy, according to which the equilibrium state of a system

is related to its maximum entropy value. Furthermore, in the case of a closed system,

the concept of maximum entropy implies the minimization of the free energy. The

free energy can be represented by either Helmoltz or Gibbs free energy depending

on the type of system under investigation: constant volume or constant pressure

system respectively.

Therefore, the minimisation of Gibbs free energy (in this work a constant pressure

system is being considered) subject to conservation of elements and two thermody-

namic variables enable the computation of the chemical equilibrium. This task is
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performed by using the method of element potential, this being, in fact, the starting

point of RCCE. This method is applied by using the Lagrange multipliers as it is

suggested by Keck [78] and Reynolds [79].

More specifically, by use of the Lagrange multipliers, the equilibrium concentra-

tions, n
′

j can be derived using the following equation:

n
′

j =
P

ρRT
exp (

−µ0
j

RT
) exp [

Me
∑

i=1

(aeijλ
e
i )] (j = 1, ..., N) (2.5)

The parameters present in the above equation are: the chemical potential µj and

the Langrange multipliers corresponding the elements λe
i . According to RCCE, the

species with the fastest time scales reach an equilibrium state that is parametrised by

the remaining species. The dynamical evolution of the system will then be defined

by a sequence of constrained equilibrium states, each defined by the slow time scale

species(constraints), the element masses, pressure and enthalpy.

The composition of the time-dependant constraints addressed in RCCE can be

expressed in an analagous way to the elemental composition, as a linear combination

of the species:

Ci =
N
∑

j=1

(acijnj) (i = 1, ...,Mc) (2.6)

where acij is a matrix consisting of the selection of constraints.

After the integration of the differentiated form of the Equation 2.6, the con-

strained equilibrium composition is determined by extending the minimization of

Gibbs free energy to the constrained equilibrium by subject to additional contraints

(imposed by the concentrations of the constrained species):
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n∗

j =
P

ρRT
exp (

−µo
j

RT
) exp [

Me
∑

i=1

(aeijλ
e
i )] exp [

Mc
∑

i=1

(acijλ
c
i)] (j = 1, ..., N) (2.7)

where λc
i are the additional Lagrange multipliers, defined as constraint potentials.

Differential–algebraic formulation of Rate-Controlled Constrained Equi-

librium (RCCE)

The first concept of RCCE states that in order to simulate the dynamical evolution

of the system, the partial differential conservation equations(PDEs) are used to

determine the constraints:

∂Ci

∂t
+ L(Ci) =

N
∑

j=1

(acijWj) (i = 1, ...,Mc) (2.8)

The term L(Ci) in the above expression represents a spatial operator that de-

scribes the diffusion and convection processes whereas Wj defines the reaction rate

for each species by taking into account the stoichiometry matrix, νjk and the indi-

vidual reactions, rk:

Wj =

NR
∑

k=1

(νjkrk) (j = 1, ..., N) (2.9)

According to the second concept derived from RCCE, the composition of the sys-

tem must be forced to remain at the constrained equilibrium manifold and therefore

a system of algebraic equations must be solved. For a constant pressure-enthaply

system, these equations can be derived from the conservation of element mass, en-

thaply and the constraints together with Equation 2.7:

N
∑

j=1

(aijc n
∗

j) = Ci (i = 1, ...,Mc) (2.10)
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N
∑

j=1

(aije n
∗

j) = Ei (i = 1, ...,Me) (2.11)

N
∑

j=1

(n∗

jH
o
j ) = h (2.12)

The ideal gas law is used to close the system of equations describing RCCE:

nρRT = P (2.13)

where n is the total number of moles per unit mass:

n =
N
∑

j=1

nj (2.14)

To conclude, the formulation of RCCE consists of the following system of equa-

tions:

• A set of ordinary differential equations characterizing the dynamics of the

constrained species;

• A set of algebraic equations that are used for the computation of the equili-

brated species.

Further steps are required if RCCE is to be coupled with fluid flow. First, the

partial diferential conservation equations for the kinetically controlled species must

be solved. Secondly, the algebraic Equations (2.10), (2.11), (2.12) and (2.13) that

describe the constraints on enthalpy and total mass and the conservation of elements

need to be solved.

For the purpose of building a solution that is numerically efficient, the RCCE

method is formulated only in terms of ordinary differential equations (ODEs) by
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applying the index reduction procedure [80] to the Differential Algebraic Equa-

tions(DAE) system. For a derivation of the final equations below see Appendix

B:

−

N
∑

j=1

(

acijn
∗

j

) 1

ρ

dρ

dt
+

N
∑

j=1

[

αc
ijn

∗

j

1

T

(

Ho
j

RT
− 1

)]

dT

dt
+

Me
∑

i=1

[

N
∑

j=1

(

acij
(

aeijn
∗

j

)) dλe
i

dt

]

+

+
Mc
∑

i=1

[

N
∑

j=1

(

acij
(

acijn
∗

j

)) dλc
i

dt

]

=

Nsp
∑

j=1

(acijWj) i=1, . . . ,Mc

(2.15)

−

N
∑

j=1

(

aeijn
∗

j

) 1

ρ

dρ

dt
+

N
∑

j=1

[

aeijn
∗

j

1

T

(

Ho
j

RT
− 1

)]

dT

dt
+

Me
∑

i=1

[

Nsp
∑

j=1

(

acij
(

aeijn
∗

j

)) dλe
i

dt

]

+

+
Mc
∑

i=1

[

N
∑

j=1

(

acij
(

acijn
∗

j

)) dλc
i

dt

]

=0 i=1, . . . ,Me

(2.16)

−
N
∑

j=

(

Ho
j n

∗

j

) 1

ρ

dρ

dt
+

[

n∗

j

∂Hj

∂T
+

N
∑

j=1

Ho
j

1

T

(

Ho
j

RT
− 1

)

n∗

j

]

dT

dt
+

+
Me
∑

i=1

[

N
∑

j=1

(

Ho
j

(

αe
ijn

∗

j

)) dλe
i

dt

]

+
Mc
∑

i=1

[

Nsp
∑

j=1

(

Ho
j

(

αc
ijn

∗

j

)) dλc
i

dt

]

=0 (2.17)

N
∑

j=1

[

P

T
+

P

n

n∗

j

T

(

Ho
j

RT
− 1

)]

dT

dt
+

Me
∑

i=1

[

Nsp
∑

j=1

(

P

n

(

αe
ijn

∗

j

)

)

dλe
i

dt

]

+

+
Mc
∑

i=1

[

N
∑

j=1

(

P

n

(

αc
ijn

∗

j

)

)

dλc
i

dt

]

=0 (2.18)
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Once a program that solves the RCCE system of equations has been built, the

input consisting of the matrix acij can be varied and several reduced chemical models

can be obtained. This aspect of RCCE is a great advantage in the systematic inves-

tigation of the reduction of chemical mechanisms by giving the user the opportunity

to analyze several reduced models without any specific mathematical manipulations

being required for each test case.

2.2.2 RCCE overview

The RCCE concept lies in the idea that the system evolves as a sequence of con-

strained equilibrium states. The dynamical evolution of the system is described

in a physically meaningful way by splitting the species into kinetically controlled

and equilibrated. In other words, due to slowly evolving constraints that are im-

posed in the system, the chemical composition is constrained from equilibrium. The

assumptions that are the basis of RCCE are the following:

• A complex chemical reacting system can be represented by a reduced number

of degrees of freedom compared to those describing the initial state.

• The reduced degrees of freedom represent constraints imposed on the system

by slow evolving reactions.

• The remaining species are in a constrained equilibrium state.

• Considering the above, the system is said to progress towards chemical equi-

librium through a sequence of quasi-equilibrium states.

Summary of RCCE features

The rate-controlled constrained equilbrium method contains a variety of useful and

interesting features that are unique in the context of mechanism reduction techniques
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for use in simulating complex reactive systems:

• Smaller number of differential equations to be integrated. This is a conse-

quence of the fact that the number of constraints used by RCCE is, in general,

much smaller than the number of degrees of freedom of the complex system.

• For a system that relaxes to equilibrium through a sequence of constrained

equilibrium states, the entropy production is non-negative and the system

always reaches the correct equilibrium state.

• In terms of accuracy of calculations, it can be gradually improved by adding

one more constraint at a time. The maximum accuracy is reached when the

number of constraints used by RCCE equals that of the degrees of freedom.

• RCCE provides a general system of differential equations that can trivially

derive different reduced systems and thus contribute signicantly to the in-

vestigation of reduced chemical reacting systems. Conversely, conventional

mechanism reduction techniques involve complex algebraic operations in the

derivation of the reduced model.

The RCCE method has proved to be successful in a variey of combustion applica-

tions and it is known for leaving no ambiguity in the derivation of the reduced model.

When a particular list of kinetically controlled and equilibrated species is provided to

RCCE, no corrections or truncations are imposed on the RCCE reduction scheme.

RCCE can lead to further improvement of the reduced model by adding further

constraints. By contrast to some QSSA-derived reduced schemes which have proved

to be more stiff than the original detailed mechanism, the RCCE reduced models

appear to reduce a great amount of stiffness from the detailed kinetic mechanism.

One of the consequences of the stiffness reduction is the further reduction in CPU

time compared to the estimated computational time associated to the mechanism
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dimension reduction. This feature of RCCE proves to be particularly useful in the

case of turbulent flow simulations where CPU time gain and stiffness reduction are

essential for the implementation realistic fuels in simulations.

2.3 Computational Singular Perturbation (CSP)

Method

Computational singular perturbation (CSP) was first proposed by Lam and Gous-

sis for kinetics problems [81] and subsequently developed in [82], [83]. It has

been widely used in applications such as in combustion modeling [84], [85]and

atmospheric science [86].

CSP represents a succesful approach towards the reduction of chemical kinetic

mechanism by removing the stiffness through the identification and removal of the

QSS species with small time scales. As opposed to the conventional methods men-

tioned above or in the previous chapeter, CSP bases its analysis of the dynamics of

the system on several aspects: 1) the study of chemical time scales; 2) the selection

of the fast time scales that are exhausted; and 3) the system of algebraic equations

that describe the manifold on which the dynamic evolution of the system is set to

evolve. Through this kind of procedure, CSP has been successfully applied to arrive

at a reduced chemical mechanism [87], [88]. Furthermore, the identification of the

steady-state species and the time scales of different modes is a significant by-product

of CSP method and it is this particular feature of CSP that it is used in the current

research in combination with the Rate-Controlled Constrained Equilibrium reduc-

tion method as it will be described in the next section.

The CSP method was first presented by Lam [89] in 1985 and it was initially de-

veloped for the analysis and solution of systems of ordinary differential equations
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(ODEs) and subsequently for resolving stiff partial differential equations (PDEs)

whose stiffness is generated by the presence of a source term. It has been tested

and reported in various conference papers and it was Lam and Goussis [90] that

advocated the use of CSP as a tool for a better physical understanding of the react-

ing systems. In the past few decades, the method has been applied to a variety of

combustion problems such as perfectly stirred reactors, shock induced combustion

[91] and laminar flames [92]– [93]. Its main aim is to construct a reduced set global

reactions by the use of the Jacobian analysis of the reaction terms in species space.

For a better understanding of this method and its potential in forming a com-

bined reduction methodology together with RCCE, an overview of CSP is shown

in this section using the steps suggested by Massias et al. [49] for the formula-

tion of the CSP concept. Other resources for the exact algorithm used by CSP for

the construction of global reduced mechanism can be found in various articles by

Lam et al. and Goussis et al. Given a detailed kinetic mechanism, it is assumed

to consist of Ns species, E elements and Nr elementary reactions. The general

form for the conservation equations of the Ns mass fractions y, by separating the

linear convective-diffusive operations from the non-linear chemical source term, is

presented below:

dy

dt
= L(y) + g(y),

= L(y) +W [S1R
1(y) + S2R

2(y) + . . .+ SkR
k(y)],

= L(y) +WSR(y) (2.19)

where L is a convective and diffusive spatial differential operator and g represents the

chemical source term. W is a N ×N diagonal matrix having the species molecular

weights divided by total mass density as elements. In the case of the N ×K matrix
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S, its columns represent the K stoichiometric vectors Si whereas the K components

of the R matrix consist of the Ri elementary rates.

The CSP reduction concept uses the analysis of the Jacobian of the reaction terms

in species space. The CSP method presents the ability to split the N-dimensional

domain of the species y in two subdomains with different characteristics. One subdo-

main, of dimension M, contains the fast time scales which are faster than the locally

dominant ones and they are responsible for the rapid changes that might occur in

the solution. The second subdomain is N − M dimensional and it consists of the

slow time scale species being responsible for the behavior of the solution. These fast

and slow subdomains of y are defined by a set of two N dimensional column basis

vectors ai: the ar vector that defines a steady-state space and that as vector that

defines a low-dimensional chemical manifold that develops in a slow mode:

ar = [a1, a2, ..., aM ] as = [aM+1, aM+2, ..., aN ] (2.20)

These new sets of vectors will be derived using a Jacobian analysis on the basis

of a numerical solution of the species vector y, that is provided from laminar flame

calculations. For a detailed derivation of these set of dual basis vectors, please refer

to Appendix C. In order to split the source term g into a slow and fast component,

the two column basis vectors, ai, described above together with the corresponding

set of orthogonal row vectors bi will be used to expand the vector g as follows:

dy

dt
= arh

r + ash
s (2.21)

where the h term in the equations (2.22) represents the amplitudes of g in the

direction of the basis vector ai.

hr = br(L+ g) hs = bs(L+ g) (2.22)
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The basis vectors produced by CSP guarantee that the M fastest amplitudes

describing the fast subdomain are negligible:

hi = bi(L+ g) ≈ 0 i=1, . . . ,M (2.23)

The system (2.23) of M equations represents the partial equilibrium state rela-

tions and describes the manifold in the space of y on which the trajectory moves.

When the stiffness source is represented by the term g, the system above resumes

to the conventional steady-state relation:

hi = (biWS1)R
1 + (biWS2)R

2 + . . .+ (biWSk)R
k ≈ 0 i=1, . . . ,M (2.24)

Since the term hr in equation (2.21) is negligible, the trajectory in the outer

region moves according to the equation:

dy

dt
≈ ash

s i=M + 1, . . . , N (2.25)

For a complete derivation of the CSP vectors, see [49].

Equation (2.25) can be expanded as follows:

δy

δt
≈ asb

sL+ asb
sg (2.26)

Furthermore, by taking into consideration the conservation of elements in the

elementary reactions expressed by E constant vectors and which are contained by

the N −M vectors in as and bs,

as = [αs, ac] bs = [βs, bc]T (2.27)
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equation (2.26) can be simplified even more:

dy

dt
≈ asb

sL+ αsβ
sg (2.28)

where the N − M − E vectors in the αs are the stoichiometric vectors of the

reduced mechanism and the term βsg consists of the N −M −E scalars represent-

ing the corresponding rates; the E vectors in ac and bc reflect the conservation of

elements.

One way to obtain an approximate solution of the Equation (2.19) is to use

the M algebraic equations representing the steady-state relations, (2.24) for the

computation of M components of the species concentrations vector y and the N−M

Equations in (2.28) for the rest of y vector components.

In what concerns the selection of which components of y should be calculated

by means of the steady-state relations, this cannnot be made in a random manner.

Stability and accuracy purposes imply that these relations should be applied for the

calculation of the M elements of y which fulfill two requirements: their axes are

the most orthogonal to the manifold and that their corresponding elementary rates

play a major contribution in the cancelling of the algebraic relations described in

Equation (2.24). Thus, an investigation is carried in order to identify which are the

M fastest timescales and what the influence of the species 1 to M on the steady

state relations will be. The approach CSP uses in identifying these M species of

interest is by introducing the so-called local CSP pointer i.e. CSP pointer at a

spatial gridpoint in the numerical solution, which is defined in more detail in the

next subsection.

Due to the fact that in this thesis the contribution of CSP is limited to the identi-

fication of the fast and slow time scale species, the attention is focused on presenting

how the CSP pointer tackles this objective and not on how CSP constructs the re-
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duced global mechanism (obtaining a solution for the original Equation (2.19)). For

detailed information on the construction of global reduced mechanisms using CSP

please refer to Appendix 3.

2.3.1 Identification of steady-state species

Given the chemical system described in the previous subsection, the user is interested

in selecting the M species, from the detailed chemical kinetic mechanism of total

N species, that represent the fastest time-scales. Since the selection of which M

species are to be considered as steady-state cannot be an arbitrary choice, Lam [46]

provides a thorough theoretical procedure on how to make this selection. The M

unknowns are referred to as ’CSP radicals’ and their identification is carried using

a radical pointer which shall be presented next.

The local CSP pointer, Di(t), which provides a measure of the influence the M

fastest chemical time scales has on the net generation of the species i, identifies the

elements whose axes are most perpedicular to the manifold as the diagonal elements

of the N x N matrix below, which sum up to M :

D = [a1b
1 + a2b

2 + ...+ aMbM ] (2.29)

The values of the CSP pointer vary from 0 to 1, where the unity defines a

total influence of the M scales and therefore identifies a steady-state(minor) species,

whereas the 0 values implies no influence of the M fastest time scales and therefore

indicates a major species.

Up to this point, the CSP procedure has been applied locally. However, the

values of the local CSP pointers will vary throughout the numerical solution as well

as the classification order of the steady-state species. In order to identify the M

fastest species which are valid throughout the solution of the laminar flame under
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investigation(globally steady-state species), the local CSP pointer for each species

is integrated across the entire computational domain. The ’Integrated CSP Pointer’

provides a global interpretation of the local data and analyses whether a particular

species is slow or fast with respect to the other species, according to the following

relation:

I i = (1/L)

∫ L

0

Di 1

X i + ξ1

qi

qimax + ξ2
dx (2.30)

whereX i is the mole fraction of the i-th species, X i
max representing the maximum

value across the entire domain and ξ1 and ξ2 are small positive numbers selected ap-

propriately in order to avoid numerical problems. The remaining term, qi represents

the source term, usually described by a nonlinear function represnting the chemical

kinetics. The term qi

qimax
relates to a criterion introduced by Peters [94] regarding the

selection of steady-state species. Since the definition of the global pointer Ii for a

species i is basically defined on a kinetical basis, a series of misjudgements of species

classification can arise. One way to overcome this aspect is presented by Massias

et al. by introducing the above mentioned criterion used by Peters for the selection

of fast-time scales [95].This criterion implies that, inside a flame, large values of a

diffusion scaling correspond to small net production rates and thus relating them to

’steady-state’ species. By combining the CSP-pointer and Peters’ criterion in the

integral above, the aspect of small net production rate for each species is taken into

consideration. The same paper of Massias et al. presents more factors that prove

the usefulness of the CSP pointer.

The integrated CSP pointers are sorted based on their values, ranging from zero

to infinity. The M largest values correspond to the steady-state species, while the

rest represent the major species of the detailed mechanism. Thus, having available

the selection of the M steady-state species, the corresponding fast elementary reac-
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tions can be identified. The next stept consists in the computation of the constant

basis vectors ai and bi (see Appendix C) followed by the extraction of the reduced

mechanism from the system of equations derived by the CSP algorithm.

The algorithm defined above revolves around the assumption of the scalar M

whose selection is very important and it is directly connected to the global steps, S,

in the reduced mechanism. The latter should reflect a trade-off between speed and

accuracy. Previous studies that include CSP had no algorithmic method of providing

the value of S but they suggest a number of factors to consider when choosing it.

However, as for the purpose of this work, the value of S is not essential, since CSP

is used as a tool for providing the user any desired number of non steady-state

species. Therefore, the flexibility in varying the value of S, becomes an advantage

in providing the optimum input to the RCCE-CSP combined methodology as well

as testing its potential with various sets of major species characteristic to a chemical

mechanism.

The whole procedure presented above has been used for the current work by run-

ning the S-STEP code developed in FORTRAN by D.A.Goussis et.al(1996), [96],

which incorporates the analysis of the time-scale separation as well as the construc-

tion of the reduced mechanism for a one-dimensional laminar premixed flame. For

more details on the construction of a reduced mechanism using CSP S-STEP code,

see [49].

2.3.2 CSP overview

The computational singular perturbation (CSP) method has been susccefully em-

ployed in wide range of combustion applications for the solution of stiff PDEs as

well as for the acquisition of the most important physical understanding. From the

simplified models obtained numerically via CSP, whose structure vary with time
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and space, a number of important physical information can be extracted. It has

been proven by Goussis and Hadjinicolaou [84] that the CSP results are identical to

the ones obtained via asymptotic methods. The CSP-based observations gathered

through many studies prove to be consistent with the literature [97] in most of the

situations; this fact indicates that the proposed method could prove very useful for

large and complicated mechanisms. More specifically, CSP shows potential for ap-

plications involving heavy hydrocarbon combustion, soot formation or atmospheric

pollution chemistry. Generally, the automatic list of major and minor species pro-

vided by CSP is consistent with the choices made by other investigators. A summary

of the main features of CSP is presented below.

Summary of CSP features

• CSP provides an interative altgorithm for finding an appropriate set of basis

vectors (that decouples the fast and slow in an approximate way) using a

refinement procedure unlike the conventional methods where the fast basis

vectors are identified by guessing. While the conventional methods cannot get

started without the presence of physical insights and intuition, CSP can use

the eigen-vectors of the Jacobian as a trial run.

• CSP can be used as a diagnostic tool by making use of the sampled CSP

database.

• CSP data can also represent a method to assess the sensitivity of the solution

with respect to the input rate coefficients and thus it could be seen as an

attractive alternative to the sensitivity analysis method [98].

• No algorithmic method is currently available for the selection of the number

of steps, S, in the reduced mechanism;
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• The amount of calculations necessary to obtain the CSP reduced model and

the CSP data is significant.

• The computational cost of calculating the appropriate basis vectors. CSP

can be time-consuming for large mechanisms due to the expensive Jacobian

operations.

2.4 RCCE-CSP Reduction Methodology

In the previous two sections, dimension reduction using RCCE and identification

of slow and fast time scales species using CSP were described. Both methods have

proven to be successful in terms of chemical mechanism reduction in a variety of

applications that have highlighted their limitations too. However, as this thesis aims

to demonstrate, the two methods can be used as complementary towards developing

a combined automatic reduction procedure. Next, the way in which the above

methodologies work together for the test case of this work i.e. the one-dimensional

laminar premixed flames, will be presented in a systematic way, aiming to show how

the combined RCCE-CSP methodology can lead to an automatic reduction tool of

combustion chemistry for a wide range of complex fuels.

2.4.1 Identification of the kinetically controlled species

using CSP method

The starting point in applying the proposed RCCE-CSP methodology is to set the

number of non steady-sate species that the user is interested in as an input for

RCCE. Let us assume P is the number of major kinetically controlled species that

the user wants to specify for the matrix of constraints in Equation (2.10). The user

can start with a small number of constraints in order to test the potential of the
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combined methodology in terms of computational time gain versus accuracy ratio.

If this ratio isn’t satisfactory i.e. the accuracy is not reasonable, then the user can

increase the number P of constraints that will define the low dimensional manifold

of RCCE.

Having chosen the initial number of kinetically controlled species, P , the atten-

tion is directed towards CSP for the process of identifying these P non steady-state

species. In order to generate the time scale separation of species, CSP need the

following three inputs: To start with, a numerical solution of the mathematical

model describing the detailed chemical mechanisms must be provided together with

the operating conditions such as type of flame, initial temperature, initial mixture

composition etc. This information contains the species concentrations at differ-

ent points throughout the space and time domains where the CSP algorithm will

be applied. The numerical solution of the flame under investigation is obtained

using the Premixed Flame code which solves a laminar premixed flame given the

CHEMKIN format files of the detailed kinetic mechanism and setting the operating

conditions. The second input consists of the CHEMKIN format file containing the

thermodynamic data corresponding to each particular detailed kinetic mechanism.

The remaining input required by CSP is the number of desired global steps, S, of

CSP the reduced model. Although in this work we are not interested in the CSP

reduced model, the specification of S is necessary as an input for the S-STEP algo-

rithm and thus the identification of major and minor species. At the moment, there

is no method to identify the optimum number of global steps (ideally as small as

possible) for which a reduced chemical mechanism will achieve the highest accuracy.

Therefore, S is determined on a trial and error basis or based on the number of

species that result as being reliable candidates for representing ’fast’ time scales.

Once the number of global steps is defined, the number of the fastest species, M ,

is determined based on the number of species N and elements E contained in the
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detailed mechanism, where M = N - E - S. Therefore, the connection between the

number of CSP global steps, S and the number P of major species to be used in

RCCE-CSP is the following: P = S + E. More specifically, if the user is interested

in a number P of kinetically-controlled species (constraints) that will define the dy-

namical evolution of the RCCE-CSP reduced model, the input needed for the CSP

S-STEP analysis of species time-scales is S = P -E. In order to test the potential

of RCCE-CSP for reduced models of various sizes, the input number P will be in-

creased and a new list of major species will be generated for each particular size

of the reduced model. As proved in previous studies of CSP reduction technique

applied to laminar premixed flames, the sequence of major species derived by using

the CSP pointer may vary by increasing the number of global steps, S i.e. some

species may be considered as major for a CSP global reduced model of S steps, it

may become a minor species for a reduced model of S+1 global steps and reappear

in the major species list for a S + 2 CSP reduced model.

2.4.2 Mechanism reduction using RCCE method

Taking into consideration the RCCE description in the previous section, it can be

clearly concluded that the RCCE objective is rather different to that of CSP or that

of ILDM methods. While both RCCE and CSP methodologies have proven to be

very efficient in terms of the accuracy of results and the computational cost required,

the purpose of the current study is to integrate these two methodologies based on

their complementariness potential. This potential emerges from the fact that, as

opposed to CSP, RCCE does not have as primary aim to determine the species that

exhibit slow or fast time-scales, but rather to provide a mathematical apparatus,

based on a sound physical principle, which describes the reduced model given an

initial set of kinetically controlled and equilibrated species. In this way, CSP can
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provide the input required by RCCE in order to perform the mechanism reduc-

tion. What RCCE does is to put the majority of the reactions that do not impose

constraints on the dynamical evolution of the system in a constrained equilibrium

rather than freezing them. One of the main advantages of RCCE is that it derives

a general system of differential algebraic equations (DAEs) that characterizes the

reduced model, irrespective of the particular selection of constraints. More specifi-

cally, once a computer program is developed for the solution of the RCCE system

of DAEs, a wide range of reduced systems can be analyzed by simply varying the

input parameter, i.e. the matrix of the species identified as constraint, which must

not be singular. Moreover, the number of kinetically controlled species necessary

to describe the dynamical evolution of the system within measurable accuracy is

expected to be significantly smaller than the total number of species in the origi-

nal system. Another important advantage of RCCE is regarding the simplification

of chemical kinetics. Instead of starting with a detailed kinetic mechanism that

needs to be simplified by various mathematical approximations, one starts with a

small number of constraints with the option of increasing this number in the view

of improving the accuracy of the results. In the extreme case when the number of

constraints would be equal to the total number of species in the detailed kinetics

mechanism, the method reduces to the direct integration calculations.

The capacity of any RCCE-reduced model to reproduce the dynamical evolution

of a chemical system strongly depends both on the number of the constraints and on

the way they are selected. In this study, the constraints to be used as an input for

RCCE will be provided by the CSP method. The characteristic reactive time-scales

of the system are algorithmically identified by performing an eigenvalue analysis.

The evaluation of steady-state (minor) species and the non steady-state (major)

species is performed using the CSP-pointer defined in the previous section, prop-

erly weighted and integrated over the entire computational domain. The resulting
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procedure, as a consequence of merging the two reduction methods is illustrated in

the flowchart in Figure 2.1. As presented in the previous section, by specifying the

number of major species, P , in a detailed kinetic mechanism, CSP provides the cor-

responding list of P kinetically controlled species to be used by RCCE towards the

reduction of the detailed kinetic mechanism. Along with the list of major species,

RCCE requires as an input the files describing the detailed kinetic mechanism. More

specifically, a reaction mechanism and rate coefficient file, a thermodynamic data

(JANAF polynomials) and a file containing the parameters necessary for the cal-

culation of the transport coefficients; all of them to be used in CHEMKIN format.

Such files are available in the literature for a number of reaction mechanisms and can

be converted in CHEMKIN format using the CHEMKIN interpreter. CSP identifies

the major species and classifies them in an ascending order based on the values of

the CSP pointer. RCCE is firstly run with a small number of constraints resulting

in a reduced model with few constraints. Subsequently, the number of constraints is

gradually increased until results of adequate accuracy of the reduced model are ob-

tained. Various RCCE-CSP reduced models can be obtained that meet the accuracy

requirements while their CPU gain varies according to the number of constraints.

Thus, depending on the purpose of the application, a significant CPU time gain can

be obtained while yielding results of reasonable accuracy.

2.5 RCCE-CSP applied to 1−D Laminar Premixed

Flames

Premixed flame propagations is at the basis of many practical combustors, such

as internal combustion engines. Furthermore, in the study of chemical kinetics in

a combustion environment, the burner-stabilized laminar premixed flames are the
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most frequently used. Due to the fact that laminar premixed flames are effectively

one dimensional and can be made steady, this category of flames facilitates exper-

imental measurements of temperature and species profiles in more detail. In addi-

tion, laminar burning velocity is often used to describe the combustion of various

fuel-oxidizer combinations. Therefore, the detailed study of these flames is critical

to interpreting flame experiments and to understanding the combustion process in

general. Some of the first examples of flame modeling developed to interpret exper-

imental observations and to understand combustion chemistry were give by Miller

[99].

In this section, the application of RCCE-CSP formulation to combustion systems

is addressed. The problem studies the one-dimensional laminar premixed flame with

chemical reactions systems of various complexities. RCCE exerts a high flexibility

to adapt to a large range of complex mechanisms since it provides a system of

differential equations that can be generalised to different combinations of constraints

and chemical mechanisms. This aspect significantly facilitates the investigation of

reduced systems. Next, a brief review of the laws governing the laminar premixed

flames will be addressed as this category represents the test case of the current work.

2.5.1 Governing equations of laminar premixed flames

Laminar premixed flames have applications in many residential, commercial and

industrial devices, for instance heating appliances or Bunsen burners. These types

of flames are not only important by themselves but, more importantly, their un-

derstanding is a necessary step in performing turbulent flames simulations. The

same set type of physical processes are active in both laminar an turbulent flames

and, just as in the case of this work, validation of a combined mechanism reduc-

tion methodology is done on a set of laminar flames with the ultimate purpose of
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extending its application to turbulent flows.

The governing equations of a freely propagating premixed laminar flame are:

∂ρ

∂t
+

∂ρu

∂z
= 0 (2.31)
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Since the case under investigation involves non-equal diffusivities, the transport

equations for the elements must be solved in addition to the above equations. As we

are dealing with a flame, boundary conditions must be defined for the constraints and

they need to be consistent with the concentrations of the species at the boundaries.

In order to characterize the molecular transport of species, momentum and energy

in a multicomponent gaseous mixture the evaluation of diffusion coefficients, vis-

cosity, thermal conductivities and thermal diffusion coefficients are necessary. The

kinetic theory does not provide explicit expressions for the transport coefficients.

In order to obtain these coefficients required for detailed transport models, a large

linear system of equations has to be solved which can be CPU extensive. In general,

depending on the use of the simulation results it is usually advantageous to make

simplifications to reduce the computational costs such as the constant Lewis num-

bers approximation for diffusion and Wilke approximation for the approximation of

viscosity. In this work, the RCCE-CSP combined methodology is applied to one-

dimensional laminar premixed flames in order to construct several global reduced

mechanisms from the initial detailed chemical kinetic mechanisms consisting of tens

to hundreds of species and hundreds of reactions. In this case, coupling RCCE with
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the conservation equations and boundary conditions must be taken into consider-

ation. Therefore, partial differential conservation equations must be solved for the

kinetically controlled species together with the algebraic equations defining the con-

servation of elements and constraints on enthalpy and total mass as emphasized in

the derivation of the final system of Equations in (2.15), (2.16), (2.17), (2.18). These

final equations sum up to a system of (Me + Mc + 2) implicit ODEs having the ele-

ment and contraint potentials, density and temperature as the dependant variables

where Me and Mc represent the number of elements and constraints in the system,

respectively. This system is entirely equivalent to the initial system comprising of

Mc ODEs and (Me + Mc + 2) algebraic equations.

2.6 Summary

RCCE and CSP reduction methodologies have been thoroughly described in this

chapter. Basic concepts, previous studies as well as current extent of applicabil-

ity and limitations were presented. Both descriptions led to the section in which

the potential of these methods to be complementary was exploited and a combined

RCCE-CSP reduction procedure proposed. This procedure was systematically de-

fined in order to understand the way in which the next two chapters of results were

generated. The Section 2.4 of this chapter present the governing laws characteristic

to laminar premixed flames since they represent the test-case on which the RCCE-

CSP procedure is developed and tested. In Chapter 3, 4 and 5 results obtained via

RCCE–CSP for two distinct fuels will be presented.
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Chapter 3

Mechanism reduction of 1−D

laminar premixed Hydrogen-Air

flame using the RCCE–CSP

methodology

The H2-air reaction system has been the subject of many investigations due to the

fact that it provides a good test case for mechanism reduction techniques and due

to its simplicity and the detailed understanding of its kinetics.

In this chapter, simulations were performed by use of RCCE-CSP reduced chem-

ical kinetic models built for one-dimensional hydrogen-air premixed flames in order

to investigate the mechanism of combustion taking place in flames set at different

equivalence ratios. This investigations include studies of the burning velocity and

major and minor species involved in the reduced models. The ability to model chem-

ical kinetics and transport processes in 1 −D laminar premixed flames has proven

to be critical to flammability studies, interpreting flame experiments and to the un-

derstanding of the combustion process itself. Even though hydrogen-air flames are

59
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simple combustion systems, the elementary reactions describing such systems are

fundamental for nearly all flames of fuels containing atoms of hydrogen. Although a

series of systematic reductions of hydrogen-oxygen mechanisms have been developed

and tested in the past, each is restricted to some particular combustion processes.

For example, one may find separate reductions for autoignition [100] and for lam-

inar deflagration [101], [102]. Regarding laminar diffusion flames [103], [104],

their reduction systems are more similar to those for deflagrations than to those for

autoignition, even though each of this type of flame reduction exhibits differences

in detail. A one-step overall mechanism, systematically derived for sufficiently lean

deflagrations by Williams [105], [106], turns out to be accurate for many purposes.

On the contrary, reduced chemistry for detonations is more similar to that for au-

toignition than to that for flames. Reduced mechanisms for premixed flames as well

as for non-premixed flames have been obtained [101], [107] and have been used

extensively in the simulation of turbulent flames [101], [108], [109]. In the case

of hydrogen flames, the construction of reduced mechanisms that also capture NO

formation is greatly facilitated by the absence of the prompt-NO pathway and the

lack of coupling between the thermal chemistry and the fuel-consumption reactions.

Such an example is represented by the 5-step mechanism for diffusion flames by

Chen [107]. The reduced models obtained in this chapter aim at reproducing the

global parameters of one-dimensional laminar premixed flames, thus describing the

features of the RCCE–CSP methodology and its potential to be applied to more

complex chemical kinetic mechanisms. In the following sections two reduced mod-

els based on half the number of species contained in the detailed mechanisms are

developed and tested for different equivalence ratios.
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3.1 Detailed Kinetic Mechanism for Hydrogen–

Air Mixture

One element in achieving a reasonable accuracy of combustion simulations is to base

the calculations on a correct detailed chemical-kinetic mechanism. For hydrogen-air

flames, using comprehensive mechanisms is more feasible than for the oxidation of

other fuels due to the small number of species and elementary steps involved in

the hydrogen oxidation. The majority of hydrogen-air detailed mechanisms used in

previous combustions studies usually involve around 10 species and around 20− 30

elementary reactions. Generally, the rate parameters for all of the elementary steps

are reasonably well known [110]. Hydrogen exhibits high reactivity and large flame

speeds. High hydrogen content in combination with other gases like CO2 and CH4

is the present trend of syngas that requires great deal of research.

However, combustion at high Reynolds numbers or in complex configurations

challenges computational capabilities even for mechanisms with relative simplicity

such as hydrogen-air mechanisms. This fact has encouraged the development of

systematically reduced hydrogen-oxygen chemical models that present sufficient ac-

curacy to yield accurate computational results.

The detailed kinetic scheme used in this investigation is a subset of the Gas

Resarch Institute (GRI) mechanism, comprising 9 reactive species and 21 reactions,

see Table 3.2. Nitrogen is considered as inert due to the following reasons: (1)

the rate constant of the nitrogen oxidation by oxygen atoms – which represents the

governing step of NOx formation - is much smaller than that of the corresponding to

hydrogen oxidation; (2) the reactions that produce nitrogen oxides are taking place

outside the main combustion reaction zones of hydrogen flames and therefore they

do not influence significantly the hydrogen combustion process.

The 21 reactions taking plance between the eight species of the mechanism under
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Table 3.1: Species in the GRI derived detailed mechanism of H2 −
air combustion

H, H2, O, O2, OH, H2O, HO2, H2O2, N2

consideration are represented in Table 3.2 where the rate constants are expressed

in m ·mol · s units.

3.2 Modelling Details

In the modeling, the reverse rate constants are calculated from the forward rate con-

stants and thermodynamic data by the Chemkin chemical interpreter code [111];

a one dimensional laminar premixed flame code solves a set of equations describing

the conservation of mass, momentum, energy and chemical components for a chem-

ically reacting flow. The in-house RCCE code developed by Jones and Rigopoulos

was used for modeling the combustion process represented by the reduced model by

solving a Differential Algebraic Equations system. The S-STEP code developed by

Goussis implements the CSP algorithm for reducing chemical kinetic mechanisms.

S-STEP code is run in conjunction with CHEMKIN and the premixed code [112].

The CHEMKIN interpreter produces a linking file that is used by the premixed code

to solve the required problem. The solution file from the premixed code contains

information such as species concentration, sensitivity coefficients and other variables

that are read by the S-STEP program. The first step in solving the flame problem is

to discretize the governing conservation equations. Finite difference approximations

are used on a nonuniform grid containing 100 points. The inputs to this code are the

pressure, initial temperature, mixture composition, thermodynamic and transport

data. In addition, the remaining input data are the chemical reaction mechanism

for the direct integration and for CSP and the matrix of non steady-state species

for the RCCE code. The time step used is 1 × 10−5 for 3000 steps. Simulations
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Table 3.2: Reactions in the GRI derived detailed mechanism of
H2 − air combustion

No. Reaction A n E

R1 H2 +O2− > OH +OH 2.50E06 0.0 19600.0

R2 H +O2− > OH +O 2.20E08 0.0 8450.0

R3 H +H2− > OH +H 1.80E04 1.0 4480.0

R4 OH +OH− > O +H2O 6.30E06 0.0 550.0

R5 OH +H2− > H +H2O 2.20E07 0.0 2590.0

R6 H +H +M− > H2 +M 2.60E06 −1.0 0.0

R7 O +O +M− > O2 +M 1.90E01 0.0 −900.0

R8 H +O +M− > OH +M 3.60E06 −1.0 0.0

R9 OH +H +M− > H2O +M 4.06E10 −2.0 0.0

R10 H +O2 +M− > HO2 +M 5.00E03 0.0 −500.0

R11 H +HO2− > H2 +O2 2.50E07 0.0 350.0

R12 H +HO2− > OH +OH 2.50E08 0.0 950.0

R13 H +HO2− > O +H2O 9.00E05 0.5 2000.0

R14 OH +HO2− > H2O +O2 5.00E07 0.0 500.0

R15 O +HO2− > OH +O2 6.30E07 0.0 350.0

R16 HO2 +H2− > H +H2O2 7.30E05 0.0 9400.0

R17 HO2 +HO2− > H2O2 +O2 8.50E06 0.0 500.0

R18 OH +H2O2− > HO2 +H2O 1.00E07 0.0 910.0

R19 H +H2O2− > OH +H2O 2.20E09 0.0 5900.0

R20 O +H2O2− > OH +HO2 2.80E07 0.0 3200.0

R21 H2O2 +M− > OH +OH +M 1.20E11 0.0 22900.0
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were performed for a number of operating conditions with the purpose of examin-

ing their reliability by comparison with direct numerical simulation results, recent

experimental data and other studies of similar kinetic mechanisms.

3.3 Results for atmospheric pressure

Previous extensive studies on the analysis and reduction of laminar premixed hydrogen–

air flames, such as Mauss, Peters [113], Warnatz [114], have have all agreed on a

series of quasi-steady-state assumptions. These assumptions include the following

statements:

• species such as H2, O2 and H2O are fundamental to any reduced mechanism;

• HO2 and H2O2 are frequently considered to be in steady state;

• O radical generally assumed to be a steady-state species;

• the presence of the H radical is important in every reduced mechanism

• the steady-state assumption for the OH radical is questionable.

Reduced mechanisms have been developed over the years by using the above as-

sumptions, such as those constructed by He and Clavin [115] and Peters [116]

.

In the current work, the steady-state and non steady-state species derived through

RCCE-CSP seem to obey these assumptions too. Based on the initial full list of non

steady-state species, the number of constraints used in RCCE code are varied in or-

der to generate results that best match the ones obtained through direct numerical

simulation. In this report, the following two RCCE–CSP schemes have been tested:
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• a four-constraint scheme where H2, O2, H2O and H are constrained;

• a five-constraint scheme where H2, O2, H2O, H and OH are constrained.

Using these 2 schemes, the constraint potential formulation of RCCE is thus

applied to the computation of a planar, one-dimensional premixed hydrogen-air

flame working at atmospheric pressure and at 298K temperature of the unburned

gases.

3.4 Flame Structure and Laminar Burning

Velocity

Figures 3.1– 3.4 show comparisons of the flame structure as produced by using

the four-constraint set and the direct integration of the full detailed mechanism, for

fuel-rich and fuel-lean mixtures of H2–air. Since at stoichiometric conditions the

agreement between RCCE–CSP and direct integration is good, attention is drawn

to the equivalence ratio values of 0.8 and 1.2, where interesting trends are present

for radicals as well as for minor and major species. These figures show the fact

that for such a simple mechanism the elimination of a non steady-state species in

the simulation of the flame leads to unsatisfactory predictions. This aspect is more

visible by analyzing the Figures 3.5, 3.6, 3.7 and 3.8 where, by adding OH to the

set of constraints, the results have improved drastically. The mole profiles of both

major and minors species show a very good agreement with the direct integration

results for lean limits as well for rich limits.
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Figure 3.1: Concentration profiles of major species in a rich, near extinction pre-
mixed laminar H2-air flame. Comparison between Direct Integration(DI) and the
4-constraint RCCE scheme.

Figure 3.2: Concentration profiles of radicals in a rich, near extinction premixed lam-
inar H2-air flame. Comparison between Direct Integration(DI) and the 4-constraint
RCCE scheme.
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Figure 3.3: Concentration profiles of major species in a lean, near extinction pre-
mixed laminar H2-air flame. Comparison between Direct Integration(DI) and the
4-constraint RCCE scheme.

Figure 3.4: Concentration profiles of radicals in a lean, near extinction premixed lam-
inar H2-air flame. Comparison between Direct Integration(DI) and the 4-constraint
RCCE scheme.
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Figure 3.5: Concentration profiles of major species in a rich, near extinction pre-
mixed laminar H2-air flame. Comparison between Direct Integration(DI) and the
5-constraint RCCE scheme.

Figure 3.6: Concentration profiles of radicals in a rich, near extinction premixed lam-
inar H2-air flame. Comparison between Direct Integration(DI) and the 5-constraint
RCCE scheme.
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Figure 3.7: Concentration profiles of major species in a lean, near extinction pre-
mixed laminar H2-air flame. Comparison between Direct Integration(DI) and the
5-constraint RCCE scheme.

Figure 3.8: Concentration profiles of radicals in a lean, near extinction premixed lam-
inar H2-air flame. Comparison between Direct Integration(DI) and the 5-constraint
RCCE scheme.
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The laminar burning velocity defines the rate at which the unburnt mixture is

consumed by the propagating laminar flame. This parameter is considered one of the

most important entities in assessing many phenomena like ignition, flame quenching,

flashback stabilization etc. in burners and combustors. Laminar burning velocity

represents a key paramenter both in validating chemical kinetic mechanisms as well

as in designing combustors. As an example, the burning velocity of H2/air mixture

is much higher than that of CH4/air. By understanding the chemistry of H2/air

at temperatures and pressures related to combustion conditions and by comparing

the simulation with experimentally determined values, it can significantly faciliatate

simulating more complex processes like turbulent flames. Figure 3.9 shows the lam-

inar burning velocity of hydrogen-air flame at various equivalence ratios.

Figure 3.9: Burning velocity of H2-air mixture as a function of equivalence ra-
tio. Comparison between Direct Integration(DI) and 4-constraint and 5-constraint
RCCE–CSP schemes.
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It can be observed that the five-constraint RCCE–CSP scheme produces very

good predictions of the burning velocity for all illustrated mixture compositions. The

2.7m/s value reported by direct integration is closely reproduced by the 5-constraint

RCCE-CSP reduced scheme. In contrast, the four-constraint RCCE scheme signif-

icantly deviates from the direct integration results throughout the various mixture

composition. These results are in good agreement with the findings of the RCCE

study by Jones and Rigopoulos on hydrogen and methanol reduced mechanisms in-

vestigations [30]. In terms of CPU time, the Hydrogen-air chemical mechanism is

not a good candidate for assessing the computational saving as its simplicty does not

leave room for further time optimizaton. Therefore, the focus of this chapter falls on

initiating the testing and development of RCCE–CSP combined from a well-known,

thoroughly studied and defined chemical mechanism in order to evaluate the global

parameters of the reduced mechanism.

3.5 Testing RCCE-CSP in Deflagration to Deto-

nation Transition. Application to Acetylene-

Air chemical mechanism

RCCE–CSP has also been briefly tested in the investigation of the influence of

chemistry in detonation systems using a simple Acetylene–Air detonation [117].

The study was performed by using one-dimensional calculations of a shock-flame

interaction to show the need to include multi-step chemistry information in deto-

nation. Chemical composition plays an important role as it determines the ignition

and induction times that determine the locations where Deflagration to Detona-

tion Transition occur. In detonation, simple models (empirical one-step chemistry

models) are used that have a limited applicability range and neglect the influence of
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chemical radicals on detonation. The detailed chemical mechanism used in this study

is the USC-II ethylene-acetylene mechanism [118], which consists of 75 species and

600 reactions. Several reduced acetylene/air mechanisms have been derived using a

RCCE-CSP procedure: 12, 15 and 30-constraint (non steady-state species) schemes.

The resultant chemical mechanisms have been tested in a shock-flame interaction

test case by comparing their performance to that of the detailed mechanism. In

Figure 3.10 mole profiles of some species are represented by comparing the three

proposed reduced models to the direct numerical simulation.
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Figure 3.10: Mole Fractions of CO, CO2, C2H2 and Temperature profiles versus
Distance in a stoichiometric acetylene–air premixed flame – comparison between
Direct Integration (DI) and RCCE-CSP with 12, 15 and 30 constraints.
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The results show that acetylene/air detonation is highly influenced by the chem-

istry representation. Severely reduced mechanisms show large pressure fluctuations

that induced detonations in the flame brush. As more species are included in the

reducel model, the overall behaviour changes with a stabilizing effect regarding det-

onation. The brief RCCE–CSP study on more complex chemical mechanisms has

shown that the proposed combined reduction methodology can prove useful in ap-

plications involving the need for multi-step chemistry.

3.6 Summary

In this chapter, the RCCE-CSP combined methodology is tested against one of the

simplest chemical detailed mechanisms: the hydrogen-air mechanism. Although the

computational time reduction is negligible, by reducing the number of major species

to half of the initial one, the profiles of both steady-state and non stedy-state are

nevertheless reasonably captured. These global parameters are compared with re-

sults obtained by performing direct numerical simulations of the same flame in order

to validate the proposed methodology. An automatic procedure for the construction

of global reduced chemical kinetic mechanisms by combining two already existing

mechanism reduction methods (RCCE and CSP) has been analysed and tested on

the above flame. The results obtained with direct integration were compared with

reduced models of various sizes in order to determine the optimum case in which

a reduced model, with a much smaller number of global steps than the original

mechanism, provides sufficiently accurate predictions. The studies have been car-

ried for three different mixture compositions: fuel-lean (φ = 0.8), fuel-rich mixtures

(φ = 1.2) and stoichiometric (φ = 1). The pressure was first set to atmospheric and

results were plotted for several species of interest for each equivalence ratio value.

Secondly, the pressure was elevated to 30atm and a new series of DI and RCCE-CSP
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simulations were performed. Data gathered from the two test cases indicate that

major species are generally well predicted, with some exceptions were some species

profiles exhibit up to 20 percent errors at the peak point. Minor species are less well

predicted in the case of very small reduced schemes. The burning velocity is reason-

ably reproduced whereas the CPU time is comparable to that of the DI due to the

relative level of simplicity of the GRI3.0. derived reaction mechanism. Overall, the

RCCE-CSP with extended sets of constraints have generated satisfactory to good

agreement, thus setting a promising perspective for more complex mechanisms to

be investigated with this combined reduction procedure.



Chapter 4

Mechanism reduction of 1D

laminar premixed Methane–air

flame using the RCCE–CSP

methodology

This chapter presents the development of a series of reduced models for methane-

air mixtures by the use of the combined RCCE–CSP reduction methodology in the

application to combustion systems. More specifically, the reduced models are val-

idated in applications of one dimensional laminar premixed flames. The proposed

combined reduction technique is tested by comparing reduced models of variable

sizs with the direct integration results. Flame structure and global parameters were

modelled in order to verify the potential of RCCE-CSP. Firstly, the selected detailed

kinetic mechanism is presented, for which significant data exists in the literature to

validate the test cases investigated in the current work. Next, the steps of apply-

ing the combined methodology and gathering a database of results are presented.

Several RCCE-CSP tests are performed in order to highlight the optimum reduced
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model as well as the minimum number of global steps that could be obtained via

RCCE-CSP while delivering reasonable results. This is followed by an overview of

the various reduced reaction mechanisms of methane-air mixtures obtained via the

proposed RCCE-CSP methodology which are capable to predict the flame proper-

ties and behavior. Finally, a set of conclusions are drawn regarding the extension of

RCCE-CSP’s potential for application to turbulent flames.

Investigations are carried out for a freely propagating adiabatic, laminar, planar

premixed flame with different mixture compositions with Φ taking values of 0.8, 1

and 1.2 at pressure values of 1atm and 20atm with an initial temperature of 298K.

In this case, the reaction mechanism used is the methane-air GRI3.0 chemical mech-

anism developed by the Gas Research Institute (GRI) [119]. The direct numerical

simulation, although a fundamental approach to the study of chemically reactive

flows, represents a computationally expensive endeavour due to the high resolution

necessary to solve the spatial and temporal scales, especially in the case of turbu-

lent flames. Even more, when realistic chemistry is incorporated in the computation,

the cost increases enormously. The direct integration was performed in this inves-

tigation for generating the numerical solution necessary for performing the CSP

analysis as well as a validation tool for comparison with the RCCE-CSP reduced

models. For the numerical solution, both in the case of direct numerical simula-

tion and RCCE-CSP, the flame was simulated using the in-house premixed flame

code and the DVODE solver [120]. Direct numerical simulations and RCCE-CSP

simulations were done using a variety of solvers (RUN1-DL [121], DASSL [122],

DLSODE [123] and Newton solver) in the view of finding the fastest and most

accurate numerical solution of the test case under investigation.
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4.1 Detailed Kinetic Mechanism for Methane-Air

Mixture

The detailed chemical mechanism used in the current research is GRI3.0 [119]. It

is an optimized mechanism designed to describe the natural gas combustion and

which includes NOx and reburn chemistry. GRI3.0. has been the subject of a series

of systematic investigations throughout the past few decades and it is currently

considered one of the most up-to-date detailed mechanisms capable of the best

representation of natural gas flames and ignition. It comprises of 5 elements, 53

species and 325 reactions and it includes prompt and thermal NO, nitrous oxide

chemistry as well as C2 species. Table 4.1 contains the list of species present in

the GRI3.0. reaction mechanism. In this work, the detailed chemistry of GRI3.0.

was used to construct a reduced mechanism of the methane combustion using a

combined methodology. More specifically, laminar steady state premixed methane-

air flames have been analyzed by comparing direct numerical simulation results to

a set of reduced models obtained using RCCE-CSP methodology.

Table 4.1: Species in the GRI3.0. detailed mechanism of CH4 combustion

H, H2, O, O2, OH, H2O, HO2, H2O2, C, CH, CH2, CH2s, CH3, CH4, CO

CO2, HCO, CH2O, CH2OH, CH3O, CH3OH, C2H, C2H2, C2H3, C2H4

C2H5, C2H6, HCCO, CH2CO, HCCOH, N , NH, NH2, NH3, NNH, NO

NO2, N2O, HNO, CN , HCN , H2CN , HCNN , HCNO, HOCN , HNCO

NCO, N2, Ar, C3H7, C3H8, CH2CHO, CH3CHO
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4.2 Modelling Details

Just as in the case of Hydrogen–air mixture, a one dimensional laminar premixed

flame code was used to solve the set of equations describing the conservation laws for

a chemically reacting flow. The number of grid points used in the case of methane-

air flames is 100 and 200points, with a non-uniform grid increment. A variable-

coefficient Ordinary Differential Equation solver with fixed-leading-coefficient im-

plementation (DVODE solver) is used with a backward differentiation formula. The

time step was varied from 1× 10−5 to 1× 10−6 for a number of 5000 steps. Simula-

tions were performed for a number of operating conditions(variation of pressure and

equivalence ratio) as well as number of constraints used in RCCE for the reduction

of the chemical mechanism.

4.3 Results for atmospheric pressure

4.3.1 Selection of constraints from CSP

The first test case presented in this chapter is the one-dimensional laminar premixed

methane-air flame at atmospheric pressure for various mixture composistions. The

essential step towards applying RCCE to a flame is to provide the main input con-

sisting in the matrix of constraints. The number of kinetically-controlled species is

initiated with a minimum value and it is systematically increased until an accept-

able level of accuracy is attained. The lowest number of constraints tested in the

current study and for which reasonable results were obtained is twelve, whilst the

optimum case consists in a number of twenty constraints. An intermediate case of

sixteen constraints is also investigated as the limit where the performance and the

accuracy are still in a good balance for most of the targeted predictions.

In the case of the methane-air mixture at atmospheric pressure and stoichiometric
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equivalence ratio, the following three RCCE–CSP reduced schemes are tested:

• twelve-constraint scheme, consisting in the following set of species: H2, H, O,

O2, OH, H2O, CO, CO2, CH4, C2H6, CH3CHO, N2;

• sixteen-constraint scheme, containing the species in the twelve-constraint scheme

together with: C2H2, CH2O, C2H4 and CH2CO.

• twenty-constraint scheme, obtained by adding HO2, CH3O, CH3OH and

C3H8 to the sixteen-constraint scheme.

The above three methane-air reduced schemes were selected from the list of non

’steady-state’ species generated using the CSP based S-STEP FORTRAN code. Al-

though the S-STEP algorithm is developed as an individual tool for the construction

of global reduced mechanisms, its contribution this study is limited solely in to the

identification of the ’steady-state’ and non ’steady-state’ species. In this work, the

focus is based on generating a reduced model that doesn’t include NOx chemisty

and therefore the NOx species provided by CSP will be neglected in the following

analysis. In general, the order of the major species determined by CSP did not vary

significantly with the composition. In the case of the fuel-rich mixture, the CH3O

species was replaced by C2H5, whereas in the case of the fuel-lean mixture, the

21−constraint reduced model adds the HCCOH species to the list of 20 constraints

from the stoichiometric case. Next, the RCCE-CSP reduction methodology will be

applied to the case of a one-dimensional premixed CH4–air flame, using the three

reduced schemes defined above as well as the original unaltered detailed mechanism.

The systems of equations that describe the reaction mechanisms were solved using

the DVODE solver for both RCCE and the direct integration simulations.
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4.3.2 Flame Structure

In order to validate the RCCE-CSP combined methodology, the results obtained

with the three different reduced models are compared with the those obtained using

the detailed chemical kinetic mechanism of GRI3.0. Figures 4.1– 4.7 show the

evolution in space of the mole fraction profiles of eight species i.e. CO, CO2, CH4,

OH, H2O, H2, O2 and H, at stoichiometric, fuel-rich and fuel-lean conditions by

comparing the values calculated with direct integration with those computed using

three RCCE–CSP reduced models.
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Figure 4.1: Mole Fractions of H2O, H2, CH3 and OH in a stoichiometric methane-
air flame - comparison between direct integration and RCCE-CSP with 12, 16 and
20 constraints at pressure 1atm.
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Figure 4.2: Mole Fractions of CO, CO2, CH4, O2, O and H in a stoichiometric
methane–air flame — comparison between direct integration and RCCE-CSP with
12, 16 and 20 constraints at pressure 1atm.
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The temperature profiles along the laminar premixed flame for the three different

values of the equivalence ratio are presented in Figure 4.3. In the case of the stoi-

chiometric flame, most of the major and minor species are very well predicted using

the 20−constraint model. Nevertheless, in some cases, few species are reasonably

predicted even by the 12−constraint model (see Figures 4.1 and 4.2). Furthermore,

it can be concluded from the graph that the efficiency of RCCE-CSP is gradually

increasing with the increase of the number of contraints.
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Figure 4.3: Methane–air flame — Temperature profiles for Fuel-lean, Fuel-Rich and
Stoichiometric conditions at atmospheric pressure.
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Figure 4.4: Mole fractions of CO, CO2, CH4, O2, O and H in a fuel-rich methane–
air flame — comparison between direct integration and RCCE-CSP with 12, 16 and
20 constraints at pressure 1atm.



84
4. Mechanism reduction of 1D laminar premixed Methane–air flame using the

RCCE–CSP methodology

Regarding the structure of a fuel-rich flame (φ = 1.2 ), the results obtained with

the 20−constraint model exhibit a high level of agreement with those of the detailed

mechanism both for main species and radicals, see figures 4.4 and 4.5. The results

obtained with the 12−constraint model exhibit a less accurate and slightly different

profile for most of the species. However, they do highlight the improvement from

one model to another, by comparison with the 16−constraint model.
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Figure 4.5: Mole fractions of H2O, H2, CH3 and OH in a fuel-rich methane-air
flame - comparison between direct integration and RCCE-CSP with 12, 16 and 20
constraints at pressure 1atm.

Next to be considered is the fuel-lean methane-air flame (φ = 0.8), for which the

best predictions were obtained for a 21−constraint model. In the case of the other

two models under investigation, there is a noticeable partial shift in the profiles but

the gap in the accuracy is less than in the case of the fuel-rich mixture. Just as in the
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previous two cases, both CO2 and CO profiles, Figure 4.6 are very well predicted

by each of the reduced models.
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Figure 4.6: Mole fractions of CO, CO2, CH4, O2, O and H in a fuel-lean methane–
air flame — comparison between direct integration and RCCE-CSP with 12, 15 and
21 constraints at pressure 1atm.
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Figure 4.7: Mole Fractions of H2O, H2, CH3 and OH in a fuel-lean methane-air
flame - comparison between direct integration and RCCE-CSP with 12, 15 and 21
constraints at pressure 1atm.

As concluded from the above figures, the overall agreement between the reduced

mechanism developed via RCCE-CSP and the detailed kinetic mechanism is a very

reasonable one for all the cases under investigation and it gradually improves as

the number of the constraints provided to RCCE increases i.e. from 12 constraints

to 20 in this paper. A slight difference in the profiles of some species is present in

the case of fuel-lean and fuel-rich mixtures for a small number of constraints used;

this fact is justified by the degree of reduction that is undertaken. Increasing the

number of constraints from twelve to twenty leads to a significant improvement in

the accuracy of the results. As it can be see in Figure 4.3, the temperature profiles

are reproduced fairly decent even with a highly reduced set of species.
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4.3.3 Laminar burning velocity

The flame propagation velocity represents an important characteristic of laminar

premixed flames and it is often used as a global preformance index for the reduced

mechanism. In the current work, the prediction of the laminar burning velocity, just

as in the case of the species concentrations, showed an improvement as the number of

constraints increased. An investigation on the variation of laminar burning velocity

with equavalence ratio (φ = 0.8, 1 and 1.2) at atmospheric pressure indicates that the

results obtained with the 20−constraint reduced model of the methane-air chemical

mechanism are of reasonable agreement with the direct integration. For instance,

at φ = 1, the laminar burning velocity obtained by using the 20−constraint RCCE-

CSP reduced scheme is about 33cm/s as compared to 37cm/s obtained by direct

integration. A reasonable agreement is also obtained in the case of fuel-lean and fuel-

rich mixtures for the latter case; however, small variations of the burning velocity

are observed, potentially caused by some instability in the premixed flame code.

Overall, the values of the burning velocity the follow closely the trend of the direct

integration simulation expressed over a range of equivalence ratios and they even

resemble many of the results from experimental studies of this type of flame [124].

4.4 Results at elevated pressure - 20atm

After analysing the behavior of the methane-air flame at atmospheric pressure,

RCCE-CSP reduced models were tested for an elevated pressure or 20atm. The

steps in obtaining the optimum reduced models for a range of equivalence ratios are

described below. As a result, two reduced schemes are selected for presentation in

order to show the evolution of the reduced models by comparison with the direct

integration simulation. For each of the equivalence ratios values considered in this

study (φ = 0.8, 1 and 1.2), two reduced models are illustrated and commented in
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the next sections.

4.4.1 Selection of constraints from CSP

For the test case involving an elevated pressure of 20atm two new reduced schemes

are selected that exhibit a good behavior of the flame structure and illustrate the

improvement of the RCCE–CSP results by increasing the number of constraints

from 19 to 21. Bellow are presented the two reduced schems for each of the mixture

compositions under investigation:

1. Stoichiometric case

• 19-constraint scheme: H2, H, O, O2, OH, H2O, CH4, CO, CO2, CH2O,

CH3OH, C2H2, C2H4, C2H6, CH2CO, HCCOH, N2, C3H8 and CH3CHO.

• 21-constraint scheme: the above plus CH3 and HCCO.

2. Fuel–rich case

• 19-constraint scheme: H2, H, O2, OH, H2O, CH3, CH4, CO, CO2, CH2O,

CH3OH, C2H2, C2H4, C2H6, CH2CO, HCCOH, N2, C3H8 and CH3CHO.

• 21-constraint scheme: the above plus O and HCCO.

3. Fuel–lean case

• 19-constraint scheme: H2, H, O, O2, OH, H2O, CH3, CH4, CO, CO2, CH2O,

CH3OH, C2H2, C2H4, C2H6, CH2CO, HCCOH, N2 and CH3CHO.

• 21-constraint scheme: the above plus C3H8 and HCCO.

Generally, the order of the species selected by CSP for each mixture composition

does not vary significantly. The 19−constraint scheme is slighlty different for each

test case, having only two species that are characteristic to each equivalence ratio
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value. More specifically, by comparison with the 19−constraint scheme for the

stoichiometric case, the fuel-rich case excludes the O species and replaces it with

the CH3; whereas, in the fuel-lean case, both O and CH3 are present in the list,

but the C3H8 is excluded. The 21−constraint scheme, however, is common for all

the three equivalence ratios under investigation. Thus, by analysing the graphs in

the next sections, it can be generalised that this RCCE-CSP reduced model can

be used to predict the behavior of the flame under investigation for a wide range

of mixture compositions with a reasonable agreement. More exactly, the RCCE

reduction method can reasonable replicate the results obtained for the 1D laminar

premixed methane-air via direct integration by using as constraints the following

21 kinetically controlled species: H2, H, O, O2, OH, H2O, CH3, CH4, CO, CO2,

CH2O, CH3OH, C2H2, C2H4, C2H6, HCCO, CH2CO, HCCOH, N2, C3H8 and

CH3CHO.

4.4.2 Flame structure

Figures 4.9 and 4.8 show results for minor and major species for the the stoi-

chiometric test case by comparing the 19 and 21-constraint reduced schems with

direct integration results. CO2, O, H, H2O and OH are very well predicted with

the 21-constraint scheme whereas the corresponding 19-constraint scheme presents

more skewed profiles. The results for species such as O2, H2 or CO are less well

predicted than in the atmospheric test case. On the other hand, in the case of a

fuel-rich flame, the profiles of CO, H2 and O2 are improving singnificantly, see figure

4.10. For the fuel-rich mixture the two species that exhibit a deviation in the peak of

their profiles are H and OH even in the case of the suggested 21-constraint reduced

scheme.
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Figure 4.8: Mole Fractions of CH4, OH, H2O, CH3 and H in a stoichiometric
methane–air flame — comparison between direct integration and RCCE-CSP with
19 and 21 constraints at pressure 20atm.
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Figure 4.9: Mole Fractions of CO, CO2, H2, O2 and O in a stoichiometric methane–
air flame — comparison between direct integration and RCCE-CSP with 19 and 21
constraints at pressure 20atm.
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Figure 4.10: Mole Fractions of CO, CO2, H2, O2 and O in a fuel-rich methane–air
flame — comparison between direct integration and RCCE-CSP with 19 and 21
constraints at pressure 20atm.
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Figure 4.11: Mole Fractions of CH4, OH, H2O, CH3 and H in a fuel-rich methane–
air flame — comparison between direct integration and RCCE-CSP with 19 and 21
constraints at pressure 20atm.
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Figure 4.12: Mole Fractions of CO, CO2, H2, O2 and O in a fuel-lean methane–air
flame — comparison between direct integration and RCCE-CSP with 19 and 21
constraints at pressure 20atm.
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Figure 4.13: Mole Fractions of CH4, OH, H2O, CH3 and H in a fuel-lean methane–
air flame — comparison between direct integration and RCCE-CSP with 19 and 21
constraints at pressure 20atm.
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Figure 4.14: Methane–air flame — temperature profiles for fuel-lean, fuel-Rich and
stoichiometric conditions at pressure 20atm.

Overall, the fuel-lean test case is the only case that presents a very good agree-

ment with the detailed mechanism for both major and minor species at elevated

pressure of 20atm, as it is illustrated in figures 4.12 and 4.13.

4.4.3 Laminar burning velocity

For the case of an elevated pressure value of 20atm, the laminar burning velocity

shows again a clear improvement with the increase of the number of constraints,

just as in the case of atmospheric conditions. Even though the difference in number

of species between the 19 and the 21-constraint reduced schemes is small, the pre-

diction of the burning velocity approaches significantly the direct integration result.
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The relative errors on laminar flame speeds for each test case(φ = 0.8, 1 and 1.2)

associated to the corresponding 21−constraint reduced schemes are at most around

10 percent. These errors are noticed mostly in the case of the lean mixtures. Thus,

it can be concluded that the overall accuracy for the RCCE-CSP reduced schemes

at elevated pressure can be considered satisfactory at least for engineering applica-

tions; further investigations on RCCE-CSP reduction of lean mixtures could provide

a more accurate prediction by closely analyzing different set of constraints.

Figure 4.15 illustrates the relationship between pressure and laminar burning

velocity for a range of pressures (1atm, 3atm, 5atm, 10atm, 15atm and 20atm).

Direct numerical simulations were run for a methane–air flame at an equivalence

ratio equal to unity and compared to a 20-constraint RCCE–CSP reduced scheme

developed for each value of pressure mentioned above.

Figure 4.15: Pressure versus laminar burning velocity for Methane–Air mixture.
Comparison between direct integration and the 20-constraint RCCE–CSP scheme.

The variation of the 20 non steay-state species with the increase of pressure

consists in the difference of one or two species, the main difference consisting in
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the sequence of weighted CSP pointers corresponding to each species. The 20-

constraint scheme derived in the case of atmospheric pressure contains the following

species: H2, H, O, O2, OH, H2O, CO, CO2, CH4, C2H6, CH3CHO, N2, C2H2,

CH2O, C2H4, CH2CO, HO2, CH3O, CH3OH and C3H8. By gradually increasing

value of the pressure up to 20atm it is observed that the sequence of CSP pointer

corresponding to the later constraints changes slightly or species such asHO2, CH3O

are replaced by CH2CO, HCCOH or CH3.

4.5 CPU time

The CPU time gain in the case of the methane-air mixture proves not to be signif-

icant due to the relative simplicity of the corresponding detailed chemical mecha-

nism. The reduction in the computational time by using the RCCE-CSP combined

methodology increases with the increase in the complexity of the detailed kinetic

mechanism as it will be shown in the next chapter.

4.6 Summary

In this chapter, the RCCE-CSP methodology is applied to a combustion problem

that benefits of a good pool of data in the combustion simulation literature: the com-

putation of a one-dimensional laminar premixed methane-air flame with a detailed

chemical mechanism provided by GRI30. It is shown that for all the operating con-

ditions considered in this study, RCCE–CSP captures many of the essential features

of the flame: laminar burning velocity and major species, as well as minor species,

in the case of the largest of the reduced schemes presented. These global parame-

ters are compared with results obtained by performing direct numerical simulations

of the same flame in order to validate the proposed methodology. An automatic
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procedure for the construction of global reduced chemical kinetic mechanisms by

combining two already existing mechanism reduction methods (RCCE and CSP)

has been analysed and tested on the above flame. The results obtained with direct

integration were compared with reduced models of various sizes in order to deter-

mine the optimum case in which a reduced model, with a much smaller number of

global steps than the original mechanism, provides sufficiently accurate predictions.

The studies have been carried for three different mixture compositions: fuel-lean

(φ = 0.8), fuel-rich mixtures (φ = 1.2) and stoichiometric (φ = 1). The pressure

was first set to atmospheric and results were plotted for several species of interest

for each equivalence ratio value. Secondly, the pressure was elevated at 30atm and a

new series of DI and RCCE–CSP simulations were performed. Data gathered from

the two test cases indicate that major species are generally well predicted, with

some exceptions were some species profiles exhibit up to 20 percent errors at the

peak point. Minor species are less well predicted in the case of very small reduced

schemes. The burning velocity is reasonably reproduced whereas the CPU time is

almost similar to that of the DI due to the relative level of simplicity of the GRI3.0.

reaction mechanism. Overall, the RCCE–CSP with extended sets of constraints

have generated satisfactory to good agreement, thus setting a promissing perspec-

tive for more complex mechanisms to be investigated with this combined reduction

procedure.



100
4. Mechanism reduction of 1D laminar premixed Methane–air flame using the

RCCE–CSP methodology



Chapter 5

Mechanism Reduction of 1D

Laminar Premixed Propane–Air

Flame using RCCE–CSP

Methodology

In this chapter, the proposed combined RCCE–CSP reduction methodology is tested

for the reduction of a much larger reaction mechanism than the GRI3.0., i.e. propane–

air detailed kinetic mechanism developed by Curran and co-workers [61]. It is a

highly complex mechanism comprising of 118 species and 665 reactions that does not

comprise nitrogen chemistry, N2 being present only as an inert species. A classical

1−D propagating laminar premixed flame at constant pressure and intial temper-

ature of 298K is considered as a test case. Non-equal Lewis number assumption is

used and thus transport equations for both elements and constraints will be used.

The procedure for applying RCCE–CSP to this problem is identical to that pre-

sented in the case of the Methane–Air flame (Chapter 3). The DVODE solver is

again used for both direct integration and RCCE. The first case that is investigated

101
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is the combustion of propane with air at atmospheric conditions for three different

mixture compositions: fuel lean (φ = 0.8), stoichiometric (φ = 1) and fuel-rich

(φ = 1.2). The second test case is performed at an elevated pressure of 30atm with

no change in the rest of parameters mentioned in the first study. In order to eval-

uate the results obtained by RCCE–CSP for the two different pressure propane-air

flames, direct numerical simulations were carried out using the premixed flame code

as a performance index for the physical properties. The chapter starts with a de-

scription of the Curran propane–air detailed reaction mechanism and a review of its

existing applications in combustion simulation. Sections 4.2 and 4.3 define the two

test cases and the corresponding results by comparing the RCCE-CSP predictions

of laminar burning velocity, species concentrations and CPU time with those of the

direct integration method. Several reduced schemes are derived for each type of

flame and their RCCE–CSP predicted behavior is thoroughly analysed.

Section 4.4 of this chapter is dedicated to investigating whether a common set of

constraints can be found that can deliver good predictions of RCCE–CSP for a

wider range of component ratios. More specifically, the same set of CSP derived

non steady-state species was applied for fuel-rich, fuel-lean and stoichiometric mix-

tures under atmospheric conditions. Taking into consideration this objective, a

35−constraint RCCE–CSP reduced scheme was derived for the stoichiometric con-

ditions showed reasonably good results for component ratios of 0.8, 1 and 1.2. The

chapter ends with a summary on the variety of propane–air reduced schemes ob-

tained by using RCCE–CSP and potential further applications of these results are

discussed.
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5.1 Detailed Kinetic Mechanism for Propane-Air

Mixture

One of the critical factors in the simulation of the combustion process is the com-

prehensive reaction mechanism as it contains fundamental and essential information

such as the reaction paths. Propane has been the focus of several studies of flames

across a variety of test cases as it is a fuel that is often used in combustion applica-

tions and therefore more significant information is available for it in the literature

than for other hydrocarbons. For the oxidation of propane, detailed and reduced

mechanisms were developed in the studies of Leung [125], Leung and Lindstedt

[126] and Marazioti and Koutmos [127]. In this work, the detailed chemical mech-

anism used to simulate the propane-air flame is developed by Curran [61] which is

validated and optimised for low and intermediate temperatures and across a wide

range of conditions and combustion systems. The Curran propane-air mechanism,

which consists of 118 species and 665 reactions, has been successfully applied as a

base mechanism for various reduction methodologies [128], [129] and it has been de-

veloped using the HCT (Hydrodynamics, Chemistry and Transport) program [130].

In order to verify the validity of this mechanism for the reduction process, a num-

ber of simulations have been performed by Koert et al. [131] which highlight the

adequate predictions of the negative temperature coefficient (NTC) behavior of this

mechanism sustained by Pressurised Flow Reactor data gathered. Table 5.1 sum-

marises the species involved in the Curran et. al mechanism.

In this chapter, direct numerical simulations using the above detailed kinetic mech-

anism were used to evaluate different RCCE-CSP reduced models for various test

cases.
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Table 5.1: Species in the detailed mechanism of C3H8 combustion of Curran et al.

H, H2, C, CH3COCH2O2H, C3H2, O, CH, CH3COCH2O, C3H5O

O2, C2H6, C2H3CHO, C3H6OOH1− 2, OH, C2H5, C2H3CO

C3H6OOH1− 3, H2O, C2H4, C2H5CHO, C3H6OOH2− 1, C2H3, C2H5CO

C3H6OOH1− 2O2, HO2, C2H2, CH3OCH3, C3H6OOH1− 3O2, H2O2

C2H, CH3OCH2, C3H6OOH2− 1O2, CH3CHO, CH3CH2O2

C3H6OOH2 − 2, CO, CH3CO, CH2OCH2O2H, nC3H7O2H, CO2

CH2CHO, CH3OCH2O2H, iC3H7O2H, CH2O, CH2CO, CH3OCH2O

nC3H7O2, HCO, HCCO, O2CH2OCH2O2H, iC3H7O2, HO2CHO

HCCOH, HO2CH2OCHO, nC3H7O, O2CHO, CH3CO3H, OCH2OCHO

iC3H7O, HOCHO, CH3CO3, HOCH2OCO, C3H6O1− 2, OCHO

CH3O2, CH3OCHO, C3H6O1− 3, HOCH2O2H, C2H5OH

CH3OCO, C3ket12, HOCH2O2, C2H5O, CH2OCHO, C3ket13, OCH2O2H

pC2H4OH, C3ket21,HOCH2O, sC2H4OH, C3H8, C3H51− 2, 3OOH, CH3OH

O2C2H4OH, iC3H7, C3H52− 1, 3OOH, CH2OH, C2H5O2H, nC3H7

C3H6OH, CH3O, C2H5O2, C3H6, HOC3H6O2, CH3O2H, C2H4O2H

C3H5 − a, CH3CHCO, CH3O2, C2H4O1− 2, C3H5 − s, aC3H5OOH, CH4

C2H3O1− 2, C3H5 − t, C2H3OOH, CH3, CH3COCH3, C3H4 − p, CH2

CH3COCH2, C3H4 − a, CH2(s), CH3COCH2O2, C3H3, He, Ar, N2
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5.2 Modelling Details

Just as in the case of the hydrogen-air and methane-air mixtures, a one dimensional

laminar premixed flame code was used to solve the set of equations describing the

conservation laws for a chemically reacting flow. The number of grid points used

in the case of methane-air flames is of 100 and 200points, with a non-uniform grid

increment. Similarly to the case of the methane–air mixture, a variable-coefficient

Ordinary Differential Equation solver with fixed-leading-coefficient implementation

(DVODE solver) is used with backward differentiation formula. The time step was

varied from 1× 10−5 to 1× 10−6 for a number of 7000 steps. Reduced mechanisms

of different degrees of simplification have been generated in a similar way to that

described in Chapter 2; more specifically, three different sets of constraints were

developed and tested using RCCE–CSP, each valid over a range of equivalence ratios,

between 0.8 and 1.2 and at pressures of 1atm and 20atm.

5.3 Results for Atmospheric Pressure

The mixture under investigation was first tested using the direct integration method

that uses the detailed base mechanism which in the case of Curran et al. mechanism

[61] comprises of 118 species and 665 reactions. The reduced mechanisms proposed

in this study and obtained using the combined RCCE-CSP methodology include

models with 15, 25, 35 and 45 major species with a direct and major impact on the

computational time required for the simulation of the respective flame, as it will be

disccused in the following sections. The first test case considered in this work is the

propane-air laminar premixed flame at atmospheric pressure with the equivalence

ratio varying between 0.8 and 1.2 in order to cover different mixture compositions

and the corresponding behaviour of the reduction methodology to these conditions.
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The second test case consists of the same type of flame and range of equivalence

ratio but at an elevated pressure of 30atm. For each of these two test cases, a series

of RCCE-CSP reduced models was generated that provide a better understanding of

the proposed RCCE-CSP procedure as well as significant material for its validation.

5.3.1 Selection of constraints from CSP

The smallest RCCE-CSP reduced model that exhibited reasonable results for the

propane-air laminar premixed flame at atmospheric pressure includes 25 non steady-

state species (constraints) as input to RCCE. These constraints are provided after a

CSP analysis using the corresponding numerical solution from direct integration (see

Chapter 3 for details of the RCCE-CSP algorithm). Figures 5.1 and 5.2 presents the

25−constraint reduction scheme and that shows good trends of the species profiles

and reasonable results of the temperature and burning velocity. In order to test

the improvement of the results, the number of constraints fed to RCCE was further

increased up to 50 constraints. After a thorough analysis of a number of intermediate

reduced models, a 35 and 45-reduced model were chosen for presentation. On the

one hand, the reason for this particular choice was to show how RCCE-CSP behaves

with increasing the number of global reactions generated; on the other hand, RCCE-

CSP’s main goal was attained by proposing an optimum reduced model i.e. the

45−constraint reduced model, which is able to provide a successful ratio of accuracy

versus computational time gain. Therefore, four reduced models of the propane-air

mixture will be analysed by comparing their results with the ones obtained via direct

integration.

The four RCCE-CSP reduced schemes for the case of atmospheric pressure and

stoichiometric component ratio are:

• 15-constraint scheme, consisting in the following set of species: H, H2, O,
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O2, C2H3CHO, H2O, C2H4, C2H2, CH3CHO, CO, CO2, C2H5OH, C3H8,

CH3CHCO, CH4.

• 25-constraint scheme which includes the above 15-constraint scheme together

with the following set of species: C2H6, OH, HO2, CH2O, CH2CO, CH3OH,

C3H6, CH3O2, CH3 and CH3COCH3;

• 35-constraint scheme, containing the species in the twenty-five-constraint scheme

together with: C2H5CHO, CH3OCH3,HCCO,HCCOH, CH3OCHO, iC3H7,

C2H4O1− 2, C3H4 − p, C3H4− a, C3H3;

• 45-constraint scheme, obtained by adding C2H5, H2O2, CH3CHO, nC3H7O2,

C3H6O1− 2, C3H6O1− 3, nC3H7, CH3O2H, CH3O and aC3H5OOH to the

thirty-five-constraint scheme.

The variation of the species for the four RCCE-CSP reduced schemes at different

values of the equivalence ratios is very small. More specifically, the non steady-state

species provided by CSP in the case of fuel lean and fuel rich mixtures for a particular

size of a reduced scheme vary slightly from the stoichiometric case. Information

regarding the laminar burning velocity, temperature and species profiles as well as

computational time associated to the simulation of each of the schemes derived above

will be illustrated and commented in the following subsections of this chapter.

5.3.2 Flame structure

The first case that is presented in this section is that of the one-dimensional adi-

abatic laminar premixed propane-air flame at atmospheric pressure and different

mixture compositions. At stoichiometric conditions, the 35 and 45−constraint re-

duced models show very good agreement for major species as well as for minor

species and intermediates. Even more, the 25−constraint model seems to behave



108
5. Mechanism Reduction of 1D Laminar Premixed Propane–Air Flame using

RCCE–CSP Methodology

 1e-005

 0.0001

 0.001

 0.01

 0.1

 1

 0  0.002  0.004  0.006  0.008  0.01

M
o

le
 F

ra
ct

io
n

Distance

CO - phi=1

DI
RCCE-CSP 15c
RCCE-CSP 25c
RCCE-CSP 35c
RCCE-CSP 45c

 1e-005

 0.0001

 0.001

 0.01

 0.1

 1

 0  0.002  0.004  0.006  0.008  0.01

M
o

le
 F

ra
ct

io
n

Distance

CO2 - phi=1

DI
RCCE-CSP 15c
RCCE-CSP 25c
RCCE-CSP 35c
RCCE-CSP 45c

 1e-006

 1e-005

 0.0001

 0.001

 0.01

 0.1

 1

 0  0.002  0.004  0.006  0.008  0.01

M
o

le
 F

ra
ct

io
n

Distance

H - phi=1

DI
RCCE-CSP 15c
RCCE-CSP 25c
RCCE-CSP 35c
RCCE-CSP 45c

 1e-005

 0.0001

 0.001

 0.01

 0.1

 0  0.002  0.004  0.006  0.008  0.01

M
o

le
 F

ra
ct

io
n

Distance

O - phi=1

DI
RCCE-CSP 15c
RCCE-CSP 25c
RCCE-CSP 35c
RCCE-CSP 45c

Figure 5.1: Mole Fractions of CO, CO2, H and O in a stoichiometric propane-air
flame - comparison between direct integration (DI) and RCCE-CSP with 15, 25, 35
and 45 constraints - pressure 1atm.

reasonably for most of the species in the detailed mechanism, as it can be noticed in

Figures 5.1– 5.5 by the frequent overlap of the graphs under consideration. When

the mechanism is reduced even further to 15 major species, the discrepancy in the

species profiles trends can be easily noticed. The improvement in predictions from

using RCCE-CSP with 15 constraints to using 25 and 35 constraints is highly visible

in all the illustrated species concentrations.

Figure 5.1 shows that for the stoichiometric ratio value of 1, predictions of

major species such as CO2 and CO as well as for intermediates such as H or O

are near perfect with respect to the results obtained via direct integration. The
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characteristic flame structure for the fuel-rich mixture is illustrated in Figures 5.4

and 5.5. As in the case of stoichiometric conditions, the mole profiles of species such

as CO, CO2, H, O, C2H2 and C3H8 are very well predicted even with the use of the

higher level reduced model of 25 constraints. Species like C2H4 and C3H6 exhibit

a good prediction of the mole fractions, but in this case, the distorted trend of 15-

constraint reduced model is much more visible. In the fuel-lean case, the optimum

reduced model is represented by the 35-constraint model. For an increased number

of constraints, for instance the 40-constrained reduced scheme, the profiles of the

species seem to be slighlty underpredicted or with a small shift in the graph trend

compared to that of the direct integration. The Figures 5.7 and 5.8 show that the

concentration profiles are well predicted even for the 25-constraint model. Overall,

one important highlight of the fuel-lean mixture is the smaller number of global

reactions necessary to achieve reasonable results. Figure 5.10 shows comparisons

of the temperature profiles for all the RCCE-CSP models presented above for the

three mixture compositions under investigation against the direct integration results

obtained using the detailed chemical mechanism. Some discrepancies are observed

in the case of the fuel-lean mixture, which just as in the case of the concentration

profiles, the 35-constraint reduced model exhibits a good trend which is competitive

with that of the 40-constraint reduced scheme.

Figure ?? illustrates the temperature profiles for the test case of 1atm pressure

and various mixture compositions. The 35 and 45−constraint reduced mechanisms

show no noticeable deviations from the detailed mechanism in both fuel-rich and

stoichiometric mixtures. Small deviations are exhibited by the 25−constraint model

and more significant differences are observed in the temperature profile of the small-

est reduced model, the one represented by 15 major species. Only in the fuel-lean

case there are small discrepancies in the overall profiles trends, even in the case of the

optimum reduced model made up of 45 kinetically controlled species. This aspect
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Figure 5.2: Mole Fractions of C3H8, C3H6, C2H2 and C2H4 in a stochiometric
propane-air flame - comparison between direct integration (DI) and RCCE-CSP
with 15, 25, 35 and 45 constraints - pressure 1atm.
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Figure 5.3: Mole Fractions of CH4,H2O,H2, O2 andOH in a stochiometric propane-
air flame - comparison between direct integration (DI) and RCCE-CSP with 15, 25,
35 and 45 constraints - pressure 1atm.
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Figure 5.4: Mole Fractions of CO2, CO, O and H in a fuel-rich propane-air flame
- comparison between direct integration and RCCE-CSP with 15, 25, 35 and 45
constraints - pressure 1atm.
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Figure 5.5: Mole Fractions of C3H8, C3H6, C2H2 and C2H4 in a fuel-rich propane-air
flame - comparison between direct integration and RCCE-CSP with 15, 25, 35 and
45 constraints - pressure 1atm.
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Figure 5.6: Mole Fractions of H2, H2O, O2 and OH in a fuel-rich propane-air flame
- comparison between direct integration (DI) and RCCE-CSP with 15, 25, 35 and
45 constraints - pressure 1atm.
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Figure 5.7: Mole Fractions of CO2, CO, O and H in a fuel-lean propane-air flame -
comparison between direct integration and RCCE–CSP with 15, 25, 35, 40 and 42
constraints - pressure 1atm.
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Figure 5.8: Mole Fractions of C3H8, C3H6, C2H2 and C2H4 in a fuel-lean propane-
air flame - comparison between direct integration and RCCE–CSP with 15, 25, 35,
40 and 42 constraints - pressure 1atm.
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Figure 5.9: Mole Fractions of CH4, H2, H2O, O2 and OH in a fuel-lean propane-air
flame - comparison between direct integration (DI) and RCCE-CSP with 15, 25, 35
and 45 constraints - pressure 1atm.
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Figure 5.10: Propane–air flame, pressure 1atm— temperature profiles for Fuel-Lean,
Fuel-Rich and Stoichiometric conditions.
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confirms the vulnerability of the RCCE–CSP model in the prediction of fuel-lean

mixtures as it was described in the previous subsection.

5.3.3 Laminar burning velocity

In Table 5.2 it is shown the computed burning velocity for different mixture com-

positions at atmospheric pressure (the case of simulations at elevated pressure will

be discussed in the next section). It can be seen that the 45−constraint as well

as the 35−constraint RCCE schemes produce reasonable predictions of the burning

velocity for the entire range of mixture compositions by comparison with the values

of laminar burning velocity predicted by direct integration. On the other hand, the

25−constraint RCCE scheme significantly deviates from the value estimated by the

direct integration. Regarding the 15−constraint scheme, the values of the laminar

burning velocity show that it is in itself a highly reduced model that has lost the

chemical fidelity during the reduction process.

5.4 Results at Elevated Pressure - 30 atm

5.4.1 Selection of constraints from CSP

In the case of propane-air flames at 30 atm, the RCCE–CSP exhibits an interesting

behavior. The number of major species required in order to produce an accurate

enough reduced model is significantly smaller than in the atmospheric test case

presented above. Using the predictions of the key species and global variables as

an index of performance of the reduced mechanism, the derived RCCE–CSP models

are compared with the results obtained using the direct numerical simulations. For

the 18−constraint scheme, good predictions of the flame structure and behavior are

obtained. Furthermore, the optimum reduced model developed in this case is the
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23−constraint scheme which exhibits very good species concentration profiles and a

significant CPU time gain.

The two RCCE-CSP reduced schemes in the case of 30atm pressure value are:

• 18-constraint-scheme which includes the following set of species: H2, O, O2,

C2H3CHO, OH,H2O, C2H4, C2H2, CH3CHO, CO, CO2, CH2CO, C2H5OH,

C3H8, CH3OH, C3H6, CH3CHCO, CH4.

• 23-constraint-scheme, containing the species in the eighteen-constraint scheme

together with: C2H6, CH2O, HCCO, HCCOH, CH3COCH3 and C3H4 − a

replacing C3H6.

5.4.2 Flame structure

The temperature and species profiles exhibited by the these two reduced schemes de-

velop will be analyzed in this section by comparison with the corresponding profiles

obtained via the direct integration of the same test case. The first flame structure

to be examined is the stoichiometric one. Figure 5.11 illustrates the profiles of

CO, CO2, H, O and C2H2 mole fractions. It can be noticed that they are all very

well predicted for the 23−constraint reduced model whereas for the 18-constraint

reduced model, some deviations are present in the second part of the computational

domain. The peak values are also reasonably reproduced for all the species concen-

trations under consideration. In the same figure, Figure 5.11, C2H4 species mole

fractions are showing a slight deviation from the direct integration profile. Figure

5.12 shows a good prediction of the CH4 mole fractions of the 23−contraint reduced

model and a very good prediction in the case of fuel species for both reduced mod-

els under investigation. The study of the fuel-rich mixture experiences an overall

improvement of the predictions with respect to the stoichiometric flame structure.
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Figure 5.11: Mole Fractions of CO, CO2, H, O, C2H2 and C2H4 in a stoichiometric
propane-air flame-comparison between direct integration (DI) and RCCE-CSP with
18 and 23 constraints - pressure 30atm.
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As it can be seen in Figures 5.14 and 5.15, all the species profiles are very well

predicted even for the smallest reduced model with 18 constraints. Only the mole

fraction profiles of CH4 and C2H2 have a partial discrepancy from the trend of the

direct integration profile. On the other hand, fuel-lean conditions prove to be more

sensitive to the reduction level of the mechanism as Figure 5.17 reveals for the case

of CO, H and O. The general conclusion for cases of equivalence ratio lower than

unity is that both the reduced models present a notable discrepancy for some of

the species. The same behavior is noticed in the case of the temperature profiles

for pressure of 30atm. The predictions are again very good for the stoichiometric

and fuel-rich cases while in the fuel-lean mixture case, a small difference is present

between the profiles of the reduced model and that of the direct integration, see

Figure 5.20.

To summarise, the overall agreement of RCCE-CSP with direct integration is very

good for the propane-air combustion. The majority of the species were very well pre-

dicted with some exceptions in the fuel-lean case at elevated temperatures. Temperature

profiles for high pressure conditions, P = 30atm, and various equivalence ratio val-

ues are are presented in Figure 5.20. In the case of φ = 1, both the 18 and the

23−constraint reduced mechanisms show an excellent agreement with the detailed

mechanism. The same behaviour is present in the case of a fuel-rich mixture, where

very good predictions are available for the two reduced models under consideration.

As already anticipated at this stage of the investigation, small deviations are ob-

served for φ = 0.8 simulations as well as a small local discrepancy in the vicinity

of the reaction zone. However, the overall profile trends, even in the fuel-lean case,

exhibit very good agreement making the RCCE–CSP approach a realiable option

for predicting extinction temperatures of this type of laminar premixed flames.
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Figure 5.12: Mole Fractions of C3H8, CH4 and OH in a stoichiometric propane-air
flame-comparison between direct integration (DI) and RCCE-CSP with 18 and 23
constraints - pressure 30atm.
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Figure 5.13: Mole Fractions of C3H6, H2, O2 and H2O in a stoichiometric propane-
air flame-comparison between direct integration (DI) and RCCE-CSP with 18 and
23 constraints - pressure 30atm.
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Figure 5.14: Mole Fractions of CO2, CO, O, H and C2H2 in a fuel-rich propane-
air flame - comparison between direct integration and RCCE-CSP with 18 and 23
constraints - pressure 30atm.
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Figure 5.15: Mole Fractions of C3H8, CH4 and C2H4 in a fuel-rich propane-air flame
- comparison between direct integration and RCCE-CSP with 18 and 23 constraints
- pressure 30atm.
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Figure 5.16: Mole Fractions of C3H6, H2, O2, H2O and OH in a fuel rich propane-air
flame - comparison between direct integration (DI) and RCCE-CSP with 18 and 23
constraints - pressure 30atm.
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Figure 5.17: Mole Fractions of CO2, CO, O and H in a fuel-lean propane-air flame -
comparison between direct integration and RCCE–CSP with 18 and 23 constraints
- pressure 30atm.
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Figure 5.18: Mole Fractions of C3H8, CH4, C2H2 and C2H4 in a fuel-lean propane-
air flame - comparison between direct integration and RCCE–CSP with 18 and 23
constraints - pressure 30atm.



130
5. Mechanism Reduction of 1D Laminar Premixed Propane–Air Flame using

RCCE–CSP Methodology

 1e-005

 0.0001

 0.001

 0.01

 0.1

 0.003  0.004  0.005  0.006  0.007  0.008

M
o

le
 F

ra
ct

io
n

Distance

C3H6 - phi=0.8 p=30atm

DI
RCCE-CSP 18c
RCCE-CSP 23c

 1e-007

 1e-006

 1e-005

 0.0001

 0.001

 0.01

 0.1

 0.004  0.0045  0.005  0.0055  0.006  0.0065  0.007

M
o

le
 F

ra
ct

io
n

Distance

H2 - phi=0.8 p=30atm

DI
RCCE-CSP 18c
RCCE-CSP 23c

 0.001

 0.01

 0.1

 1

 0  0.002  0.004  0.006  0.008  0.01

M
o

le
 F

ra
ct

io
n

Distance

O2 - phi=0.8 p=30atm

DI
RCCE-CSP 18c
RCCE-CSP 23c

 0.0001

 0.001

 0.01

 0.1

 1

 0.002  0.003  0.004  0.005  0.006  0.007  0.008  0.009  0.01

M
o

le
 F

ra
ct

io
n

Distance

H2O - phi=0.8 p=30atm

DI
RCCE-CSP 18c
RCCE-CSP 23c

 1e-005

 0.0001

 0.001

 0.01

 0  0.002  0.004  0.006  0.008  0.01

M
o

le
 F

ra
ct

io
n

Distance

OH - phi=0.8 p=30atm

DI
RCCE-CSP 18c
RCCE-CSP 23c

Figure 5.19: Mole Fractions of C3H6, H2, O2, H2O and OH in a fuel lean propane-
air flame - comparison between direct integration (DI) and RCCE-CSP with 18 and
23 constraints - pressure 30atm.
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Figure 5.20: Propane–air flame, pressure 30atm — temperature profiles for Fuel-
Lean, Fuel-Rich and Stoichiometric conditions.
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5.4.3 Laminar burning velocity

Part of the investigation carried out at this stage studies the variation of the burning

velocity with the equivalence ratio both at atmospheric and elevated pressures. Table

5.2 shows a comparison between values of the burning velocity obtained with direct

integration of the initial comprehensive mechanism and the different reduced models

obtained with RCCE–CSP. The comparison covers stoichiometric conditions as well

as fuel lean and fuel rich cases. Results show that the predictions of RCCE–CSP

are reasonably good throughout the investigated range in the case of the optimum

reduced models i.e. 35−constraint scheme for the atmospheric pressure case and

the 23-constraint scheme corresponding to the case of the elevated pressure. The

deviations are more visible for the further reduced schemes of 25 and 15 constraints.

However, in the case of the elevated pressure simulations, the 18−constraint model,

although not optimum in terms of species profiles, exhibits much more accurate

results in terms of burning velocity values.
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Table 5.2: Propane-Air Flame, Laminar Burning Velocity com-
parison between direct integration and RCCE–CSP

φ 0.8 1.0 1.2

Bv(cm/sec)

P = 1atm

Direct Integration 37 48 47

RCCE-CSP 45c/40c 32 45 42

RCCE-CSP 35c 40 50 47

RCCE-CSP 25c 30 36 37

RCCE-CSP 15c 14 13 10

P = 30atm

Direct Integration 10 14 13

RCCE-CSP 23c 14 17 15

RCCE-CSP 18c 11 12 10.3
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5.5 Results using Common RCCE–CSP Reduced

Model for Various Equivalence Ratios

Next, the possiblity of using a common RCCE-CSP reduced scheme for the whole

range of mixture compositions is investigated. More specifically, by analysing the

successful reduced schemes for each of the mixture compositions studied in this work,

one general reduced scheme is proposed and tested for all the mixture composition

under investigation. In the case of propane-air mechanism, the 35−constraint re-

duced scheme derived for the stoichiometric conditions of the flame, has been tested

for both fuel-lean and fuel-rich cases. Figures 5.21– 5.24 show that the results

obtained for the three mixture compostions of propane-air at 1atm are in reason-

ably good agreement with the direct integration results. The 35−constraint list

that has been used in the case of the three equivalence ratios is the exact same

as the one generated by CSP for the stoichiometric conditions case, i.e. H, H2,

O, O2, C2H3CHO, H2O, C2H4, C2H2, CH3CHO, CO, CO2, C2H5OH, C3H8,

CH3CHCO, CH4, C2H5CHO, C2H6, OH, HO2, CH2O, CH2CO, CH3OH, C3H6,

CH3O2, CH3, CH3COCH3, CH3OCH3, HCCO, HCCOH, CH3OCHO, iC3H7,

C2H4O1− 2, C3H4 − p, C3H4− a and C3H3;

In Figures 5.21– 5.24 species mole fractions of CO2, CO, H2 and O2 are illus-

trated for equivalence ratio values of φ = 0.8, 1, 1.2 at atmospheric pressure. It is

noticed that the CO2 and O2 species present very good agreement with the direct

integration results in the case of stoichiometric and fuel-rich mixtures, whereas for

a fuel-lean mixture the species profile is slighlty shifted from that of the Direct In-

tegration. On the other hand, for the CO and H2 species, the predictions are not

as good since it can be easily noted that the peaks of the profiles are not perfectly

matched in any of the three equivalence ratio scenarios. The radical species O and

H are well predicted for φ = 1 and φ = 1.2, while for the fuel lean case (φ = 0.8) a
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trend shift like in the case of CO2 can be noticed in Figures 5.25 and 5.25. A very

good agreement for the entire range of equivalence ratios can be observed for the

C3H8 andH2O species in Figures 5.27 and 5.28. The temperature profiles predicted

by the 35−constraint RCCE–CSP reduced scheme present are very good for the sto-

ichiometric and fuel-rich mixtures; for φ = 0.8, just as for the species mole fractions

profiles, the results are less accurate as it is illustrated in Figure 5.31. Overall, it

can be concluded that the proposed common set of 35−constraint reduced scheme of

RCCE–CSP is less suitable for the predictions of fuel-lean mixtures. Nevertheless,

the species and temperature profiles for the stoichiometric and fuel-rich mixtures

are exhibiting a reasonable and ocasionally very good agreement with the direct nu-

merical simulation results. Thus, the results presented in this section suggest that

RCCE–CSP can be used to derive a reduced scheme that is capable of adapting to

a wide range of mixture compositions. This fact could perhaps facilitate a series of

future combustion simulations.
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Figure 5.21: Mole Fractions of CO - comparison between direct integration (DI) and
RCCE-CSP with a common set of 35 constraints for different mixture compostition
- pressure 1atm.
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Figure 5.22: Mole Fractions of CO2 - comparison between direct integration (DI) and
RCCE-CSP with a common set of 35 constraints for different mixture compostition
- pressure 1atm.
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Figure 5.23: Mole Fractions of H2 - comparison between direct integration (DI) and
RCCE-CSP with a common set of 35 constraints for different mixture compostition
- pressure 1atm.
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Figure 5.24: Mole Fractions of O2 - comparison between direct integration (DI) and
RCCE-CSP with a common set of 35 constraints for different mixture compostition
- pressure 1atm.
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Figure 5.25: Mole Fractions of H - comparison between direct integration (DI) and
RCCE-CSP with a common set of 35 constraints for different mixture compostition
- pressure 1atm.
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Figure 5.26: Mole Fractions of O - comparison between direct integration (DI) and
RCCE-CSP with a common set of 35 constraints for different mixture compostition
- pressure 1atm.
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Figure 5.27: Mole Fractions of C3H8 - comparison between direct integration (DI)
and RCCE-CSP with a common set of 35 constraints for different mixture compo-
sition - pressure 1atm.
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Figure 5.28: Mole Fractions ofH2O - comparison between direct integration (DI) and
RCCE-CSP with a common set of 35 constraints for different mixture composition
- pressure 1atm.
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Figure 5.29: Mole Fractions of C2H2, C2H4, CH2 and CH2O - comparison between
direct integration (DI) and RCCE-CSP with a common set of 35 constraints for
stoichiometric ratio - pressure 1atm.
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Figure 5.30: Mole Fractions of OH - comparison between direct integration (DI) and
RCCE-CSP with a common set of 35 constraints for fuel rich and fuel lean mixtures
- pressure 1atm.
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Figure 5.31: Temperature Profiles - comparison between direct integration (DI) and
RCCE-CSP with a common set of 35 constraints for different mixture compostition
- pressure 1atm.
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5.6 CPU time

The efficiency of the reduced mechanisms presented in this section is described

not only in terms of accuracy of the global paramenters’ predictions, as it was

discussed above, but also in terms of the computational time gain associated with

each level of reduction achieved via RCCE–CSP. It can be easily noticed the CPU

time gain from the detailed kinetic mechanism down to the simpler model presented

in this chapter, i.e. 25−constraint reduced model for the stoichiometric conditions

and pressure of 1atm. Table 5.3 shows the CPU time gain obtained by several

RCCE–CSP reduced models versus the time required using direct integration for

a computational sample of 100 steps of 1 x 10−6. The case presented in table 1.3

represents the laminar premixed propane-air flame at atmospheric conditions and

stoichiometric equivalence ratio. It can be noticed that the simplest reduced scheme,

i.e. the 25−constraint scheme, it is almost 7 times faster then the direct integration,

whereas the optimum reduced model containing 35 constraints is 4.6 times faster

than the direct numerical simulation.

Table 5.3: Propane-Air Flame, CPU time comparison between
direct integration and RCCE-CSP - computation of 100 steps
of 1 x 10−6 sec

Mechanism CPU time (s)

Propane

Direct Integration 842

RCCE-CSP 45 constraints 362

RCCE-CSP 35 constraints 182

RCCE-CSP 25 constraints 122
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5.7 Summary

An automatic procedure for the construction of global reduced chemical kinetic

mechanisms by combining two already existing mechanism reduction methods(RCCE

and CSP) has been analysed and tested on two different comprehensive mechanisms.

The RCCE-CSP combined methodology was applied to the case of a one dimensional

laminar premixed flame, this time for a propane-air mixture. The main focus of this

study was to test the combined methodology with the direct integration method and

to analyse the potential of several reduced models. The results obtained with direct

integration were compared with reduced models of various sizes in order to deter-

mine the optimum case in which a reduced model, with a much smaller number of

global steps than the original mechanism, provides sufficiently accurate predictions.

A comparative study of the propane-air detailed mechanism Curran et al. and sev-

eral reduced model via RCCE-CSP showed that accurate predictions of the most

important parameters of the combustion process such as temperature profiles, flame

speed and mole fraction profiles of major species can be obtained. The studies have

been carried out for stoichiometric conditions as well as for fuel-lean and fuel-rich

mixtures, with reasonable results in all cases. Smaller global reduced mechanisms of

the propane-air laminar premixed flame have less reasonable values of the physical

properties of interest, indicating the relationship between the level of reduction and

accuracy of the results. The real advantage of the RCCE-CSP methodology is that

it is easy to adapt to different chemical mechanisms, requires inputs that are simple

to prescribe and reduces significantly the CPU time by making use of the poten-

tial of the two methods for being complementary. More specifically, the combined

RCCE-CSP methodology may provide a large set of reduced models with a small

amount of computations without any complex manipulations being required by the

user to derive each particular system. Therefore, RCCE–CSP is very much suited
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for testing, in the future, the reduction of more complex detailed kinetic mechanisms

in order to explore its full potential.
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Chapter 6

Conclusions and Future Work

6.1 Overview

The current research is dealing with the modelling of freely propagating laminar pre-

mixed flames by applying a chemical mechanism reduction methodology. A RCCE–

CSP combined methodology is developed and tested on a series of flames and under

several operating conditions in order to examine its potential. Both RCCE and CSP

are independant mechanism reduction methodologies that have been applied in a

variety of combustion problems; however, in this study, their potential of working

complementary towards an automatic reduction methodology is investigated. The

flames under investigation are the one-dimensional laminar premixed methane-air

and propane-air flames. The detailed chemical mechanisms used to represent these

flames are the GRI3.0 [119] and Curran [61], respectively. The computational work

involved the use of chemical kinetics for the reduction of reaction mechanisms to

a series of reduced models which were compared to direct numerical simulation re-

sults. The results obtained for the RCCE–CSP reduced models have been compared

with direct integration data and similar studies, and the conclusions are encourag-

ing in respect to the feasibility of the proposed reduction methodology. Despite
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the rapid progress in computational power, for most practical turbulent combustion

phenomena, it remains impracticable to make direct numerical simulations including

detailed chemistry. Various mechanism reduction techniques have been developed

over the last few decades, however, no study was published that would suggest a

fully automatic reduction procedure that would prove successful on a large scale of

combustion applications. The combined RCCE–CSP methodology proposed in this

study aims at developing and testing a fully automatic procedure for chemical kinet-

ics reduction of laminar flames, with the potential of having it application extended

to turbulent flames. Chapter 2 presented both RCCE and CSP basic concepts and

their individual efficiency in mechanism reduction. The mathematical formulations

used by the two methods uncovered a segment of research that is examined in this

work. More specifically, selection of non steady-state species provided by CSP are

used as constraints by the RCCE reduction model. Rate-Controlled Constrained

Equilibrium is a method developed many decades ago, but throughout the years,

it has been the subject to several modifications and interpretations. The RCCE

model used in this work and presented in section 2.1 is derived on the basis on

a sound principle i.e. the second law of Thermodynamics largely tested by Jones

and Rigopoulos [58]. One of RCCE strengths comes from a computational point of

view: no mathematical manipulations are required to derive each particular reduced

mechanism, as in other similar reduction methods such as QSSA. By making use

of a computer program for the solution of the RCCE equations, a great variety of

reduced systems can be readily tried and tested, for all that the user has to specify

is the particular selection of kinetically controlled and equilibrated species. RCCE

flexibility represents one of its strengths but at the same time constitutes one of its

challenges on a practical level, since it does not provide a clear indication which are

the most suitable constraints for every physical problem under consideration and

level of reduction. The second reduction method of interest in this research, the
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Computational Singular Perturbation, uses the time-scale separation analysis for

identifying the slow and fast time-scale species. Up to date most of the studies with

CSP have been performed for laminar cases, which have shown the potential of the

method and its level of accuracy. The contribution of CSP to build a complete and

reasonable set of inputs for RCCE is thoroughly defined in Section 2.4. RCCE-CSP

procedure is set-up for the investigation of 1 − D laminar premixed methane-air

and propane-air flames: a CSP analysis of the detailed chemical mechanism is con-

ducted in order to generate a list of major species by means of the CSP-pointer;

consequently, RCCE selects the constraints from the top of the list delivered by the

aforementioned technique and it derives the reduced system. In Chapters 3, 4 and 5,

the flame structure and laminar burning velocity were studied for the gas-mixtures

under investigation by comparing the RCCE-CSP results with those of direct in-

tegration. Different mixture compositions and pressure values were tested to show

the level of accuracy of RCCE–CSP reduced model under different operating condi-

tions. The CPU time gain was recorded for an analysis of the connection between

level of mechanism reduction and results accuracy. Reliable and accurate results

were obtained for the majority of the test cases. Discrepancies in the case of fuel

lean mixtures suggest a potential sensitivity of the reduction method to equivalence

ration lower than the unity. Considering the various reduced schemes generated

by RCCE-CSP and their reasonable agreement with the direct integration results,

the proposed combined methodology could be valuable for the reduction of more

realistic and thus complex fuels.

The main focus of the current thesis is to develop a fully automatic mechanism re-

duction procedure and validate it by testing it on laminar flames. The feasibility of

the results suggest the suitability of the method for modelling real flames as further

studies. Although the reaction mechanisms under consideration present a relatively

low degree of complexity compared to realistic fuels, a number of challenges arise
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from the effort to reduce the CPU time gain while preserving the chemical fidelity

of the mechanism. RCCE-CSP method presents the potential for deriving single

mechanisms for a wide set of conditions (equivalence ratio, pressure etc.) More-

over, it aims at generating an automatic procedure for the reduction of complex

detailed mechanism with application in laminar and turbulent combustion applica-

tions. Apart from the CPU time gain, RCCE-CSP methodology provides reduced

models that are suitable for tabulation and thus expands its potential to a wider

range of turbulent combustion systems.

6.2 Recommendations for future work

The combined RCCE–CSP methodology proposed in this work constitutes a power-

ful tool for the reduction of complex detailed kinetic mechanisms to be integrated in

combustion simulations. Direct numerical simulations are usually computationally

limited by the integration of comprehensive mechanisms. Even the simulation of

laminar flames can become demanding when dealing with realistic fuels. Despite

the series of mechanism reduction methodologies existing nowadays, the lack of a

fully automatic reduction algorithm that would minimize the involvement and of

the user in the simulations is still a challenge. RCCE–CSP provides such an auto-

matic reduction procedure that has shown reasonable and good results for the 1−D

laminar premixed flames. It would be interesting therefore to investigate more and

more complex reaction mechanisms, such as n-heptane in a laminar flame test case

as future work. The effort required from the user is significantly reduced once a

code similar to the one used in this research has been set-up and small adjustments

adopted. This suggestion would greatly facilitate the understanding of the RCCE–

CSP reduction potential on combustion mechanisms of higher chain fuels and its

generalisation to turbulent flames. The capability of RCCE–CSP to propose a re-
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duced scheme that is common for a wide range of mixture compositions should be

further exploited for more complex mechanisms as this action can reduce the time

and effort dedicated to investigation a different reduced scheme for every new test

case. Future work should explore further the synergy between RCCE and CSP and

its potential to provide reduced models suitable for tabulation. This feature is ex-

pected to make RCCE–CSP method highly useful to turbulent flame simulations.

Finally, since the results obtained by RCCE-CSP for the laminar premixed flames

show that this method is fast and effective, it could be further extended for non-

premixed flames as well as for efficient turbulent combustion computations. Results

presented in this thesis indicate the potential for generalisation to turbulent flames

as a promising step of investigation.
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Appendix A

Derivation of the constrained

equilibrium equations

For a given mixture, the Gibbs free energy is expressed as:

g =
N
∑

j=1

µjnj (A.1)

where µj is the chemical potential which can be written in terms of the standard state

chemical potential as follows [132]:

µj = µ0
j +RT

nj

n
+RTln

P

P0

(A.2)

The condition necessary for the minimisation of Gibbs free energy is:

∂g

∂nj
= 0 (A.3)

subject to the constraints expressing conservation of elements, enthalpy and pressure

that can be expressed as follows:

Ei =
N
∑

j=1

aeijnj i=1, . . . ,Me (A.4)
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N
∑

i=1

njhj = h (A.5)

N
∑

i=1

njρRT = P (A.6)

where Ei, h and P are defined as element concentrations, enthalpy and pressure of the

mixture.

1.Full equilibrium

By extending the principle of maximum entropy, the computation of the species’ concentra-

tions at equiblirum state is reduced to the solution of a constrained optimization problem.

This can be solved by using the method of Lagrange multipliers. The parameters, λe
i ,

defined as element potentials are used in the following function:

g
′

= g +

Me
∑

i=1

λe
i (Ei − aeijnj (A.7)

As stated by the method of Lagrange multipliers, the original operation is equivalent

to computing the minimum of the function A.7, more specifically:

∂g
′

∂nj
= 0 (A.8)

Remark that the minimization of free energy is equivalent to maximization of entropy

in a closed system (entropy can only increase) guarantees the extrema of the function g
′

is

minimum. By substituting Equation A.1 and Equation A.7 in Equation A.8 results:

µj +

Me
∑

i=1

λe
ia

e
ij = 0 (A.9)

By reformulating Equation A.2 it yields:

µ0
j +RT

nj

n
+RTln

P

P0

+

Me
∑

i=1

λe
ia

e
ij = 0 (A.10)
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The solving the system comprising of Equations A.4, A.5, A.6 and A.10 one can

obtain the species composition, temperature, density and Lagrange multipliers at the

equilibrium state. More detailed information on an efficient numerical method for solving

this system is described in [132].

2.Constrained equilibrium

In order to compute the constrained equilibrium state, the set of equations defining the

constraints must be added to the equations A.4, A.5 and A.6:

Ci =
N
∑

j=1

acijnj i=1, . . . ,Mc (A.11)

Additional parameters λc
i , called constraint potentials are introduced in the process

of minimization with the method of Lagrange multipliers and thus the function to be

minimized becomes:

g
′

= g +

Me
∑

i=1

λe
i (Ei − aeijnj) +

Mc
∑

i=1

λc
i (Ci − acijnj) (A.12)

Substituting Equation A.2 it is obtained:

µ0
j +RT

nj

n
+RTln

P

P0

+

Me
∑

i=1

λe
ia

e
ij +

Mc
∑

i=1

λc
ia

c
ij = 0 (A.13)

The solution of the system of equations formed by equations A.13, A.4, A.5, A.6

and A.11 will provide the concentrations at the constrained equilbrium state as well as

the element and constraint potentials. This action must be performed before the RCCE

integration so that the initial conditions for the potential to be determined. The Equation

A.13 is reduced to Equation 2.7 in the text by scaling the potential with the factor (1/RT )

and taking exponentials. If the pressure is equal to the atmospheric pressure, the term

RTln(P/P0) reduces to unity; thus it can be neglected in the calculations shown in this

appendix. However, if calculations using other values of pressure are performed this term
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must be taken into consideration.



Appendix B

Derivation of the constrained

potentials formulation by index

reduction

The following relations are obtained by partially differentiation of Equation 2.7 in the

main matter:

∂n∗

j

∂λe
i

= aeijn
∗

j j=1, . . . , N i=1, . . . ,Me (B.1)

∂n∗

j

∂λc
i

= aeijn
∗

j j=1, . . . , N i=1, . . . ,Mc (B.2)

∂n∗

j

∂T
=

1

T
(
H0

j

RT
− 1)n∗

j j=1, . . . , N (B.3)

∂n∗

j

∂ρ
= −

1

ρ
n∗

j j=1, . . . , N (B.4)

The first ordinary differential equation of the constraint-potentials formulation is ob-

tained from Equation 2.3 in the text. By expanding the total differential of the constraints,
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Ci and considering as independent variable the potentials, the pressure and the density it

yields the following:

∂Ci

∂ρ

dρ

dt
+

∂Ci

∂T

dT

dt
+

N
∑

j=1

(
∂Ci

∂λe
i

dλe
i

dt
) +

N
∑

j=1

(
∂Ci

∂λc
i

dλc
i

dt
) =

N
∑

j=1

(acijWj) (B.5)

where i=1, . . . ,Mc. The remaining ODEs are obtained by taking the total differential

of Equations 2.11, 2.12 and 2.13 in Chapter 2 taking into account that the elements,

enthalpy and pressure are constant:

d

dt
[
N
∑

j=1

(aije n
∗

j )] = 0 (i = 1, ...,Me) (B.6)

d

dt
[
N
∑

j=1

(n∗

jH
o
j )] = 0 (B.7)

d

dt
(nρRT ) = 0 (B.8)

By expanding the total differentials above in a way similar to Equation B.5 and

substituting Equations B.1, B.2, B.3 and B.4 results the Equations 2.15- 2.18 in

Section 4.1.1.



Appendix C

Derivation of the CSP dual basis

vectors using the Jacobian analysis

At each point in time and space, CSP method provides two set of column basis vectors

ai, of dimension N , which define the fast and slow subdomains of y (the N−dimensional

vector of species mass fraction):

ar = [a1, a2, ..., aM ] as = [aM+1, aM+2, ..., aN ] (C.1)

Where N is the total number of species in the detailed kinetic mechanism and M is

the number of timescales which are faster than the locally dominant ones and varies from

0 to N − 1. These two vectors are used together with their dual set of N−dimensional

row vectors, bi:

br =













b1

...

bM













bs =













bM+1

...

bN













(C.2)

The CSP dual basis vectors are derived by using a Jacobian analysis of the source

term (a nonlinear function representing the chemical kinetics in the species conservation

equation) as followns:
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ar = J · aor · τ
or
or bs = bos · [I − ar · b

or], (C.3)

br = τ orr · bor · J as = [I − ar · b
r] · aos (C.4)

where

τ oror = (b · J · aor)
−1 τ ror = (bor · J · ar)

−1. (C.5)

In the above relations, J is the Jacobian of the source term and the vectors in aor and

aos together with the dual basis bor and bos are a reasonably selected initial guess. To be

taken into consideration that if the right and left eigenvectors of J are selected for the

vectors in (aor, aos) and (bor, bos), respectively, the vectors in (ar, as) and (br, bs) are also

the right and left eigenvectors of J .



Appendix D

Jacobian matrix

Let us consider a ns-dimensional system of ns first order ODEs represented as follows:

dx

dt
= f(x1, x2, ..., xns

), (D.1)

where x is the vector of ns dependent variables, xi, and t is the independent variable.

The vector f consists of functions describing the rates of change of the dependent variables

in terms of the dependent variables and other constant parameters.

If the system in Equation D.1 is linear, it can be rewritten as:

dx

dt
= Ax, (D.2)

whereA is a matrix with constant real numbers as elements. For a stiff system of ODEs

as the one considered above, finding a low-dimensional manifold requires to calculate the

time scales associated with the solution at each point in the solution space. This can be

achieved by finding the eigenvalues of the Jacobian J at each point in the solution space.

The Jacobian of the system from Equation D.2 is given by:
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J =



















∂f1
∂x1

, ∂f1
∂x2

... ∂f1
∂xn

∂f2
∂x1

, ∂f2
∂x2

... ∂f2
∂xn

... ... ... ...

∂fn
∂x1

, ∂fn
∂x2

... ∂fn
∂xn



















(D.3)

In the equation D.3, the individual functions fi describe the rates of change of each

dependent variable xi relative to all the dependent variables xi and other constant param-

eters. In the case of a linear system, J = A.

One technique used in order to obtain the eigenvalues of J is the diagonalisation, but

is has been proven that it is does not provide the optimal information for constructing

a low-dimensional manifold which should contain only the slow time scale terms of the

solution.


