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Abstract

Today hydrocarbon fuel combustion covers most of energy needs in trans-
portation. Due to environmental concerns and regulations, automotive
manufacturers aim at acquiring knowledge of physical and chemical phe-
nomena inside the combustion chamber to understand and control pollu-
tant emissions such as carbon monoxide (CO), unburned hydrocarbons
(HC) and nitrogen oxides (NOx).
Despite the outstanding performances in the domain of high performance
intensive numerical calculation, the numerical simulations of the combus-
tion chambers of the internal combustion engines (ICE) do not allow a
detailed description of the chemical processes. Indeed, the kinetic models
for the reference fuels contain hundreds of species.
The present study aims to improve the turbulent combustion models
based on Large Eddy Simulation approach by developing an efficient cost-
cutting tabulation method to fit chemistry in engine combustion model-

ing.

A particular attention is paid to the capacity of the tabulation method to

reproduce the pollutant species formation during the compression stroke,

the reaction phase, and the power stroke of an ICE. This method as-

sumes that IC engine chemistry can be mapped by a collection of 0-D

reactor computation data, using for coordinates: the progress variable,

the mixture fraction, the energy and the density.

In a first step, the chemical prediction capability of this technique is

validated on an auto-igniting variable volume simulation. The Tabu-

lated Thermo Chemistry (TTC) method recently proposed by Vicquelin

et al. [85] was initially developed to couple the chemical kinetics with

compressible Navier-Stokes solvers for low Mach number flows. In this

work, the TTC method was adapted in the framework of variable pres-

sure combustion. A TTC version dedicated to engine combustion is thus

coupled in the unsteady compressible LES code AVBP [1]. The method

of coupling was successfully tested both on simplified configurations and

on a Rapid Compression Machine [41].
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iv Abstract

Actuellement, la combustion des hydrocarbures couvre la majorité des
besoins pour le transport. Les responsabilités et les réglementations en-
vironnementales font que les constructeurs automobiles visent à acquérir

des connaissances approfondies sur les phénomènes physico-chimiques des

chambres de combustion des moteurs pour la compréhension et le con-

trôle des émissions polluantes tels que le monoxyde de carbone (CO), les

hydrocarbures imbrûlés (HC) et les oxydes d’azote (NOx).

En dépit des performances remarquables dans le domaine du calcul numé-

rique intensif de trés haute performance, les simulations numériques des

chambres de combustion des moteurs à combustion interne ne permettent

pas encore une description détaillée des processus chimiques. En effet, les

modèles cinétiques pour les combustibles de référence contiennent des

centaines d’espèces.

L’objectif de ces travaux est d’améliorer les modèles de combustion tur-

bulente basés sur la Simulation aux Grandes Echelles (Large Eddy Sim-

ulation, LES) en développant une méthode de tabulation de la cinétique

chimique représentative de la combustion dans un cycle moteur.

Une attention toute particulière est portée sur la capacité de la méth-

ode de tabulation à reproduire la formation des espèces polluantes lors

des phases de compression, d’auto-allumage et de détente d’un moteur à

combustion interne.

Cette méthode suppose que la chimie dans une chambre de combustion

interne peut être approchée par une tabulation des résultats issus de cal-

culs de réacteurs 0-D en volume constant, les quatre coordonnées de la

table étant: la variable de progrès, la fraction de mélange, l’énergie et la

masse volumique. La capacité prédictive de la technique de tabulation a

été testée par des simulations d’auto-allumage en volume variable.

La méthode de tabulation "Tabulated Thermo Chemistry" (TTC) pro-

posée récemment par Vicquelin et al. [85] a été initialement développée

pour coupler la cinétique chimique à des solveurs Navier-Stokes compres-

sibles dans des situations d’écoulement à faible nombre de Mach. Dans ce

travail, la méthode TTC a été adaptée pour la combustion à pression vari-

able. Une version TTC dédiée à la combustion dans les moteurs est donc

implantée dans le code instationnaire LES compressible AVBP [1]. La

méthode de couplage a été testée avec succès tant sur des configurations

simplifiées que sur une Machine à Compression Rapide [41].
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General introduction

Introduction and state-of-the-art

Internal Combustion Engines (ICE) are devices able to convert the chem-

ical energy contained in the fuel to mechanical power. After combustion,

the work is transferred between the burned products and the piston. Fur-

thermore the power is transmitted through a connecting rod and a crank

mechanism to the drive shaft. The reciprocating piston motion is shown

in Fig. 1 [44], for a four-cycle operating system as it is used in the majority

of today’s car engines.

(a) Intake (b) Compression (c) Expansion (d) Exhaust

Figure 1 : The four-stroke operating cycles of ICE [44]. TC: top-dead center;

BC: bottom-dead center, Vc : clearance volume, Vt : total volume, Vd : displaced

volume
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2 General introduction

In the intake stroke Fig. 1(a) the cylinder is filled with fresh fuel/air mix-

ture by the pistons motion between the top-dead center (TDC or TC)

crank position to the bottom-dead center (BDC or BC) crank position.

Afterwards, during the compression stroke Fig. 1(b), the mixture is com-

pressed and when the piston is close to the TDC, the combustion takes

place. In the power stroke, Fig. 1(c), the high-pressure burned gases push

the piston towards the BDC and the crankshaft converts the reciprocat-

ing motion into rotatory motion. The burned gases are evacuated from

the chamber during the exhaust stroke, Fig. 1(d), allowing for another

cycle to start.

The engine efficiency is the relationship between the total energy con-

tained in the fuel and the restored mechanical energy. It is important to

optimize the engine efficiency in order to avoid the loss of energy, parti-

cularly in the context of sustainable development.

An automobile engine offers today, under optimum operation conditions,

a maximum efficiency of approximatively 36% for a gasoline engine and

of approximatively 42% for a Diesel engine. Thus, the engines are able to

convert only a third of the available energy to useful energy to advance

the vehicle, and the remaining energy is mainly dissipated as heat loss in

the atmosphere.

The emission-control requirements have changed the way internal com-

bustion engines are designed and operated. The engine outputs, nitrogen

oxides (NOx), unburned hydrocarbon (HC), carbon monoxide (CO) and

particulate matter (PM) are regulated. Since 2005, the European stan-

dards impose reduction of 70 % of NOx with respect to the new Euro 6

norm that will be in force in 2014, as shown in Fig. 2. This should be

achieved without any increase in the CO or HC emissions.

Automotive manufacturers aim to develop cleaner internal combustion

engines with significant reduction in fuel consumption and simultaneously

pollutant emissions. Alternative types of internal combustion engines,

such as homogeneous charge compression-ignition HCCI engines, were

proposed in order to join characteristics as lower emissions associated

with spark ignition engines SI or high efficiency as in compressed ignition

engines CI.

The numerical simulations are an essential tool to advance automotive

technologies in terms of optimization of the combustion chamber.
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General introduction 3

• 500 CO 

• 50 HC 

• 250 NOx 

• 2 PM 

Euro42005 

• 500 CO 

•  (50) HC 

• 180 NOx 

• 3 PM 

Euro52009 

• 500 CO 

•  (90) HC 

• 80 NOx 

• 3 PM 

Euro62014 

mg/km 

-28% NOx 
-88% PM 

-56% NOx 

Figure 2 : European emission standards define the acceptable limits for exhaust

emissions of Diesel vehicles

By means of numerical simulations, knowledge is acquired on the auto-

ignition and chemical flame structure and new technological innovations

in engine design are developed in order to reduce fuel consumption and

to protect the environment.

Various modes of combustion appear in internal combustion engine [14].

The beginning of combustion in CI or Diesel engines or in a single engine

cycle simulator (e.g. in a Rapid Compression Machines RCM) is con-

trolled by an auto-ignition regime in which a premixed charge of air and

fuel at a given equivalence ratio has the minimum temperature and pres-

sure to ignite. In SI or gasoline engine the air-fuel mixture is ignited by a

spark from a spark plug. In this case if the auto-ignition regime occurs it

will be the undesirable phenomenon called knock, that has a destructive

effect on SI engine. The knock consists in the onset of auto-ignition in

the unburned fuel-air mixture ahead of the propagating flame and limits

the increase in compression ratio and yields a broad range of fuels non

operational in gasoline engines [49].

After ignition either by reaching a minimummixture energy or a minimum

ignition energy by a source, two modes of combustion can be distinguished
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4 General introduction

following the level of mixing of fuel, air and residual gas in the cylinder.

A first combustion mode is a premixed propagation flame that arises after

ignition in a gasoline engine or in a rapid compression machine because

the air and fuel are usually mixed together in the intake system before

entering the cylinder using a carburetor or fuel injection system.

The second combustion mode is the non-premixed flame that can be found

in Diesel engines where the fuel is injected into the engine cylinders lead-

ing to an imperfect mixing in the system. Molecular mixing brings reac-

tants in contact within thin reaction zones and will control the combus-

tion.

To understand these combustion modes, the interaction between the flow

dynamics and the chemical phenomena which take place during fuel com-

bustion is required. The most accurate chemical description available

is the detailed chemistry approach that can provide information on the

chemical polluting species. A description of chemistry requires to take

into account several hundreds of species and thousands of reactions. Never-

theless, such complex mechanism takes an excessive computing time for

the numerical simulations as one balance equation is resolved for each

species.

In practice, for the majority of the chemical kinetic combustion models

existing today, chemistry is reduced to one or several reaction. This leads

to a lack of information on the chemical composition.

Tabulated-chemistry method proposes to create a database from elemen-

tary configurations of combustion obtained using detailed chemistry. This

table will include all needed information on chemistry, allowing a precise

description of chemistry and also a substantial profit in computational

resources. The tabulated-chemistry approaches rely on a progress vari-

able whose role is to follow the evolution of the chemical species along

trajectories in the composition spaces.

The tabulated-chemistry approach preserves the main chemistry charac-

teristics under industrial computational time restrictions. Since 1990’s

this approach was successfully used for the chemistry of hydrocarbons,

initially for laminar reactive flows [28, 33, 34, 38, 65, 82, 83] and then cou-

pled with turbulent combustion models. As an example the 3-Zones

Extended Coherent Flame Model EMCF3Z [14] approach or statistical

models [34] were successfully used in ICE turbulent reactive flows mod-
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General introduction 5

eling [15, 48, 59, 67] by using a Reynolds Average Navier-Stokes (RANS)

approach.

Large Eddy Simulation (LES) is now available for industrial application.

Enaux and al. [29] performed a cycle-to-cycle LES simulation of a spark

ignition engine, including the intake and the exhaust plenum. The draw-

back of this simulation is the use of a two-step chemistry for the propane

fuel considered.

In the present PhD work, our main goal will be to implement the engine-

adapted tabulated-chemistry methodology to a variable volume LES of

reactive flow. For that, the technique is coupled with the AV BP LES

compressible solver [1] following the Tabulated Thermo Chemistry (TTC)

formalism, proposed by Vicquelin et al. in [85]. The tabulated chemistry

model will be tested on an unsteady combustion configuration with vari-

able volume.

Organisation

This work is organized as follows.

The first chapter will highlight the need of the use of detailed chemistry in

order to predict auto-ignition process and pollutants emission. Then an

overall view of the reduction techniques for the detailed chemical kinetics

that can be used in ICE’s applications is given. The classical chem-

ical reduction methodologies such as quasi-steady state approximation

QSSA for some intermediate species and radicals and partial equilib-

rium assumption PEA for particular reactions will be introduced. Then

a mathematical formalism, called Intrinsic Low Dimensional Manifold

ILDM , that is able to find the best reduction of a detailed chemical ki-

netic mechanism will be discussed. This approach cannot be directly used

for ICE reference fuels but it is behind the Flame Prolongation of ILDM

(FPI) [38] or similarly Flamelet Generated Manifolds (FGM) [83] that is

afterwards described in more detail as it is further-on used in this work.

Information about Tabulated Kinetics for Auto-ignition (TKI) [20] is

given, being a model largely used for the prediction of a auto-ignition

delay in ICE.
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6 General introduction

The second chapter introduces a FPI approach for chemistry tabulation

method adapted to internal combustion engine simulations from the on-

set of auto-ignition up to the end of the expansion stroke. The choice

of the primary reference fuel and of the corresponding chemical kinetic

mechanism will be argued for an accurate ignition delay prediction. Then

the tabulation methodology, including the choice of the controlling vari-

ables, in the engine context is presented. In order to obtain low-size

thermo-chemical tables, the discretization requirements benchmarks will

be defined for each retained dimension. The chapter is ended by 0 ´ D

variable volume computations.

The third chapter is devoted to the coupling of the engine-adapted thermo-

chemical table with a fully compressible Large Eddy Simulation solver.

In the first part of the chapter the coupling between the Navier-Stokes

equations with tabulated chemistry will be addressed, underlying the un-

closed terms that are recovered from the thermo-chemical table. Then

the equations are written in the Favre formalism used in LES technique.

The fourth chapter presents the coupling validation tests that support

the accurate connection between the engine-adapted thermo-chemical ta-

ble and a compressible LES solver. The compressible behavior of the

code is analyzed when acoustic or entropic waves cross the computational

domain. The second class of tests are constant vo-lume and variable vol-

ume homogenous computations that aim at validating the discretization

benchmark of the thermo-chemical table.

The fifth chapter presents a simulation performed with the tabulated

chemistry approach on a 3-D rapid compression machine. The capacity

of the approach to account for thermal stratification inside the domain

and for thermal heat losses will be highlighted.

The manuscript will be ended with final conclusions and prospects.
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Chemical kinetics tabulation
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Chapter 1

Chemical kinetics tabulation

techniques

The main motivation of the present chapter is to highlight the im-

portance of the use of detailed chemical kinetics in computational

simulations of ICEs for an accurate prediction of the auto-ignition

delays and pollutants emissions. The second objective is to review

the main techniques that allow to incorporate realistic fuels in ICE

computations. The tabulation technique is afterwards outlined, be-

ing well adapted to large-scale simulations, demanding low CPU

time and having an accurate chemical species and auto-ignition de-

lay feedback.

1.1 Introduction

In the last decades, the main target in combustion research has been

to decrease the pollutant emissions. Indeed, this process, besides heat,

generates unwanted products, with direct impact on human health and on

the environment, such as carbon monoxide, nitrogen oxides or unburned

hydrocarbons. Due to an increased awareness of the ecological impact of

these pollutants, restrictive emission regulations are imposed to the car

industry.
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10 Part I - Chemical kinetics tabulation

The engine manufactures need to acquire comprehensive knowledge of the

physical and chemical phenomena taking place inside combustion cham-

bers. As the interest is focused on the auto-ignition delays and pollutants

chemistry, the computational simulation of ICE requires complete chem-

ical kinetic description.

1.2 Kinetics of chemical reactions

The particularity of a reacting flow is the reorganization that takes place

between its molecular constituents. If the initial molecules knock against

each other or to a solid object, then they are close enough to enable the

valence electrons to rearrange and this allows the transformation into new

chemical species. Notice that the probability for a molecule to find itself

in the cross section of two other colliding molecules is extremely low.

Consequently, a sequence of only two or three body elementary reactions

will take place until the maximum entropy is reached, and the global

reaction products are formed.

An example of n-heptane-air kinetic mechanism is given in Appendix A.

The scheme comprises initiation, chain branching and termination sets of

elementary reactions.

Auto-ignition process is controlled by the production of the initial rad-

icals. Therefore, only the detailed chemistry can provide knowledge on

the auto-ignition delays characteristics and pollutants formation.

Two examples illustrate the strong influence of the chemical pathway on

the auto-ignition phenomenon.

• H2 ´ O2 pressure-auto-ignition temperature Z-shaped curve, see

Fig. 1.1 from [55], cannot be explained without the intricacies of

the chemical kinetics.

Indeed, at low pressure the reaction is driven by a direct chain

branching reaction:
9H `O2 Ñ 9O. `H 9O

When increasing the pressure, the frequency of the collision is in-

creased and a propagative reaction transforms the hydrogen radicals

in a more stable hydroperoxyde radical slowing down the overall re-

action rate:
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Chap. 1 - Chemical kinetics tabulation techniques 11

9H `O2 `M˚ Ñ HO 9O `M˚

With further increase in pressure, the hydroperoxyde radical is des-

troyed:

HO 9O `H2 Ñ H2O2 ` 9H

A degenerate branching chain will finally trigger the reaction:

H2O2 `M˚ Ñ 2H 9O `M˚

Figure 1.1 : Schematic of the three auto-ignition limits of H2/air mixture [55]

• CxHy ´ O2 pressure-auto-ignition temperature often show a more

complex shape, giving rise to a cool flame which is a partial oxi-

dation phenomenon and a main flame. The detailed kinetics show

different preferential reaction pathways for the two regimes, see also

chapter 2.

Thus the combustion process is a complex succession of consecutive and

competitive elementary reactions, englobed in the kinetic mechanism ex-

pressed in an abstract form by the equation 1.1.
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12 Part I - Chemical kinetics tabulation

Nspÿ

k“1

ν
1

k,iχk é
Nspÿ

k“1

ν
2

k,iχk i “ 1, ..., Nr (1.1)

where νk,i “ ν
2

k,i ´ ν
1

k,i is the stoichiometric coefficient for one of the k
th

chemical species χk, interacting in the i
th reaction of the Nr reactions

mechanism.

In order to describe the chemical processes to some specified level of ac-

curacy, the kinetic model for a particular reaction should contain a large

number of species Nsp and elementary reactions Nr. The species are

non-monotonic and non-linearly coupled throughout the kinetic mecha-

nism 1.1 and render their simulation computationally stiff [55].

To understand the fundamental elementary step chemistry means to have

access to the total source therm 9ωk of each species χk:

9ωk “ Wk

Nrÿ

i“1

νk,iri (1.2)

where νk,i is the stoichiometric coefficient which counts the number of

species χk involved in a specific reaction i of a rate ri.

The reaction rate reads:

ri “ kfi

Nspź

k“1

rχksν
1

k,i ´ kri

Nspź

k“1

rχksν
2

k,i (1.3)

Obviously, each species concentration rχks will directly impact on the
reaction rate according to its own stoichiometric coefficient.

The forward kfi and the reverse kri reaction rate coefficients stand for

the probability that the two or three bodies collide and that they have

enough energy to be transformed to other entities. The energy needed for

an elementary reaction to take place is called activation energy Ea.

The dependency of the chemical reaction dynamics on the frequency of

the collision between molecules, radicals and walls is expressed by the

preexponential factors A and β and their total energetic contribution in

the process is usually expressed by the modified Arrhenius equation:
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rf “ AT βe´
Ea
RT (1.4)

Note that the reverse rate is more easily and more precisely obtained

from the forward rate and the equilibrium constant Keq by means of

thermodynamic properties.

rr “
Keqpp, T q

kf
(1.5)

Considering a complete kinetic mechanism, one is able to track precisely

the species time evolution by solving the conservation equations for each

chemical species in the kinetic mechanism along with the classical Navier-

Stokes equation for a non-reactive flow. Typically for auto-ignition at

constant pressure, for instance, one should resolve Nsp coupled equations

of the form:

BρYk
Bt “ 9ωk, k “ 1, ..., Nsp (1.6)

1.3 Reduction methodologies

For a ICE primary reference fuel, the kinetic mechanism is typically

composed of hundreds of species and thousands of elementary reactions

making them impossible to be processed within reasonable time in a 3-D

reactive flow configuration (see Appendix A for example).

The CPU expense is due to the high number of species balance equa-

tion to be solved and to the stiffness of the chemical reaction terms.

Some additional time is spent for the chemical rates evaluation and for

the inter-process communications for high performance computations but

they are asymptotically inexpensive being linear functions of the number

of species [55].

Therefore, alternative strategies need to be used in order to perform 3-D

engine simulations with the today limitation of the computational power.

In this chapter, different models that have been proposed to take into

account the complexity of the combustion chemical kinetics, will be dis-

cussed. The first approach proposed was to do a chemical analysis reduc-

tion. Then, in the 901s, the Intrinsic Low Dimensional Manifold (ILDM)
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14 Part I - Chemical kinetics tabulation

method was developed to mathematically identify the slow scales of the

reactive system. To overcome the ILDM limitations in low temperature

regions, tabulation methodologies, identifying the manifolds by elemen-

tary configurations of the reactive system, were largely used afterward.

1.3.1 Chemical analysis reduction

The aim is to lump the detailed chemical-kinetics as to become a manage-

able size kinetics by eliminating unimportant species and reactions. In

the chemical approach ad-hoc approximations are introduced , usually:

• quasi-steady state approximation QSSA for some interme-

diate species and radicals. The non-trivial task is to identify

species which react on very short time scales and therefore instanta-

neously equilibrate with respect to slower species. The QSS species

concentration will be accessed from an algebraic expression by set-

ting the net rate of production to zero [45].

• partial equilibrium assumption PEA for particular reac-

tions, assumed to have equal forward and reverse reaction rates

|kforward| “ |kreverse|. Consequently, the rate in the direction of this

specific reaction vectors is forced to vanish.

Although the resulting scheme becomes far more compact, the lumped

rate parameters derived in this way are numerically to avoid as they are

nonlinear functions of the original rate parameters.

In addition, the range of the thermo-chemical parameters validity (pres-

sure, temperature, equivalence ratio) is very limited and the assumption

may be improper outside this domain. In addition, it is difficult to ap-

ply to complex reaction sequences, such as the development of the first

stage of the two stage ignition occurring in the alkane’s low temperature

regime.

Being aware of the approach shortcoming, one must admit its benefits:

a speed-up factor up to 500 when compared to the full schemes for n-

heptan [45] and the possibility to identify the main reaction pathways

and rate controlling steps.

The QSSA and PEA reduction benchmark for CH4 can be found in [45].
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1.3.2 Intrinsic Low Dimensional Manifold ILDM

The idea behind the paper of Mass and Pope [56] is to find a general

mathematical procedure for simplifying chemical kinetics without requir-

ing an expert knowledge of chemistry, especially knowing which species

are in a QSS or which reactions are in a PE.

A time scale analysis of the processes governing a gas-phase chemical

reaction leads to the conclusion that the chemical reaction scatters a

wide range of time scales from 10´9 to 102 s, whereas the physics (flow,

molecular transport, turbulence) will take place during a smaller range of

10´5 to 10´2 s.

The system dynamics with a wide range of time scales have the intrinsic

property of convecting to an attractive invariant manifold [56]. If the

fast scales, which are those responsible for the equilibration processes

(PEA and QSSA) are neglected, then the degrees of freedom (number

of variables of the system) for the state of the system are reduced. The

purpose is to identify the slow manifold by neglecting the fast time scales.

A mathematical formalism allows the separation of the fast and slow

time scales (see figure 1.2) and consequently finds the attractive hyper-

surface in the composition space. The method is based on an eigenvector-

eigenvalues analysis of the Jacobian matrix of the governing equation

system.

Under homogeneous, isobaric and adiabatic hypothesis the reacting sys-

tem state is described by the set of ordinary differential:

dφ

dt
“ F pφq, φpt “ 0q “ φ0 (1.7)

where F pφq is the reaction rate vector. For testing the stability of the

dynamic system, the response to a perturbation with respect to a reference

composition φ0 is studied.

dpφ´ φ0q
dt

“ F pφ0q ` BFBφ pφ´ φ
0q (1.8)

with J “ BF
Bφ

the Jacobian matrix, diagonalizable around φ0. The system

can be written in a diagonalized form:

dφ1

dt
“ F 1pφ01q ` Λpφ1 ´ φ01q (1.9)
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16 Part I - Chemical kinetics tabulation

YA

YB

FAST chemical process

SLOW chemical process 

� attracting curve

Thermodynamic 

equilibrium

Figure 1.2 : ILDM fast and slow time scales representation of a reacting

mixture in the mass fraction space (YA, YB); the rapid chemical processes (red

lines) relax to the 1-D low dimensional manifold (greed line) that leads to the

thermodynamic equilibrium (blue dot) [38].

where Λ is the diagonalized matrix composed of the eigenvalues λi, which

are in fact the characteristic chemical time scales inverses.

τi “
1

}λi}
(1.10)

The eigenvalue can give the following information about the system:

• if }λi} ă 0, then the magnitude of the perturbation will decrease,

the system will fast relax to the equilibrium; the great majority of

the eigenvalues have this attractive behavior;

• if }λi} “ 0, then the perturbation remains unchanged, the eigenvec-

tors can be expressed as linear combination of the element vectors,

these are the invariants of the chemical system.

• if }λi} ă 0, then the perturbation increases, the system continue to

evolve, fortunately only very few eigenvalues have this behavior.
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Mass and Pope were able to identify a subspace of the composition space

where the system is "in equilibrium" with respect to its smallest eigenvec-

tor, consequently to its fastest time scales. Thus a subspace in which all

movements correspond to slow time scales, called low dimensional mani-

fold, is found and can be used to simplify the description of complicated

chemical kinetics.

In the high temperature regions a two or three-dimensional manifold is

established by a fast relaxation process. For low temperature regions,

as the chemical time scales are of the same order of magnitude, more

variables are necessary in order to define an ILDM [17]. This restricts

the use of this mathematical reduction technique for higher hydrocarbon

mechanisms as it can not represent the variations in auto-ignition delay

over the wide range of temperatures found in an IC engine.

Even if, the use of the ILDM approach for the simulation of ICEs re-

mains a critical issue, it gave a mathematical proof to the tabulated chem-

istry in function of a reduced number of variables.
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18 Part I - Chemical kinetics tabulation

1.3.3 Tabulated Chemistry from combustion elements

The chemistry characteristics are essential for the reactive flow simula-

tions. Despite the existence of computer systems approaching the teraflops-

region, numerical simulation of reactive mixtures for such industrial con-

figurations can not follow the continuous evolution of the large number

of chemical species. As mentioned above, the ILDM tabulation method

cannot cover low temperature reaction zones because of very small time

scales.

Early studies of Peters [68] and then Bradley et al. [10] proposed to iden-

tify the chemical subspace by elementary configurations of the reactive

flow. Based on this strategy, the tabulated chemistry approach proposes

to respond to a particular physico-chemical phenomenon by using adapted

tables build-up from representative combustion elements:

• If the leading phenomenon is the flame propagation throughout a

premixed or partially-premixed mixture, then a collection of 1-D

premixed flames is to be used for the database construction. This

particular tabulated-chemistry approach is called Flame Prolon-

gation of Intrinsic Low-Dimensional Manifolds (FPI) or Flamelet

Generated Manifold (FGM).

• If the diffusion across iso-mixture fractions is important, the chem-

ical trajectories are correctly reproduced by diffusion flames.

• If the accurate prediction of the auto-ignition is mandatory, like in

Diesel engines, then the thermo-chemical table gathers 0-D reactors

computations that cover the conditions swept by the piston.

• If various phenomena are describing the reactive flow as auto-ignition,

laminar or turbulent premixed flame kernel [86], diffusion flames [77],

then complex flames should be used to build the thermo-chemical

tables.

Subsequently, the tabulated chemistry will be discussed in terms of ta-

ble’s coordinates, the generation or the coupling to a compressible flow.

This section also aims to draw attention to the auto-ignition phenomenon

under a tabulated chemistry approach.

Exhaustive description of the tabulated chemistry approach is given by

Fiorina in [32].
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1.3.3.1 Flame Prolongation of Intrinsic low dimensional mani-

fold (FPI) or Flame Generated Manifold (FGM)

The chemistry tabulation techniques as FPI [6,34,36,38,58,59] or FGM [7,

61,64,82] seem to be a very advantageous approach as they allow tracking

the chemical species evolution at a low CPU time.

The aim of the two similar approaches FPI and FGM is to describe

the mixture’s chemical evolution from fresh gases to burned products

by a single progress variable. A transport equation is solved for the

progress variable associated with the recovery of the mass fractions or

the reaction rates from a look-up table. Relating the chemical quantities

to the progress variable avoids solving expensive differential equations for

each chemical species.

The premixed and partially-premixed regions in a complex geometry con-

figuration can be approximated by a collection of 1-D laminar premixed

flames computed using detailed chemistry [38]:

ρ
BYk
Bt ` ρu

BYk
Bx “ ´ BBxpρYkVkq ` 9ωk, k “ 1, ..., Nsp (1.11)

where ρ is the mass density, Yk the kth species mass fraction, u is the

velocity vector of the gas mixture, Vk is the diffusion velocity of the k

species and 9ωk is the k
th species reaction rate.

ρCp
BT
Bt ` ρuCp

BT
Bx “

B
Bxpλ

BT
Bx q `

Nspÿ

k“1

hk 9ωk (1.12)

where T is the temperature, λ is the conduction coefficient and hk the k
th

species enthalpy.

A thermo-chemical table is built by solving a set of equations 1.11 and

1.12 for all the thermodynamic parameters (initial temperature, pressure)

characterizing a premixed flame in an industrial configuration.

Then, during the simulation, the detailed chemistry is replaced by a sin-

gle progress variable transport equation 1.13 describing all the possible

chemical trajectories of the reacting flow.

BρYc
Bt `∇pρ ~u Ycq “ ∇pρ D ∇Ycq ` 9ωYc (1.13)
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20 Part I - Chemical kinetics tabulation

Unclosed terms, like the progress variable source term is obtained by

reading inside the table 9ωYc “ 9ωFPIYc
.

Under FPI approach a single progress variable is chosen to describe the

chemical system.

To describe the dynamics of all intermediate chemical species, the progress

variable is defined as a linear combination of a few chemical species [38],

eq. 1.14. The choice of the species and their coefficients is critical to

accuratey cover the entire chemical evolution and to avoid a refined dis-

cretization of the table in the progress variable direction.

Yc “
Nÿ

l“1

αlYl (1.14)

where αl is the l
th species coefficient, N ď Nsp number of chosen species,

Yl a chosen species for the progress variable definition.

For hydrocarbon combustion, a possible definition is based on the carbon

monoxide and carbon dioxide mass fraction [33]. For auto-ignition, the

fuel mass fraction is also considered in order to cover the low-temperature

region [28]:

Yc “ YCO ` YCO2
´ YFuel (1.15)

Typically a normalization is performed so that c “ 0 in the fresh gases

and c “ 1 in fully burnt ones. The normalization allows a statistical

independency between the progress variables and other variables like the

mixture fraction bringing simplifications in probability density function

approaches used in turbulent combustion modeling [35].

Yc “
YCO ` YCO2

´ YFuel
Y
eq
CO ` Y eq

CO2
´ Y eq

Fuel

(1.16)

where Y eq stands for the equilibrium state of the species.

Initially capable of reproducing laminar flames [38], the FPI approach

was coupled with the presumed probability density function (PDF) to

perform modeling of premixed turbulent combustion [35].
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In applications with chemical composition heterogeneities, a quantity

called mixture fraction Z is conveniently defined in order to locally de-

scribe the fuel-air mixing [72]. The mixture fraction allows to examine

the flame structure inside the mixing region. At each given position and

time, a correspondence between the mixture fraction and the equivalence

ratio can be established. For example if nitrogen is considered a chem-

ically inactive species, the relation between the mixture fraction Z and

the equivalence ratio φ is the following:

Zpφq “ φp1´ YN2
q

s` p1´ YN2
qφ (1.17)

where s is the stoichiometric fuel/air mass ratio and YN2
is the nitrogen

mass fraction in the oxidizer stream.

A premixed flamelet approach was proposed by Gicquel [38]. In order to

take into account the local composition variations the thermo-chemical

tables are built for a given range of equivalence ratios using a set of 1-D

laminar premixed flames.

The mixture fraction at a given position and time is obtained by solving

the following transport equation:

BρZ
Bt `∇pρ ~u Zq “ ∇pρ D ∇Zq (1.18)

This technique was used to model a premixed turbulent flame diluted

by hot products at a different equivalence ratio. As premixed charac-

ter of the reactive layer is not altered, the chemistry can be tabulated

by premixed flamelets [35]. It had been proved [31] that the FPI pre-

mixed flamelet approach can be accurately applied to partially-premixed

flames if the fuel-oxidizer mixture equivalence ratio takes values within

the flammability limit. For rich fuel-oxidizer streams, diffusion across

iso-mixture fractious are important. Chemical trajectories deviate from

the premixed flamelet manifold. In regions where the chemistry is slower,

mainly when the equivalence ratios are outside the flammability limits,

the fluxes through isomixture fraction may compete and dominate the

flame response. In rich premixed flame in a counter-flow configuration

against air, Fiorina et al. [31] proposed to use an index approach to iden-

tify between premixed burning layers that are dominated by the chemical

reaction and diffusive burning layers that are sensitive to the strain rate

imposed to the flame.
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22 Part I - Chemical kinetics tabulation

1.3.3.2 Diffusion flames

The premixed flamelet tabulation misses a basic properties of rich par-

tially premixed and diffusion flames [34], the mass diffusion through

iso-equivalence ratios surfaces. The diffusion regions in complex geome-

try configurations should be perceived like a group of laminar diffusion

flames [59]. The time needed to generate one of the diffusion flamelets

using a reduced 59 species mechanism [80] is one week [59]. For engine

applications, thousands of flamelets are required to cover the tempera-

ture, pressure and equivalence ratio changes and consequently CPU time

limits the use of this approach.

1.3.3.3 Auto-ignition

1.3.3.3.1 Tabulated Kinetics for Ignition

To acquire knowledge and thus in order to be able to control the ignition

occurrence in internal combustion engines, auto-ignition models need to

be integrated in the 3-D CFD codes.

A manner to locally detect the ignition (as a function of the temperature

T , the pressure p, the equivalence ratio φ and of the fraction of dilution

gases EGR) is to transport [53] an intermediate species ỸI that will locally

detect the moment when the condition of auto-ignition are reached. For

example, under the assumption of a linear production of the intermediate

species in a homogeneous flow, the appearance of the precursor is dictated

by the equation 1.19.

dỸI

dt
“ 1

τHT
(1.19)

This equation says that the critical precursor value, usually unity, which

triggers the chemical oxidation reaction of the fuel is obtained from the

knowledge of the auto-ignition delay τHT . General expression can be

found in literature with more realistic non-linear production of the pre-

cursor [53] and also with convection and diffusion behaviour [54] but the

concept remains the same.

In a homogeneous mixture for a constant pressure or volume process, the

auto-ignition delay τHT is obtained by integrating the equation 1.19 bet-
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ween the initial time t=0 when ỸI “ 0 and the ignition time tignit when

ỸI “ 1, shown in the Fig. 1.3(a).

In a Homogeneous Charge Compression Ignition (HCCI) engine or in

a Rapid Compression Machine (RCM), the fuel and the intake air are

mixed and then compressed and heated. Thus the temperature of the

reactive mixture is continuously increasing and the auto-ignition delay

τHT ptq is progressively reduced during compression, in broad outline in

figure 1.3(c) and leading to a non-linear production of the fictitious inter-

mediate species, shown in the diagram 1.3(b).

For Diesel or HCCI engines empirical expressions for the auto-ignition de-

lay time were proposed conditioned by the properties of the fresh gases [21,

53, 76]. As an example, the relationship developed in [76] and presented

in equation 1.20 for the ignition delay time entails the air density ρ, the

air temperature T and the molar concentration of fuel Fuel, and oxygen,

O2.

τHT “ ApO2qαpFuelqβpρqγe
Ta
T (1.20)

Figure 1.4 is a plot of the ignition delay times and of the precursor for

an engine operating on compression ignition of homogeneous mixture of

Diesel fuel and air for a compression ratio of 8:1 and 50% EGR rate and

using the analytical relation 1.20.

Although the analytical relations are numerically advantageous, the con-

stants A, α, β, γ and the activation temperature Ta depend on engine

configuration and operating conditions, radically restricting their use.

An alternative is to use the Tabulated Kinetics for Ignition (TKI) [20]

model which proposes to calculate the local delay times by interpolation

inside an ignition delay database created a priori. Each delay time in

the database is calculated by constant pressure homogeneous reactors

performed for all pressures, fresh gases temperatures, equivalence ratios

and EGR possibly encountered in an engine. Thus by using TKI model

the tabulated delays are given by complex chemistry calculations. In

order to cover the cold flame regime with the TKI model, the tabulation

of the low temperature ignition delays τLT was initiated in [20] following

the same procedure as the one presented above for the high temperature

delays τHT and considering that 10% of the heat is released HRLT during
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(a) Constant volume ỸI
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0

1

ỸI

∫
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τHT

dt

start of 
ignition

start of 
compression

(b) Variable volume ỸI

τ
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tignt
tstart t

(c) Variable volume τHT

Figure 1.3 : Temporal evolution of a fictitious intermediate species mass frac-

tion and of the main ignition delay times
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Figure 1.4 : Temporal evolution of the main ignition delay times for a 8:1 CR

and 50% EGR HCCI engines [76].

the occurrence of a cool flame [20] or can be also tabulated by using

complex chemistry calculations [15].

After the precursor ỸI reaches the unity value, the fuel decomposition is

activated under a characteristic consumption time τc.

dỸF

dt
“ ´ 1

τc
(1.21)

In broad outline in figure 1.5 gives the evolution of the fuel mass fraction

in a variable volume homogeneous 0-D reactor under the TKI approach.

The TKI model was used for SI engines both RANS and LES [54] and

also CI engines, mainly RANS. It was conceived and mainly used in

the framework of Extended Coherent Flame Model 3-Zones ECFM3Z

or the LES version ECFM ´ LES combustion models [54] and allowed

prediction of auto-ignition in Diesel and gasoline engines.

A further development of the model [15] was proposed to replace the high
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ttignttstart

ỸF

Ỹ
u

F

˜
Y

b

F

dỸF

dt
= 0

dỸF

dt
= −

1

τc

ỸF

Figure 1.5 : Temporal evolution of the fuel mass fraction

temperature ignition delays by the tabulation of the progress variable

production rates 9̃ωc as a function of the thermodynamic conditions (T ,

p, φ, EGR) and discrete values of the progress variable c̃. Thus the

model evolves towards the more accurate chemical models presented in

the following section.

1.3.3.3.2 0-D reactors tabulation

Auto-ignition regions in complex geometry configuration are not mapped

by a flame but by a collection of auto-ignition of 0-D homogeneous reac-

tors but using the same methodology.

ρ
dYk

dt
“ 9ωk, k “ 1, ..., Nsp (1.22)

The chemical databases based on premixed or diffusion flames cannot

recall the auto-ignition since they do not take into account this phe-

nomenon. The idea to choose 0-D homogeneous reactor in the auto-

ignition case seems coherent [28]. However for ICE applications specific

difficulties appear and are discussed in the following.
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An adiabatic closed system is represented by the mass conservation of

each species, equation 1.22 together with the conservation of the total

energy. For the development of the thermo-chemical table, one can argue

wether the progress variable should evolve either at constant density and

internal energy (ρ, e) and thus solving the equation 1.23a or at constant

pressure and enthalpy (p, h) and thus using the equation 1.23b for the

0-D reactor computations.

Cv
dT

dt
“ ´1

ρ

Nspÿ

k“1

ek 9ωk (1.23a)

Cp
dT

dt
“ ´1

ρ

Nspÿ

k“1

hk 9ωk (1.23b)

The choice is obvious in the case of stationary combustors at constant

pressure then 0-D constant pressure reactors are used by solving the

equation 1.23b and if the auto-ignition would take place at constant vol-

ume and then 0-D constant volume reactors are suitable by solving equa-

tion 1.23a. However, for engine configuration, neither the pressure nor

the volume are constant. Indeed when writing the total energy conserva-

tion for an adiabatic, closed system undergoing a volume change in the

internal energy form, equation 1.24a, the temporal density evolution role

is underlined dρ

dt
and in the enthalpy form, equation 1.24b, the temporal

pressure evolution role is underlined dp

dt
.

Cv
dT

dt
“ ´1

ρ

Nspÿ

k“1

ek 9ωk `
p

ρ

dρ

dt
(1.24a)

Cp
dT

dt
“ ´1

ρ

Nspÿ

k“1

hk 9ωk `
1

ρ

dp

dt
(1.24b)

Embouazza [28] found that the combustion inside an engine depends more

on the pressure evolution than on the density evolution. This behavior

is shown in figure 1.6 from [28] which compares the reaction rate of the



✐

✐

“PhD_Tudorache” — 2013/1/11 — 13:19 — page 28 — #34
✐

✐

✐

✐

✐

✐

28 Part I - Chemical kinetics tabulation

progress variable as a function of the progress variable calculated by a

detailed chemical kinetics, with a tabulated chemistry approach with a

constant volume table, and a constant pressure table. Therefore, it is

more accurate to use thermo-chemical tables that assemble 0´D constant

volume reactor, equation 1.23a which supposes that the density change

has a minor influence on the chemistry kinetics and promotes the pressure

impact on the chemical kinetics.

Figure 1.6 : Evolution of the reaction rate in function of the progress variable:

detailed chemistry in full line, tabulated chemistry with constant volume table

in dashed line, tabulated chemistry with constant pressure table in dot-dashed

liner [28]

For this reason, Embouazza concluded in [28] that the chemistry manifold

for engine applications should be build from 0´D constant volume reac-

tors and parametrized by internal energy, density and progress variable

(e, ρ, Yc).

Colin et al. [67] used the tabulated chemistry with constant volume method-
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ology initiated by Embouazza [28] for ICE applications but parametrized

the table by the input pressure p, temperature T , equivalence ratio φ and

dilution EGR. This gave prominence to a limitation of the FPI [48]

for moving configurations. In fact, the 0-D reactors can go beyond the

physical reality in some regions of the expansion stroke.

This was highlighted by Colin et al. [67] in a simplified configuration

where the combustion takes place instantaneously at TDC and under the

assumption of an isentropic compression and expansion. The input table

temperature T FPI is given at any moment by the conservation of the total

energy at constant volume and thus at the end of the expansion T FPIf is

given by the relation 1.25 [48]:

T FPIf ´ T0 “ pTcom ´ Tigqp
T0

Tig
´ 1q (1.25)

where T0 is the initial temperature, Tig is the temperature at TDC before

ignition, Tcomb is the temperature after combustion.

Therefore, as T0 ! Tig the input temperature at the end of the expansion

T FPIf is lower than the initial temperature T0 and can become negative.

A possible way to overcome this limitation is the Variable Volume Tab-

ulated Homogeneous Chemistry (V V THC) approach, recently proposed

in [48]. The idea is to compute modified constant volume 0´D reactors

for the thermo-chemical table:

• before progress variable has reached a value Yc0 which occurs at

time t0, the volume of the reactor is kept constant 1.23a

• after progress variable has reached a value Yc0, a linear variation

in time of the volume is imposed and thus tabulating the term dρ

dt

of variable volume reactor equation 1.24a for a broad variation of

expansions defined by a constant 9V .

Finally the V V THC approach is parametrized by pP, T, φ, EGR, Yc, Yc0, 9V q
and has been combined with the ECFM3Z combustion model. The

drawback of this method is that it still needs mass fraction balance equa-

tion for the main species [67].
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1.3.3.4 Complex flames

1.3.3.4.1 Approximated Diffusion Flame (ADF )

Michel et al. [59] proposed an Approximated Diffusion Flame (ADF )

model for reproducing the auto-ignition of heterogeneous mixtures in

Diesel engines.

In this model, the tabulation is built from perfectly-stirred reactor cal-

culations instead of laminar diffusion flames calculation. It is obvious

that the diffusive effects on the chemical kinetics are lost and have to be

introduced a posteriori.

To do so, a diffusive term is added to the progress variable transport

equation 1.26.

BρYc
Bt “ 9ωYc ` χ

B2Yc
BZ2

(1.26)

The equation 1.26 is solved for all ranges of equivalence ratio and inte-

grated in order to obtain a corrected progress variable that is coupled

between all mixture fractions. This manipulation allows for the progress

variable at a given mixture to depend on the progress variable at all other

mixture fractions.

This approach accurately reproduces the cool and the main flame delays

for low-strained flames and underestimates the cool and the main flame

delay for higher strain rate flames mainly because the differential species

diffusion is not taken into account. An improvement is proposed by the

authors [59] based on a delay criterium, making of the ADF approach a

promising tool for predicting auto-ignition and chemical composition of

heterogeneous mixtures like the one found in Diesel engine.

1.3.3.4.2 Multidimensional Flamelet Manifolds (MFM)

The Multidimensional Flamelet Manifolds (MFM) model recently pro-

posed in [63] brings new perspective to the modeling of hybrid (premixed

and diffusion) combustion regimes. By making the hypothesis that the

species depends only on an advance variable and on the mixture fraction

YkpZ, cq the evolution of the system is rewritten in the composition space

and then equation to be solved is 1.27.

BYk
Bc 9ωc “ χZ

B2Yk
BZ2

` χc
B2Yk
Bc2 ` 2χZ,c

B2Yk
BZBc ` 9ωk (1.27)
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The main characteristics of a tabulated chemistry approach is that the lo-

cal variation of species composition and the reaction evolution can be cap-

tured from elementary combustion configurations and kept in a database

for the range of physical parameters which characterize one specific ap-

plication. A classification of the tabulated chemistry approaches in terms

of the combustion mode for which it was conceived was presented in this

section. In the following, the coupling of the tabulated approach with the

flow will be discussed.
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1.4 Coupling tabulated chemistry with com-

pressible solvers

A challenging task is to couple the thermo-chemical table with compres-

sible solvers. Depending on the particularity of the 3-D engine code

mainly, two strategies enable the use of the tabulated chemistry approach:

• only transport equation for the density, momentum, energy and

progress variable are solved; species mass fraction are then available

by interpolation inside the thermo-chemical database and do not

need to be transported by the solver.

In this case, the only reaction rate that is needed in the table is that

of the progress variable 9ωc. As for the temperature, if the thermo-

chemical table had been built at variable pressure, then it would be

straightforward deduced from an energy equation.

For a low Mach flow, an isobaric thermo-chemical table can also

be used, but a temperature correction needs to be applied to take

into account the compressible effects, as proposed by Vicquelin et

al. [85]. This option needs highly refined table and was mainly used

in compressible DNS solvers for simulating premixed flames [8].

In the present work we propose to couple a non-adiabatic table

with an LES compressible solver. It will be applied to a rapid

compression machine simulation in chapter 5.

• along with the transport equation for the density, momentum, en-

ergy and progress variable, main species transport equation still

need to be solved. In this case, the temperature is reconstructed

from the transported species mass fraction and energy. In this case

two approaches were proposed [58]:

– the reaction rate RR formulation for which the species reaction

rates 9ωi are directly read from a look-up table;

– the species mass fractionMF formulation for which the species

mass fraction Yi along with the reaction rate for the progress

variable 9ωc are tabulated; the species source terms 9ωi are re-

constructed to relax the transported mass fractions towards

the mass fraction values stored in the look-up table.
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The two approaches were compared in [58] and it was advocated to

use the MF formulation rather than the ill-posed RR formulation.

The MM tabulation formalism was coupled with a compressible

RANS code in [67] and successfully applied to a direct injection

Diesel engine.
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Chapter 2

Chemistry tabulation for ICE

applications

This chapter describes a tabulated chemistry approach adapted

to Diesel, Homogeneous Charge Compression Ignition (HCCI),

Partial Homogeneous Charge Compression Ignition (PHCCI) or

Rapid Compression Machine (RCM) combustion. The first part

discusses the choice of the surrogate fuel. Thereafter, a skeletal

mechanism suitable for ICE conditions is chosen as a compromise

between a low computational time for the chemical table generation

and an accurate ignition delay prediction. In order to describe the

chemical evolution of an auto-igniting homogeneous mixture sub-

mitted to a continuous volume change, a 3-D subspace is necessary,

having as coordinates: the progress variable and two thermodynam-

ical state variables. Both for physical and technical reasons the en-

ergy and the density have been preferred in this work. The thermo-

chemical table building methodology will be presented and the table’s

coordinates discretization benchmark will be defined. The tabulated

chemistry strategy is validated by 0-D variable volume simulations.
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2.1 Introduction

In order to describe chemical processes in ICEs with a high level of ac-

curacy, the kinetic model for a relevant practical fuel should contain hun-

dreds of species and thousands of reactions. For reasons exposed later on,

a 89-species, 387-reactions skeletal kinetic mechanism was employed. In

spite of TFLOPS performance in the parallel supercomputer arena, 3-D

simulations of ICE with such a complete chemistry description remain

out of reach. As CPU -time requirements are extremely stringent, tab-

ulated chemistry techniques have been developed to describe turbulent

combustion regimes [23,28,35,36,38,56,62,64]. Under this approach, the

thermo-chemical quantities are expressed as a function of a reduced set

of n variables. If n is sufficiently small compared to the number of the

chemical species Nsp involved in the reaction scheme, this hypothesis will

drastically reduce the number of balance equations to be solved, hence

simplifying turbulent combustion modeling. The aim of the present work

is to develop a chemistry tabulation method valid simultaneously in the

compression stroke, the reaction phase and the power stroke of an ICE.

First, the database construction is briefly presented and afterwards, a so-

lution to take into account the low energy regions of the power stroke is

proposed.

During the computation, the thermo-chemical table is stored on the local

memory of each processor. The table’s size becomes a significant issue,

therefore the minimum and the maximum range and the discretization

of each coordinate need to be optimized. For validation, variable volume

homogeneous auto-ignition simulations are presented, by employing both

a detailed reaction mechanism and a tabulated chemistry approach.

2.2 Primary reference fuel

To overcome uncertainties associated with the wide range of organic chem-

ical compounds constituents of the Diesel fuel, highlighted in Fig. 2.1 [70],

Primary Reference Fuels (PFR) are used in multi-dimensional CFD

models for simulating engine combustion. Unlike for gasoline engines,

in Diesel engines when the temperature and the pressure in the cylinder

reach appropriate levels, auto-ignition occurs without use of any spark.
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Figure 2.1 : Relative amounts of various chemical classes in Diesel fuel [70]

The time span between the moment when the mixture has reached the

ignition conditions and the sudden acceleration of reaction rate is referred

to as auto-ignition delay.

Normal heptane (n ´ C7H16) is a commonly-used surrogate component

to stand in for Diesel fuels [70]. The choice of this specific n-alkane is

supported by the following arguments:

• the ability to properly predict the auto-ignition delay,

• the cetane numbers are approximately 56 for n-heptane and Diesel

fuel,

• the good reproduction of the cool flame regime.

The oxidation reactions of n´ C7H16 start by a hydrogen atom abstrac-

tion from the carbonated fuel, see figure 2.2. Due to thermodynamical

considerations the hydrogen extraction is very likely performed either by

the hydroxyl radical 9OH or by the hydroperoxyl radical 9HO2, and less

probable by the oxygen molecule O2 because this initiation reaction is

highly endothermic.

Then, the alkyl radicals sink by choosing preferential kinetic path depend-

ing on the energy that the system is able to spend in order to activate a

specific pivotal reaction. This behavior can be observed for hydrocarbons
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Figure 2.2 : n´C7H16 primary oxidation reactions (full line: low temperature

reaction path, dashed line: high temperature reaction path)

which have above a certain number of carbon atoms, e.g. for n-heptane

or iso-octane:

• At high temperatures, the activation energy barrier of the β-scission

of the alkyl radicals is overcome and the more reactive smaller ole-

fines are formed and easily lead to products (follow the dashed line

path in the Fig. 2.2).

• At low/intermediate temperatures, i.e. below 900 K for n´C7H16,

the oxidation has a different kinetic path behavior. Indeed, the β-

scission of alkyl radicals is energetically disabled. The condition

for the reaction to take place is that the alkyl radicals undergo

two further O2 additions [18], forming a very unstable radical, the

hydroperoxy alkyleperoxy 9OOQOOH that breaks up to products

(follow the horizontal full line in the Fig. 2.2). In the time evolution

of an auto-igniting n´CxH2x`2|xě7 ´ air mixture at relatively low
temperatures this may appear as a double step phenomenon, called

cool flame and main flame, respectively.
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• At the transition between the two temperature regions a Negative

Temperature Coefficient NTC regime appears, where ignition delay

time increases when increasing initial temperature.

Notice also that the main auto-ignition is dictated by a chain branching

reaction, associated with the leading H2O2 molecule. Being relatively

stable at low temperature, the hydroperoxyde H2O2 accumulates as the

process develops. Once the temperature rises, the oxygen bound O ´ O

breaks producing the very reactive hydroxyl radicals 9OH that mark the

main ignition, by rapidly consuming the fuel by a propagative reaction.

2.3 Chemical kinetic mechanism

The kinetic mechanisms should be able to accurately reproduce the chem-

ical process for the particular application for which it has been developed

i.e. to provide a comprehensive representation of in-cylinder Diesel com-

bustion. As the table cannot outperform the prediction of the starting

kinetic mechanism, special precautions are to be made when selecting the

mechanism for the thermo-chemical table generation.

For this purpose a comparative assessment of a wide range of mechanism

for n-heptane primary reference fuel will be performed in this study. The

objective is to choose a mechanism valid at engine conditions, i.e. at

pressure above the atmospheric pressure covering both low-temperature

and high-temperature oxidations. Obviously, for efficiency in terms of

table generation time, a low species number mechanism would be better.

In the frame of this work, a comparative assessment of five n-heptane

kinetic mechanisms with 274, 256, 188, 89 and 53 species is done. As

observed by Law et al. [55], there is an almost linear correlation between

the number of species and the number of reactions with a factor of 5,

given roughly the number of reactions of the above mechanisms. The

exact values are summarized in Table 2.1. The mechanisms have been

selected between a broad range of mechanisms available in the literature

on the criterium of including both aforementioned regimes: high and

low/intermediate temperatures.

All the mechanisms chosen, except KUCRS, represent a reduced version

of the more detailed Curran’s mechanism with 561 species and 2539 ele-

mentary reactions, made available by Lawrence-Livermore National Labs
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Mechanism Species Reactions Ref

Golovitchev 53 53 281 [80]

KUCRS 274 274 919 [60]

LLNL 256 256 1369 [57]

LLNL 188 188 939 [89]

LLNL 89 89 387 [89]

Table 2.1 : Characteristics of the examined n-heptane kinetic mechanisms

(LLNL) [18]. The LLNL 256 and 188 species skeletal mechanisms were

derived with a two-stage directed relation graph (DRD) [89]. The 256-

species skeletal mechanism covers the range of equivalence ratios from

0.1 to 2.0, for temperatures between 600 K and 1800 K, and for pres-

sures from 0.5 atm to 60 atm. By applying a DRG-aided sensitivity

analysis (DRGASA) a 88-species skeletal mechanism was obtained [18].

All these skeletal mechanisms were demonstrated to mimic correctly the

performances of the detailed mechanism under HCCI conditions.

The Golovitchev mechanism is based on the major reaction paths and

sensitivity analysis which allow to eliminate the reactions with small con-

tributions [80]. It has been validated for relatively high pressures p “ 13.5

to 41 bar and equivalence ratios ranging from 0.5 to 3. Golovitchev mech-

anism was primarily developed and applied on auto-ignition modeling [80]

and [59].

In addition, a Knowledge-basing Utilities for Complex Reaction Systems

(KUCRS) mechanism with 274 species was also considered. KUCRS

mechanism was created by using the utility software library specialized

for the development of gas-phase chemical kinetic models of combustion

reaction systems [60].

All chosen mechanisms were originally developed and validated for both

low and high temperatures. They exhibit the characteristic NTC regime

as illustrated by figure 2.3(a). The semi-detailed LLNL mechanisms

give similar results, but they are in discrepancy with the KUCRS and

Golovitchev mechanisms which give faster delay times.

The difference between kinetic mechanisms is a common issue in the spe-

cialized literature and generally antagonistic results are obtained when

compared with different experimental sources: shock tubes, plug flow re-
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actors, jet stirred flow reactors or rapid compression machines. Founti et

al [51] tested various n-heptane mechanisms, by performing delay time

validation and temperature and species mass concentration validation.

The conclusion (see Table 3, page 3201 in [51]) was favorable to Curran’s

LLNL 561 species mechanism, which gives a good agreement for all tests

and for all experiments performed. This limited the selection to the semi-

detailed mechanism obtained from the detailed LLNL 561 species. As

shown in Fig. 2.3(b), the 256 and 188 mechanisms are at least 5 times

more CPU expensive than the 89-species LLNL mechanism with a similar

ignition delay prediction. Therefore the 89-species LLNL mechanism is a

good compromise for the thermo-chemical table generation used for the

rapid compression machine study in chapter 5.

Remark that, although the thermo-chemical table generation methodol-

ogy is regardless of the mechanism, the choice of the kinetics mechanism

is critical for the quality of the inclosed thermo-chemical information with

respect to a given application.

2.4 Verifying ignition delay predictions of the

89-species skeletal mechanism for n-heptane

This section focuses on the testing and validation of the ignition delay

prediction of the chosen 89-species skeletal mechanism over a wide range

of engine conditions.

A comparison of the measured main ignition delay times performed in

shock-tube by Ciezki [13] with 0-D isochoric simulations was done.

The auto-ignition delays appear to be affected by pressure, temperature,

fuel nature and mixture composition [21]. Shock-tube experiments are

suited to measure ICE ignition times below 15 ms as they do not feature

a slow temperature heat-up [43].

Ciezki [13] analyzed ignition delay times for undiluted n-heptane/air mix-

tures in the temperature range from 660 K through 1350 K, equivalence

ratios of 0.5 to 2 with air as oxidizer and pressures of 6.5 to 42 bar. Ig-

nition delay calculations are performed by using the REGATH package

developed at the EM2C laboratory, by the Numerical Combustion Group,

based on the CHEMKIN [50] formalism. An idealized closed homogeneous
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Figure 2.3 : Auto-ignition at constant volume for different chemical kinetics

mechanisms: a)Delay time, b)CPU time
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reactor model with a n-heptane 89-species skeletal mechanism was used.

The same test was performed by Curran [18] for the detailed LLNL 561-

species mechanism, allowing a cross comparison with the main reference

mechanism behavior.

Figure 2.4 shows a plot of ignition time versus 1000/temperature, for

various pressures and equivalence ratios. Figure 2.4(a) shows current

computations with the n-heptane 89-species skeletal mechanism against

Ciezki’s shock-tube experiments [13]. The figure 2.4(b) shows Curran’s

computations [18] with the n-heptane 561-species mechanism against the

same experiments.

The whole range of temperatures was swiped with temperature incre-

ments of 25 K. This covers ignition times over about four orders of

magnitude. The main ignition time criterium was based on a limit fuel

concentration. Although there are alternative criteria for the determi-

nation of ignition times, under the here investigated conditions, similar

values were obtained when compared with a temperature inflection point

criterium. Some trends in the influence of each parameter on the ignition

delay are:

• The influence of the mixture initial temperature. Being the time

required for the total radical concentration to reach a critical value,

the auto-ignition delay is expected to be inversely proportional to

the rate of the branching elementary reactions. This signifies that

the auto-ignition delay decreases by increasing initial temperature.

On the contrary, in the NTC region, due to the competition be-

tween the chain-termination and the chain branching reactions, the

evolution will be reversed. The comparison with the experimen-

tal data shows that the model generates consistent trends. The

NTC region, the differential characteristics between low and high

octane number fuels, is correctly predicted by both detailed and

semi-detailed mechanisms.

• The influence of the mixture initial pressure. The increase of pres-

sure restrains the temperature interval where the NTC region ex-

hibits. The shape of the left curves of 2.4(a) and 2.4(b) is almost

identical and in agreement with the experimental data. Thus the
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(a) Current work using skeletal n-heptane Curran Mechanism

(b) Detailed n-heptane Curran Mechanism [18]

Figure 2.4 : Auto-ignition delays under engine relevant conditions obtained

by Curran’s mechanism: a) Current work using skeletal n-heptane mechanism,

b) Curran’s computations using detailed mechanism [18]

skeletal mechanism is suitable for high pressure engine conditions.

• The influence of the mixture equivalence ratio. The impact of the

equivalence ratio is most pronounced in the NTC regime. For the

range of temperature considered, below 1350 K, the decrease of
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the equivalence ratio yields higher ignition delay times and a less

pronounced NTC behavior. The dependency on the equivalence

ratio is well represented by the simulation for lean and stoichiomet-

ric mixtures. The values slightly disagree for rich mixtures. Par-

ticularly, the 89-species skeletal mechanism indicates a more pro-

nounced NTC behavior compared to the experimental results as it

was originally developed and validated for lean mixtures.

In conclusion, the ignition delay of lean n-heptane mixtures at high and

low/ intermediate temperatures and high pressures can be accurately

modeled with the 89-species skeletal mechanism [89] and will be used

for the thermo-chemical table generation for internal combustion engine

applications.

2.5 The thermo-chemical table generation

methodology

In this section the thermo-chemical table building methodology for ICE

applications will be introduced. The tabulated thermo-chemistry ap-

proach assumes that ICE chemistry can be mapped by a collection of

0-D reactor computations. In order to describe the chemical evolution of

an auto-igniting homogeneous mixture submitted to a continuous volume

change, a 3-D subspace is necessary, having as coordinates: the progress

variable and two thermodynamical state variables.

For n-heptane oxidation, the following definition of the progress variable

(Eq. 2.1) enables to tackle initial fuel decomposition, the cool flame and

the main flame as suggested by [28]:

Yc “ YCO2
` YCO ´ YC7H16

(2.1)

The normalized progress variable reads:

c˚ “ YCO2
` YCO ´ YC7H16

` Y 0
C7H16

Y
eq
CO2

` Y eq
CO ´ Y eq

C7H16
` Y 0

C7H16

(2.2)

where Y eq and Y 0 correspond to the equilibrium and initial mass fractions

respectively.
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The associated progress variable reaction rate is defined as:

9ωYc “ 9ωCO2
` 9ωCO ´ 9ωC7H16

(2.3)

Because of work exchanges during the piston displacement, the configu-

ration of the engine causes changes in the energy (chemical plus sensible):

e “
ż T

T0

CvdT ´
RT0

W
`

Nspÿ

k“1

△h0f,kYk (2.4)

Similarly, as the system is closed during the ignition cycle of ICE, the

density ρ varies with time because of the combustion chamber volume

changes. The choice of these thermodynamical state variables ρ and e as

coordinates of the thermo-chemical database is argued in section 1.3.3.1.

Density and energy ranges covered by realistic engine computations are

rρ´, ρ`s and re´, e`s, ρ´ and ρ` are respectively the minimal and maxi-

mal densities, e´ and e` are the minimal and maximal energies encoun-

tered during the compression and power strokes, respectively. To build up

the database, a set of 0-D reactors at constant volume and constant en-

ergy is computed and then thermo-chemical parameters are tabulated as

a function of specified normalized coordinates (ρ˚, e˚, c˚) varying between

0 and 1 [28,47]. However, constant volume calculations cannot cover the

entire range of energy. Indeed, a minimal energy eai exists, below which

auto-ignition will not occur under realistic delay time. This point was

also mentioned by Colin et al. [47] who found that the energies during

the power stroke of an engine would become too low to be tabulated using

a constant volume reactor.

We aim at illustrating the fact that constant volume 0-D reactors can

not cover the entire behavior of a variable volume computation. For

this purpose, we plotted in Fig. 2.5 the temperature evolution during a

variable volume computation (in full line). On the same plot is shown

the input temperature T0 of a database (in dashed line) calculated by

resolving the internal energy epT0, Yk0q, see equation 2.4, in each point of

the variable volume computation. In order to obtain the temperature, the

input composition Yk0 is used as the real composition Yk is not available

during the table generation.

The following situations are identified:
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region a: the compression phase before the reaction occurs; the com-

position does not change drastically from the initial composition

Yka « Yk0, k “ 1, Nsp, thus an input temperature Ta0 parameter

can be obtained by resolving equation 2.4 and it will be close to the

variable volume computation temperature Ta0 « Ta

region b: the reaction occurs either at the end of compression or start

of the power stroke; the composition changes drastically from the

initial composition Ykb ‰ Yk0, k “ 1, Nsp, an input temperature Ta0
parameter can be obtained by resolving equation 2.4 but the value

is lower than the variable volume computation temperature Tb0 ‰
Tb because the chemical energy is overestimated

řNsp
k“1 △h

0
f,kYkb ăřNsp

k“1 △h
0
f,kYk0

region c: the reaction occurred and the internal energy decreases contin-

uously due to the descending motion of piston in the power stroke;

the composition is close to equilibrium at the given thermodyna-

mical condition pec, ρcq, Ykceq « Ykc ‰ Yk0, k “ 1, Nsp, an input

temperature Tc0 parameter still can be defined by resolving equa-

tion 2.4 also is very different from the variable volume computation

temperature Tc0 ‰ Tc

region d: the reaction occurred; the internal energy reached the limit eai
where the constant volume computations do not ignite under a real-

istic time considered in this work as 50 s; the composition is close to

equilibrium at the given thermodynamical condition ped, ρdq, Ykdeq «
Ykd ‰ Yk0, k “ 1, Nsp; the input temperature Td0 parameter has un-

physical low value (even negative value).

If the evolution during the region a, b and c can be tabulated from con-

stant volume computations (examples are given in the low part of the

Fig. 2.5), they cannot cover the low part of the power stroke, region d.

A methodology to tabulate the chemistry over the whole range of energy

re´, e`s is proposed. A thermo-chemical table made of 0-D constant

volume reactors is first computed over the range rρ´, ρ`s and reai, e`s by
solving the following set of equations:
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Figure 2.5 : Temporal evolution of the temperature in an engine (full line) of

the input temperature of the thermo-chemical table (dashed line); examples of

0-D constant volume reactor used for the thermo-chemical table.

$
’&
’%

ρ
dYk

dt
“ 9ωk, k “ 1, ..., Nsp

de

dt
“ 0

(2.5)

The grey region of the Fig. 2.6 represents the 2-D projection on the nor-

malized (c, e) subspace. As the carbon chemistry characteristic time is

very fast („ 10´9s) compared to the piston motion (1 degree of crank

angle is covered in „ 10´4s at 1500 rpm) the composition state is in prac-

tice very close to thermodynamic equilibrium during the power stroke.
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Figure 2.6 : Grey region: 2-D projection in (c, e) subspace of the thermo-

chemical . Symbols: trajectories accessed by 0-D variable volume computations.

Therefore it can be assumed that the gas state below eai is either the

fresh mixture or the equilibrium. In fact, intermediate states (0 ă c ă 1)

are never accessed for e ă eai in realistic engines. These limits are rep-

resented by the bold horizontal grey lines defined by c “ 1 and c “ 0.

Trajectories in (c, e) subspace followed by variable volume computations

are plotted in Fig. 2.6. It shows that for e ă eai, the domain between

0 ă c ă 1 is never accessed by the variable volume chemical trajectories.
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2.6 Thermo-chemical table discretization bench-

mark for auto-ignition delay prediction

In order to reduce the thermo-chemical table size, an optimization of the

coordinates discretization step is required. The discretization require-

ments of each of the database coordinates will be defined with respect to

an accurate estimation of the delay time and of the temperature and the

carbon monoxide CO species mass fraction evolution.

2.6.1 Energy discretization step

As the database was conceived for a discrete set of energy points, an

error ǫψp∆eq is introduced for a thermo-chemical variable ψ calculated by

interpolation in the table, as depicted in Fig.2.7.

e
j

e
j+1

e
j−1

e
−

e
+

∆e

e
tab  = e

cc

ǫψ(∆e)  = 0

ρ
−

ρ
+

ρ
k+1

ρ
k−1

ρ
k

∆ρ

ρ
tab
= ρ

cc

ǫψ(∆ρ) = 0

Figure 2.7 : Interpolation error on a thermo-chemical variable ψ within the

range of a discrete set of known energy points (ecc, ρcc -complex chemistry

energy,density; etab, ρtab - tabulated chemistry energy, density; ǫψp∆eq, ǫψp∆ρq

- interpolation error induced by the energy, density discretization related the

thermo-chemical variable ψ)

The foremost feature of the table is to have low linear interpolation er-

rors ǫψp∆eq so as to not create gaps in the ignition-delay estimation. The
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objective is to find the discretization step in the energy coordinate ∆e

that will guarantee enough low interpolation errors. In order to not in-

terfere with the errors due to the interpolation in the density space, a

discrete value of density is considered ρk “ ρtab “ ρcc. Likewise, a low

discretization step in the progress variable coordinate was generally used.

To estimate the optimum energy step ∆e, thermo-chemical tables with

increasing energy discretization steps were build. The tables were con-

ceived for a lean 79% CO2 and N2 diluted mixture. The energy steps,

constant during each table generation (20 thermo-chemical databases in

total), are given in Table 2.2 together with the corresponding initial tem-

perature steps ∆T . Two cases were considered: a high initial temperature

case where only the main ignition occurs and a low initial temperature

case where both cool and main flame appear.

∆e rkJ{kgs ∆T rKs for ρ “ 4.5 kg{m3 ∆T rKs for ρ “ 5.73 kg{m3

11 10 11

22 21 22

33 31 33

44 42 45

55 52 56

66 62 68

77 73 79

88 84 91

99 94 102

110 105 114

Table 2.2 : Energy and initial temperature steps in the thermo-chemical tables

for high initial temperature case (ρ “ 4.5 kg{m3) and low initial temperature

case (ρ “ 5.73 kg{m3)

The different energy step discretization ∆e tables were tested on con-

stant volume computations performed with an initial energy situated in-

between two discrete known energy points of the table rej, ej`1s and a

density corresponding to a discrete value in the database , see Fig. 2.7.

Simulations were performed by using the REGATH 0´D code to solve

the system of equations 2.6 in idealized homogeneous reactor conditions
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with the 89-species skeletal mechanism. For the tabulated chemistry ap-

proach, a specific solver was developed for the system of equations 2.7.

Chemical kinetic mechanism

$
’’’’’&
’’’’’%

dρ

dt
“ 0

ρ
dYk

dt
“ 9ωk, k “ 1, ..., Nsp

de

dt
“ 0

(2.6)

Tabulated chemistry approach

$
’’’’’&
’’’’’%

dρ

dt
“ 0

ρ
dYc

dt
“ 9ωtabYc

de

dt
“ 0

(2.7)

The progress variable reaction rate 9ωtabYc in eq. 2.7 is found by linear in-

terpolation in the database.Therefore it will be affected by the error that

is introduced due to the energy discretization step ǫ 9ωYc
p∆eq.

Figure 2.8 shows the temporal evolution of the temperature and of the CO

mass fraction using tabulated chemistry with different thermo-chemical

table discretization in terms of energy steps (or the corresponding tem-

perature steps given in Table 2.2.)

On the same figure, the detailed chemistry results are given in full line.

This highlights the importance of the table discretization in terms of

energy for an accurate prediction of the auto-ignition delay:

• The main ignition delay, see Fig. 2.8(a), is very sensitive to en-

ergy discretization, thus errors in the energy values created by the

1st order interpolation in the table impact the auto-ignition delay

estimation.

• It seems that the pre-ignition delay times, see Fig. 2.8(b), are less

sensitive to the precision in energy than the main ignition delays.

This is consistent to the fact that in Curran’s 561-species mecha-

nism, the activation energy for the O2 additions to the alkyl radi-

cals is taken equal to zero [18]. This explains the low temperature

pathway independency on the errors on temperature value due to

interpolation in the thermo-chemical table.
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Figure 2.8 : Table discretization in the energy (temperature) coordinate:

11 KJ/kg step, 44KJ/kg step, 88KJ/kg step, 110 KJ/kg step

An overview of the performances of each thermo-chemical table is given

in Fig. 2.9. At high temperature, beyond a certain energy discretiza-

tion step, around 80 kJ{kg, the error on the ignition delay increases very

rapidly. For a NTC regime flame, the main ignition-delay error increases
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almost linear with the energy discretization step. For a delay time esti-

mation error below 5% between the estimated tabulated delay and the

detailed chemistry delay, the discretization in temperature should be be-

low 20 J .

discretization ∆e (
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Figure 2.9 : Auto-ignition delay error as a function of the energy discretization

of the thermo-chemical table: filled circle-the main ignition delay of a high

temperature flame; empty circle-the main ignition delay of a NTC regime flame
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2.6.2 Density discretization step

The objective of this section is to identify the density discretization step

required for the thermo-chemical table. Twelve thermo-chemical tables

with various values in density step from 0.76 kg{m3 to 2.83 kg{m3 were

considered in this study, see Table 2.3.

∆ρ ∆p for Ti “ 939, 67 ∆p for Ti “ 738, 84

0.76 kg{m3 0.95 bar 0.75 bar

0.94 kg{m3 1.90 bar 1.50 bar

1.41 kg{m3 2.85 bar 2.25 bar

1.89 kg{m3 3.80 bar 3.00 bar

2.36 kg{m3 4.75 bar 3.75 bar

2.83 kg{m3 10.45 bar 8.25 bar

Table 2.3 : Density and pressure steps in the thermo-chemical tables for high

initial temperature case (Ti “ 939, 67) and low initial temperature case (Ti “

738, 84)

In order to eliminate errors due to energy discretization, the energy for

which the constant volume computations were performed was a discrete

value of the database as depicted in Fig. 2.10. The density was situated

in-between two discrete values of the thermo-chemical table, therefore the

thermo-chemical variables are subject to linear interpolation errors in the

density space. In order to minimize possible errors due to the progress

variable interpolation, a low discretization step in the progress variable

coordinate was generally used.

Constant volume computations were performed by solving the equations 2.6

and 2.7.

Figure 2.11 shows the temporal evolution of the temperature and of

the CO mass fraction using tabulated chemistry with different thermo-

chemical table discretizations in terms of density (symbols in figures) and

compared with the detailed chemistry approach (line in figures).

As previously, two cases were considered: a high initial temperature

case 2.11(a) where only the main ignition occurs and a low initial tem-

perature case 2.11(b) where both cool and main flame appear .

The figures show a weak dependance of the delay estimation on the den-
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Figure 2.10 : Interpolation error on a thermo-chemical variable ψ within

the range of a discrete set of known density points (ecc, ρcc -complex chemistry

energy, density; etab, ρtab - tabulated chemistry energy/density; ǫψp∆eq, ǫψp∆ρq

- interpolation error induced by the energy, density discretization related the

thermo-chemical variable ψ)

sity discretization which could be expected as the auto-ignition delay is

expressed by an empirical relationship proposed by [21] of the form:

τ “ Kp´ne
B
T (2.8)

where K is a constant found to be dependent on the nature of the mix-

ture and on the equivalence ratio, B ą 0 is a constant independent of

the equivalence ratio and n takes values of order one. The linear depen-

dency of the auto-ignition delay with pressure gives a reason for the good

auto-ignition delays prediction independent of the thermo-chemical table

discretization in terms of pressure.

Figure 2.12 shows that the density discretization is not a key parameter

in terms of delay estimation, and the errors are minor when compared

with those of the energy Fig. 2.9.
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Figure 2.11 : Table discretization in the density coordinate
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Figure 2.12 : Auto-ignition delay error as a function of the density discretiza-

tion of the thermo-chemical table

2.6.3 Progress variable discretization step

In this part, the progress variable discretization step is assessed.

To avoid spending a lot of points in the low part of the progress variable,

the progress variable rate is considered constant before a critical value of

the progress variable Yc ă ξ is reached.

Under the above assumption the progress variable evolution will be:

#
0 ě Yc ă ξ : a linear evolution of Yc during the physical time tξpe, ρq

Yc ě ξ : evolution of Yc given by the complex chemical process

(2.9)

The critical value of the progress variable ξ is obtained by using the
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reaction rate conservation:
$
’&
’%

0 ď Yc ă ξ : 9ωYc “ 9ωξ “
ξ

tξpe, ρq
Yc ě ξ : 9ωYc “ 9ωtabYc pe, ρ, Ycq

(2.10)

where tξpe, ρq is the physical time for the progress variable to reach the

value Yc “ ξ.

t

Yc

ξ

tξ

complex chemistry

tabulated chemistry

(a)

complex chemistry

tabulated chemistry

Yc
ξ

ω̇ξ

ω̇Yc

(b)

Figure 2.13 : Comparaison of tabulated chemistry with complex chemistry: a)

Temporal evolution of the progress variable, b) Evolution of the progress variable

rate with the progress variable

The normalized progress variable at the time tξpe, ρq is:

c˚ξ “
ξ ´ Y ´c
Y `c ´ Y ´c

(2.11)

where Y `c is the progress variable value at equilibrium and Y ´c is the

progress variable value in the initial mixture.

Four tables with different discretizations in the progress variable coordi-

nate were built and are presented in Table 2.4.

Constant volume computations were performed using both complex chem-

istry approach and tabulated chemistry approach associated with the

various progress variable discretization step databases. For all the com-

putations the initial energy ei and density ρi are discrete values of the
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c˚ points c˚ step c˚ξ (1st 5 points)

26 0,04 0,2

51 0,02 0,1

101 0,01 0,05

151 0,00(6) 0,0(3)

Table 2.4 : Characteristics of the examined thermo-chemical tables

database, see Fig. 2.14 and thus there are no interpolation errors induced

by the energy ǫψp∆eq and density discretization ǫψp∆ρq steps.

e
j

e
j+1

e
j−1

e
−

e
+

∆e

e
tab
= e

cc

ǫψ(∆e) = 0

ρ
−

ρ
+

ρ
k+1

ρ
k−1

ρ
k

∆ρ

ρ
tab
= ρ

cc

ǫψ(∆ρ) = 0

Figure 2.14 : Interpolation error on a thermo-chemical variable ψ within the

range of a discrete set of known progress variable points (ecc, ρcc -complex chem-

istry energy, density; etab, ρtab - tabulated chemistry energy, density; ǫψp∆eq,

ǫψp∆ρq - interpolation error induced by the energy, density discretization related

the thermo-chemical variable ψ)

Figure 2.15 shows a comparison between the tabulated and the detailed

chemistry approaches.

The following conclusions can be drawn concerning the critical progress

variable c˚ξ . For the auto-ignition delay higher than 5 ms presented in

Fig. 2.15 the value c˚ξ “ 0.2 is too high and skips some information con-

cerning the cool flame. Therefore, for the auto-ignition delays range in
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Figure 2.15 : Table discretization in the progress variable coordinate
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ICE a lower value c˚ξ “ 0.05 was chosen.

A progress variable discretization of 0.01 and a c˚ξ “ 0.05 is adapted for

ICE applications, as sustained by the Fig. 2.16

discretization ∆c
*
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Figure 2.16 : Auto-ignition delay error as a function of the progress variable

discretization of the thermo-chemical table

For the auto-ignition delay estimation, the progress variable and energy

discretization have the biggest impact and the density discretization has

a minor effect.
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2.7 Variable volume validations

The thermo-chemical tables limits in terms of density ρ´, ρ` and energy

e´, e` should be chosen in order to cover the entire range of conditions

of the simulation. A minimum table size is needed for parallelized codes

therefore an optimized discretization step for the table coordinates has

been determined in the previous section.

To verify the methodology of the table generation and the discretization

benchmark for its coordinate, computations of 0-D variable-volume en-

gines were performed by solving the following set of equations:

$
’’’’&
’’’’%

ρ “ ρptq

ρ
dYk

dt
“ 9ωk, k “ 1, ..., Nsp

de

dt
“ P

ρ

dρ

dt

(2.12)

The tabulated-chemistry calculations are based on the following set of

equations by using the pressure and the reaction rate values stored in

a thermo-chemical table that responds to the discretization benchmarks

defined in the previous section and by choosing adequate density and

energy limits.

$
’’’’&
’’’’%

ρ “ ρptq

ρ
dYc

dt
“ 9ωc

de

dt
“ P

ρ

dρ

dt

(2.13)

The main characteristic of the thermo-chemical table presented in this

chapter is that, as the energy is a coordinate of the database, the thermo-

chemical variables values can be directly obtained from the table with no

other assumptions.

The density ρptq is given for an engine with the following characteristics:

bore = 85 mm, stroke = 88 mm, rpm = 1500.

The 0-D variable volume validations were made for the n-heptane-air

mixtures and are presented in Table 2.5.
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Equivalence ratio Dilution Mechanism Initial conditions

stoichiometric (1.0) - Golovitchev pi “ 1 bar

lean (0.8) 79% CO2, N2 Curran Ti “ 300 K, 400 K, 500 K

Table 2.5 : Characteristics of the 0-D variable volume computations

2.7.1 Stoichiometric n-heptane-air mixture

The calculations have been performed for n-heptane/air at stoichiometric

conditions using Golovitchev’s mechanism [80] with 53 species and 281

reactions.

Solutions of this set of equations are compared to the detailed chemistry

computations in Fig. 2.17. Time evolution of temperature, pressure, CO2

and CO mass fractions are plotted for different initial temperatures. For

all variables and configurations, the tabulated chemistry solution (sym-

bols) is in very good agreement with the detailed chemistry reference

solution (lines) in all the domain confirming the validity of density and

energy limits of the database (ρ˚, e˚, c˚).

2.7.2 Lean n-heptane-air mixture

A thermo-chemical table responding to the previous discretization bench-

marks, namely an energy step of ∆e “ 25 J corresponding to a tempera-

ture step of ∆T « 20K, a density step ∆ ρ “ 0.7kg{m3 thus ∆p « 2bar

and a progress variable step ∆c˚ “ 0.01 was built for a lean 79% CO2 and

N2 diluted mixture. The 0-D reactor calculations have been performed

with the n-heptane/air Curran’s mechanism [89] with 89 species and 387

reactions that was validated previously for lean mixtures.

This thermo-chemical table was conceived in order to match the experi-

mental conditions needs of the rapid compression machine (RCM) [42] of

which the simulations will be presented in the chapter 5.

A comparison of 0´D variable volume computations with detailed chem-

istry (lines) and the tabulated chemistry solution (symbols) is shown in

Figs. 2.18 and 2.19.

The Fig. 2.18(a) shows the lean, diluted n´C7H16 / air mixture thermo-

chemical table with temperature contour and also the path that the 0´D
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Figure 2.17 : 0-D variable-volume computations for various initial temper-

ature in stoichiometric conditions. Tabulated chemistry (symbols) is compared

to detailed chemistry (line) in terms of temporal evolution of temperature, pres-

sure, CO2 and CO mass fractions
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(a) Thermo-chemical table with temperature contour

crank angle [degree]

t
e
m
p
e
r
a
t
u
r
e
 
[
K
]

-180-135 -90 -45 0 45 90 135 180

500

1000

1500

2000

2500

360K

500K

400K

(b) Temperature

Figure 2.18 : The temperature read in a non-adiabatic table

variable volume computations from Fig. 2.18(b) cross in order to read the

temperature value. Note that, in the tabulated approach the system of
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equations 2.13 is solved given the values for the database coordinates.

The thermo-chemical table gives access to the major and minor species

presented in the mechanism, e.g. CO2 Fig. 2.19(b) , CO Fig. 2.19(c)

and H2O2 Fig. 2.19(d) mass fractions with a perfect agreement with the

detailed chemistry approach. In an ICE, the hydroperoxyde H2O2 is

crucial for a good main-auto-ignition delay prediction.

The (ρ˚, e˚, c˚) tabulated-chemistry is therefore able to predict the main

behavior of the combustion process in an ICE engine at a reduced CPU

time. The calculations shown above take around 5 minutes under the

detailed chemistry approach with an adaptive time step code and only 30

seconds for the tabulated chemistry approach among which 20 seconds

are needed to read the 43 Mb thermo-chemical table.
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Figure 2.19 : 0-D variable-volume computations for various initial tempera-

ture conditions in a lean φ “ 0.8, 79% CO2 and N2 diluted mixture . Tabulated

chemistry (symbols) is compared to detailed chemistry (line) in terms of tem-

poral evolution of pressure, CO2, CO and H2O2 mass fractions
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In this chapter a 3-D thermo-chemical table (ρ˚, e˚, c˚) that is suited to

premixed flames with thermal heterogeneities that may occur in HCCI

engine, PHCCI engine and RCM was conceived. The approach can be

extended to partially premixed flames by additional coordinates, namely

the equivalence ratio standing for the composition heterogeneities. The

benchmark discretization for each coordinate (ρ˚, e˚, c˚) of the table was

addressed. In the case where more dimensions are added to the table and

the memory space of the table becomes penalizing for implementation on

massively parallel computers the self-similar proprieties of the tabulated

chemistry can be used. Ribert et al. [73] evidenced the self-behavior of

laminar premixed flames when they are written in a Hawarth-Dorodnitzyn

reduced spatial coordinate. Thus a general reaction rate or species mass

fraction profile is identified and scaling rule will retrieve the dependency

on each flame parameter equivalence ratio, pressure, temperature [73]

and even dilution by burned gases [87]. This approach is also available

for table generated from auto-igniting homogeneous reactor [74].
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Coupling a non-adiabatic

chemical table with a LES

compressible solver
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Chapter 3

Coupling a chemical table with

the AVBP compressible CFD

solver

In this chapter the large-eddy simulation LES technique is dis-

cussed in a non-adiabatic tabulated chemistry context. First, the

coupling of the Navier-Stokes equations with tabulated techniques

will be addressed, underlying the changes that the equations undergo

with the tabulated chemistry approach and the thermo-chemical

variables that should be recovered in the database. Then, under

the LES approach, the filtering of the equations will be discussed.

These filtered equations govern only the evolution of the large scale

motions and thus subgrid scale models are required in order to carry

the effect of the small scale. A brief overview of the models for the

correlation between the fluctuations and the filtered reaction rate

that are compatible with tabulated techniques will be given.

3.1 Introduction

The increase of computational power allows to use LES compressible

solvers in engine configurations nevertheless lacking in chemistry descrip-
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tion [26,29,40,75,84]. The simulations remain too expensive with detailed

chemistry which explains the interest of coupling the tabulated chemistry

models with the Navier- Stokes equations.

Generally, perturbations due to compressible effects are not considered

during the database generation. As the transported energy value e will

not coincide with the energy etab for which the table was conceived, further

assumptions are required in order to accommodate the tabulated thermo-

chemical variables in compressible solvers. Viquelin et al. [85] developed

a new strategy which enables the coupling of tabulated chemistry in com-

pressible solvers for constant pressure applications. The formalism, called

Tabulated Thermochemistry for Compressible flows (TTC), assumes that

the constant volume heat capacity Ctab
v , read from the table, is constant

within weak acoustic perturbations. Under this assumption, knowing the

local energy e, the local temperature will be approximated from the tab-

ulated temperature T tab as follows: T “ T tab ` e´etab

Ctabv
.

The formalism was coupled with the AV BP solver [1], conceived to simu-

late unsteady turbulent and compressible reactive flows using LES tech-

niques, and henceforth labeled AV BP ´ TTC to mark the use of the

tabulated thermo-chemistry.

For highly compressible configurations, like ICEs, isobaric tables are no

longer suitable and, as explained in the previous chapter, the energy

should be considered as database coordinate in order to capture the strong

pressure effects. The created table presented in the chapter 2 has been

implemented in the AV BP ´ TTC version.

In the first part of this chapter, the conservation equations for the conser-

vative variables ρ, ρuj, ρYc, ρE are formulated, underlying the differences

in the equations related to the tabulated chemistry framework and point-

ing out the thermo-chemical variables that are directly estimated from

the look-up table ψtabpρ˚,e˚,c˚q, where ρ˚ is the normalized density, e˚ is

the normalized energy and c˚ is the normalized progress variable. Then,

the equations are expressed under LES numerical solving technique.
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3.2 Equations for reactive flows using tabu-

lated techniques

3.2.1 Conservation equations

3.2.1.1 Mass conservation law - Equation of continuity

The mass conservation law for a compressible flow without mass sources

or sinks reads:

Bρ
Bt `

Bρuj
Bxj

“ 0 (3.1)

where ρ is the mixture’s total mass density and uj the bulk mass-averaged

velocity.

3.2.1.2 Momentum conservation law

Generally, two types of forces act on a fluid, short ranged (i.e. surface

stress forces) and long ranged (i.e. body forces). They are embodied in

the equation of momentum as follows:

Bρui
Bt ` BρuiujBxj

“ ´Bppδij ´ τijqBxj
` ρfi, i “ 1, 2, 3 (3.2)

Here, it is assumed that there are no body forces fi “ 0.

Both for the chemical kinetic mechanism approach and for tabulated

chemistry approach, the mathematical expression of the momentum con-

servation law remains the same expressed by the equation 3.2. In the

following section 3.2.2, the way to address the thermodynamic and the

transport variables under complex chemistry and tabulated chemistry ap-

proach will be given.

3.2.1.3 Species versus progress variable conservation law

In this section the main characteristic of the tabulated techniques is de-

picted. The species mass fraction conservation equation will be discussed.

Then, it will be shown how these equations are restricted to the conser-

vation equation for the progress variable.
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The kth species mass conservation law ρk in a Nsp multicomponent system

is given by:

BρYk
Bt ` BρYkujBxj

“ ´
BJkj
Bxj

` 9ωk, k “ 1, ..., Nsp (3.3)

where the vector quantity Jkj “ ρYkU
k
j denotes the diffusion mass flux

of species k. Various chemical species do not move along at the same

velocity, they can travel faster or slower than the mean mass velocity (i.e.

H2 diffuses faster than CO2). Consequently, the velocity of the k
th species

ukj is different from the local bulk mass-average velocity uj “
řN

k“1 Yku
k
j .

The gap between them, namely the average motion of a given species with

respect to the local bulk mass-average velocity, is called diffusion mass

velocity: Uk
j “ ukj ´ uj.

In the tabulated thermo-chemistry approach, the progress variable Yc is

defined as one of the chemical species or a linear combination
řNc
k“1 αkYk

of a few Nc species Yk
1 belonging to the reaction mechanism, e.g. for

n-heptane by equation 2.1. The subsequent conservation equation for the

progress variable obtained from (3.3) is:

BρYc
Bt ` BρYcujBxj

“ ´
BJYcj
Bxj

` 9ωY c (3.4)

where the quantity JYcj “ ρYcU
Yc
j denotes the diffusion mass flux of the

progress variable.

Only a transport equation is solved for the progress variable 3.4 instead

of the conservative equations 3.3 for all chemical species in the reaction

mechanism allowing for considerable computational time savings.

3.2.1.4 Energy conservation law

For the energy equation, several options are available: the enthalpy, the

total enthalpy, the internal energy or the total energy formulation. The

latest is used in AV BP ´ TTC code and is presented in the current

section.
1The chosen species should have a monotone evolution and be able to follow the

reaction path
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The total energy reads:

E “
3ÿ

i“1

u2i
2
` e (3.5)

where e is the internal energy with the sensible and the chemical energy

contributions:

e “
ż T

T0

CvpT 1qdT 1 ´
rT0

W
`

Nspÿ

k“1

∆h0f,kYk (3.6)

where ∆h0f,kYk is the formation enthalpy of the species k.

The conservation of the total energy is:

BρE
Bt ` BρEujBxj

“ ´Buippδij ´ τijqBxj
´ Bqj
Bxj

(3.7)

The first term of the right-hand side represents energy production due to

pressure variations and viscous effects, the second one stands for the heat

flux qj.

3.2.2 Thermodynamical variables

Under the ideal gas behavior assumption, the static pressure p is com-

puted from the equation of state p “ ρ r T . Mayer’s relation for an ideal

gas says that the mixture gas constant r is related to the mean mass heat

capacities at constant pressure and constant volume: r “ Cp ´ Cv. The

total pressure is computed as follows:

p “ ρ pCp ´ Cvq T (3.8)

In standard AVBP, the mixture thermodynamics can be calculated through

the relations 3.9 and 3.10 and the temperature by inversion of the sensible

energy 3.11.

The majority of the thermo-chemical tables found in literature [22, 34,

36, 52, 59, 83] are adiabatic. In the tabulated chemistry approach pre-

sented in chapter 2, the internal energy is a database coordinate, so the

thermo-chemical table is non-adiabatic. For this thermo-chemical table
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the thermodynamic variables and the temperature can be directly read

in the database with no other assumptions [85].

AVBP chemical kinetic mechanism

‹ before iterating:

CvkpT q, CpkpT q, es,kpT q
read from an input file

∆T “ 100 K

‹ for each iteration:

Cv “
Nspÿ

k“1

CvkYk (3.9)

Cp “
Nspÿ

k“1

CpkYk (3.10)

T : inversion of es “
Nspÿ

k“1

es,kYk (3.11)

AVBP-TTC tabulated chemistry

‹ before iterating:

Cvtab, Cptab, T tab

read from thermo-chemical table

∆T given by the table discretization

‹ for each iteration:

Cv “ Cvtabpρ˚, e˚, c˚q (3.12)

Cp “ Cptabpρ˚, e˚, c˚q (3.13)

T “ T tabpρ˚, e˚, c˚q (3.14)

3.2.3 The viscosity

The mixture viscous stress tensor τij, is modeled identical to the stress

tensor for a single-component Newtonian fluid.

τij “ µpBujBxi
` BuiBxj

´ 2

3
δij
Bul
Bxl
q (3.15)

where δij is the Kronecker operator: δij “
#
1 for i “ j

0 for i ‰ j
and

µ is the dynamic viscosity of the mixture, addressed as follows:
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AVBP chemical kinetic mechanism

‹ before iterating:

c1, c2, T
ref

read from an input file

‹ for each iteration:

µ “ c1p
T

T ref
qc2 (3.16)

µ “ c1
T 3{2

T ` c2
T ref ` c2
T ref

3{2
(3.17)

AVBP-TTC tabulated chemistry

‹ before iterating:

µtab

read from thermo-chemical table

with ∆T given by the table discretization

‹ for each iteration:

µ “ µtabpρ˚, e˚, c˚q (3.18)

For saving CPU-time, in the complex chemistry formulation, the average

mixture viscosity may be assumed independent of the composition of

the mixture and only the temperature dependence is considered through

standard models as Sutherland [79], equation 3.16 or Power equation 3.17

law µpc1, c2, T ref , T tabq. For accurate results, the model constants c1 and

c2 should be found by fitting them to the viscosity of comparable mixture.

As for the thermodynamical variables Cp, Cv and T , the transport variable

µ can be directly read in the thermo-chemical table, equation 3.18.

3.2.4 The diffusivity

Multi-component descriptions for the diffusivity is predictable with high

accuracy by the molecular kinetic theory [39]. However, to reduce the

computation cost in CFD, the convenient Hirschfelder and Curtiss ap-

proximation [19] is preferred:

Uk
j Yk “ ´Dk

Wk

W

BXk

Bxj
` Yk

Nÿ

l“1

Wl

W
Dl

BXl

Bxj
(3.19)

The second term represents a correction velocity that ensures the null

sum of the diffusive species fluxes
řN

k“1 U
k
j Yk “ 0 as implied by the total

mass conservation.
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The kth species mixture diffusion coefficient Dk is expressed as proposed

by Bird [9] by the relation:

Dk “
1´ Ykř
k‰l

Xk
Dl,k

(3.20)

where Dl,k is the binary diffusion coefficient for the kth and lth species.

If the number of species is larger than » 100, which is usually the case for

realistic fuels, the computational time for diffusion becomes higher than

that for the chemical reaction [55].

Neglecting the molar mass gradients and making the hypothesis of a con-

stant species diffusion coefficient D “ Dk, the expression 3.2.4 leads to

Fick’s law of diffusion, that will be used in this work.

Uk
j Yk “ ´D

BYk
Bxj

(3.21)

It asserts that the mass diffusion effect of species k is driven by the mass

fraction gradient in the direction of decreasing Yk.

The species diffusivity can be recovered from the momentum diffusivity.

D “ µ

ρSc
(3.22)

In the tabulated thermo-chemistry approach, Fick’s law for the progress

variable diffusion lead to:

UYc
j “ ´DY c

BYc
Bxj

(3.23)

where DY c is the progress variable diffusion coefficient expressed as:

DY c “
µ

ρSc
(3.24)

In this paper, the Schmidt number Sc was set to 0.75.

As to summarize:
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AVBP chemical kinetic mechanism

‹ for each iteration:

D “ µ

ρSc
(3.25)

AVBP-TTC tabulated chemistry

‹ for each iteration:

D “ µtab

ρSc
(3.26)

3.2.5 The reaction rate

The reaction rate 9ωk for the kth species can be calculated by summation

of all elementary reactions in which the kth species is involved, weighted

by its stoichiometric coefficient (see eq. 1.2).

The reaction rate of the progress variable 9ωYc “ 9ωtabYc pρ˚,e˚,c˚q will be an
information recovered directly from the chemical database by a 1st order

interpolation.

AVBP chemical kinetic mechanism

9ωk “ Wk

Nrÿ

i“1

νk,iri (3.27)

AVBP-TTC tabulated chemistry

9ωYc “ 9ωtabYc pρ˚,e˚,c˚q (3.28)

3.2.6 The conductivity

The heat flux qj is modeled as:

qj “ ´λ
BT
Bxj

`
Nspÿ

k“1

Jkj hk (3.29)

The heat flux through species diffusion, the second term of the right-hand

side of the equation (3.29), implies species mass fraction derivatives that

are not available during the tabulated chemistry computation. For this

reason, the following form is preferred for the heat flux vector :

qj “ ´
λ

Cp

Bh
Bxj

(3.30)
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where the mixture enthalpy (sensible plus chemical) is defined as:

h “
ż T

T0

CppT 1qdT 1 `
Nspÿ

k“1

h0f,kYk (3.31)

Remark that, either formulation of the heat fluxes (3.29) or (3.30) be-

comes the same for unity species Lewis number λ
ρCpD

“ 1 as proved by

the following sequence of equations :

λ

Cp

Bh
Bxj

“ λ

Cp

B
Bxj

Nspÿ

k“1

hkYk

“ λ

Cp

Nspÿ

k“1

ˆBhk
Bxj

Yk `
BYk
Bxj

hk

˙

“ λ

Cp

Nspÿ

k“1

ˆ
CpkYk

BT
Bxj

` BYkBxj
hk

˙

“ λ
BT
Bxj

` ρD
Nspÿ

k“1

BYk
Bxj

hk

(3.32)

The heat conduction coefficient λ is obtained by supposing a constant

Prandtl number Pr in standard AVBP or by linear interpolation in the

table in AV BP ´ TTC.
AVBP chemical kinetic mechanism

‹ before iterating:

Pr

read from an input file

‹ for each iteration:

λ “ µCp

Pr
(3.33)

AVBP-TTC tabulated chemistry

‹ before iterating:

λtab

read from thermo-chemical table

with ∆T given by the table discretization

‹ for each iteration:

λ “ λtabpρ˚, e˚, c˚q (3.34)

To summarize, the transport equations are:
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AVBP chemical kinetic mechanism

‹ transported equations:

Bρ
Bt `

Bρuj
Bxj

“ 0 (3.35a)

Bρui
Bt ` BρuiujBxj

“ ´BpδijBxj
` BτijBxj

, i “ 1, 2, 3 (3.35b)

BρYk
Bt ` BρYkujBxj

“ B
Bxj

ˆ
µ

Sc

BYk
Bxj

˙
` 9ωk, k “ 1, ..., Nsp (3.35c)

BρE
Bt ` BρEujBxj

“ ´BuipδijBxj
` BuiτijBxj

` B
Bxj

ˆ
µ

Pr

Bh
Bxj

˙
(3.35d)

‹ before iterating:

c1, c2, T
ref , Sc, Pr read from an input file

Cv,kpT q, Cp,kpT q, es,kpT q read from an input file with a step ∆T “ 100 K

‹ for each iteration:

Cv “
Nspÿ

k“1

Cv,kYk (3.36a)

Cp “
Nspÿ

k“1

Cp,kYk (3.36b)

T : inversion of es “
Nspÿ

k“1

es,kYk (3.36c)

µ “ c1
T 3{2

T ` c2
T ref ` c2
T ref

3{2
or µ “ c1p

T

T ref
qc2 (3.36d)

D “ µ

ρSc
(3.36e)

λ “ µCp

Pr
(3.36f)

9ωk “ Wk

Nrÿ

i“1

νk,iri (3.37)
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AVBP-TTC tabulated chemistry approach

‹ transported equations:

Bρ
Bt `

Bρuj
Bxj

“ 0 (3.38a)

Bρui
Bt ` BρuiujBxj

“ ´BpδijBxj
` BτijBxj

, i “ 1, 2, 3 (3.38b)

BρYc
Bt ` BρYcujBxj

“ B
Bxj

ˆ
µ

Sc

BYc
Bxj

˙
` 9ωYc (3.38c)

BρE
Bt ` BρEujBxj

“ ´BuipδijBxj
` BuiτijBxj

` B
Bxj

ˆ
λ

Cp

Bh
Bxj

˙
(3.38d)

‹ before iterating:

Ctab
v , Ctab

p , T tab, µtab , λtab

read from the thermo-chemical table with a step ∆T given by the table dis-

cretization

‹ for each iteration:

Cv “ Ctab
v pρ˚, e˚, c˚q (3.39a)

Cp “ Ctab
p pρ˚, e˚, c˚q (3.39b)

T “ T tabpρ˚, e˚, c˚q (3.39c)

µ “ µtabpρ˚, e˚, c˚q (3.39d)

D “ µtabpρ˚, e˚, c˚q
ρSc

(3.39e)

λ “ λtabpρ˚, e˚, c˚q (3.39f)

9ωYc “ 9ωtabYc pρ˚,e˚,c˚q (3.40)
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3.3 Coupling the AVBP LES compressible solver

with non-adiabatic tables

As no analytical solution for turbulent flows in geometries of engineering

interest is available for the system (3.38), the equations are discretized

and solved numerically. In this paper, the Large Eddy Simulation (LES)

technique will be used, as Direct Numerical Simulation (DNS) which

proposes to solve all turbulence scales, is far out of reach for ICE confi-

gurations. Renynolds Averaged Navier-Stokes (RANS) equations on the

other hand propose a temporal average over the ensemble of realization

and gives the principal trends of the flow.

In LES approach, the large energy containing scales are resolved where

smallest are modeled. When coupled with an accurate description of com-

bustion chemistry, LES is an attractive tool to predict pollutant emissions

in Internal Combustion Engines.

The differential equations for the large scale structures are obtained by

applying a low-pass filter G2 on the Navier-Stokes equations.

The variables ψ are filtered in the domainD using the following definition:

ψpxq “
ż

D

ψpx1qGpx, x1; ∆qdx1 (3.41)

where ∆ is the filter width. For inhomogeneous turbulent flows the min-

imum size of the eddies that needs to be resolved is not the same in all

regions of the flow. Therefore, the computational grid size varies and

consequently the implicit filters are non-uniform in space.

When applying the filter operations to the governing equations for com-

pressible flows (3.38), new terms ρψ appear and it is convenient to use

Favre-filtered variables defined as:

ψ̃ “ ρψ

ρ
(3.42)

Like in Reynolds formalism ψ “ ψ`ψ1, in Favre formalism each variable

can undergo a decomposition into mean and fluctuating parts ψ “ ψ̃`ψ2
2In the spectral space, the filter passes low-frequency signals but attenuates signals

with frequencies higher than the cut-off frequency and in physical space the filter

makes a weighted average in a given volume.
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and obviously they will be different from the previous ones: ψ̃ ‰ ψ,

ψ2 ‰ ψ1.

3.3.1 Filtered mass conservation law

The Favre filtering avoids subgrid scale SGS terms in the mass conser-

vation equation:

Bρ
Bt `

Bρũj
Bxj

“ 0 (3.43)

3.3.2 Filtered momentum conservation law

Favre-filtered equations of momentum can be written in the form:

Bρũi
Bt ` BρũiũjBxj

“ ´BpδijBxj
` BτijBxj

` Bτij
sgs

Bxj
i “ 1, 2, 3 (3.44)

Usually, the enclosure due to the non-linearity of the viscous stress tensor

is neglected. If done so, the filtered stress tensor can be approximated by

the relation:

τij « ρνpBũjBxi
` BũiBxj

´ 2

3
δij
Bũl
Bxl
q (3.45)

The Reynolds tensor τij
sgs “ ´ρĆu2iu2j “ ´ρpĄuiuj ´ ũiũjq is the term that

must account for the energy dissipation from the resolved through the

unresolved scales. Essentially the Reynolds tensor describes the drain

yield during the energy cascade of turbulence. Consequently, most of the

SGS models proposed in literature are eddy-viscosity models and differ

only in the estimation of the eddies viscosity.

τij
sgs “ ρνt

ˆBũj
Bxi

` BũiBxj
´ 2

3
δij
Bũl
Bxl

˙
(3.46)

This relation shows that the subgrid stress tensor can be deduced from

the large-scale strain-rate tensor that is resolved on an LES mesh and will

be scaled by a subgrid-scale turbulent viscosity νt factor. The general idea



✐

✐

“PhD_Tudorache” — 2013/1/11 — 13:19 — page 87 — #93
✐

✐

✐

✐

✐

✐

Chap. 3 - Coupling a chemical table with the AVBP compressible

CFD solver 87

behind the algebraical models for the SGS turbulent viscosity is, that the

energy transfer occurs instantaneously and entirely as all small eddies

are considered to be in equilibrium. The general equation of the SGS

turbulent viscosity νt can be written as:

νt “ Cvt∆ (3.47)

where C is a model constant to be adapted to the physical conditions, vt
is a velocity scale and ∆ denotes the filter length.

Different approaches exist for the velocity scale but generally it will be a

function of the resolved strain rate tensor.

In AVBP code, several algebraic models are available like Smagorinsky

(classical, filtered or dynamic) [24, 37, 78] or WALE [25], which fits the

model constants and proposes equations for the velocity scale in order to

better adapt to the simulation conditions.

A subgrid-scale energy transport equation can also be solved in order to

obtain a better velocity scale estimation, but the computational time is

penalized.

For more informations concerning the subgrid-scale models, refer to [69].

3.3.3 Filtered progress variable conservation law

Under the LES formalism, the progress variable conservation equation

becomes:

BρỸc
Bt ` BρỸcũjBxj

“ ´
BJYcj
Bxj

´
BJYcj

sgs

Bxj
` 9ωYc (3.48)

Neglecting the correlations between the progress variable’s molecular dif-

fusivity and the progress variable’s gradient fluctuations and also consid-

ering that the filtering and derivative operations commute, the filtered

diffusive progress variable flux is approximated by the following relation:

JYcj « ´ρ ν

ScYc

BỸc
Bxj

(3.49)

The SGS progress variable diffusive flux JYcj
sgs

“ ´ρĆY 2c u2j “ ´ρpĄYcuj ´
Ỹcũjq is usually modeled as a gradient law:

JYcj
sgs

“ ´ρ νt

SctYc

BỸc
Bxj

(3.50)
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The species will be driven between the large and the small scales with a

turbulent Schmidt number SctYc “ 0.6.

The modeling of 9ωYc is challenging as it depends on SGS flame turbulence

interactions. A wide range of modeling strategies has been developed for

that purpose in LES with tabulated chemistry (e.g. Thickened Flame

model for LES (TFLES) [16] or the Filtered Flame Formulation for

LES (F ´ TACLES) [5, 27] ). In this preliminary work, we will focus

on combustion regimes that exhibit low gradients of temperature and

species. Indeed, in chapter 5, the auto-ignition phenomenon in a quasi-

homogeneous mixture will be studied. We will assume that interactions

between chemistry and turbulence are resolved at the LES filter size

scale. Therefore, the filtered reaction rate of the progress variable is

approximated by:

9ωYc « 9ωtabYc pỸcq. (3.51)

3.3.4 Filtered energy conservation law

The total energy equation under the LES approach is written:

BρẼ
Bt ` BρẼũjBxj

“ ´BuipδijBxj
` BuiτijBxj

´ Bqj
Bxj

´ Bqj
sgs

Bxj
(3.52)

Higher order correlations between the different variables of the viscous

stress tensor are assumed negligible:

uipδij ` uiτij « ũipδij ` ρνp
Bũj
Bxi

` BũiBxj
´ 2

3
δij
Bũl
Bxl
q (3.53)

The filtered heat flux is:

qj “ ´ρ
ν

Pr

Bh̃
Bxj

(3.54)

The SGS heat flux vector qj
sgs “ ´ρĆE2u2j “ ´ρpĄEuj ´ Ẽũjq is usually

modeled as a gradient law:

qj
sgs “ ´ρ νt

Prt
Bh̃
Bxj

(3.55)
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The heat transfer between the large and the small scales is calculated

under a turbulent Prandtl number Prt “ 0.9. So, the turbulent Lewis

number will be Let “ 0.66

Using all these models, the system of reactive Navier-Stokes equations to

be solved becomes:✬

✫

✩

✪

Bρ
Bt `

Bρũj
Bxj

“ 0 (3.56a)

Bρũi
Bt `

Bρũiũj
Bxj

“ ´BpδijBxj
` B
Bxj

pµ`µtq
ˆBũj
Bxi

` BũiBxj
´ 2

3
δij
Bũl
Bxl

˙
, i “ 1, 2, 3 (3.56b)

BρỸc
Bt ` BρỸcũjBxj

“ B
Bxj

«ˆ
µ

ScYc
` µt

SctYc

˙ BỸc
Bxj

ff
` 9ωtabYc pỸcq (3.56c)

BρẼ
Bt ` BρẼũjBxj

“ ´BũipδijBxj
` B
Bxj

ũipµ` µtq
ˆBũj
Bxi

` BũiBxj
´ 2

3
δij
Bũl
Bxl

˙

` B
Bxj

„´ µ

Pr
` µt

Prt

¯ Bh
Bxj

 (3.56d)
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Chapter 4

Tests validations

In this chapter the consistency of the coupling between the thermo-

chemical table and the CFD solver will be ensured through anal-

ysis of the compressible effects and of the auto-ignition delay pre-

dictions. The first objective is to investigate the propagation of a

1´D longitudinal acoustic wave through a one-component gaseous

medium with periodical boundary conditions. The variations in

pressure are addressed either by means of complex chemistry or by

tabulated chemistry approach. The second test consists in simulat-

ing an entropic wave carried by the mean velocity field through a

multi-component n-heptane-air mixture, using tabulated chemistry

approach. The table discretization requirements are put forward

under the constraint of not introducing significant parasite acoustic

waves when the thermo-chemical database is used. Then, 0-D con-

stant volume simulations were performed to check the accuracy of

the ignition delay estimation. For the last test, the chemical predic-

tion capability of this technique is validated in a homogeneous HCCI

configuration by performing simulations under variable volume.
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4.1 Introduction

In chapter 2, a new approach to address chemical species and auto-ignition

delays in engine combustion was carried out through a tabulated chem-

istry method characterized by three controlling variables, the normalized

energy, density and progress variable (ρ˚,e˚,c˚). As exhaustively discussed

in chapter 3, this tabulated chemistry approach has particularities that

allow the coupling with a compressible LES solver.

The objective of this chapter is to validate the coupling through a collec-

tion of various test cases summarized in Table 4.1

Case Reactivity Approach Component

Acoustic wave non-reactive
chemical kinetics

single
tabulated chem-

istry

Entropic wave
reactive

tabulated chemistry multi
non-reactive

Auto-ignition reactive
chemical kinetics

multi
tabulated chem-

istry

Table 4.1 : Coupling validation test cases

Under compressible effects considerations, a consistent coupling is re-

quired. Therefore linear acoustics equations which possess analytical so-

lutions are used to ensure a proper description of the convective and the

acoustic phenomena.

Then, the auto-ignition delay simulations are validated by performing

constant volume computations pertinent to internal combustion engine

operating conditions, including pressure and temperature. The last test

validates the behavior of the thermo-chemical table in a variable volume

configuration.
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4.2 Implementation validation: study of com-

pressible effects

The 1-D Euler system of equations for a multi-component flow is ex-

pressed by eqs. 4.1 when a chemical kinetic mechanism is considered and

by eqs. 4.2 when a tabulated chemistry approach describes the chemical

evolution of the system.

Chemical kinetic mechanism

Bρ
Bt `

Bρu
Bx “ 0 (4.1a)

Bρu
Bt `

Bρu2
Bx “ ´BpBx (4.1b)

BρE
Bt ` BρuEBx “ ´BupBx (4.1c)

BρYk
Bt ` BρuYkBx “ 0, k “ 1, ..., Nsp (4.1d)

Tabulated chemistry approach

Bρ
Bt `

Bρu
Bx “ 0 (4.2a)

Bρu
Bt `

Bρu2
Bx “ ´BpBx (4.2b)

BρE
Bt ` BρuEBx “ ´BupBx (4.2c)

Bρψl
Bt ` BρuψlBx “ 0, l “ 1, ..., N (4.2d)

where Yk stands for the mass fraction of species evolving in the chemi-

cal kinetic mechanism, explicitly used in the solver and ψl stands for the

reduced variables when the chemistry is indirectly considered through

tabulation chemistry approach. Two of the controlling variables, namely

the energy and the density are transported. Therefore only an additional

equation for the progress variable ψl is needed for the system to be com-

plete.

As shown in the appendix C, the eigenvectors of the Jacobian matrix

of the non-viscous fluxes in the primitive variables formulation enable

to express the characteristic wave variations BÝÑW in terms of primitive

variables BÝÑV , appendix C eq. C.25. The eigenvalues of the same matrix

fill the main diagonal of the diagonal matrix and allow for the system of

equations, see eq. (4.1) or (4.2) to be rewritten in terms of characteristic

waves. This highlights, in 1-D configuration, the existence of the following

characteristic waves:

• Bws “ Bρ´ 1
c2
Bp an entropic wave traveling at an eigenvalue u



✐

✐

“PhD_Tudorache” — 2013/1/11 — 13:19 — page 94 — #100
✐

✐

✐

✐

✐

✐

94
Part II - Coupling a non-adiabatic chemical table with a LES

compressible solver

• Bw` “ Bu` 1
ρc
Bp an acoustic wave traveling at an eigenvalue u` c

• Bw´ “ ´Bu` 1
ρc
Bp an acoustic wave traveling at an eigenvalue u´ c

• BwsYk “ BYk chemical species entropic waves traveling at an eigen-

value u or

• Bwsψl “ Bψl reduced variable entropic waves traveling at an eigen-

value u

In the following, a gaseous medium will be perturbed either by an acoustic

or an entropic wave. In both cases, a gaussian wave perturbation will be

considered and superimposed onto a mean flow in a 1-D domain aligned

with the x-axis of coordinates.

BÝÑW pxq “ A e´
px´x0q

2

σ2 1 (4.3)

where 1 “
`
1 . . . 1

˘T
is a N ` 3 column matrix for multi-component

case and a 4 column matrix for tabulated chemistry approach. A is the

wave amplitude, x0 is the mean location of the peak, σ is the variance

which will measure the width of the gaussian distribution.

In order to acoustically pBw`, Bw´q or entropically pBwsq disturb the flow,

the chosen gaussian wave BÝÑW is transmitted as initial solution to the

solver. In compressible codes, like AV BP , the RU matrix, that enables

the passage from the characteristic wave BÝÑW to the actually transported

conservative variables BÝÑU , is then required. For additional information

concerning the creation of a disturbance in a compressible solver under the

chemical kinetics formalism and under the tabulated chemistry approach

proposed in this paper refer to the appendix C.

4.2.1 Non-reactive acoustic waves

In the current section, the behavior of acoustic wave traveling at the

speed u` c will be evaluated. To add precisely this acoustic disturbance

of velocity u ` c, the entropic wave variation must vanish Bws “ 0 and

also the acoustic wave traveling at the speed u´ c has to cancel Bw´ “ 0.

In order to compare the two versions of the code i.e. chemical kinetics

and tabulated chemistry, a one-component N2 flow is considered. The

wave’s spatio-temporal evolution is given by the system 4.1 or 4.2.
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It is clear that in this particular case no chemical reaction is to be expected

and as a result the progress variable is identical to zero c˚ “ 0 everywhere.

Under these restrictions as long as the perturbation remains relatively

small, as established in appendix B, the evolution of the u ` c acoustic

wave is adequately described by the relation (B.10a).

Bp` “ c2Bρ` and Bp` “ ρ cBu` (4.4)

and consequently:

Bw` “ 2Bu or Bw` “
2

ρc
Bp (4.5)

This means that, given a certain perturbation of amplitude A i.e. linked

to the velocity Bu, the perturbations to impose on pressure and density

are known through relations (4.4) and can be added to the mean field.

Then, the matrix RU will make the passage from the chosen acoustic wave

Bw` to the conservative variable transported in the code,

- in multi-component formulation:

¨
˝
Bρ
Bρu
BρE

˛
‚“

¨
˚̋

1 ρ

2c

ρ

2c
0

u ρ

2c
pu` cq ρ

2c
pu´ cq 0

ec ´ X

β

ρ

2c
pec ´ X

β
` cu` c2

β
q ρ

2c
pec ´ X

β
´ cu` c2

β
q ρ

β
χYN2

˛
‹‚

¨
˚̊
˚̋

0

Bw`
0

0

˛
‹‹‹‚

(4.6)

- and in tabulated chemistry formulation:

¨
˚̊
˚̋

Bρ
Bρu
BρE
Bc˚

˛
‹‹‹‚“

¨
˚̊
˚̋

1 ρ

2c

ρ

2c
0

u ρ

2c
pu` cq ρ

2c
pu´ cq 0

ec ´ X

β

ρ

2c
pec ´ X

β
` cu` c2

β
q ρ

2c
pec ´ X

β
´ cu` c2

β
q ´ ρ

β
χc˚

c˚ ρ

2c
c˚ ρ

2c
c˚ ρ

˛
‹‹‹‚

¨
˚̊
˚̋

0

Bw`
0

0

˛
‹‹‹‚

(4.7)

As underlined in section 3.2.2, the thermodynamical variables are ad-

dressed differently in AV BP (complex chemistry) and AV BP ´ TTC

(tabulated chemistry). To validate the correct implementation of the

tabulated chemistry pρ˚, e˚, c˚q in AVBP, two cases were chosen to be

tested:
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• The 1st case for which the heat capacities are constant throughout

the imposed acoustic wave.

• The 2nd case for which the heat capacities change their values at

some position inside the acoustic wave.

The aim of the implementation validation is to assure that the waves

(acoustic or entropic) are propagated in the same way by new solver

version AV BP ´ TTC and the departure solver AV BP . Therefore, the

thermodynamical variables read in the database pρ˚, e˚, c˚q are identical

with those calculated with complex chemistry.

4.2.1.1 Constant heat capacity throughout the acoustic wave

A. Problem set-up

Boundary conditions. The disturbance evolution and existence in

the domain is related to its boundary conditions. Periodicity is assumed

because it is the only situation where the problem can be closed exactly,

as the computation domain is folded on itself. As no boundary conditions

are required, their effect is separated and does not interfere with the cur-

rent problem.

Thermo-chemical table description. For an accurate comparison

between the two manner of considering chemistry in compressible solvers,

the thermo-chemical table must contain the same information as the one

employed when using a chemical kinetic mechanism. The purpose-build

N2 thermo-chemical table is conceived as to adapt to the particularities

of the AV BP multi-component formalism. Thus, a brief description of

the procedure to address thermo-chemistry in the AV BP code will be

given in the following:

• Solving the Euler system of equation (4.1). The sensible mass en-

thalpy for each species is tabulated as function of temperature with

a step of 100 K. This also gives access to the sensible mass energy

as they are related through an analytical formula: es “ hs ` R
W tab .

The constant pressure and the constant volume heat capacities are

the slope of the enthalpy or sensible energy Cp “ Bhs
BT
, Cv “ Bes

BT
,
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consequently they are constant on each 100 K temperature inter-

val. Making use of the fact that the temperatures varie continuously

with the transported variable either enthalpy or energy, it can be

obtained by linear interpolation. The pressure is given by the ideal

gas law.

• Solving the Euler system of equation (4.2). Under tabulated chem-

istry approach, as the species are no longer transported, as proposed

in chapter 3, the temperature T tab is recovered from the thermo-

chemical table. Using the tabulated heat capacities Ctab
p , Ctab

v and

the ideal gas law, will give access to the pressure: p “ ρ rtab T tab.

Thus, for the Euler system of equation, only the temperature T tabpρ˚, e˚, c˚q
and the gas constant rtabpρ˚, e˚, c˚q must be recovered from the table in

order to closure the problem.

To assure that the thermo-chemical data enclosed in the purpose-build N2

table mimics the multi-component behavior its coordinates are defined as

follows:

1. The energy coordinate calculated by performing the integral etabs “şT`
T´
CvdT´RT0

W
using the convenient heat capacities, constant within

each 100 K interval.

2. The progress variable coordinate is a dummy variable and keeps its

initial value c˚ “ 0, corresponding to a fixed initial value YN2
“ 1

for the mass fraction of the only chemical species in the medium.

This indicates that, in a non-reactive system, the tabulated thermo-

chemical variable moves in a 2´D subspace: T tabpρ˚, e˚q, rtabpρ˚, e˚q.

3. The density coordinate is also a dummy variable in this case. In-

deed, the gas constant depends only on the chemical composition

r “ řNsp
k“1

RYk
Wk

which does not undergo any change in a cold mixture.

In other words the value of the gas constant is fixed by the initial

composition rtab “ constant. Furthermore, during the cold flow

computation the constant volume heat capacity depends no longer

on composition but only on temperature Cv “
řNsp
k“1Cv,kpT qYk thus

the sensible energy e “
şT
T0
CvdT ´ RT0

W
is only a function of temper-

ature, and vice versa T tabpe˚q.
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Therefore, to study the evolution of a non-reactive acoustic wave, a 1´D
thermo-chemical table which contains the temperature T tabpe˚q and the

gas constant rtab “ Ctab
v pe˚q ´ Ctab

v pe˚q is self-sufficient. For the current
case the thermo-chemical database is presented in Table 4.2. For the

chosen wave amplitude, the chosen extrema temperature of the table are

T´ “ 320K and T` “ 360 K, corresponding to the values of energy

e´ « 237 KJ{kg and respectively e` « 267 KJ{kg.

Point e˚ T rKs CprJ{kg{Ks CvrJ{kg{Ks
1 0 320 1040,22 744,49

2 0.25 330 1040,22 744,49

3 0. 5 340 1040,22 744,49

4 0.75 350 1040,22 744,49

5 1 360 1040,22 744,49

Table 4.2 : N2 table with constant heat capacities

Initial solution. The mean flow field and the gaussian acoustic wave in

accordance with 4.3 of amplitude A “ u1

c
superimposed on it are given in

Table 4.3.

p 105 Pa p1 52, 7 Pa

ρ 0, 9626 kg{m3 ρ1 3, 4910´4 kg{m3

T 350 K T 1 0.05 K

u 0 m{s u1 0.1382 m{s

Table 4.3 : Initial solution when heat capacities are constant throughout the

wave

As the linear acoustic theory asserts, the fluctuations presented in Ta-

ble 4.3 respect the relations B.10a and B.9a. In fact, it can be observed

that for this acoustic wave moving at the speed u ` c, the perturbations

on u1, p1 and ρ1 have the same sign. Figure 4.1 presents the comparison

between the initial acoustic wave when it is imposed by applying:

• the relation 4.6: N2 species being directly considered in the code;

lines in the figures
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• the relation 4.7: when the tabulated chemistry approach is used;

symbols on the figures.
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Figure 4.1 : Non reactive acoustic wave disturbance at constant heat capac-

ities : pressure, density, temperature and velocity fluctuations. Line: multi-

component code; Symbols: tabulated chemistry code

The similarity between the two curves is a first proof that a non-adiabatic

table T pe˚q is able to account for the acoustics of the system without fur-

ther assumptions as done when the thermo-chemical tables are generated

at constant pressure [85].

B. Results

Time evolution of the acoustic wave is followed inside the periodic domain

and presented in figures 4.2. The estimated physical time required for 1

lap time τlap is related to the domain length L and the sound speed c:
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τtour “ c
L
. Therefore, 15 laps calculations have been done over the total

physical time of 0.785 ms.

The figures claim that after 1, 5 or even 15 laps (from left to right) inside

the domain, the acoustic behavior is similar whether the chemical table

(symbols) is used or not (line). The test case presented in this section

evidences that a non-adiabatic thermo-chemical table is able to precisely

reproduce a typical behavior of a compressible solver. In the same di-

rection, a second non-adiabatic thermo-chemical table will be build as to

trace a more realistic wave which changes the value of heat capacity.
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(d) Velocity

Figure 4.2 : Non reactive acoustic wave propagation in a periodic domain,

pressure, density, temperature and velocity evolution after 1st, 5th, 15th laps

(from left to right). Line: multi-component; Symbols: tabulated chemistry ,

Ti “ 350K
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4.2.1.2 Variable heat capacity throughout the acoustic wave

A. Problem set-up

Boundary conditions. As in the previous section, periodicity is im-

posed at the boundary.

Thermo-chemical table description The thermo-chemical table fea-

tures are identical to the ones presented for the previous case.

The temperature of the N2 chemical table varies between T´ “ 280K and

T` “ 320K with a step of ∆T “ 10K. For the chosen temperature inter-

val the sensible energy varies from e´ « 207 KJ{kg to e` « 237 KJ{kg.
The information enclosed in the N2 thermo-chemical with variable heat

capacities is presented in Table 4.4.

Point e˚ T rKs CprJ{kg{Ks CvrJ{kg{Ks
1 0 280 1039,28 742,34

2 0.25 290 1039,28 742,34

3 0. 5 300 1040,22 744,49

4 0.75 310 1040,22 744,49

5 1 320 1040,22 744,49

Table 4.4 : N2 table with variable heat capacities

Initial solution The mean flow field, on which a gaussian acoustic

wave 4.3 of amplitude A “ u1

c
is superimposed, is given in Table 4.5 and

plot in figure 4.3.

p 105 Pa p1 52, 7 Pa

ρ 1, 1236 kg{m3 ρ1 4, 0710´4s kg{m3

T 299, 97 K T 1 0, 043 K

u 0 m{s u1 0, 1279 m{s

Table 4.5 : Initial solution when heat capacities vary throughout the wave

Again, it can be observed that for this acoustic wave going at the speed

u ` c, the perturbations on u1, p1 and ρ1 have the same sign. Figure 4.3
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presents the comparison between the initial wave when it is imposed by

applying:

• the relation 4.6: N2 species being directly considered in the code;

lines in the figures

• the relation 4.7, when the tabulated chemistry approach is used;

symbols on the figures.

The similarity between the two curves prove the capacity of a non-adiabatic

table T pe˚q to account for the acoustics of the system without further as-

sumptions [85].
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Figure 4.3 : Non reactive acoustic wave disturbance at variable heat capac-

ity: pressure, density, temperature and velocity fluctuations. Line: multi-

component; Symbols: tabulated chemistry
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B. Results

Time evolution of the acoustic wave is followed inside the periodic domain

and presented in figure 4.4 .

The figures claim that after 1, 5 or even 15 laps (from left to right) inside

the domain, the acoustic behavior is similar whether the chemical table

(symbols) is used or not (line).

In this section it was shown that the non-adiabatic thermo-chemical tables

are able to tackle the energy fluctuations due to acoustic pressure pertur-

bations. Accordingly, for a fully compressible code, the thermo-chemical

variables can be directly read in the table.
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Figure 4.4 : Non reactive acoustic wave propagation in a periodic domain,

evolution after 1st, 5th, 15th laps (from left to right). Line: multi-component;

Symbols: tabulated chemistry , Ti “ 300K



✐

✐

“PhD_Tudorache” — 2013/1/11 — 13:19 — page 106 — #112
✐

✐

✐

✐

✐

✐

106
Part II - Coupling a non-adiabatic chemical table with a LES

compressible solver

4.2.2 Non-reactive entropic waves

In the second test, the behavior of the entropic wave traveling from left to

right at the speed u was evaluated. The purpose of this test is to evaluate

the needed thermo-chemical table discretization when it is coupled with

compressible solvers.

In order to add only a small entropic disturbance with a velocity u, the

acoustic wave variations must vanish simultaneously dw` “ 0 and dw´ “
0, achievable only if there are neither pressure nor velocity fluctuations.

In this case there are entropic variations in the medium dws ‰ 0, so:

Bps “ 0 and Bus “ 0 and Bρs ‰ 0 (4.8)

To impose an entropic wave as initial solution for a compressible solver,

the following transformation is required (see appendix B and C):

- multi-component formulation:

¨
˝
Bρ
Bρu
BρE

˛
‚“

¨
˚̋

1 ρ

2c

ρ

2c

u ρ

2c
pu` cq ρ

2c
pu´ cq

ec ´ X

β

ρ

2c
pec ´ X

β
` cu` c2

β
q ρ

2c
pec ´ X

β
´ cu` c2

β
q

˛
‹‚

¨
˝
Bws
0

0

˛
‚

(4.9)

- tabulated chemistry formulation:

¨
˚̊
˚̋

Bρ
Bρu
BρE
Bc˚

˛
‹‹‹‚“

¨
˚̊
˚̋

1 ρ

2c

ρ

2c
0

u ρ

2c
pu` cq ρ

2c
pu´ cq 0

ec ´ X

β

ρ

2c
pec ´ X

β
` cu` c2

β
q ρ

2c
pec ´ X

β
´ cu` c2

β
q ´ ρ

β
χc˚

c˚ ρ

2c
c˚ ρ

2c
c˚ ρ

˛
‹‹‹‚

¨
˚̊
˚̋

Bws
0

0

0

˛
‹‹‹‚

(4.10)

In this section a non reactive stoichiometric C7H16-air mixture will be

disturbed by an entropic wave.

A. Problem set-up

Boundary conditions For the same reasons mentioned in section 4.2.1,

the evolution of the entropic wave will be pursued in a domain with pe-

riodic boundary conditions.
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Thermo-chemical table description For this test case n ´ C7H16

tables are used. Refer to the chapter 2, for information about their co-

ordinates variables and enclosed information. According to section 4.2.1,

in a non-reactive mixture, the density ρ˚ and the progress variable c˚ are

dummy variables. Hence only the discretization of the thermo-chemical

table in terms of energy will be discussed.

For a non-reacting mixture, the energy and the temperature are in linear

relationship with a slope equal to the mixture’s constant volume heat

capacity, see Fig. 4.5. Therefore, discretization in terms of energy ∆e

also means discretization in terms of temperature ∆T . Four thermo-

chemical tables discretization will be discussed ∆T « 55K, ∆T « 27K,

∆T « 18K and ∆T « 5K.

Figure 4.5 : Relationship between the energy and the temperature for a non-

reactive n-heptane-air mixture

Initial solution

A parametric study of the influence of thermo-chemical table discretiza-

tion on an entropic wave was performed. The same initial entropic wave

(shown in figure 4.6) was imposed to a constant mean field for all thermo-
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chemical tables tested.
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Figure 4.6 : Non-reactive entropic wave: velocity, density, pressure, tempera-

ture

As the focus is put on the effect of the table discretization, imposing the

initial wave under 1st order approximation assumption turns out to be

insufficient or limited to very small fluctuations. To ensure that the con-

tingent pressure fluctuations are related only to the table discretization,

the entropy disturbance was set by means of an iterative search.

Given a fluctuation, i.e. imposed on the temperature BT , the corre-
sponding density fluctuation is found with the use of the ideal gas law:

pρ ` Bρq “ p

rpT`BT q
by imposing the constant pressure p and considering

the fact that r is constant for a non-reactive mixture. Then, the energy

fluctuation due to temperature fluctuations are found by linear interpo-

lation in the table.
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B. Results

First iteration overview

As shown in the figure 4.7, after the first iteration small acoustic pertur-

bations are created in the domain, and they can be easily correlated to

the discretization of the thermo-chemical database, presented as straight

lines in the plots. Pressure scales of all figures are the same, yielding to

the fact that coarser the table is, higher the pressure disturbance created

by the linear interpolation in the database. Although the first iteration

displays the dependency between the table discretization and acoustic

perturbations created in the domain, they are too small to give knowl-

edge about the thermo-chemical table discretization in relation with an

accurate acoustic behavior. Thus, an analysis of the evolution in time of

the perturbations was made.

Evolution in time

In figures 4.8 through 4.11, the evolution of the entropic perturbation is

shown after 1st, 5th, 10th and 15th lap inside the domain.

The table discretization plays a minor role and creates very small parasite

acoustic waves, that move inside the domain and interfere to each other.

Even for the case when the largest table discretization temperature step

of 55K, the acoustic perturbation created does not exceed a relative error

on pressure of 0, 001 0{00. Thus, the table discretization with respect to

ignition delay estimation will be of first concern.

The test cases presented in this section underline that the non-adiabatic

tables are suitable for the coupling with compressible solvers.
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(b) ∆T « 27K
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(c) ∆T « 18K
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(d) ∆T « 5K

Figure 4.7 : Non reactive entropic wave disturbance: pressure change after

first iteration for various discretization of the thermo-chemical tables. Discon-

tinuous lines are table values, corresponding do (a) ∆T « 55K, (b) ∆T « 27K,

(c) ∆T « 18K and (d) ∆T « 5K discretization in temperature.
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Figure 4.8 : Non reactive entropic wave propagation in a periodic domain

after 1st lap time. The thermo-chemical table discretization given in terms of

temperature is : ∆T « 55K (green), ∆T « 27K (blue), ∆T « 18K(red) and

∆T « 5K(black).
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Figure 4.9 : Non reactive entropic wave propagation in a periodic domain

after 5th lap time. The thermo-chemical table discretization given in terms of

temperature is : ∆T « 55K (green), ∆T « 27K (blue), ∆T « 18K(red) and

∆T « 5K(black).
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Figure 4.10 : Non reactive entropic wave propagation in a periodic domain

after 10th lap time. The thermo-chemical table discretization given in terms of

temperature is : ∆T « 55K (green), ∆T « 27K (blue), ∆T « 18K(red) and

∆T « 5K(black).
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Figure 4.11 : Non reactive entropic wave propagation in a periodic domain

after 15th lap time. The thermo-chemical table discretization given in terms of

temperature is : ∆T « 55K (green), ∆T « 27K (blue), ∆T « 18K(red) and

∆T « 5K(black).
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4.3 Modeling validations: auto-ignition de-

lays

4.3.1 Constant volume

As AV BP is at least 2 dimensional solver, therefore the tabulated strat-

egy was first tested on a 2 ´ D constant volume computation. The

AV BP ´ TTC parameters are summarized in Table 4.6. The uniform

2-D mesh was created using the Hip tool [4].

To validate both the low temperature regime and the high temperature

regime, two cases were chosen. Their temperature evolution is presented

in the Figure 4.12. The AVBP TTC solution (symbols), see chapter 3, is

compared with detailed kinetics calculations (line) for a low and a high

temperature regime. The good agreement demonstrates the table’s ability

to account for variable pressure configurations.

4.3.2 0-D variable volume computations

In a four stroke cycle internal combustion engine, the piston has a re-

ciprocating movement between the top dead center (TDC) and the bot-

tom dead center (TDC) crank position. They are characterized by the

minimum cylinder volume, called clearance volume Vc and the total or

maximum cylinder volume Vt, respectively.

The difference between them is the volume swept out by the piston motion

and it is called displaced volume Vd.

Vt “ Vc ` Vd (4.11)

The ratio between the maximum and the minimum volume is the com-

pression ratio rc, typical CI engines value are 12 to 24.

rc “
Vc ` Vd
Vc

(4.12)

The cylinder volume V pθq at any crank angle position θ is

V pθq “ Vc `
πB2

4
pl ` a´ spθqq (4.13)
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Grid and BC

Element type quads

-0.01
0.01

0.01

1 2 3 4 5 6 7 8 9 10 11
1

2

3

4

adiabatic wallsTotal number of nodes 44 (11*4)

Total number of elements 30

Length Lx x Ly 0.02 m x 0.02m

xmin / ymin 2 10´3 m / 6.66 10´3 m

Boundary conditions slip, adiabatic walls

Flow Features

Governing equations unsteady Navier-Stokes

Turbulence no LES

Kinetics Tabulated chemistry

Numerical parameters

Numerical scheme Lax Wendroff

CFL 0.01

Artificial viscosity disabled

Initial conditions

homogeneous mixture at low temperature high temperature

Energy 2 105 J{kg 4 105 J{kg
Density 2.58 105 kg{m3 2.58 105 kg{m3

Temperature 759 K 960 K

Pressure 5.4 bar 6.8 bar

Table 4.6 : AVBP-TTC parameters for constant volume simulation

where B is the cylinder bore, l is the connecting rod length, a is the crank

radius and s is the distance between the crank axis and the piston pin

axis, given by:

spθq “ acosθ `
?
l2 ´ a2sin2θ (4.14)

The mean piston speed Sp

Sp “ 2LN (4.15)
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Figure 4.12 : 0D constant volume validation: evolution of temperature,

pressure and progress variable; full line: detailed chemistry REGATH 0D code;

symbols: tabulated chemistry AVBP TTC code

where L is the piston stroke andN is the rotational speed of the crankshaft.

The studied configuration is a CI single cylinder taken from a production

type PSA DW10B engine. The AV BP ´ TTC parameters are summa-

rized in Table 4.7.

The motion of piston is accounted for using an Arbitrary Eulerian La-

grangian (ALE) technique [1]. The grid points located on a moving
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Engine parameters

Total cylinder volume Vt 528 mL

Displaced volume Vd 506 mL

Bore x Stroke 8.5 cm x 8.8 cm

Connecting rod 14.5 cm

Compression ratio 24

Rotational speed 1500

Grid and BC

Moving mesh management ALE

Mesh type unstructured tetra

Total number of intermediate

meshes (1 cycle)

16 (i.e. BDC mesh in figure)

Interpolate solution between

meshes

2nd order [81]

Total number of elements from 0.4 to 0.7 millions

Boundary conditions noslip, adiabatic walls

Flow Features

Governing equations unsteady Navier-Stokes

Turbulence standard Smagorinsky model

Kinetics Tabulated chemistry

Numerical parameters

Numerical scheme Lax Wendroff

CFL 0.7

Artificial viscosity based on Colin Sensor [1]

Initial conditions at BDC

Fuel stoichiometric n-heptane/air homogeneous mixture

Temperature 350 K

Pressure 0.96 bar

Table 4.7 : AVBP-TTC parameters for variable volume simulation
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boundary displace according to a predefined law (i.e. analytical law of

the piston of an engine 4.13) and additional calculations are required for

the internal grid points.

To use the same grid for the entire computation (from BDC to TDC) is

not conceivable for two reasons:

• numerical: during the whole engine cycle, the motion of the pis-

ton induces distortion, contraction or dilatation of the computa-

tional mesh. As explained in section 3.3, errors in the LES filtered

equations are due to the assumption that the filtering operator com-

mutes with partial derivatives. For ICE applications, both space-

dependent and time-dependent commutation errors are made due to

the unstructured grids and respectively to the ALE method. How-

ever, their influence on the computation is found to be negligible

when various intermediate meshes are used for moderate compres-

sion ratios and engine speed (ď3000 rpm) [84].

• computational costs: if the same BDC mesh is used at TDC,

it will be compressed and therefore too refined with respect to the

spatial scales required by the physics [84] is used in some regions of

the computation.

The moving mesh management in the AV BP code is also discussed in

the chapter 5.

Each engine compression or power stroke phase is split into 8 intermedi-

ate meshes with their key parameters given in Table 4.8. The acronym

DCH ´ P stands for the distance between the cylinder head and the

piston at the top dead centre.

The computer-aided design CAD geometry and the unstructured mesh

of the PSA DW10B engine was build by using the ANSA [2] computer-

aided engineering CAE tool, widely used in the automotive industry.

The simulation starts at BDC with flow at rest in the whole geometry.

The initial composition is assumed to be an homogeneous mixture of air

and n-heptane at stoichiometry 350 K.

The thermo-chemical table used in this case was obtained with the 59-

species Golovitchev mechanism.

Figure 4.13 shows the temperature evolution in a PSA DW10B engine

performed with the AV BP ´ TTC code.



✐

✐

“PhD_Tudorache” — 2013/1/11 — 13:19 — page 120 — #126
✐

✐

✐

✐

✐

✐

120
Part II - Coupling a non-adiabatic chemical table with a LES

compressible solver

Phase DCH ´ P + stroke (cm) Cells

1 BDC 8.875 409020

2 7,408 386977

3 5.167 422566

4 3.021 471974

5 1.495 442087

6 0.646 492294

7 0.266 448260

8 0.128 668043

9 TDC 0.007468

Table 4.8 : PSA DW10B meshing

The first purpose of this test is to check the behavior of the code after

the coupling in a moving mesh environment.

The second purpose is to validate the auto-ignition delay for a variable

volume computation by using the AV BP ´ TTC code and therefore a

comparison with a 0 ´ D detailed chemistry computation obtained by

REGATH 0´D code is done. Figure 4.13 shows that an accurate tem-

perature evolution is obtained by using the tabulated chemistry approach

both during the compression and the power stroke.

In this chapter the coupling between an engine-adapted thermo-chemical

table and a compressible LES solver was validated in terms of acous-

tic behavior and ignition delay both in a constant and variable volume

domain. The acoustic waves that were sent inside a periodical domain

under tabulated chemistry approach follow the same evolution as they

would in a detailed chemistry code. As for the entropic wave, they do not

introduce significant pressure perturbation if the tabulated chemistry is

used. Finally, the ignition delay estimation is accurate both for constant

volume and variable volume calculations.
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Figure 4.13 : Variable volume validation: evolution of temperature ( full line:

detailed chemistry REGATH 0´D code; symbols: tabulated chemistry AVBP

TTC code)
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Chapter 5

Rapid Compression Machine

In this chapter the influence of the thermal stratification on auto-

ignition is studied by Large Eddy Simulation using tabulated chem-

istry for a better understanding of the combustion process in homo-

geneous charge compression ignition engines. The rapid compres-

sion machines are experimental facilities that reproduce the com-

pression stroke of an automotive engine and consequently they are

used for auto-ignition studies in an HCCI-like environment. Ex-

perimental techniques based on digital image analysis have been re-

cently carried out on a rapid compression machine at the Univer-

sité Pierre et Marie Currie (UPMC) and will be used for verifying

and validating the numerical solutions obtained using the AV BP

compressible LES solver coupled with the thermo-chemical tables

(ρ˚,e˚,c˚).

5.1 Introduction

Homogeneous Charge Compression Ignition (HCCI) engine is an alter-

native piston-engine combustion process that combines the advantageous

features of both spark ignition (SI) and compression ignition (CI).

In the HCCI engine, the dilute intake charge, by being very lean or/and

by using exhaust gas recirculation (EGR), is mixed prior to combustion.
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The obtained homogeneous charge is heated by compression and will auto-

ignite close to the top dead center (TDC).

Because the fuel and air are well mixed prior to combustion, the chemical

reactions occur simultaneously throughout the volume rather than in a

propagating flame front. This allows combustion to take place at lower

temperatures and at lower dilutions level, so that the particle emissions

are minimized and the conditions needed for significant NOx production

usually are not reached. Another important attribute of HCCI engine is

its high efficiency, consequence of the fact that the charge is mixed and

compression ignites [30]. The combustion duration is therefore shorter,

taking place in only a few crank angle degrees.

Although a high level of homogeneity is worthwhile under many situa-

tions, the creating of a partially non-homogeneous charge improves at

limiting the large heat release occurring at high-load operations. There-

fore, further improvements in HCCI development require to be able to dis-

tribute the heat release over several crank angle degrees. One possibility

for this to be achieved is to promote thermal inhomogeneities [89], engen-

der by the incomplete turbulent mixing between the gases wrapped inside

the cylinder and the cold walls. Spatial temperature non-uniformities af-

fect the combustion evolution phenomenology so that both volumetric and

front-like combustion modes may be present in the system. Notice that,

although it will not be discussed in this paper, charge inhomogeneities

might be also introduced by incomplete mixing. As these methods in-

volve stratification of the charge mixture, in terms of temperature or

composition, the mode of operation is alternatively referred as Stratified

Charge Compression Ignition SCCI.

To study this phenomenon in real engine configuration implies to isolate

the influence of different parameters that control their behavior. There-

fore different numerical and experimental techniques have emerged to

overcome this limitation.

Information relevant to the modeling of SCCI may be obtained by means

of DNS in close constant volume at typical SCCI engines conditions i.e.

by superimposing random temperature field on the mean temperature

field as done by [89]. Although turbulence is inherently three dimensional,

due to computer power limitations, the DNS simulations are restricted

to one or at most two dimensional ignition problems.
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In order to provide knowledge about the influence of the temperature

on the combustion modes in a HCCI or SCCI-like environment, experi-

mental facilities as Rapid Compression Machine (RCM) had also been

used. Unlike the conventional engines, in RCM the piston is stopped

at the TDC without any rebound, so that the pressure and temperature

can be hold for a larger duration at values typical to the TDC. This

allows the detailed study of the ignition delay time as a function of the

post-compression turbulence, providing possible control techniques of the

ignition timing [42].

In this chapter, the large eddy simulations using AV BP ´TTC code will

be applied to calculate a rapid compression machine as the one designed

at the Institut Jean le Rond d’Alembert at the Université Pierre et Marie

Currie (UPMC) [41]. In the first part, the geometrical configuration

of the UPMC rapid compression machine will be briefly discussed. In-

formation about Computer-aided design (CAD) of the physical objects

components of the RCM and about the unstructured grids used in the

numerical simulation are given. A comparison is made between the two-

dimentional velocity field measured by Particle Image Velocimetry (PIV )

and calculated with the AV BP ´ TTC compressible LES solver with

tabulated chemistry. Knowing that the RCM has cold walls, as for the

ignition kernels to be captured, the tabulated chemistry should be able

to address heat losses. The thermo-chemical table (ρ˚,e˚,c˚) is adapted

for modeling this type of applications throughout its energy coordinate.

Finally, the reactive AVBP-TTC simulation of the RCM is discussed.

5.2 Geometrical configuration of RCM

5.2.1 Rapid Compression Machine CAD

A partial cross-section view of the UPMC RCM is shown in Fig. 5.1,

the details are given in [42].

Briefly, in RCM , as in HCCI engines, the fuel and the air are mixed

before entering the cylinder through the mixture inlet port (1). The

machine holds a hydraulic system capable to move a single piston (2,3)

inside a pre-compression chamber (4) and then throughout a convergent

section (5) until the lowest cylinder head is reached. After this point,
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the acquisition and control system are able to get information about the

post-compression turbulence evolution in the combustion chamber (5) by

PIV or visualize the combustion process by high speed camera images.

Figure 5.1 : UPMC RCM components: 1 mixture inlet port; 2: piston

body; 3: piston nose; 4: pre-compression chamber; 5: convergent section; 6:

combustion chamber; 7: PIV laser head mounted with its laser sheet generation

optics; 8: refining cylindrical lens; 9: PIV camera

The design drawing are shown in Fig. 5.2. The entire RCM reactor

has 1.06 L at BDC. When the piston reaches the TDC, the available

volume is only 0.07 L. The chamber has a bore of 40 mm and a height

of 42.40 mm.

The simulations were performed at full-scale and for the entire piston

motion from BDC to TDC.
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Figure 5.2 : RCM design drawing

The computer-aided design (CAD) geometry of the UPMC RCM was

build by using the ANSA tool [2].

AV BP being an unstructured solver, it is flexible for handling compli-

cated geometry, thus unstructured grids were generated inside the CAD

structures using the CENTAUR software [3].
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5.2.2 Moving mesh management

The Arbitrary Eulerian Lagrangian (ALE) technique [1] is used to move

the grid system. In this approach, the grid points located on a mov-

ing boundary displace according to a predefined law. The internal grid

points move at different velocities due to the piston shape. In AV BP , a

Laplacian type solver calculates the percentage field of the internal grid

points.

The ALE moving grid technique requires both the initial grid and the

grid for the final mesh position, called the target grid, see Fig. 5.3.

As to prevent negative cells the target meshes were generated by using

the Adaptive Moving Mesh AMM code provided by CERFACS [1].

The AMM code is performing mesh smoothing (Laplacian smoothing,

Optimisation-based smoothing) and remeshing operations (Local remesh-

ing, Refinement, Coarsening, Swapping) in order to maintain the quality

of the target deformed grid.

The target mesh must have the same connectivity as the initial mesh also

it corresponds to a future physical time, therefore to a different piston

position. Of course these two contradictory conditions, namely same con-

nectivity with smaller cells in the compression stroke (or higher cells in the

power stroke) can not be reached without locally grid skewness. There-

fore, several times the connectivity of the mesh must be changed implying

to interpolate the intermediate i phase solution on an adapted connectivi-

ty mesh and continue the compression throughout the next phase i ` 1.

The first mesh generated corresponds to the initial physical time, so the

piston is situated at the BDC and has about 4 million tetrahedral cells

for a total internal volume of the machine of 1.06L , corresponding to

an implicit LES filter size in the interval 0.22 mm ă V
1{3
cell ă 1.56 mm.

In the RCM the combustion chamber is mainly immobile but the mesh

inside the pre-compression chamber and in the convergent section moves

along with the piston.

The mesh was refined in the combustion chamber region V
1{3
cell « 0.5 mm

and the values were kept as constant as possible along the computation

in order to avoid transitions from the sub grid scale to the resolved scale.

Between each mesh the solution was interpolated on a different connec-

tivity mesh with optimized grids for the given piston position using hip

tool [4].
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Figure 5.3 : RCM mesh transformation during i to i` 1 phase
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In order to avoid cell deformations of more than « 20%, 15 intermediate

tetrahedral meshes between 1.5 to 4 million cells and the corresponding

target meshes were created in order to simulate the entire evolution of

the RCM piston motion, see Table 5.1.

Phase Total volume (L) Mesh change time (ms) Cells (millions)

1 BDC 1.06 0 3.9

2 1.02 4.8 4.1

3 0.93 7.2 4.0

4 0.81 9.9 3.9

5 0.69 12.6 3.8

6 0.55 15.1 3.8

7 0.43 17.4 3.7

8 0.33 19.5 5.5

9 0.25 21.3 3.1

10 0.18 23.0 2.8

11 0.15 24.4 2.4

12 0.12 25.7 1.9

13 0.10 26.8 1.6

14 0.09 27.7 1.5

15 0.08 28.4 3.3

16 TDC 0.077 31.5

Table 5.1 : RCM mesh information throughout the compression

The evolution of the RCM volume corresponding to the experimental

displacement of the piston is given in the figure 5.4. As an example, the

initial mesh, corresponding to the BDC, two intermediate mesh and the

final mesh, corresponding the TDC are also shown in the figure 5.4.

The RCM geometry and mesh information is summarized in Table 5.2.
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Figure 5.4 : RCM piston displacement law

RCM parameters

BDC volume 1.06 L

TDC volume 0.07 L

Chamber Bore x Height 40 cm x 42.40 cm

Grid

Moving mesh management ALE

Mesh type unstructured tetra

Total number of intermediate meshes 15

Interpolate solution between meshes hip 1st order interpolation [1]

Total number of elements from 1.5 to 5.5 millions

Table 5.2 : RCM Geometry and mesh parameters
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5.3 Boundary conditions with tabulated chem-

istry: the impact of isothermal wall on

ignition

Internal combustion engines and rapid compression machines are usu-

ally water cooled, air cooled or cooled by natural convection and radi-

ation [44]. Generally it can be considered that these industrial systems

have isothermal walls. The heat transfer at the walls causes inhomoge-

neous temperature field and it will be shown later on it has a significant

impact on the ignition process. To accurately describe an isothermal wall

with a tabulated chemistry approach, it is necessary for the corresponding

thermo-chemical table to have a coordinate able to account for the wall

heat losses. By its energy coordinate, the thermo-chemical table devel-

oped during this work has the quality to address heat fluxes changes.

The boundary conditions can be divided in two categories:

• Navier–Stokes Characteristic Boundary Conditions NSCBC, pro-

posed by Poinsot and Lele [71] to control the wave crossing the

computational boundaries by preventing the appearance of numer-

ical instabilities. The formulation uses the characteristic wave de-

composition derived for the Euler equations and generalized to the

Navier-Stokes equations with detailed chemistry but also with tab-

ulated chemistry by Vicquelin and al. in [85]1.

• Newman - Dirichlet BC, R “ ´1, the acoustic disturbance is com-

pletely reflected at the boundary p1` “ ´p1´ and therefore no pres-

sure fluctuations are allowed at the boundary. This type of bound-

ary is compatible with wall enclosed combustion computations. No-

tice that, wave decomposition is not required, the conserved vari-

ables being directly used and therefore is relatively easy to imple-

ment in compressible solvers. This type of BC has been used for

the RCM LES simulations performed henceforth and is described

in the following.

1Although the NSCBC is not addressed in this work, Appendix C can yield a

major contribution to their development as it presents the wave decomposition for the

conservative variables transported under the pρ˚, e˚, c˚q tabulated chemistry approach
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An isothermal boundary condition should be able to transmit to the near-

wall cells the presence of a wall with an imposed target temperature.

The target values that a solution needs to take on the boundary of the

domain can be directly assigned by Dirichlet or Newman BC type. Im-

posing directly the target value without any other model implies a high

number of points in the near wall region2.

For industrial applications that use relatively coarse meshes an adequate

wall model is to be used to correctly predict the parietal fluxes throughout

the adjacent wall cells. The purpose of model is to estimate the gradient

of the transported variables in the first near-wall cell based on the local

physical considerations given by the Navier-Stokes variables. A classical

boundary layer model is briefly presented in this paper, for additional

knowledge concerning the implementation in cell-vertex numerical solvers

as AV BP address to [1,11] or find general information on parietal models

in [46].

In a boundary layer, two characteristic regions Fig. 5.5 can be distin-

guished: an outer layer mainly controlled by large scale turbulent struc-

tures and an inner layer, « 20% of its length δ where the flow behavior

is governed by both molecular and turbulent diffusion.

The analysis of a turbulent boundary layer flow over a flat plate has re-

vealed that the inner layer has a self similar solution for the mean axial

velocity . The self-similar behavior is assured by considering dimension-

less parietal units for the axial velocity u` “ ū{uτ and for the wall length

y` “ y{yτ . The characteristics of the thiner inner boundary layer used are
the friction length yτ and the friction velocity uτ , defined as: uτ “

b
τw
ρw

and respectively yτ “ µw
ρwuτ

using the wall-friction which corresponds to

the viscous wall shear stress τw and the thermodynamical characteristics

as its density ρw and its dynamical viscosity µw.

• In the inertial sub-layer the turbulent transport is predominant

µ`t ąą µ` and a possible model is the Prandtl mixing length:

2the number of points needed to correctly capture the inner zone of a boundary

layer of size δ is estimated by Chapman [12] to be Re1.8
δ
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Figure 5.5 : Boundary layer structure

µ`t “ pky`q2
du`

dy`
(5.1)

with von Karman constant k commonly value 0.41. By using these

assumptions, it is shown, see the demonstration in [11], that the

average velocity of the turbulent flow u` is proportional to the log-

arithm of the distance from that point to the wall y`, eq. 5.2.

u` “ 1

k
lnpy`q ` C (5.2)

• In the closed vicinity of the wall the viscous effects are predominant

and the velocity is linear to the wall distance 5.3. In the buffer
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layer, between 5 wall units and 30 wall units, neither law holds .

u` “ y` (5.3)

• In AV BP code the value y` “ 11.445 where the two equations

intercept is used as a delimitation value: before 11 wall units the

linear approximation is more accurate and after 11 wall units the

logarithmic approximation is used.

The parietal thermal boundary layer features the same behavior as the

dynamic boundary layer but they rarely grow at the same rate.

T` “ Prt

k
lnpy`q ` CT pPrq (5.4)

T` “ Pry` (5.5)

This BC imposes constraints on the viscous fluxes before applying the nu-

merical scheme and no special precautions were needed for the tabulated

approach. Note that when needed the variables e.g. the temperature, are

to be read by interpolation in the thermo-chemical database (ρ˚, e˚, c˚).

Newman - Dirichlet BCs were used to imposed the isothermal walls of

the MCR, argued by the following criteria:

• adapted to wall enclosed combustion as the acoustic disturbance is

completely reflected at the boundary

• easily to implement in compressible solvers by directly using the

conservative variables

• straightforward to couple to tabulated chemistry approach



✐

✐

“PhD_Tudorache” — 2013/1/11 — 13:19 — page 136 — #142
✐

✐

✐

✐

✐

✐

136
Part II - Coupling a non-adiabatic chemical table with a LES

compressible solver

5.4 LES results analysis

Two simulations of the RCM will be presented in the following: a non-

reactive case in which the machine is filled with a N2/Ar/CO2 mix-

ture and a reactive case in which the machine is filled with a lean n ´
neptane/air/EGR mixture.

The parameters of the simulations are presented in Table 5.3.

Flow Features

Governing equations unsteady Navier-Stokes

Turbulence standard Smagorinsky model

Kinetics Tabulated chemistry

Numerical parameters

Numerical scheme TTGC

Boundary condition Non-characteristic with parietal model

CFL 0.7 (phase1-14) /0.05 (phase 15)

Artificial viscosity based on Colin Sensor [1]

Table 5.3 : RCM simulation parameters

5.4.1 Non-reactive case

One of the primary objective of the study will be addressed in this section,

namely the investigation of the initial turbulent flow prior to combustion.

As indicated by theoretical bases [88,89], the instantaneous temperature

distribution is the relevant criteria in distinguishing between combus-

tion regimes. Hence, accurately describing the fluid motion inside the

combustion chamber is crucial both for the ignition process and for the

combustion propagation phenomenology.

5.4.1.1 Piston movement validation

The RCM experimental set-up developed at UPMC has a high com-

pression ratio CR “16 which is achieved within a short compression time

τ “ 31.5 ms. Following the experimental data, the piston motion has
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been simulated using 15 successive meshes as described in section 5.2.2.

As shown in Fig. 5.6 the chamber volume decrease is well reproduced by

the simulation. The meshes are capable to reproduce the piston motion

without significant volume lost and thus mass variation which is below

1%. This approves that the 15 CAD geometries were correctly build and

the sequential connection between them is accurately performed.

Time[ms]
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Figure 5.6 : Comparison between RCM volume evolution experimental

(UPMC) and numerical simulation (EM2C)

In the case of the given RCM there is no algebraic law for the piston

motion contrary to a classical engine case exposed in chapter 4. An

experimental volume law evolution is discretized and at each time step the

piston position is found by interpolation. Figure 5.7 shows a comparison

between the experimental imposed piston speed and the maximum grid

speed. Small differences between the two evolutions are expected due to

the linear interpolations between the meshes.

5.4.1.2 Pressure time evolution

The chamber is initially fielld with inert mixture and depressurized at

p0 “ 0.35 bar. The volume is diminished as explained above and the

pressure is increased while the mixture is put into motion towards the

clearance volume.
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Figure 5.7 : Comparison between RCM piston speed(UPMC) and maximum

grid speed (EM2C)

In order to reproduce the cold flow measurements, non-reactive 3-D sim-

ulations with tabulated chemistry were performed. For this purpose, a

non-reactive thermo-chemical table with the same composition as the one

used in experiments was conceived. The initial mass fractions are given

in Table 5.4 and they were chosen as to have a mean heat capacity as

close as possible to the reactive n ´ C7H16/air mixture used in the next

section. The progress variable is zero during all the computation c “ 0

being a dummy coordinate.

Species Molar fraction

C7H16 0

H2 0

O2 0

N2 0.5014

Ar 0.4248

CO2 0.0738

Table 5.4 : Inert mixture composition
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The pressure varies inside the inert thermo-chemical table and thus is

able to cover the entire range of pressure delivered by the piston motion.

The mean pressure evolution inside the RCM is given in Figure 5.8 nor-

malized by p0 “ 0.35 bar. Both the evolution of the pressure during the

compression stage τ ă 31.5 ms and after the TDC is reached, are well

predicted by the simulation. In an RCM the piston is kept steady after

the TDC and the slight decrease in the pressure value is due to the wall

heat losses.
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Figure 5.8 : Comparison between RCM pressure evolution experimental

(UPMC) and numerical simulation (EM2C)

5.4.1.3 Velocity field time evolution

As the entire, full-scale RCM was simulated, the velocity field is available

both in the pre-compression and in the compression chamber. Figure 5.9

shows the velocity field in a 2-D cut in the central axis of the RCM ,

13 ms after the BDC.

Fig. 5.10 focusses on the compression chamber and shows the velocity

field obtained by the simulation at different instances during compression

and in the post-compression period.
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Figure 5.9 : AV BP ´ TTC: 2-D velocity field time evolution in the RCM

chamber 13 ms after the BDC

Due to the piston motion, the fluid in the chamber is put into motion in

the same direction. Near the TDC, two upper and two lower symmetrical

recirculation zones are created near the wall. The speed is of order of 10

to 20 m{s in these zones and of approximately 5 m{s in the middle of

the chamber. After the piston stop Fig. 5.10(e), the two vortices continue

moving upwards and they are broken in contact with the top cylinder

head, at about 25 ms after the TDC.
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(a) BDC (b) 15.7 ms (c) 23.6 ms

(d) 27.1 ms (e) TDC “ 31.5 ms (f) 2.6 ms after TDC

(g) 5.2 ms after TDC (h) 7.8 ms after TDC (i) 13.0 ms after TDC

(j) 18.2 ms after TDC (k) 23.4 ms after TDC (l) 46.8 ms after TDC

Figure 5.10 : AV BP ´ TTC: Velocity field time evolution in a 2-D cut in

the central axis of the RCM chamber
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5.4.1.4 Comparison with experiments

Experimentally the chamber was filled with an inert mixture. The in-

stantaneous flow field was measured by PIV system by [42].

The comparison between the velocity field measured by PIV and the

calculated using the AV BP ´TTC solver is shown in the Figs. 5.11, 5.12

and 5.13, at the TDC so just after the piston reaches the combustion

chamber head, 5 ms after TDC and 10 ms after TDC, respectively.

Figure 5.11 : Velocity field validation at TDC: PIV measurements (left figure),

LES simulation using AVBP-TTC code (right figure).

The PIV field and the tangential numerical velocity vectors were colored

by the speed. The two upper vortices can be observed both in the exper-

iments and in the simulation. Due to optical impediments, the two lower

contra-rotating vortices are not visible by PIV measurements.

Computed results closely match with experimental observation at all three

instances. The presence of the symmetrical vortices, the magnitude of the

speed in the recirculation zone and the temporal evolution of the vortices

are accurately reproduced by the numerical simulation. This validates

the coupling between the thermo-chemical tables (ρ, e, c) and the LES

compressible solver and its ability to predict the fluid dynamics inside a

variable volume engine.
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Figure 5.12 : Velocity field validation 5 ms after the TDC: PIV measurements

(left figure), LES simulation using AVBP-TTC code (right figure).

Figure 5.13 : Velocity field validation 10 ms after the TDC: PIV measurements

(left figure), LES simulation using AVBP-TTC code (right figure).
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5.4.1.5 Temperature field time evolution

Figure 5.14 shows the temperature evolution on a slice situated in the

middle of the RCM chamber. Initially, at BDC, the gas mixture at rest

is specified with uniform temperature T “ 343K. At the end of com-

pression the piston comes to rest and remains there for the subsequent

time steps. The temperature evolution during the first 46.8 ms of the

post-compression period is shown. As it is a non-reactive mixture simu-

lation, the temperature inhomogeneities created during the compression

are entirely related to the heat transfer between the fluid and the cold

external walls. Unable to have access to the experimental temperature

field, the numerical simulation gives an additional information inside the

chamber.

Notice that the temperature field varies significantly after the TDC,

therefore the thermal field of the mixture is in continuous motion and

depending on the moment of auto-ignition, i.e. for two fuels with differ-

ent ignition-delays, various combustion modes would be possible. This

highlights a possible way of controlling the combustion propagation and

thus controlling a SCCI engine by choosing the optimum conditions for

which the pressure rise spreads over several crank angle degrees.
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(a) BDC (b) 15.7 ms (c) 23.6 ms

(d) 27.1 ms (e) TDC “ 31.5 ms (f) 2.6 ms after TDC

(g) 5.2 ms after TDC (h) 7.8 ms after TDC (i) 13.0 ms after TDC

(j) 18.2 ms after TDC (k) 23.4 ms after TDC (l) 46.8 ms after TDC

Figure 5.14 : AV BP´TTC: Temperature time evolution in the RCM cham-

ber
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5.4.2 Reactive case

As previously discussed, the walls of the entire RMC facility are cooled

down during the entire process. In a first step, the thermo-chemical table

must consider the heat losses to accurately capture the localization of the

ignition kernels. Secondly, the thermo-chemical table must accurately fol-

low the chemical reaction when the RCM is filled with a reactive mixture.

For these purposes, a reactive thermo-chemical table with a lean mixture

of n´C7H16/air/EGR with the equivalence ratio of φ “ 0.8 and 79% di-

luted by a N2-CO2 (30%-70% respectively ) mixture was conceived. This

composition had been chosen to be representative to a HCCI engine fuel.

5.4.2.1 Velocity field time evolution

In reactive mixtures, the tracer particles seem to have different concentra-

tions with and without the flame front and it makes difficult the analysis

of the velocity vectors [66]. Thus, the PIV was only set-up for inert mix-

tures. Figure 5.14 presents the time evolution of the velocity field in the

chamber. Although no comparison is possible with the experimental ve-

locity field, the aerodynamic behavior of the reactive mixture before the

ignition takes place is similar to the inert mixture as they were chosen to

have the same heat capacity.

Computed results provide insights into the nature of the fluid dynam-

ics and of the temperature distribution inside the RCM chamber. The

fluid dynamics inside a rapid compression machine depends strongly on

its geometrical characteristics. At TDC Fig. 5.15(e), two symmetrical

vortices span the lower part of the chamber, which shear cold gases from

the boundary and brings them inside. As in the non-reactive case, along

with the main vortices, two corner vortices are formed near the cylinder

wall.The regime near the lower head cylinder is greatly affected by the

flow of the cold gases from the boundary. At the end of compression

Fig. 5.15(e), the maximum velocity in the chamber is about 20 m{s. As
the vortices move forward to the top header of the cylinder, the regime

in the chamber is strongly modified. At about 45 ms after compression

Fig. 5.14(l), the maximum velocity has reduced to about 2 m{s and the

velocity pattern is almost uniform.
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(a) BDC (b) 15.7 ms (c) 23.6 ms

(d) 27.1 ms (e) TDC “ 31.5 ms (f) 2.6 ms after TDC

(g) 5.2 ms after TDC (h) 7.8 ms after TDC (i) 13.0 ms after TDC
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compressible solver

(j) 18.2 ms after TDC (k) 23.4 ms after TDC (l) 46.8 ms after TDC

(m) 0.63 s after TDC (n) 0.79 s after TDC (o) 0.89 s after TDC

(p) 0.90 s after TDC (q) 0.91 s after TDC (r) 0.93 s after TDC

Figure 5.14 : AV BP ´ TTC: 2-D velocity field time evolution in the RCM

chamber
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5.4.2.2 Temperature field time evolution

Figure 5.15 shows the instantaneous temperature evolution during the

compression and just after the beginning of auto-ignition of the mixture.

The temperature is initially uniform in the chamber and increases gradu-

ally until the pair of vortices enter in the chamber. These results indicate

that with this specific UPMC piston design, the gas velocity after com-

pression is relatively high and the core region shrinks relatively quickly

due to rapid dragging of cold gases.

The adiabatic core assumption is found to be valid after about 45 ms,

Fig. 5.14(l). For the n´C7H16 mixture chosen in this study, the propaga-

tion of the flame front can be seen at 130 ms, Fig. 5.14(o), and therefore

the design of the RCM is well-adapted.

For fuels with very short auto-ignition delays, the complex aerodynamic

features affect the state of the reacting core and alter the measurement

of the auto-ignition delay time.

(a) BDC (b) 15.7 ms (c) 23.6 ms

(d) 27.1 ms (e) TDC “ 31.5 ms (f) 2.6 ms after TDC



✐

✐

“PhD_Tudorache” — 2013/1/11 — 13:19 — page 150 — #156
✐

✐

✐

✐

✐

✐

150
Part II - Coupling a non-adiabatic chemical table with a LES
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(g) 5.2 ms after TDC (h) 7.8 ms after TDC (i) 13.0 ms after TDC

(j) 18.2 ms after TDC (k) 23.4 ms after TDC (l) 46.8 ms after TDC

(m) 0.63 s after TDC (n) 0.79 s after TDC (o) 0.89 s after TDC

(p) 0.90 s after TDC (q) 0.91 s after TDC (r) 0.93 s after TDC

Figure 5.15 : AV BP ´ TTC: Temperature field time evolution in the RCM

chamber
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5.4.2.3 Species field time evolution

This section gives a view on the chemical species evolution in the rapid

compression machine.

Figure 5.16 shows the progress variable time evolution in the RCM cham-

ber. During the compression, the reaction is initiated in the near wall

region; 10 ms after the TDC, due to the cold gases brought by the two

vortices from the bottom, the progress variable has a higher value in the

upper region of the chamber. The vortices continue to move the mixture

and finally the reaction takes place in the middle of the chamber.

(a) BDC (b) 15.7 ms (c) 23.6 ms

(d) 27.1 ms (e) TDC “ 31.5 ms (f) 2.6 ms after TDC

(g) 5.2 ms after TDC (h) 7.8 ms after TDC (i) 13.0 ms after TDC

Figure 5.17 shows the normalized progress variable time evolution in the

RCM chamber, which is a transported variable.
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(j) 18.2 ms after TDC (k) 23.4 ms after TDC (l) 46.8 ms after TDC

(m) 0.63 s after TDC (n) 0.79 s after TDC (o) 0.89 s after TDC

(p) 0.90 ms after TDC (q) 0.91 ms after TDC (r) 0.93 ms after TDC

Figure 5.16 : AV BP ´ TTC: Progress variable time evolution in the RCM

chamber

Figure 5.18 shows the evolution of the pollutant species CO in the RCM

chamber.

Figures 5.19 and 5.20 show the hydroxyl radical evolution in the chamber

in two different 2´D sections in the RCM chamber. It can be observed

that the profile changes from one section to the other, highlighting that

only a 3´D simulation is able to localize the auto-ignition kernels.

Numerical simulations give further knowledge on the chemical features

that experiments can not provide today and thus improve the control of

specific pollutants.
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(a) BDC (b) 15.7 ms (c) 23.6 ms

(d) 27.1 ms (e) TDC “ 31.5 ms (f) `2.6 ms after TDC

(g) 5.2 ms after TDC (h) 7.8 ms after TDC (i) 13.0 ms after TDC
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(j) 18.2 ms after TDC (k) 23.4 ms after TDC (l) 46.8 ms after TDC

(m) 0.63 s after TDC (n) 0.79 s after TDC (o) 0.89 s after TDC

(p) 0.90 s after TDC (q) 0.91 s after TDC (r) 0.93 s after TDC

Figure 5.17 : AV BP ´ TTC: Normalized progress variable time evolution in the

RCMchamber
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(a) BDC (b) 15.7 ms (c) 23.6 ms

(d) 27.1 ms (e) TDC “ 31.5 ms (f) 2.6 ms after TDC

(g) 5.2 ms after TDC (h) 7.8 ms after TDC (i) 13.0 ms after TDC



✐

✐

“PhD_Tudorache” — 2013/1/11 — 13:19 — page 156 — #162
✐

✐

✐

✐

✐

✐

156
Part II - Coupling a non-adiabatic chemical table with a LES
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(j) 18.2 ms after TDC (k) 23.4 ms after TDC (l) 46.8 ms after TDC

(m) 0.63 s after TDC (n) 0.79 s after TDC (o) 0.89 s after TDC

(p) 0.90 s after TDC (q) 0.91 s after TDC (r) 0.93 s after TDC

Figure 5.18 : AV BP ´TTC: Carbon monoxyde radical time evolution in the

RCM chamber
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(a) BDC (b) 15.7 ms (c) 23.6 ms

(d) 27.1 ms (e) TDC “ 31.5 ms (f) `2.6 ms after TDC

(g) 5.2 ms after TDC (h) 7.8 ms after TDC (i) 13.0 ms after TDC
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compressible solver

(j) 18.2 ms after TDC (k) 23.4 ms after TDC (l) 46.8 ms after TDC

(m) 0.63 s after TDC (n) 0.79 s after TDC (o) 0.89 s after TDC

(p) 0.90 s after TDC (q) 0.91 s after TDC (r) 0.93 s after TDC

Figure 5.19 : AV BP´TTC: Hydroxyl radical time evolution in the RCM chamber

in the y=0 plane
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(a) BDC (b) 15.7 ms (c) 23.6 ms

(d) 27.1 ms (e) TDC “ 31.5 ms (f) 2.6 ms after TDC

(g) 5.2 ms after TDC (h) 7.8 ms after TDC (i) 13.0 ms after TDC



✐

✐

“PhD_Tudorache” — 2013/1/11 — 13:19 — page 160 — #166
✐

✐

✐

✐

✐

✐

160
Part II - Coupling a non-adiabatic chemical table with a LES
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(j) 18.2 ms after TDC (k) 23.4 ms after TDC (l) 46.8 ms after TDC

(m) 0.63 s after TDC (n) 0.79 ms after TDC (o) 0.89 ms after TDC

(p) 0.90 ms after TDC (q) 0.91 ms after TDC (r) 0.93 ms after TDC

Figure 5.20 : AV BP´TTC: Hydroxyl radical time evolution in the RCM chamber

in the x=0 plane
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5.4.2.4 Local analyses of auto-ignition

In order to analyze the auto-ignition, we consider four points in a hori-

zontal section located in the middle of chamber z “ 0 mm, Fig. 5.21(a)

and we observe the temperature time evolution. The observation was re-

peated at two other levels, z “ 10 mm, Fig. 5.21(b) and z “ ´10 mm,

Fig. 5.21(c). As thermal stratifications are present in the chamber, the

auto-ignition does not take place simultaneously throughout the volume

but is situated in preferential regions in the combustion chamber. In some

regions ignition is almost over and in other regions it has not started yet.

Further more, the combustion regimes can be different, both main and

cool flame coexist.
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(a) z= 0 mm, R=10 mm, θ= 45˝, 135˝, 225˝, 315˝
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(b) z= + 10mm, R=10 mm, θ= 45˝, 135˝, 225˝, 315˝
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(c) z= - 10mm, R=10 mm, θ= 45˝, 135˝, 225˝, 315˝

Figure 5.21 : Locally temperature time evolution in the RCM chamber in

three horizontal positions
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Figure 5.22 gives the temperature time evolution of three points located

vertically in the chamber for different regions depicted in the label. The

evolutions shows that the flame propagation takes place in the horizontal

direction.
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(a) right: R “ 10 mm, θ= 45˝, z “ ´10 mm, z “ 0 mm,

z “ `10 mm
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(b) middle: R “ 0 mm, z “ ´10 mm, z “ 0 mm, z “ `10 mm
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(c) left: R “ 10 mm, θ= 225˝, z “ ´10 mm, z “ 0 mm,

z “ `10 mm

Figure 5.22 : Temperature time evolution in the RCM chamber of three points

located vertically at three radial positions
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Conclusion

In this thesis auto-ignition of internal combustion engines has been stud-

ied using a LES compressible solver. Chemical kinetics was introduced

by tabulation method. The coupled solver was applied to an adiabatic ho-

mogeneous compression ignition engine and a rapid compression machine

with heat losses.

The first part of this study proposes a methodology that enables the

development of an efficient thermo-chemical table for ICE applications.

Although the FPI method was largely used to model chemistry in sta-

tionary combustors, variable volume configurations have specific issues

that have been addressed in this work. In order to account for auto-

ignition, the flamelet features of classical FPI approach is replaced by an

auto-igniting homogeneous mixture approach. Thus the proposed method

assumes that the chemistry of an ICE with a premixed charge can be

mapped by a collection of 0-D reactor computation data using as coordi-

nates: the progress variable (c), the energy (e) and the density (ρ). As

memory size needed for the thermo-chemical table can limit the use of

the tabulation approach when used in parallel codes, a benchmark dis-

cretization for each of the chosen coordinates has been given. Constant

volume, variable pressure simulations were performed to test the accuracy

of the auto-ignition delay estimation when using the tabulation method

compared with the detailed chemistry approach. The validation was per-

formed using two mechanisms for n-heptane fuel showing once again that

the thermo-chemical table building does not depend upon the chosen de-

tailed chemical. Then, the crossing interpolation in the table was checked

by performing 0-D variable volume computations with the tabulated and

detailed chemistry approach. The power stroke behavior was accurately

predicted for all the test, both for stoichiometric with no-dilution mixture
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as for lean diluted mixture. The efficiency in terms of CPU time is at

least of the order of 10.

The second part of the study demonstrates the feasibility of the coupling

tabulated approach with compressible LES solvers used to variable vol-

ume configurations. Usually, perturbations due to compressible effects

are not considered during the generation of the database. This yields

no-straight forward the introduction of the tabulated chemistry in com-

pressible solvers, as the transported energy value e will not coincide with

the energy for which the table was conceived etab. Due to strongly com-

pressible effects in ICE, energy was considered as database coordinate.

The created (ρ,e,c) thermo-chemical table has been implemented in the

AVBP LES code - TTC version. The consistency of the coupling between

the thermo-chemical table and the CFD solver has been ensured through

analysis of the compressible effects and of the auto-ignition delay predic-

tions. Acoustic and entropic waves behavior through the computational

domain was analyzed. The chemical prediction capability of this tech-

nique was in a first step validated in a homogeneous HCCI configuration.

Finally, the influence of the thermal stratification on auto-ignition was

studied by large eddy simulation using tabulated chemistry for better

understanding the combustion process in rapid compression machines.

The numerical solutions obtained using the AV BP compressible LES

solver coupled with the thermo-chemical tables (ρ˚,e˚,c˚) was verified and

validated in comparison with experimental techniques based on digital

image analysis.

Perspectives

In the case of stratified mixtures, concerning the development of the

thermo-chemical table, one should consider variations in the mixture frac-

tions. Thus it is necessary a coordinate for the mixture fraction and also

a coordinate for the dilution by the exhaust gas recirculation EGR. This

will enable the use of the table in partially premixed configurations inside

the flammability domain. Outside the flammability domain the progress

variable reaction rate should be corrected in order to account for the

interaction between iso-mixture fraction surfaces.

Also more realistic interaction between the chemistry and turbulence

should be taken into account. The statistic approach seems a promising

technique and can easily be used in the tabulated-chemistry approach.
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For the thermo-chemical table used in this work, the mean progress vari-

able reaction rate should be calculated using the Probability Density

Function (PDF ) of the progress variable by a β-function and that of

the energy and density by a Dirac-function.
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Appendix A

N-heptane kinetical mechanisme

A 89-species skeletal n-heptane kinetic mechanism [89]. ELEMENTS

H C O N Ar

END

SPECIES

h h2 o o2 oh h2o n2 co hco co2 ch3 ch4 ho2 h2o2 ch2o ch3o c2h6 c2h4 c2h5 ch2 ch c2h c2h2 c2h3 ch3oh

ch2oh ch2co hcco c2h5oh pc2h4oh sc2h4oh ch3co ch2cho ch3cho c3h4-a c3h4-p c3h6 c4h6 nc3h7 ic3h7

c3h8 ic4h7 ic4h8 c4h7 c4h8-2 c4h8-1 sc4h9 pc4h9 tc4h9 ic4h9 ic4h10 c4h10 ch3coch3 ch3coch2 c2h5cho

c2h5co c5h9 c5h10-1 c5h10-2 ic5h12 ac5h11 bc5h11 cc5h11 dc5h11 ac5h10 bc5h10 cc5h10 ic5h9 nc5h12

c5h11-1 c5h11-2 c5h11-3 neoc5h12 neoc5h11 c2h5o ch3o2 c2h5o2 ch3o2h c2h5o2h c2h3o1-2 ch3co2

c2h4o1-2 c2h4o2h o2c2h4oh ch3co3 ch3co3h c2h3co c2h3cho c3h5o c3h6ooh1-2 c3h6ooh1-3 c3h6ooh2-

1 nc3h7o ic3h7o nc3h7o2h ic3h7o2h nc3h7o2 ic3h7o2 c3h6o1-3 ic4h8o ic4h8oh io2c4h8oh ic4h7o

c4h7o c4h8oh-1 c4h8oh-2 c4h8oh-1o2 c4h8oh-2o2 tc4h8ooh-io2 ic4h8ooh-io2 ic4h8ooh-to2 c4h8ooh1-2

c4h8ooh1-3 c4h8ooh1-4 c4h8ooh2-1 c4h8ooh2-3 c4h8ooh2-4 ic4h8o2h-i ic4h8o2h-t tc4h8o2h-i c4h8o1-

2 c4h8o1-3 c4h8o1-4 c4h8o2-3 cc4h8o pc4h9o sc4h9o ic4h9o tc4h9o pc4h9o2h sc4h9o2h ic4h9o2h

tc4h9o2h tc4h9o2 ic4h9o2 sc4h9o2 pc4h9o2 ch3coch2o2 ch3coch2o2h ch3coch2o neoc5ketox neoc5kejol

ac5h11o2 bc5h11o2 cc5h11o2 dc5h11o2 ac5h11o2h bc5h11o2h cc5h11o2h dc5h11o2h ac5h11o cc5h11o

dc5h11o ac5h10ooh-a ac5h10ooh-b ac5h10ooh-c ac5h10ooh-d bc5h10ooh-a bc5h10ooh-c bc5h10ooh-d

cc5h10ooh-a cc5h10ooh-b cc5h10ooh-d dc5h10ooh-a dc5h10ooh-b dc5h10ooh-c a-ac5h10o a-bc5h10o

a-cc5h10o a-dc5h10o b-cc5h10o b-dc5h10o c5h11o-1 c5h11o-2 c5h11o-3 neoc5h11o neo-c5h10o c3h5-a

c3h5-s c3h5-t c3h3 c3h2 c3h6o1-2 ho2cho o2cho ocho ch2(s) ic4h7-i1 c3h6oh hoc3h6o2 o2c2h4o2h

ch2o2hcho ic4h7ooh ic3h5cho tc3h6ocho tc3h6cho ic3h7cho ic4h7oh ic3h6co ic4h6oh ic3h5co ic3h7co

tc3h6o2cho tc3h6o2hco ic3h5o2hcho tc3h6ohcho tc3h6oh ic3h5oh tc4h8cho o2c4h8cho o2hc4h8co

c3h5oh ch2cch2oh nc3h7cho nc3h7co ch2ch2coch3 c2h5coch2 c2h5coch3 ch2choohcoch3 ch3choococh3

ch3chcoch3 c2h3coch3 ch3chco ch2ch2cho c3h6cho-3 c3h6cho-2 c2h5chco ic3h5coch3 ic3h5coch2 ac3h4coch3

sc3h5coch2 ch3chocho ch3chcho sc3h5cho sc3h5co ic3h6cho c3h6cho-1 c2h5coc2h5 c2h5coc2h4p c2h5coc2h4s

c2h5coc2h3 pc2h4coc2h3 sc2h4coc2h3 ic3h6chcoch3 ac3h5chcoch3 ic3h6chcoch2 nc3h7coch3 nc3h7coch2

c3h6coch3-1 c3h6coch3-2 c3h6coch3-3 ic3h7coch3 ic3h7coch2 ic3h6coch3 tc3h6coch3 nc3h7coc2h5

c3h6coc2h5-1 c3h6coc2h5-2 c3h6coc2h5-3 nc3h7coc2h4p nc3h7coc2h4s ic3h7coc2h5 ic3h6coc2h5 tc3h6coc2h5

ic3h7coc2h4p ic3h7coc2h4s ic3h7coc2h3 ic3h6coc2h3 tc3h6coc2h3 ic3h5coc2h5 ac3h4coc2h5 ic3h5coc2h4p

ic3h5coc2h4s nc4h9cho nc4h9co ac3h5cho ac3h5co c2h3chcho c4h8cho-1 c4h8cho-2 c4h8cho-3 c4h8cho-

4 neoc5h9q2 neoc5h9q2-n ic4h6q2-ii hoch2o hocho nc6h14 c6h13-1 c6h13-2 c6h13-3 c6h12-1 c6h12-2

c6h12-3 c6h11 c6h13o-1 c6h13o-2 c6h13o-3 nc7h16 c7h15-1 c7h15-2 c7h15-3 c7h15-4 c7h14-1 c7h14-2

c7h14-3 c7h13 c7h15o-1 c7h15o-2 c7h15o-3 c7h15o-4 ar

END
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180 N-heptane kinetical mechanisme

REACTIONS cal/mole

c2h5+o2=ch3cho+oh 8.680000e+14 -1.121000 10610.000000

c2h5+o2=c2h4+ho2 1.730000e+26 -4.423000 10438.000000

c2h5+o2=c2h4o1-2+oh 3.520000e+27 -5.005000 15249.000000

c2h5+o2=c2h5o2 9.890000e+55 -13.55100 15110.000000

c2h5+o2=c2h4o2h 7.840000e+40 -9.739000 14966.000000

c2h5o2=c2h4+ho2 7.530000e+55 -13.50400 46652.000000

c2h5o2=c2h4o2h 4.140000e+65 -17.02900 52310.000000

c2h5o2=c2h4o1-2+oh 1.070000e+65 -16.47500 57170.000000

c2h4o2h=c2h4+ho2 2.920000e+38 -8.269000 23756.000000

c2h4o2h=c2h4o1-2+oh 4.840000e+38 -8.348000 23736.000000

c2h5o2+ho2=c2h5o2h+o2 4.100000e+11 0.000000 -1390.000000

ch3o2+ho2=ch3o2h+o2 2.500000e+11 0.000000 -1570.000000

nc3h7o+o2=c2h5cho+ho2 8.430000e+9 0.000000 -300.000000

ch3+o2=ch3o+o 1.375000e+13 0.000000 30520.000000

REV / 8.506000e+14 -4.500000e-1 2.479000e+3 /

ch3+o2=ch2o+oh 5.870000e+11 0.000000 14240.000000

REV / 1.175000e+11 1.900000e-1 6.606000e+4 /

ch3+o2(+M)=ch3o2(+M) 1.006000e+8 1.630000 0.000000

LOW/ 3.816E+31 -4.89 3432/

TROE/ 0.045 880.1 2500000000 1786000000/

ch3o2+ch3=2ch3o 9.000000e+12 0.000000 -1200.000000

REV / 3.484000e+12 1.800000e-1 2.828000e+4 /

ch3+ho2=ch3o+oh 1.500000e+13 0.000000 0.000000

REV / 9.284000e+13 -1.200000e-1 2.524000e+4 /

ch3+ho2=ch4+o2 3.610000e+12 0.000000 0.000000

REV / 6.281000e+14 -1.000000e-1 5.623000e+4 /

ch3o(+M)=ch2o+h(+M) 6.800000e+13 0.000000 26170.000000

h2/ 2.000/

h2o/ 6.000/

co/ 1.500/

co2/ 2.000/

ch4/ 2.000/

c2h6/ 3.000/

LOW/ 1.867E+25 -3 24307/

TROE/0.9 2500 1300 1.0E+99/

hco+M=h+co+M 4.750000e+11 0.700000 14900.000000

h2/ 2.500/

h2o/ 6.000/

co/ 1.900/

co2/ 3.800/

co+o2=co2+o 2.530000e+12 0.000000 47700.000000

co+oh=co2+h 2.230000e+5 1.900000 -1160.000000

hco+oh=co+h2o 3.020000e+13 0.000000 0.000000

co+ho2=co2+oh 3.010000e+13 0.000000 23000.000000

hco+ho2=ch2o+o2 2.970000e+10 0.330000 -3861.000000

h+o2=o+oh 1.970000e+14 0.000000 16540.000000

o+h2=h+oh 5.080000e+4 2.670000 6292.000000

o+h2o=2oh 2.970000e+6 2.020000 13400.000000

oh+h2=h+h2o 2.160000e+8 1.510000 3430.000000

h2o2+oh=h2o+ho2 1.000000e+12 0.000000 0.000000

DUP
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h2o2+oh=h2o+ho2 5.800000e+14 0.000000 9560.000000

DUP

h+o2(+M)=ho2(+M) 1.480000e+12 0.600000 0.000000

h2/ 1.300/

h2o/ 14.000/

co/ 1.900/

co2/ 3.800/

ar/ 0.670/

LOW/ 3.5E+16 -0.41 -1116/

TROE/0.5 1.0E-30 1.0E+30 1.0E+100/

ho2+o=oh+o2 3.250000e+13 0.000000 0.000000

ho2+h=2oh 7.080000e+13 0.000000 300.000000

ho2+h=h2+o2 1.660000e+13 0.000000 820.000000

ho2+oh=h2o+o2 2.890000e+13 0.000000 -500.000000

h2o2+h=h2o+oh 2.410000e+13 0.000000 3970.000000

o+h+M=oh+M 4.720000e+18 -1.000000 0.000000

h2/ 2.500/

h2o/ 12.000/

co/ 1.900/

co2/ 3.800/

ar/ 0.750/

2o+M=o2+M 6.170000e+15 -0.500000 0.000000

h2/ 2.500/

h2o/ 12.000/

co/ 1.900/

co2/ 3.800/

ar/ 0.830/

h2+M=2h+M 4.570000e+19 -1.400000 104400.000000

h2/ 2.500/

h2o/ 12.000/

co/ 1.900/

co2/ 3.800/

h2o2+o=oh+ho2 9.550000e+6 2.000000 3970.000000

h+oh+M=h2o+M 4.500000e+22 -2.000000 0.000000

h2/ 0.730/

h2o/ 12.000/

co/ 1.900/

co2/ 3.800/

ar/ 0.380/

2ho2=h2o2+o2 4.200000e+14 0.000000 11980.000000

DUP

2ho2=h2o2+o2 1.300000e+11 0.000000 -1629.000000

DUP

h2o2(+M)=2oh(+M) 2.950000e+14 0.000000 48400.000000

h2/ 2.500/

h2o/ 12.000/

co/ 1.900/

co2/ 3.800/

ar/ 0.640/

LOW/ 1.27E+17 0 45500/

TROE/ 0.5 1.0E-30 1.0E+30/
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182 N-heptane kinetical mechanisme

h2o2+h=h2+ho2 6.030000e+13 0.000000 7950.000000

c3h5o=c2h3cho+h 5.800000e+13 0.000000 13600.000000

c3h5o=c2h3+ch2o 5.000000e+9 1.418000 30500.000000

REV / 1.000000e+12 0.000000e+0 1.000000e+4 /

c3h5o+o2=c2h3cho+ho2 8.430000e+9 0.000000 -300.000000

nc3h7+o2=c3h6+ho2 1.710000e+42 -9.211000 19790.000000

nc3h7+o2=>nc3h7o2 5.530000e+62 -15.669000 17788.000000

nc3h7o2=>nc3h7+o2 1.260000e+62 -14.626000 50279.000000

nc3h7+o2=c3h6ooh1-3 3.690000e+54 -13.096000 23483.000000

REV / 6.350000e+53 -1.255500e+1 3.795500e+4 /

nc3h7o2=c3h6+ho2 3.250000e+56 -13.822000 45661.000000

nc3h7o2=c3h6ooh1-3 3.530000e+50 -12.185000 39545.000000

REV / 1.130000e+52 -1.321400e+1 2.253400e+4 /

c3h6ooh1-3=c2h4+ch2o+oh 1.080000e+32 -5.673000 34099.000000

ic3h7+o2=c3h6+ho2 3.900000e+48 -11.002000 21249.000000

ic3h7+o2=>ic3h7o2 4.160000e+73 -18.952000 21998.000000

ic3h7o2=>ic3h7+o2 3.490000e+71 -17.307000 56609.000000

ic3h7o2=c3h6+ho2 8.460000e+65 -16.450000 50010.000000

ch3+h(+M)=ch4(+M) 2.138000e+15 -0.400000 0.000000

h2/ 2.000/

h2o/ 5.000/

co/ 2.000/

co2/ 3.000/

LOW/ 3.31E+30 -4 2108/

TROE/0 1.0E-15 1.0E-15 40/

ch4+h=ch3+h2 1.727000e+4 3.000000 8224.000000

REV / 6.610000e+2 3.000000e+0 7.744000e+3 /

ch4+oh=ch3+h2o 1.930000e+5 2.400000 2106.000000

REV / 3.199000e+4 2.400000e+0 1.678000e+4 /

ch4+o=ch3+oh 3.150000e+12 0.500000 10290.000000

REV / 5.296000e+10 5.000000e-1 7.715000e+3 /

c2h6+ch3=c2h5+ch4 1.510000e-7 6.000000 6047.000000

REV / 9.649000e-10 6.560000e+0 1.022000e+4 /

h2o2+oh=h2o+ho2 1.000000e+12 0.000000 0.000000

REV / 1.685000e+11 3.300000e-1 3.146000e+4 /

DUP

.

.

.

.

.

.

c7h13=c3h5-a+c4h8-1 2.500000e+13 0.000000 45000.000000

REV / 1.000000e+13 0.000000e+0 9.600000e+3 /

c7h13=c4h7+c3h6 2.500000e+13 0.000000 45000.000000

REV / 1.000000e+13 0.000000e+0 9.600000e+3 /

c7h14-1=pc4h9+c3h5-a 1.000000e+16 0.000000 71000.000000

REV / 1.000000e+13 0.000000e+0 0.000000e+0 /

c7h14-2=c4h7+nc3h7 1.000000e+16 0.000000 71000.000000

REV / 1.000000e+13 0.000000e+0 0.000000e+0 /

c7h14-3=c4h7+nc3h7 1.000000e+16 0.000000 71000.000000

REV / 1.000000e+13 0.000000e+0 0.000000e+0 /

c7h15o-1=ch2o+c6h13-1 4.683000e+17 -1.340000 20260.000000

REV / 1.000000e+11 0.000000e+0 1.190000e+4 /

c7h15o-2=ch3cho+c5h11-1 8.660000e+21 -2.390000 21880.000000

REV / 1.000000e+11 0.000000e+0 1.290000e+4 /



✐

✐

“PhD_Tudorache” — 2013/1/11 — 13:19 — page 183 — #189
✐

✐

✐

✐

✐

✐

183

c7h15o-3=c2h5cho+pc4h9 5.600000e+21 -2.330000 21360.000000

REV / 1.000000e+11 0.000000e+0 1.290000e+4 /

c7h15o-4=nc3h7cho+nc3h7 6.684000e+21 -2.290000 21620.000000

REV / 1.000000e+11 0.000000e+0 1.290000e+4 /

nc7h16+o2cho=c7h15-1+ho2cho 1.680000e+13 0.000000 20440.000000

REV / 1.170000e+3 2.250000e+0 3.057000e+3 /

nc7h16+o2cho=c7h15-2+ho2cho 1.120000e+13 0.000000 17690.000000

REV / 2.482000e+1 2.640000e+0 2.823000e+3 /

nc7h16+o2cho=c7h15-3+ho2cho 1.120000e+13 0.000000 17690.000000

REV / 2.482000e+1 2.640000e+0 2.823000e+3 /

nc7h16+o2cho=c7h15-4+ho2cho 5.600000e+12 0.000000 17690.000000

REV / 2.472000e+1 2.640000e+0 2.823000e+3 /

15-1+ho2=c7h15o-1+oh 7.000000e+12 0.000000 -1000.000000

REV / 1.129000e+16 -7.500000e-1 2.698000e+4 /

15-2+ho2=c7h15o-2+oh 7.000000e+12 0.000000 -1000.000000

REV / 1.967000e+18 -1.370000e+0 2.889000e+4 /

15-3+ho2=c7h15o-3+oh 7.000000e+12 0.000000 -1000.000000

REV / 1.967000e+18 -1.370000e+0 2.889000e+4 /

15-4+ho2=c7h15o-4+oh 7.000000e+12 0.000000 -1000.000000

REV / 1.967000e+18 -1.370000e+0 2.889000e+4 /

15-1+ch3o2=c7h15o-1+ch3o 7.000000e+12 0.000000 -1000.000000

REV / 1.103000e+18 -1.330000e+0 3.175000e+4 /

15-2+ch3o2=c7h15o-2+ch3o 7.000000e+12 0.000000 -1000.000000

REV / 1.921000e+20 -1.950000e+0 3.366000e+4 /

15-3+ch3o2=c7h15o-3+ch3o 7.000000e+12 0.000000 -1000.000000

REV / 1.921000e+20 -1.950000e+0 3.366000e+4 /

15-4+ch3o2=c7h15o-4+ch3o 7.000000e+12 0.000000 -1000.000000

REV / 1.921000e+20 -1.950000e+0 3.366000e+4 /

ch3o2+h2o2=ch3o2h+ho2 1.320000e+4 2.500000 9560.000000

c2h5o2+h2o2=c2h5o2h+ho2 1.320000e+4 2.500000 9560.000000

nc3h7o2+h2o2=nc3h7o2h+ho2 1.320000e+4 2.500000 9560.000000

ic3h7o2+h2o2=ic3h7o2h+ho2 1.320000e+4 2.500000 9560.000000

END
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Appendix B

Linear acoustic equations

The objective of this part is to recast the classical linear acoustic equations for a one-component

isentropic flow. Mass, momentum and energy conservation equations are written in 1-D under zero

viscosity and no heat conduction assumption. This leads to the 1-D Euler equation system (B.1).

Bρ

Bt
`
Bρu

Bx
“ 0 (B.1a)

Bρu

Bt
`
Bρu2

Bx
“ ´

Bp

Bx
(B.1b)

BρE

Bt
`
BρuE

Bx
“ ´

Bup

Bx
(B.1c)

In order to assess the acoustic wave equations it is commonly considered that the flow undergoes

reversible processes. From the consideration of the second law of thermodynamics, the flow maintains

a constant value of entropy, thus under this restriction, the pressure and the density are related as

follows:

pρ´γ “ es0Cv (B.2)

where γ “
Cp

Cv
is the specific heat ratio. Consequently, it is preferred to replace the energy equa-

tion (B.1c) by the equation (B.2) .

The acoustic perturbations are amplitude disturbances p1, ρ1, T 1 and u1, to the mean field variable p,

ρ, T and u, here u “ 0:

p “ p` p1, ρ “ ρ` ρ1, T “ T ` T 1, u “ u` u1 (B.3)

For a one-component system, only two intensive variables are required for its description, i.e. in an

isentropic flow of entropy s, one may write ppρ ` ρ1, sq “ ppρ, sq ` p1. Performing the formal Taylor

series expansion of the pressure ppρ ` ρ1, sq in powers of the density fluctuations ρ1, the following

equations are obtained:
p1 “

`8ÿ

k“1

pρ1qkp
Bppρ, sq

Bρ
qs (B.4a)

at 1storder : p1 “ ρ1p
Bppρ, sq

Bρ
qs (B.4b)

The pressure rate of change to respect of the mean density, at constant entropy is actually the square

of the speed of sound:

c2 “ p
Bppρ, sq

Bρ
qs (B.5)
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186 Linear acoustic equations

which leads to:

c “

b
γrT (B.6)

If the induced variations in pressure p1, density ρ1 and velocity u1 are small compared to the reference

values of these quantities p, ρ and u, the first order approximation is reasonably used by neglecting

the higher order terms. Likewise the terms of zero order vanish as the mean field variables are

independent of time and of position. So, the system of equations (B.1) is checked by the first order

perturbations:

p1 “ c2ρ1 (B.7a)

1

c2
Bp1

Bt
` ρ

Bu1

Bx
“ 0 (B.7b)

ρ
Bu1

Bt
`
Bp1

Bx
“ 0 (B.7c)

The last two terms can be compacted by eliminating the velocity perturbations leading to the wave

equations for pressure or velocity disturbance:

B2p1

Bx2
´

1

c2
B2p1

Bt2
“ 0 (B.8a)

B2u1

Bx2
´

1

c2
B2u1

Bt2
“ 0 (B.8b)

Any single-valued and second order differentiable function of the form φpx˘ ctq is able to satisfy the

wave equations (B.8) as it can be proven by direct substitution. Physically, the solution function

φpx ˘ ctq is stationary to the observer who moves at steady speed c along the x ´ axis in both

directions. The signal described initially by φpx, t “ 0q remains unchanged in form. Hence, the

solution is two traveling waves: one traveling to the right φ`px ´ ctq and the other one traveling to

the left φ´px` ctq.

Therefore, the general solution of 1-D linear acoustic equations B.7 describing the propagation of the

acoustic disturbance functions ρ1px, tq , p1px, tq and u1px, tq in a medium at a constant entropy is:

ρ1px, tq “
1

c2
p1px, tq (B.9a)

p1px, tq “ p1` px´ ctq ` p
1
´ px` ctq (B.9b)

u1px, tq “ u1` px´ ctq ` u
1
´ px` ctq (B.9c)

In the favorable event that the linearized momentum is conserved, the equation B.7c is satisfied, the

pressure and the velocity traveling waves are joint through the relations:

p1` “ ρ cu1` (B.10a)

p1´ “ ´ρ cu
1
´ (B.10b)

In conclusion, with given initial and boundary conditions, the system of equations (B.7) traces the

acoustic perturbations p1, ρ1 and u1 that arise in one-component isentropic fluids and exhibits the

analytical solution (B.9).

Note that the pressure and the velocity perturbations are related by the factor ρc called the impedence,

a characteristic of the medium through which the disturbance propagates.
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Appendix C

1-D characteristic wave

The objective of this part is to recast the 1 ´ D Euler equations from the conservative to non-

conservative followed by the characteristic wave decomposition. A general mathematical formulation

for tabulated and detailed chemistry representations is outlined and the differences are analyzed.

Also the discrepancy of the new tabulation method with respect to other tabulation methods will be

addressed .

C.1 From conservative variables to non-conservative

variables
The model equations for solving acoustics are the compressible 1 ´ D Euler equations carrying the

hypothesis of a uniform mean field, with linear acoustics, no source term, no viscosity or heat con-

ductivity.

Bρ

Bt
`
Bρu

Bx
“ 0 (C.1a)

Bρu

Bt
`
Bρu2

Bx
“ ´

Bp

Bx
(C.1b)

BρE

Bt
`
BρuE

Bx
“ ´

Bup

Bx
(C.1c)

Bρψl

Bt
`
Bρuψl

Bx
“ 0 , l “ 1, ..., N (C.1d)

In detailed chemistry formulation, ψl “ Yk stands for the kth chemical species, N “ Nsp being the

number of the species participating in the kinetic mechanism.

In tabulated chemistry ψl stands for one of the reduced set of variables used in the tabulation

process, N ! Nsp is then the number of dimensions of the database, in the particular case of this

work ψ “ pρ˚, e˚, c˚q.

In the vectorial form, the balance equations for conservative variables become:

B
ÝÑ
U

Bt
`
B
ÝÑ
FU

Bx
“ 0 (C.2)
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188 1-D characteristic wave

where
ÝÑ
U is the conservative variable vector:

ÝÑ
U “

¨
˚̊
˚̊
˚̊
˚̊
˚̊
˝

ρ

ρu

ρE

.

.

.

ρψl
.
.
.

˛
‹‹‹‹‹‹‹‹‹‹‚

(C.3)

and
ÝÑ
F U is the vector of Eulerian non-viscous fluxes.

ÝÑ
F U “

¨
˚̊
˚̊
˚̊
˚̊
˚̊
˝

ρu

ρu2 ` p

ρuE ` up
...

ρuψl
...

˛
‹‹‹‹‹‹‹‹‹‹‚

(C.4)

Using the non-viscous fluxes’ Jacobian matrix: JU “
B
ÝÑ
F U

B
ÝÑ
U

, the relation C.2 becomes:

B
ÝÑ
U

Bt
` JU

B
ÝÑ
U

Bx
“ 0 (C.5)

with

JU “

¨
˚̊
˚̊
˚̊
˚̊
˚̊
˚̊
˝

Bρu
Bρ

Bρu
Bρu

Bρu
BρE

. . . Bρu
BρYk

. . .

Bpρu2`pq
Bρ

Bpρu2`pq
Bρu

Bpρu2`pq
BρE

. . .
Bpρu2`pq
Bρψl

. . .
BpρuE`upq

Bρ
BpρuE`upq

Bρu
BpρuE`upq

BρE
. . .

BpρuE`upq
Bρψl

. . .

.

.

.
.
.
.

.

.

.
. . .

.

.

.
. . .

Bρuψl
Bρ

Bρuψl
Bρu

Bρuψl
BρE

. . .
Bρuψl
Bρψl

. . .

...
...

...
. . .

...
. . .

˛
‹‹‹‹‹‹‹‹‹‹‹‹‚

“

¨
˚̊
˚̊
˚̊
˚̊
˚̊
˝

0 1 0 . . . 0 . . .

βec ´ u2 ´ X `
řN
l“1

χl 2u´ βu β . . . χl . . .

´uH ` uβec H ´ βu2 pβ ` 1qu . . . uχl . . .

.

.

.
.
..

.

..
. . .

.

..
. . .

´uψl ψl 0 . . . u . . .

...
...

...
. . .

...
. . .

˛
‹‹‹‹‹‹‹‹‹‹‚

(C.6)

For this compact form, the following definitions were used:

β “ γ ´ 1

H “ E ´
p

ρ

E “ ec ` e ec “
u2

2
e “

Nspÿ

k“1

es,kYk

X “ rT ´ βe

χl “

Nspÿ

k“1

prkT ´ βes,kq
BYk

Bψl
, l “ 1, N

(C.7)
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Notice a multi-species formulation particularity, that the term of the matrix X cancels mutually withřNsp

k“1
χl as

BYk
Bψl

“ BYk
BYk

“ 1 .

This is not the case for the tabulated chemistry formulation as the reduced variables sum
řNfic

k“1
ψl Ă

r0, Ns is not equal to one, except for some singularities.

In order to rewrite the equations in primitive variables
ÝÑ
V :

ÝÑ
V “

¨
˚̊
˚̊
˚̊
˚̊
˚̊
˝

ρ

u

p

...

ρψl
...

˛
‹‹‹‹‹‹‹‹‹‹‚

(C.8)

the Jacobian matrix between the conservatives and non-conservatives variables M “ B
ÝÑ
U
B
ÝÑ
V

is needed,

leading to the following expression:

M
B
ÝÑ
V

Bt
` J M

B
ÝÑ
V

Bx
“ 0 (C.9)

with the matrix M calculated as:

M “

¨
˚̊
˚̊
˚̊
˚̊
˚̊
˚̋

Bρ
Bρ

Bρ
Bu

Bρ
BP

. . . Bρ
Bψl

. . .
Bρu
Bρ

Bρu
Bu

Bρu
BP

. . . Bρu
Bψl

. . .
BρE
Bρ

BρE
Bu

BρE
BP

. . . BρE
Bψl

. . .

...
...

...
. . .

...
. . .

Bρχl
Bρ

Bρχl
Bu

Bρχl
BP

. . .
Bρχl
Bψl

. . .

.

.

.
.
.
.

.

.

.
. . .

.

.

.
. . .

˛
‹‹‹‹‹‹‹‹‹‹‹‚

“

¨
˚̊
˚̊
˚̊
˚̊
˚̊
˝

1 0 0 . . . 0 . . .

u ρ 0 . . . 0 . . .

ec ´
1

β
X ρu 1

β
. . . ´ ρ

β
χl . . .

.

.

.
.
.
.

.

.

.
. . .

.

.

.
. . .

χl 0 0 . . . ρ . . .

.

.

.
.
.
.

.

.

.
. . .

.

.

.
. . .

˛
‹‹‹‹‹‹‹‹‹‹‚

(C.10)

and the product of the two matrices gives:

JU M “

¨
˚̊
˚̊
˚̊
˚̊
˚̊
˝

u ρ 0 . . . 0 . . .

u2 2ρu 1 . . . 0 . . .

uec ´
u
β
X ρH ` ρu2 β`1

β
u . . . ´ ρu

β
χl . . .

...
...

...
. . .

...
. . .

uχl ρψl 0 . . . ρu . . .

...
...

...
. . .

...
. . .

˛
‹‹‹‹‹‹‹‹‹‹‚

(C.11)

Then, when C.8 is left multiplied by M
´1

“ B
ÝÑ
V
B
ÝÑ
U

leads to the evolution of the non-conservatives

variables:

B
ÝÑ
V

Bt
`M

´1

J M
B
ÝÑ
V

Bx
“ 0 (C.12)

the inverse of the M matrix reads:

M
´1

“

¨
˚̊
˚̊
˚̊
˚̊
˚̊
˚̋

Bρ
Bρ

Bu
Bρ

BP
Bρ

. . .
Bψl
Bρ

. . .
Bρ
Bρu

Bu
Bρu

BP
Bρu

. . .
Bψl
Bρu

. . .
Bρ
BρE

Bu
BρE

BP
BρE

. . .
Bψl
BρE

. . .

...
...

...
. . .

...
. . .

Bρ
Bρψl

Bu
Bρψl

BP
Bρψl

. . .
Bψl
Bρψl

. . .

.

..
.
..

.

..
. . .

.

..
. . .

˛
‹‹‹‹‹‹‹‹‹‹‹‚

“

¨
˚̊
˚̊
˚̊
˚̊
˚̊
˝

1 0 0 . . . 0 . . .

´u
ρ

1

ρ
0 . . . 0 . . .

βec ρu ´β . . . χl . . .

.

.

.
.
.
.

.

.

.
. . .

.

.

.
. . .

´ 1

ρ
ψl 0 0 . . . 1

ρ
. . .

...
...

...
. . .

...
. . .

˛
‹‹‹‹‹‹‹‹‹‹‚

(C.13)
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190 1-D characteristic wave

The primitive variables transport equation can be also written as:

B
ÝÑ
V

Bt
` JV

B
ÝÑ
V

Bx
“ 0 (C.14)

with the product JV “M´1 JU M being:

JV “

¨
˚̊
˚̊
˚̊
˚̊
˚̊
˝

u ρ 0 . . . 0 . . .

0 u 1

ρ
. . . 0 . . .

0 ρc2 u . . . 0 . . .

.

.

.
.
.
.

.

.

.
. . .

.

.

.
. . .

0 0 0 . . . u . . .

.

.

.
.
.
.

.

.

.
. . .

.

.

.
. . .

˛
‹‹‹‹‹‹‹‹‹‹‚

(C.15)

The projection of the primitive variable is not necessary for this 1-D case but for a boundary condition

problem a change to a base orthogonal to the boundary is required.

C.2 Characteristic wave decomposition

In order to decompose the system into characteristic waves
ÝÑ
W , the matrix JV must be diagonalized.

This is equivalent to find the eigenvalues of the matrix.

The vector rm will be one eigenvector of the matrix JV with an eigenvalue λm if the following equation

holds:

JV rm “ λmrm (C.16)

As to determine the set of eigenvalues λm of the JV matrix, the roots of the characteristic polynomial

have to be found.

detpJV ´ λI3q “ 0 (C.17)

Using the relation C.15 this leads to:

detpJV ´λI3q “

¨
˚̊
˚̊
˚̊
˚̊
˚̊
˝

u´ λ ρ 0 . . . 0 . . .

0 u´ λ 1

ρ
. . . 0 . . .

0 ρc2 u´ λ . . . 0 . . .

.

.

.
.
..

.

..
. . .

.

..
. . .

0 0 0 . . . u´ λ . . .

...
...

...
. . .

...
. . .

˛
‹‹‹‹‹‹‹‹‹‹‚

“ pu´λqN rpu´λq2´c2s “ 0 (C.18)

So the spectrum of the JV matrix is ( u, u ` c, u ´ c, . . ., u, . . .). Using the mathematical expres-

sion C.16, the eigenspace of JV is accessible as well. One of the eigenvectors corresponding to each

eigenvalue are given bellow:

λ1 “ u, r1 “

¨
˚̊
˚̊
˚̊
˚̊
˚̊
˝

1

0

0

.

..

0

...

˛
‹‹‹‹‹‹‹‹‹‹‚

;λ2 “ u`c, r2 “

¨
˚̊
˚̊
˚̊
˚̊
˚̊
˝

ρ
2c
1

2
ρc
2

...

0

...

˛
‹‹‹‹‹‹‹‹‹‹‚

;λ3 “ u´c, r3 “

¨
˚̊
˚̊
˚̊
˚̊
˚̊
˝

ρ
2c

´ 1

2
ρc
2

...

0

...

˛
‹‹‹‹‹‹‹‹‹‹‚

; . . . ;λl “ u, rl “

¨
˚̊
˚̊
˚̊
˚̊
˚̊
˝

0

0

0

...

1

...

˛
‹‹‹‹‹‹‹‹‹‹‚

; . . . (C.19)
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As the eigenvectors of the pN ` 3qxpN ` 3q matrix JV are linearily independent one can conclude

that the JV matrix is diagonalizable, therefore an orthogonal matrix P exists, such as:

JV “ P Λ P
´1

(C.20)

where Λ is a diagonal matrix with diagonal entries being the eigenvalues of JV :

Λ “

¨
˚̊
˚̊
˚̊
˚̊
˚̊
˝

u 0 0 . . . 0 . . .

0 u` c 0 . . . 0 . . .

0 0 u´ c . . . 0 . . .

..

.
..
.

..

.
. . .

..

.
. . .

0 0 0 . . . u . . .

..

.
..
.

..

.
. . .

.

.

.
. . .

˛
‹‹‹‹‹‹‹‹‹‹‚

(C.21)

The column vectors of P are the eigenvectors corresponding to the eigenvalues of JV :

P “

¨
˚̊
˚̊
˚̊
˚̊
˚̊
˝

1
ρ
2c

ρ
2c

. . . 0 . . .

0 1

2
´ 1

2
. . . 0 . . .

0
ρc
2

ρc
2

. . . 0 . . .

...
...

...
. . .

...
. . .

0 0 0 . . . 1 . . .

...
...

...
. . .

...
. . .

˛
‹‹‹‹‹‹‹‹‹‹‚

(C.22)

and the inverse matrix of P is:

P
´1

“

¨
˚̊
˚̊
˚̊
˚̊
˚̊
˝

1 0 ´ 1

c2
. . . 0 . . .

0 1 1

ρc
. . . 0 . . .

0 ´1 1

ρc
. . . 0 . . .

...
...

...
. . .

...
. . .

0 0 0 . . . 1 . . .

...
...

...
. . .

...
. . .

˛
‹‹‹‹‹‹‹‹‹‹‚

(C.23)

The equation C.12 describing the primitive variables evolution becomes :

B
ÝÑ
V

Bt
` P Λ P

´1 B
ÝÑ
V

Bx
“ 0 (C.24)

Variations of the characteristic variables are defined as B
ÝÑ
W “ P

´1

B
ÝÑ
V . This enables to express the

characteristic variables in terms of primitive variables:

B
ÝÑ
W “

¨
˚̊
˚̊
˚̊
˚̊
˚̊
˝

Bws
Bw`
Bw´
.
.
.

Bwχk

.

.

.

˛
‹‹‹‹‹‹‹‹‹‹‚

“

¨
˚̊
˚̊
˚̊
˚̊
˚̊
˚̊
˝

Bρ´ 1

c2
Bp

Bu` 1

ρc
Bp

´Bu` 1

ρc
Bp

...

Bχl
.
..

˛
‹‹‹‹‹‹‹‹‹‹‹‹‚

(C.25)
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192 1-D characteristic wave

Finally the use of this definition in equation C.23 which is then multiplied at left by P
´1

leads to

the 1-D Euler conservation equations in terms of characteristic waves:

B
ÝÑ
W

Bt
`

¨
˚̊
˚̊
˚̊
˚̊
˚̊
˝

u 0 0 . . . 0 . . .

0 u` c 0 . . . 0 . . .

0 0 u´ c . . . 0 . . .

...
...

...
. . .

...
. . .

0 0 0 . . . u . . .

...
...

...
. . .

...
. . .

˛
‹‹‹‹‹‹‹‹‹‹‚

B
ÝÑ
W

Bx
“ 0 (C.26)

or in the compact form:

B
ÝÑ
W

Bt
` Λ

B
ÝÑ
W

Bx
“ 0 (C.27)

The passage from the characteristic variable to the conservatives variables B
ÝÑ
U “ RUB

ÝÑ
W is performed

by applying the matrix multiplication RU “M P :

RU “

¨
˚̊
˚̊
˚̊
˚̊
˚̊
˝

1
ρ
2c

ρ
2c

. . . 0 . . .

u ρ
2c
pu` cq ρ

2c
pu´ cq . . . 0 . . .

ec ´
X

β
ρ
2c
pec ´

X

β
` cu` c2

β
q ρ

2c
pec ´

X

β
´ cu` c2

β
q . . . ´ ρ

β
χl . . .

.

.

.
.
.
.

.

.

.
. . .

.

.

.
. . .

ψl
ρ
2c
ψl

ρ
2c
ψl . . . ρ . . .

...
...

...
. . .

...
. . .

˛
‹‹‹‹‹‹‹‹‹‹‚

(C.28)

Vice versa, the passage matrix LU “ P
´1

U
´1

will enable the transformation of the conservative

variables into the characteristic variables following the relation B
ÝÑ
W “ LUB

ÝÑ
U .

LU “

¨
˚̊
˚̊
˚̊
˚̊
˚̊
˚̋

´ 1

c2
pβec ´ X `

řN
l“1

χl ´ c
2q ´ 1

c2
βu ´ 1

c2
β . . . ´ 1

c2
βχl . . .

1

ρc
pβec ´ X `

řN
l“1

χl ´ ucq ´ 1

ρc
puβ ´ cq 1

ρc
β . . . 1

ρc
χl . . .

1

ρc
pβec ´ X `

řN
l“1

χl ` ucq ´ 1

ρc
puβ ` cq 1

ρc
β . . . 1

ρc
χl . . .

.

.

.
.
.
.

.

.

.
. . .

.

.

.
. . .

´ 1

ρ
ψl

ρ
2c
ψl

ρ
2c
ψl . . . 1

ρ
. . .

...
...

...
. . .

...
. . .

˛
‹‹‹‹‹‹‹‹‹‹‹‚

(C.29)

As mentioned before the tabulated chemistry formulation particularity is: X ‰
řN
l“1

χl .

In the here presented particular case of the non-adiabatic database (ρ˚, e˚, c˚) the transformation

matrix are:

RU
ρ˚,e˚,c˚

“

¨
˚̊
˚̊
˚̊
˚̋

1
ρ
2c

ρ
2c

0 0 0

u ρ
2c
pu` cq ρ

2c
pu´ cq 0 0 0

ec ´
X

β
ρ
2c
pec ´

X

β
` cu` c2

β
q ρ

2c
pec ´

X

β
´ cu` c2

β
q ´ ρ

β
χρ˚ ´ ρ

β
χe˚ ´ ρ

β
χc˚

ρ˚ ρ
2c
ρ˚ ρ

2c
ρ˚ ρ 0 0

e˚ ρ
2c
e˚ ρ

2c
e˚ 0 ρ 0

c˚ ρ
2c
c˚ ρ

2c
c˚ 0 0 ρ

˛
‹‹‹‹‹‹‹‚

(C.30)
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LU
ρ˚,e˚,c˚

“

¨
˚̊
˚̊
˚̊
˚̊
˝

´ 1

c2
pβec ´ X `

řN
l“1

χl ´ c
2q ´ 1

c2
βu ´ 1

c2
β ´ 1

c2
βχρ˚ ´ 1

c2
βχe˚ ´ 1

c2
βχc˚

1

ρc
pβec ´ X `

řN
l“1

χl ´ ucq ´ 1

ρc
puβ ´ cq 1

ρc
β 1

ρc
χρ˚

1

ρc
χe˚

1

ρc
χc˚

1

ρc
pβec ´ X `

řN
l“1

χl ` ucq ´ 1

ρc
puβ ` cq 1

ρc
β 1

ρc
χρ˚

1

ρc
χe˚

1

ρc
χc˚

´ 1

ρ
ρ˚ ρ

2c
ρ˚ ρ

2c
ρ˚ 1

ρ
0 0

´ 1

ρ
e˚ ρ

2c
e˚ ρ

2c
e˚ 0 1

ρ
0

´ 1

ρ
c˚ ρ

2c
c˚ ρ

2c
c˚ 0 0 1

ρ

˛
‹‹‹‹‹‹‹‹‚

(C.31)

In comparison to other tabulation methods [85] new terms appear specific to the non-adiabatic tab-

ulation strategy

χc˚ “

Nspÿ

k“1

prkT ´ βes,kq
BYk

Bc˚

χρ˚ “

Nspÿ

k“1

prkT ´ βes,kq
BYk

Bρ˚
“ χc˚

Bc˚

Bρ˚

χe˚ “

Nspÿ

k“1

prkT ´ βes,kq
BYk

Be˚
“ χc˚

Bc˚

Be˚

(C.32)

Two of the variables that are used for tabulation, namely the normalized density ρ˚ and the normalized

energy e˚, can be recovered from the transported variables ρ, ρu and ρE by applying the forrmula C.33

e˚ “
pE ´ ecq ´ e´

e` ´ e´

ρ˚ “
ρ´ ρ´

ρ` ´ ρ´

(C.33)

These definitions reduce the matrices by two dimensions:

RU˚
c
“

¨
˚̊
˚̋

1
ρ
2c

ρ
2c

0

u ρ
2c
pu` cq ρ

2c
pu´ cq 0

ec ´
X

β
ρ
2c
pec ´

X

β
` cu` c2

β
q ρ

2c
pec ´

X

β
´ cu` c2

β
q ´ ρ

β
χc˚

c˚ ρ
2c
c˚ ρ

2c
c˚ ρ

˛
‹‹‹‚ (C.34)

LU˚
c
“

¨
˚̊
˚̋

´ 1

c2
pβec ´ X `

řN
l“1

χl ´ c
2q ´ 1

c2
βu ´ 1

c2
β ´ 1

c2
βχc˚

1

ρc
pβec ´ X `

řN
l“1

χl ´ ucq ´ 1

ρc
puβ ´ cq 1

ρc
β 1

ρc
χc˚

1

ρc
pβec ´ X `

řN
l“1

χl ` ucq ´ 1

ρc
puβ ´ cq ´ 1

ρc
puβ ` cq 1

ρc
χc˚

´ 1

ρ
c˚ ρ

2c
c˚ ρ

2c
c˚ 1

ρ

˛
‹‹‹‚ (C.35)

So only the term χc˚ should be tabulated, implying that only the species’ derivatives by the progress

variable must be known during the tabulation process, and χρ˚ and χe˚ turn to be unnecessary.

The presented wave decomposition can be easily extended into a more complex 3-D geometry but in

some situations, i.e. for characteristic boundary conditions treatment, a rotation to another reference

system can be necessary.
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