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Extended Summary

In the global energy context, many solutions are suggested to change

our energy dependence and solve our CO2 emission issues. Until now,

no unique solution has been proposed but rather a range of technologies

that cover all the main aspects of our day-to-day life. For transportation,

and more specifically for internal combustion engines, biofuels are often

mentioned as a possible alternative to fossil fuels. Yet many people

argue that they could hardly replace oil. The main problem is the low

efficiency of the conversion from biomass to biofuels which implies other

main issues like land use and food competition. This low efficiency is

mainly related to the specific fuel properties required by conventional

engines (spark ignition and compression ignition engines).

More simple conversion routes using less energy-consuming steps can

be used. They produce less refined fuels from the same feedstock or from

biomass wastes not or barely used nowadays. However, the major draw-

back of these products is then the lack of compatibility with conventional

engines. Instead of adapting the fuel to the engines, the opposite has

been put forward recently with an engine burning any kind of fuel. The

homogeneous charge compression ignition (HCCI) engine is a new con-

cept based on this principle. This engine does not intrinsically rely on

specific fuel properties. Given that a fairly homogeneous air-fuel mix-

ture is prepared, it can be operated on a large range of fuels. One of the

main challenges, that still restricts the operation of this engine, is the

limited HCCI operating zone (speed and load range).

In the first part of this thesis, we analyzed the esters produced from
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fermentable wastes by a simple biochemical process. We investigated

experimentally the impact of these esters on the HCCI working zone,

and the combustion characteristics of blends of these esters.

These experiments confirmed that the ethyl esters could be used in

HCCI engines on a large range of equivalence ratios. We identified the

key parameters of the fuel blend composition having an effect on the

ignition timing, and thereby on the HCCI working zone. However, the

successful implementation of these esters still requires further analysis

such as the use of ignition promoters (e.g. n-heptane) that could help

decreasing the inlet temperature.

In practice, the development of new engine concepts and the charac-

terization of fuels rely more and more on numerical simulations. Compu-

tational fluid dynamics (CFD) simulations of chemically reactive flows

in internal combustion engines can, for instance, accurately predict the

performance of a particular fuel or the pollutant emissions of a spe-

cific engine configuration. However, the accurate and comprehensive

modeling of the highly nonlinear combustion processes of realistic fuels

is extremely demanding. It requires detailed mechanisms that involve

hundreds of chemical species and thousands of elementary reactions.

The computational costs of these simulations are generally prohibitive.

This implies, first, that fairly detailed CFD simulations can only include

global mechanisms, which only describe the main steps of the combus-

tion; and, second, that very detailed reaction mechanisms are mainly

limited to simplified systems.

In the second part of this thesis, we developed a new method that

significantly mitigates the computational burden of detailed chemistry

in complex CFD simulations.

The developed numerical method, named tabulation of dynamic adap-

tive chemistry (TDAC), speeds the CFD simulations up to 900 times

with a very small simulation error compared to the direct numerical in-

tegration of the combustion mechanisms. This method therefore allows

the use of detailed reaction kinetics in the simulations of HCCI engines.

The future developments should focus on extending it to spark ignition

and compression ignition engine simulations.
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CHAPTER 1

Introduction

1.1 Motivation and outline

Environmentally sustainable transportation is among the most impor-

tant challenges that we have to face in the near future if we want to

solve our energy dependence and CO2 emission issues. Biofuels are of-

ten mentioned as a possible solution to replace fossil fuels. However, in

many cases, the viability of this alternative is questionable. Its low en-

ergy efficiency and low productivity are often pointed out as two major

drawbacks.

These problems are mainly related to the specific fuel character-

istics required by conventional internal combustion engines (ICE). To

achieve these requirements, energy-consuming processes, for refining or

transformation, are required. More simple conversion routes using less

intermediate steps can be used instead. They produce less refined fu-

els from the same feedstock or from biomass wastes not or barely used

nowadays. However, the major drawback of these fuels is then the lack

of compatibility with conventional engines.

Instead of adapting the fuel to the engines, the opposite has been put

forward recently with an engine burning any kind of fuel. A new engine

concept is based on this principle: the Homogeneous Charge Compres-

sion Ignition (HCCI) engine. This engine does not intrinsically rely on

specific fuel properties. Given that the air-fuel mixture is prepared prop-

erly, it can be operated on a large range of fuels. This multi-fuel ability

could also be used to solve the two main challenges that still restrict the
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operation of this engine: the limited speed-load range and the control

of the ignition.

The first part of this thesis describes the analysis of esters, produced

from fermentable wastes through a biochemical process, and used in a

HCCI engine. To help directing the process towards the production

of more desirable mixtures, we investigated whether these esters have

different impact on the HCCI engine, and we analyzed whether a region

of blends of these esters is more appropriate for engine operation.

When developing new engine concepts or fuels, numerical simula-

tions are more and more considered as an essential tool. Computational

fluid dynamics (CFD) simulations of chemically reactive flows in ICE

can, for instance, accurately predict the performance of a particular fuel

or the pollutant emissions of a specific engine configuration. Including

realistic fuel chemistry requires, however, detailed mechanisms that de-

scribe accurately and comprehensively the complex combustion reaction

network. The computational cost of these simulations is generally pro-

hibitive and strongly restricts the use of detailed mechanisms to very

simple cases.

In the second part of this thesis, we analyzed whether a numerical

method could be used to significantly reduce these computational cost

and help integrating very detailed mechanisms in CFD simulations of

HCCI engines.

This manuscript is organized in six chapters: the first chapter pro-

vides some background information, then the next two chapters report

the experimental investigations, and finally the last three chapters dis-

cuss the numerical simulation methods.

In the following sections of this chapter, we first describes the prin-

ciples of the HCCI engine with its advantages and its drawbacks. Then

we introduce the characteristics of the esters produced from wastes and

we briefly describe the biochemical production process. We also present

the chemical kinetic pathways leading to the auto-ignition and control-

ling the main combustion event in HCCI engines. Finally, we examine

how the existing numerical methods can reduce the kinetic mechanisms

to use them in CFD simulations.

Chapter two presents the experimental investigation of the esters
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presented in this introduction. It compares these esters to ethanol with

respect to the HCCI working zone and the combustion characteristics.

It is mainly based on a paper published in Energy & Fuel.

Chapter three reports the experimental investigation of blends of

these esters. It presents the mixture design for tri-component blends

and identifies the type of interaction between these components. It is

based on a paper published in Energy & Fuel.

Chapter four describes a first step towards accommodating realistic

fuel chemistry in complex CFD simulations. We first present an iterative

method to reduce the size of the mechanism and then we define a new

way to compute the HCCI working zone based on simulation results.

The content of this chapter is mainly based on a paper published in

SAE Technical Paper.

Chapter five presents an innovative method to include very detailed

mechanisms in CFD simulations. This method, named tabulation of

dynamic adaptive chemistry (TDAC), couples two different levels of re-

duction and takes advantage of the synergy between them. This chapter

is mainly based on a paper published in the Proceedings of the Combus-

tion Institute.

Chapter six further analyzes the TDAC method. After presenting

five selected reduction methods, we compare their behavior and their

performance within the TDAC framework.

Chapter seven outlines the main conclusions of this work and presents

some perspectives.

1.2 Homogeneous charge compression ignition

engines

1.2.1 Principles

The HCCI engine is a rather new concept with features from both com-

pression ignition (CI) and spark ignition (SI) engines. This alternative

combustion mode has been first investigated in 1979 by Onishi et al. [1]

and Noguchi et al. [2] while trying to control the irregular combustion

of lean mixtures in ported 2-stroke gasoline engines. Following the work
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on 2-stroke engines, this new concept has been applied to 4-stroke en-

gines in 1983 by Najt and Foster [3] and extended in 1989 by Thring [4],

who introduced the name HCCI that is now commonly used for these

engines.

Like in conventional SI engines, the fuel and air are mixed together

to obtain an homogeneous charge at the beginning of the compression

stroke. As the piston compresses the charge, the mixture heats up and

auto-ignites close to the top dead center (TDC), similarly to conventional

CI engines.

There are two main requirements for HCCI: obtain a homogeneous

air-fuel mixture, and reach the auto-ignition temperature close to TDC,

for maximum efficiency. These requirements are met in different ways

according to the fuel volatility and the auto-ignition temperature. The

fuel can be port injected or directly injected at the beginning of the

compression stroke. The intake air can be heated before entering the

cylinder or the compression ratio can be adapted. The air-fuel mixture

can also be heated by mixing with part of the exhaust gas. In this case,

several strategies have been developed to take advantage of the sensible

heat in the exhaust gas: conventional recycling through a bypass valve,

early opening of the inlet valve to direct some of the exhaust gas in the

intake plenum and negative valve overlapping to trap a portion of the

exhaust gas in the combustion chamber. The later is generally preferred

because it avoids exchanging heat in the exhaust or inlet plenums [5].

The heat release characteristics of the HCCI engine are quite different

from that of the SI and CI engines. In SI, the combustion starts near

the spark plug and propagates throughout the chamber. The burned gas

is separated from the unburned gas by the flame front, a small region

where all the combustion reactions take place. The cumulative heat

released in a SI engine is

Q =

∫

mix.
q dm , (1.1)

where q is the heating value per unit mass of air-fuel mixture and dm

is the mass of the mixture that is converted to burned gas in this flame

front (see Figure 1.1a).
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In a CI engine, the fuel injected in the cylinder is mixed with the

compressed hot air. A small part of the mixture is in the conditions to

auto-ignite, whereas the release of most of the heating value of the fuel

is controlled by the molecular diffusion during the air-fuel mixing. The

heat released is the sum of the premixed combustion and the diffusion

combustion:

Q =

∫

premix.
mp dqp +

∫

dif.
md dqd , (1.2)

where mp and dqp are the mass and heating value of the air-fuel

mixture involved in the premixed combustion, md and dqd are the mass

and heating value of each zone involved in the diffusion flame (see Figure

1.1b). The heating value depends on the local equivalence ratio which

explains the variations in the illustration of Figure 1.1b.

In HCCI, the air-fuel mixture simultaneously burns throughout the

combustion chamber:

Q =

∫

mix.
m dq , (1.3)

where m is the mass of air-fuel mixture in the combustion chamber

and dq is the heat released by the combustion reactions (see Figure 1.1c).

1.2.2 Advantages and drawbacks

To a certain extent, the HCCI engine combines the best features of SI

engines and CI engines: diesel-like efficiency and gasoline-like emissions

(see Figure 1.2). It is operated unthrottled and at low equivalence ratio

which gives high thermal efficiency1. A homogeneous mixture eliminates

fuel-rich diffusion combustion which results in a great reduction of par-

ticulate matter (PM) emissions. Finally, the auto-ignition occurs in the

entire combustion chamber which eliminates high temperature flames

1At low equivalence ratio, the temperature and the proportion of triatomic species
(CO2 and H2O) in the burned gas decrease. Both effects decrease the specific heat of
the burned gas and increase the effective value of the ratio of specific heats over the
expansion stroke. For a given compression ratio, the expansion work per unit mass
of fuel is increased, which also increases the thermal efficiency.
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Figure 1.1: The heat release characteristics of a) SI (flame front), b)
CI (diffusion flame), and c) HCCI (bulk combustion) engines [5].

and the resulting NOx emissions.

There are still some challenges for the HCCI engine: no direct con-

trol on the onset of the combustion, increased hydrocarbon and carbon

monoxide (CO) emissions, and a limited working zone. The control

of the HCCI engine is particularly difficult because there is no direct

means to trigger the ignition unlike the spark of the SI engine or the
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CO
2
/km

NO
x
/km, PM/km

HCCI

SI

CI

Figure 1.2: The HCCI engine combines the best features of SI and CI:
diesel-like thermal efficiency and gasoline-like, with three-way catalyst,
PM and NOx emissions.

injection of the CI engine. The ignition is only controlled by the reac-

tion kinetics which requires to prepare the air-fuel mixture such that it

will reach the auto-ignition conditions close to TDC. In HCCI, like in

SI, part of the air-fuel mixture remains in the crevices during the main

combustion. In SI, the unburned fuel leaving the crevices during the

expansion stroke is consumed because of the high temperature (around

2500 K) of the burned gas. However, in HCCI, the temperature of the

burned gas is lower than in SI (around 1600K), thus the unburned fuel

is not totally consumed. This results in increased hydrocarbon and CO

emissions. At the lowest loads the peak temperature is even too low

(around 1200K) to sustain the CO to CO2 conversion which leads to

ignition problems. At higher loads, because the combustion simultane-

ously takes place throughout the combustion chamber with a rapid rate

of heat release, the bulk combustion leads to very high pressure rise rates

which can damage the engine. These two phenomena define the main

operating limits of the HCCI engine: the misfire limit and the knocking

limit. At higher engine speeds, the auto-ignition is more difficult be-
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cause there is less time for the reactions to initiate combustion. Because

thermal conditions are very important, cold starts are also an issue for

this engine [6].

While a lower equivalence ratio increases the thermal efficiency, it

also reduces the specific power and requires engines with higher dis-

placement to obtain a specific power output. This is in opposition to

the current downsizing trend in the engine industry.

Because this engine is controlled by reaction kinetics, it is also a very

useful tool to investigate auto-ignition kinetics in engine conditions, and

apply the findings to the conventional engines.

1.2.3 Multi-fuel capability

The HCCI engine does not rely on specific fuel physicochemical proper-

ties and is inherently fuel flexible as long as the fuel can be fully vapor-

ized and sufficiently mixed with air. Christensen et al. [7] have shown

that it could be operated on virtually all liquid fuels by using a variable

compression ratio to obtain auto-ignition close to TDC. Conveniently,

this flexibility allows using the fuel formulation to help controlling the

engine or extending the operating range, i.e. smoothing the higher loads

and promoting the lower loads. Moreover, the HCCI engine can also be

run with low-grade fuels. It avoids using further energy intensive sep-

aration processes and thereby improve the efficiency of fuel production

processes. This has been illustrated by Mack et al. using wet ethanol

containing up to 60% of water [8], which can improve the net energy

gain from 21% to 55% of the total energy output. It is also the basic

idea that is further investigated in the experimental part of this thesis,

where esters produced by a biochemical process are used. More details

about these esters are presented in the next section.

1.3 Esters produced by the acidogenesis route

The acidogenic fermentation (acidogenesis) is one of the first steps in the

anaerobic digestion of complex organic materials. After the hydrolysis

of the biopolymers present in the organic matter into soluble monomers,
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the acidogenic bacteria convert them into volatile fatty acids (VFA):

mainly acetic, propionic and butyric but also isobutyric, valeric and

isovaleric acids. This fermentation also produces hydrogen and carbon

dioxide. The conventional anaerobic digestion proceeds with the ace-

togenic and methanogenic fermentations and produces biogas (mostly

methane with a high proportion of CO2) [9–11]. The objective is here

to cut this process before the biogas production and directly use the

product of the acidogenesis.

The anaerobic conversion is a natural and well-known process that

has been extensively used in the treatment of polluting compounds (e.g.

agroindustrial waste, wastewater, crop residues, . . . ) to generate a prod-

uct that can be reused in a natural environment without detrimental eco-

logical effects [9]. However, given its easy implementation and its ability

to convert many types of biomass, a second objective is the treatment

of waste streams for the production of specific organic products. In

particular, we will focus here on the production of transportation fuels.

Compared with the production of biofuels from specific high-value

biomass feedstock such as sugar rich, starch rich or oily substrates, the

major advantage is that this process uses low-grade wastes as raw ma-

terial for the production. Therefore, the acidogenesis is not competing

against other agroindustrial processes but it is rather a complementary

treatment applied to the remaining low-grade biomass.

Other important advantages of this fermentation process include:

no sterilization requirements, adaptive capacity owing to microbial di-

versity, the capacity to use mixed substrates, and the possibility of a

continuous process [9].

After the fermentation step, the recovery of the VFA from the fer-

mentation broth requires the use of an extraction step. The VFA are

generally in low concentration, 1-20 g/l [10–13], and the energy inten-

sive extraction step therefore requires careful identification of what is

the desired output and the level of refining that should be obtained.

To guarantee the maximum efficiency of the overall process, the ex-

tracted VFA should be directly used in the ICE. However, materials

resistance is generally an issue when using acids. Therefore, one solu-

tion, as suggested by [14], is to produce ethanol by hydrogenation of the
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acetic acid. This solution however requires an external source of hydro-

gen and the extraction of the acetate. Another solution, analyzed in this

thesis, is to esterify these acids with ethanol and/or glycerol. Here, the

ethanol is either an output from another process or a product obtained

by ethanolic cofermentation of adequate low-grade substrates. Because

wastes are used as raw materials, the use of ethanol from another source

still increases the productivity of this source by adding to its net en-

ergy output while using low-grade input. The glycerol considered here

is mainly a by-product of the biodiesel production process. This would

increase the energy output but also the efficiency of the biodiesel process

by giving value to glycerol that often ends in waste streams due to low

demand.

The esterification with ethanol mainly produces ethyl esters : ethyl

acetate (EtAc; C4H8O2), ethyl propionate (EtPr; C5H10O2) and ethyl

butyrate (EtBu; C6H12O2), whereas the esterification with glycerol pro-

duces glyceryl esters : mono-, di- and triacetin (C5H10O4, C7H12O5

and C9H14O6), mono-, di- and tripropionin (C6H12O4, C9H16O5 and

C12H20O6), and mono-, di- and tributyrin (C7H14O4, C11H20O5 and

C15H26O6). The molecular structure of all major esters are illustrated

in Appendix A.

As far as we know, engine experiments on these products have not

been reported. In this thesis, we have investigated the three ethyl esters

which are the fundamental building blocks of the other molecules. The

main properties of the ethyl esters are given in Table 1.1.

Compared with iso-octane, the lower heating values (LHV) of the

esters are significantly smaller. However, because their stoichiometric

air-fuel ratio (AFRstoich) is also significantly smaller, this only results in

loss of energy content for a given mass or volume of fuel but not a loss

of power for the engine since the energy content of the stoichiometric

air-fuel mixtures are similar. The ignition points (or autoignition tem-

peratures measured with the procedure described in the ASTM E6592)

2In the ASTM E659 procedure, a 500-mL flask is heated in a furnace that maintains
uniform temperature. Samples of the fuel are injected in the flask containing air at
a given temperature. The autoignition point is the lowest temperature at which the
mixture exhibits flames within 10 minutes.
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Table 1.1: Fuel characteristics

EtAc EtPr EtBu Ethanol Iso-octane

C4H8O2 C5H10O2 C6H12O2 C2H6O C8H18

AFRstoich 7.85 8.8 9.52 9.00 15.13

Density [kg/l] 0.897 0.891 0.886 0.789 0.690

LHV [MJ/kg] 23.79 26.53 28.64 27.75 44.65

LHV [MJ/l] 21.34 23.64 25.38 21.89 30.81

Ignition [◦C] 460 440 463 362 396

Flash point [◦C] -4 12 26 12 -7

Boiling T @1 atm. [◦C] 77 99 120 78 98

Vapour p @20◦C [hPa] 124 58 17 79 54

∆hvap @25◦C [kJ/kg] 404 368 367 837 309

Mm [kg/kmol] 88 102 116 46 114

Stoich. energy content 2689 2707 2741 2774 2768

[kJ/kgmix]

Process production 15–87 5–50 7–78
range [%vol]

are not obtained in engine conditions but they still give some information

on the level of ignitability. This temperature is similar among the esters

and higher than ethanol and iso-octane, indicating that these products

are more resistant to ignition. The analyses in engine conditions, pre-

sented in Chapters 2 and 3, confirmed the first indication given by the

ignition points and helped to identify the difference within the esters.

Compared with two known references, iso-octane and ethanol, the flash

point, the boiling temperature at atmospheric pressure and the vapour

pressure at 20◦C are similar for all fuels, except for ethyl butyrate with

a slightly higher boiling temperature and a lower vapour pressure. The

energies of vaporization of the esters are in the same range as iso-octane

but significantly lower than ethanol. This aspect facilitates the mixture

preparation and alleviates the cold start problem of HCCI engines.

We have performed preliminary tests in a SI engine using EtAc [15].

These experiments have shown that the engine can be run on pure EtAc

but requires a slightly higher spark advance to match the gasoline pres-

sure trace.

The proportions of each volatile fatty acid vary with the fermenta-
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tion conditions and the type of biomass. The maximum volume fraction

of propionic acid is generally lower than acetic acid and butyric acid due

to the competition between butyrate type fermentation and propionate

type fermentation [13]. The production ranges reported in Table 1.1 ag-

gregate the results of several studies [10–13]. Besides the extraction from

the fermentation broth, these production ranges are obtained without

further separation processes to concentrate specific products. Therefore,

the tested blends of esters are preferably located in the region shown in

Figure 1.3.

Figure 1.3: Region of fuel blends that could be produced by the bio-
chemical process after a non-selective extraction. The proportion of
EtPr is limited by the competition between the butyrate type fermen-
tation and the propionate type fermentation.

While trying to increase the conversion efficiency, the challenge for

the overall production process is to handle the diversity of the raw mate-

rials and of the resulting fuels so that they can be used as transportation

fuels.
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1.4 Combustion kinetics in HCCI engines

This section presents the main reaction steps of the combustion in HCCI

engines. More details can be found in [6, 16]. The fuel chemistry plays a

key role in the onset of this combustion. Therefore, a basic understand-

ing of the involved phenomena is important.

The combustion of hydrocarbon fuels typically involves a chain re-

action mechanism where the fuel is converted into products (H2O and

CO2), and where heat is released.

To describe this chain reaction mechanism, elementary reactions are

grouped into four general classes: initiation, propagation, chain branch-

ing and termination. Initiation reactions produce radicals from stable

species. Their rates of reaction are small and they have a minor con-

tribution to the overall reaction rate but the produced radicals play a

major role in the first steps of the chain reaction. Propagation reactions

produce and consume the same number of radicals. They do not di-

rectly contribute to the reactivity of the system but to the continuation

of the chain reaction. Chain branching reactions produce more radicals

than they consume. They are the major source of radicals and initiate

the exponential growth of reactivity during the main combustion event.

Termination reactions reduce the concentration of radicals by recom-

bination of two radicals into a stable species and therefore reduce the

reactivity.

During the compression stroke, as the temperature increases, the air-

fuel mixture proceeds through three distinct kinetic steps : low (below

800 K), intermediate (800 to 1000 K) and high (above 1000 K) temper-

ature chain branching.

1.4.1 Low temperature combustion

When the temperature reaches 550 K, the first initiation steps start pro-

ducing a small amount of radicals. They involve decomposition reactions

RH→ R′•+ R′′• , (1.4)
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or bimolecular reactions

RH + O2 → R•+ HO2
• , (1.5)

where the fuel (RH) is considered as an alkane, “•” indicates a radical,

R• is the corresponding alkyl radical, R′• and R′′• are smaller radical

species3, and HO2
• is the hydroperoxyl radical.

Then, R• primarily adds to O2 to produce alkylperoxyl radicals

(RO2
•):

R•+ O2 � RO2
•. (1.6)

This reaction is reversible and rapidly reaches dynamic equilibrium

during the compression stroke. It is very sensitive to both temperature

and pressure, shifting to the R• + O2 side when temperature increases

and to the RO2
• side when pressure increases. The production of RO2

•

controls the start of a possible chain branching at low temperature, as

developed below. When the temperature reaches the range 700-850 K,

its effect on the reaction exceeds the effect of the pressure, hence the

backward reaction becomes faster, which thereby decreases the concen-

tration of RO2
• and the chain branching activity. This is the negative

temperature coefficient (NTC) of reaction, where the reactivity of the

system counterintuitively decreases when the temperature increases.

To better understand the NTC and the conditions for low tempera-

ture chain branching, the next reaction steps of RO2
• have to be ana-

lyzed.

First, a H atom is transferred from a location within RO2
• to the

end of the attached O2 to produce hydroperoxyalkyl radicals •QOOH:

RO2
•� •QOOH . (1.7)

The •QOOH species then proceeds through four distinct propagation

reactions depending on its structure and its size:

3The generic notation illustrates the diversity of the radicals produced by these
reactions. For example, n-heptane may decompose in C7H16 → •C3H7 + •C4H9.
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•QOOH → Q + HO2
• , (1.8)

•QOOH → Q′ + QO + •OH , (1.9)

•QOOH → Q′O + •OH , (1.10)

•QOOH + O2 � •O2QOOH , (1.11)

where •OH is the hydroxyl radical, Q and Q′ are olefins, QO is an alde-

hyde, Q′O is a cyclic ether and •O2QOOH is a ketohydroperoxyalkyl

radical.

Reaction (1.11) is fundamentally similar to reaction (1.6) and is the

only intermediate propagation reaction that can lead to chain branching.

It is followed by several elementary reactions, which are summarized by

the global reaction:

•O2QOOH→ •OPO + •OH + •OH , (1.12)

where •OPO represents an oxygenated hydrocarbon radical that can

have many forms depending on the structure and pathway of •O2QOOH.

Three radicals are produced by this global reaction, their concentration

therefore increases and they primarily react with the fuel through H

abstraction reactions like:

RH + X•→ R•+ XH, (1.13)

where X• is a radical (mainly •OH and HO2
•) and XH a stable product

at this temperature.

Low temperature auto-ignition can be produced by the successive

reactions (1.6), (1.7), (1.11), and (1.12). However, this low temperature

combustion is not observed for every fuels. Some fuels (e.g. gasoline,

ethanol, . . . ) ignite in a single step while others (e.g. diesel, dimethyl

ether, . . . ) proceed through a two-stage ignition, a small amount of heat

being released early before the main ignition (see Figure 1.4).

This low temperature pathway thus depends on the fuel type because

its structure controls the rate of RO2
• isomerization (1.7), which then
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Figure 1.4: Heat release rate (HRR) computed by CFD simulations
for a single-stage fuel (iso-octane) and a two-stage fuel (n-heptane) in
a HCCI engine. The main combustion timing is similar for both fuel
but the inlet temperature for iso-octane is higher than for n-heptane
due to the small amount of heat released during the low temperature
combustion.

controls the •QOOH reactions.

When the temperature increases above 700-750 K, these reactions

shift toward •QOOH and at about 800-850 K, these reactions are stopped.

Along with the shift of reaction (1.6), this leads to the reduction of the

overall reaction rate and the heating is therefore mostly due to the com-

pression of the piston. The pathway leading to this auto-ignition is

summarized in Figure 1.5.

While this low-temperature auto-ignition only provides a small tem-

perature increase (10-20 K), it strongly determines the subsequent main

ignition.

1.4.2 Intermediate and high temperature combustion

Above 850 K, reaction (1.6) evolves smoothly to the reaction
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RH (fuel)

O2

RO2
•

R•

•QOOH

O2

•O2QOOH

•OPO+ •OH+ •OH

Q+HO2
•

Q′O+ •OH

chain
branching

propagation

Q′ +QO+ •OH

Figure 1.5: The low-temperature auto-ignition characterizes two-stage
ignition fuels where a reaction chain leads to a small heat release before
the main ignition event [16].

R•+ O2 → olefin + HO2
• . (1.14)

Moreover, the fuel primarily reacts with OH and HO2 through reac-

tion (1.13), and the recombination reaction of the hydroperoxyl radical

becomes important:

HO2
•+ HO2

•→ H2O2 + O2 . (1.15)

These reactions increase the temperature and the concentration of

hydrogen peroxyde (H2O2). When the temperature reaches 1000 K,

the onset of the main auto-ignition event is mainly controlled by the

decomposition of H2O2 into two •OH radicals :

H2O2 + M→ •OH + •OH + M , (1.16)

where M is any other molecule. For this decomposition reaction to

proceed, the energy in H2O2 should be sufficient to break the bond. In

this case, extra energy is necessary and is provided by collision with M.
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The growing concentration of •OH radicals increases the fuel con-

sumption through reaction (1.13), which increases the temperature due

to the production of water. This further accelerates the decomposition

of H2O2, which thereby leads to the exponential growth of the reactivity.

The pressure has a great effect on reaction (1.16) because of the

collision with another molecule. When the pressure increases, the critical

temperature needed for ignition decreases. Therefore, in HCCI engines,

the pressure is also a critical parameter when preparing the air-fuel

mixture.

Because the decomposition reaction of H2O2 is not related to the fuel

but is part of the H2/O2 system, the temperature at which auto-ignition

is observed is basically fuel-independent. However, as mentioned above,

the timing of this event is greatly controlled by the fuel because close to

TDC, when the heating due to compression is slower, the possible small

increase of temperature induced by the low-temperature chemical reac-

tions allows the mixture to reach the critical temperature significantly

sooner.

After the rapid consumption of H2O2 and above 1200 K, the high

temperature kinetics pathway is mainly dominated by the chain branch-

ing reactions

H•+ O2 → O•+ •OH, (1.17)

O•+ H2 → H•+ •OH, (1.18)

O•+ H2O → •OH + •OH. (1.19)

Moreover, at high temperatures, the alkyl radicals primarily decom-

pose into smaller species by β-scission (splitting of a C-C bond):

R•→ olefin + R′• . (1.20)

A significant portion (around 50%) of the fuel heating value is re-

leased at high temperature by the CO oxidation. It is mainly consumed

through

CO + •OH→ CO2 + H• . (1.21)
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But the hydroxyl radical (•OH) first reacts with the fuels, through reac-

tion (1.13), which inhibits this reaction until the fuel has been consumed.

While only a few reactions are presented here, the overall oxida-

tion process of typical automotive fuels requires many thousands of cou-

pled elementary reactions involving many hundreds or even thousands of

chemical species. The next section describes how to handle this complex

network and use it in CFD simulations.

1.5 Combustion chemistry in numerical simula-

tions

To accurately and comprehensively describe the fuel oxidation, detailed

chemical reaction mechanisms are developed over wide ranges of sys-

tem parameters such as pressure, temperature, equivalence ratio and

residence time [17]. As the fuel complexity increases, the number of

reactions and species grows exponentially. This increase of complexity

explains that mechanisms for realistic fuel surrogates are very large. For

example, the mechanism for methyl decanoate, a surrogate for biodiesel,

includes more than 3000 species (see Figure 1.6).

The progression between Figures 1.7 and 1.8 further illustrates the

different level of details embedded in a simplified mechanism (Figure

1.7) and in a detailed mechanism (Figure 1.8) for molecules of similar

complexity (n-heptane and iso-octane).

For simulations of the combustion in engines, comprehensive mecha-

nisms allow to describe the combustion of fuels for many operating con-

ditions, the formation of the main pollutant emissions (CO, soot, NOx

and unburned hydrocarbons), and the heat release rate under conven-

tional and innovative combustion modes such as HCCI. When complex

chemical mechanisms are included in CFD simulations, the evolution

of the chemical species mass fractions in each computational cell is per-

formed by an operator-splitting technique, where the transport term and

the source term of the ordinary differential equations (ODE) are solved
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Figure 1.6: As more complex fuel surrogates are modeled, the number
of species and reactions grows exponentially. For example, the mecha-
nism for methyl decanoate, a biodiesel surrogate, has more than 3000
species [18].

separately. While the transport term is solved by the CFD solver, a

specific ODE solver takes the thermochemical conditions (temperature,

pressure and species concentration) and integrates the chemical problem

over the time-step [23]. Solving the whole system of nonlinear stiff ODE

is particularly demanding of computational resources. Above 40 species,

more than 90% of the overall computational time is spent in solving the

chemical source terms. This computational time becomes prohibitive,

well before reaching the characteristic size of detailed mechanisms. The

computational cost typically scales linearly with the number of reactions

and quadratically with the number of species. The largest cost savings

are therefore achieved by reducing the number of species. Moreover,

this also reduces the number of transport equations solved by the CFD

solver.

To reduce the computational cost of the combustion chemistry, vari-

ous techniques have been developed (some of these methods are further
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mechanism from Liu et al. (44 species and 112 reactions)[20]
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detailed in Chapters 5 and 6). Many of these techniques involve a prepro-

cessing step that can be performed at two different levels: the reduction

of the dimension of the system or the storage and subsequent retrieval

of computed solutions. The first reduces the complexity of the system

to be solved while the second reduces (or avoids) the use of the ODE

solver during the simulations.

To reduce the size of the mechanism, several methods remove the

species and the reactions that have a low connectivity to the phenomena

of interest. These methods are based on the definition of the strength of

the interactions between species. They remove species that are weakly

connected to a set of important species. Examples of this approach based

on different measures of the interactions are the directed relation graph

(DRG) [17], the DRG with error propagation (DRGEP) [24], the path

flux analysis (PFA) [25] and the simulation error minimization (SEM)

[26]. The mechanism can also be reduced according to time-scale anal-

ysis. In this case, the methods analyze the Jacobian of the system and

deduce which species are actively involved in the reactivity. While the

results from these techniques are qualitatively better, the computational

cost associated with the Jacobian analysis is considerable, when com-

pared to the previous methods. Examples of this strategy are the sensi-

tivity analysis [27], the computational singular perturbation (CSP) [28]

and the quasi steady-state assumption [29]. Finally, the reduction can

be achieved by lumping several species with similar properties together

and solving one ODE for the entire group [30]. Some methods combine

several of these techniques to maximize the reduction [18, 31, 32].

The solution storage and retrieval methods mainly consist of tabu-

lated chemical source terms that require extra effort to be computed but

are very fast to be retrieved. This can greatly reduce the overall compu-

tational time when they are frequently used. In these methods, tables

are populated or “trained” with sample data from simplified cases and

a mapping variable is devised to retrieve the stored information. The

main methods are the look-up tabulation [33], repro-modeling [34], ar-

tificial neural network (ANN) [35] and tabulated kinetics for ignition

(TKI) [36].

The preprocessing of the mechanism ensures the global comprehen-
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siveness based on sample points. When the range of thermochemical

conditions is large, like in ICE, the reduced mechanisms need to include

more species and the tabulation is more difficult because it needs to

include solutions for many different conditions and to map them to one

or a few progress variables that make sense throughout the simulation.

Therefore, several methods tailor the kinetic mechanism to each com-

putational cell and ensure the local comprehensiveness by processing

the mechanism at runtime; examples of these methods are the dynamic

adaptive chemistry (DAC) [37] and the element flux analysis (EFA) [38].

Since several cells may be in the same state, multi-grid methods

group similar cells and solve them together [39]. Similarly, previously

computed results may be adequate for the current cell, therefore the in-

situ adaptive tabulation (ISAT) method [40] and the piecewise reusable

implementation of solution mapping (PRISM) [41] store previously com-

puted results dynamically and retrieve them according to specific regions

of accuracy.

Figure 1.9 illustrates the dynamic tabulation methods and the on-

the-fly reduction of chemical mechanisms.

Figure 1.9: The tabulation methods (left) aim at retrieving stored re-
sults to avoid using the ODE solver. The mechanism reduction methods
(right) aim at reducing the number of species to mitigate the computa-
tional cost of the ODE solver

Combining both dimension reduction and tabulation (or multi-grid)
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is very effective because of the great synergy existing between these

methods. It has been proposed as a preprocessing step with the intrin-

sic low dimensional manifold (ILDM) [42] further developed in flame

prolongation of ILDM (FPI) [43]. It has also been proposed as dynamic

methods, for example: ISAT and rate-controlled constrained equilibrium

[44] or adaptive multi-grid chemistry and DAC (AMC-EDAC) [45]. The

TDAC method, that has been developed in this thesis, consists of such a

dynamic coupling. Its first implementation couples the DAC and ISAT

methods (see Chapter 5). Further analysis of the reduction methods

within this framework are also presented in Chapter 6.

The reduction techniques, used in engine CFD simulations and re-

ported in the literature, reach speed-up around 50 using detailed mech-

anisms and complex geometries.





CHAPTER 2

Experimental investigation of ethyl acetate, ethyl

propionate and ethyl butyrate in HCCI

This chapter is an updated version of the paper published in :

F. Contino, F. Foucher, C. Mounäım-Rousselle, and H. Jeanmart. Ex-

perimental characterization of ethyl acetate, ethyl propionate, and ethyl

butanoate in a homogeneous charge compression ignition engine. Energy

& Fuels, 25(3):998–1003, 2011. doi: 10.1021/ef101602q

2.1 Introduction

The production of biofuels is constrained by the specific fuel charac-

teristics required for spark ignition (SI) and compression ignition (CI)

engines. Therefore, a great part of the biomass energy content is lost

in the successive conversions steps, hence decreasing the overall energy

balance, e.g. the production of ethanol from corn, sugar beet or wheat

consume up to 85% of the ethanol energy output [46, 47].

The Homogeneous Charge Compression Ignition (HCCI) engine not

only offers a great potential of efficiency improvement and emissions

reduction (i.e. NOx and soot) [3, 4, 48, 49] but it can also be run on any

type of fuels given that the appropriate operating conditions are chosen

[7, 50–52].

This flexibility allows the use of low-grade fuels as transportation

fuels. It gives an opportunity to develop more simple and more efficient

bioconversion processes, as illustrated by Mack et al. with the use of

wet-ethanol [8].
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Products resulting from acidogenic fermentation (acidogenesis) will

be further discussed in this chapter. Acidogenesis is a natural step oc-

curring when organic substrates degrade under anaerobic conditions. It

can be exploited to convert biomass and biowastes to volatile fatty acids

(including acetic, propionic, butyric). It has three main advantages com-

pared to ethanol fermentation [9, 53]: source diversification, efficiency

and easy implementation. Indeed, it can not only use sugar but also a

wide range of fermentable organic substrates, including biowastes. Less

treatment to hydrolyze biomass is required because acidogenic bacte-

ria have a wide hydrolytic capacity while yeast does not. Moreover,

acidogenic fermentation does not require a germ free environment.

Although the volatile fatty acids could be directly used in an engine,

it is generally not considered due to materials resistance. Therefore,

they can be partly combined with ethanol (produced during the first

stages of the acidogenic fermentation) and the remaining part can be

combined with glycerol, offering a market for this by-product of the

biodiesel production [54–56]. This process leads to a large range of

esters from ethyl acetate (C4H8O2) to tributyrin (C15H26O6).

Alternative fuels are an opportunity to widen the HCCI zone, i.e.

the range of loads and speeds where HCCI combustion is possible [6].

The heat released is mainly controlled by the ignition timing and the

combustion duration. It is, therefore, important to understand how

these parameters are related to the particular fuel properties. We have

studied numerically the HCCI running zone using ethyl acetate [57] (see

also Chapter 4). Ethyl acetate has a running area similar to iso-octane

but it is shifted towards upper loads. This indicates that ethyl acetate

is more resistant to ignition than iso-octane.

In this chapter, three of the esters derived from acidogenesis are an-

alyzed experimentally on a HCCI engine : ethyl acetate (EtAc), ethyl

propionate (EtPr) and ethyl butyrate (EtBu). The objective is to un-

derstand their behavior under HCCI conditions. These results will also

be used in Chapter 3 to characterize blends of these products and will

suggest how to adjust the fermentation toward the optimal fuel blend

composition.

Combustion of EtAc, EtPr and EtBu have already been investigated
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in the context of biodiesel characterization [58–61]. These studies fo-

cused on a better understanding of the mechanism of oxygenates com-

bustion to extend it to biodiesel, mainly composed of long chain fatty

esters. EtAc combustion has also been studied in the context of thermal

oxidizers for reducing the pollution of volatile organic compounds [62].

This chapter first describes the experimental setup. It then presents

the results of the experiments for the three esters taking ethanol (EtOH)

as the reference fuel. Finally, it discusses how the combustion charac-

teristics alter the HCCI operating zone.

2.2 Experimental setup

2.2.1 Fuels characteristics

The fuels used in the experiments are esters resulting from the reaction

of volatile fatty acids (acetic, propionic and butyric acids) with ethanol.

Their properties are summarized in Table 2.1.

The three esters have similar ignition points (or autoignition tem-

perature measured with the procedure described in the ASTM E659 and

given in the material safety data sheet), around 450◦C, which is 90◦C

above ethanol. Even if the method to determine this temperature is dif-

ferent from the HCCI conditions, it indicates that ethanol should ignite

more rapidly. Moreover, among the esters, even if the ignition points

are not significantly different, EtBu has probably a shorter ignition delay

because of its longer chain.

The lower heating value (LHV) of all four fuels are significantly

smaller than petroleum-based fuels due to their oxygenated nature.

However, the air-fuel ratio of the stoichiometric mixtures (AFRstoich)

are also smaller, which results in similar energy content for the same

equivalence ratio and therefore no loss of power for the engine.

The esters have an energy of vaporization that is significantly lower

than that of ethanol and only slightly higher than those of gasoline and

diesel. This would have a positive impact for the mixture preparation on

a real engine. In the following experiments, the vaporization energy is,
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Table 2.1: Fuel characteristics

EtAc EtPr EtBu EtOH

C4H8O2 C5H10O2 C6H12O2 C2H6O

AFRstoich 7.85 8.8 9.52 9.00

Density [kg/l] 0.897 0.891 0.886 0.789

LHV [MJ/kg] 23.79 26.53 28.64 27.75

LHV [MJ/l] 21.34 23.64 25.38 21.89

Ignition [◦C] 460 440 463 362

Flash point [◦C] -4 12 26 12

Boiling temp.
@1 atm. [◦C] 77 99 120 78

Vapour pres.
@20◦C [hPa] 124 58 17 79

∆hvap @25◦C
[kJ/kg] 404 368 367 837

Mm [kg/kmol] 88.1 102 116 46.1

Stoich. energy con-
tent [kJ/kgmixture]

2689 2707 2741 2774

however, not relevant because the air-fuel mixture is prepared externally

in a fuel vaporizer (see next section).

2.2.2 Engine details and data acquisition

The engine is based on the PSA DW10 model that has a displacement

of 0.499 liters per cylinder. It is converted to single-cylinder operation

and mounted on an electric motor that can maintain a constant revolu-

tion speed. The geometric compression ratio is 15.35 and the effective

compression ratio, evaluated thermodynamically using the temperature-

entropy diagram with the method described by Tazerout et al. [63], is

14.15. The specifications of the engine are listed in Table 2.2 and a

schematic of the experimental setup is shown in Figure 2.1.

The intake air is supplied by an air compressor. It is dehumidified to

a dew point of 4◦C and electrically heated to the desired set point. Its

flow rate is metered and controlled by a Brooks 5853S model to obtain
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Table 2.2: Engine details

Bore [mm] 85

Stroke [mm] 88

Displacement [cm3/cyl.] 499

Connecting rod length [mm] 145

Geometric Compression ratio 15.35

Effective Compression ratio [63] 14.15

Number of valves 4

electric motor

crankshaft

position sensor

fuel
vaporizer

intake
plenum

flow meter

& controller

flow meter

& controller

flow meter

& controller

pressurized

fuel tank
air

p

T

p

exhaust gas 

analyser
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2
, 

O
2
, NO

x
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Figure 2.1: The engine is a PSA DW10 with a displacement of 499
cm3/cyl converted to single-cylinder.



32 Chapter 2. HCCI experiments of pure ethyl esters

an intake pressure of 1.5 bar in the intake plenum.

The fuel flow from the pressurized tank is metered and controlled

by a Bronkhorst M13 Coriolis flow sensor. Fuel is fully premixed with

the intake air by supplying an air-fuel mixture from the heated fuel-

vaporization chamber upstream of the intake plenum. This plenum is

designed to minimize the pressure oscillations and to improve the mix-

ture homogeneity.

The intake conditions are measured in the intake manifold by a

Kistler 4075A piezoresistive absolute pressure sensor (±3 kPa) and by

two K thermocouples (±2 K) in both intake ducts just above the inlet

valves.

Cylinder pressure measurements are made with a Kistler 6043A

piezoelectric transducer (±2% of the measured value) at 0.1 crank angle

degrees (CAD) increments. The piezoelectric transducer offset is deter-

mined by the mean value of the absolute pressure in the intake manifold

at the end of the intake stroke when the pressure is stabilized.

The temperatures of the cooling water and the lubricating oil were

held constant during the experiments at a value of 93◦C and 90◦C re-

spectively.

The emissions are measured by an Environnement S.A. exhaust gas

analyzer. The overall precision is 1% of the full scale output (FSO). This

analyzer is made up of the Topaze 32M model for NOx measurements

(FSO: 1%), the Graphite 52M (based on a FID) model for unburnt

hydrocarbon (uHC, FSO: 1%) and CH4 measurements (FSO: 1000ppm),

and the Mir2M model for CO (separated high and low range, FSO: 10%

and 2000ppm), CO2 and O2 (FSO : 25%) measurements.

2.2.3 Experimental procedure

As the main objective is to understand the behavior of each fuel and

apply these results in future studies to characterize a fuel blend, the

tested fuels are compared at the same intake conditions. The tempera-

ture at the heater output was set to 270◦C and the pressure in the intake

plenum at 1.5 bar. The operating regions were therefore not optimized

for each fuel but the focus is on the impact of each fuel on the operating
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zone. Due to heat transfer after the heater and mixing with the fuel (fuel

vaporizer at 170◦C), the temperature in the intake manifold decreases

to around 230◦C.

Two engine speeds have been investigated: 1000 and 1500 rpm. Due

to small differences in heat transfer after the heater, the temperatures

in the intake manifold were 230◦C and 235◦C at 1000 and 1500 rpm,

respectively. Higher engine speeds were not used because the current

engine setup was not able to provide the high fuel flow due to the low

AFR of the ethyl esters.

Pressure data from 100 consecutive cycles were stored and analyzed

by the data acquisition system when combustion was stabilized. A

Buttleworth low pass band filter [64] is used to remove the high fre-

quency noise. Among the parameters calculated on each cycle were:

the maximum pressure (Pmax), the crank angle at which Pmax occured,

the maximum pressure rise rate (MPRR) and the indicated mean ef-

fective pressure (IMEP). The mean values and standard deviations of

these parameters based on 100 cycles were calculated online and used

to determine stabilization and operating limits. These values were also

used to compute the coefficient of variation of IMEP (CoVIMEP), given

by the standard deviation of IMEP divided by its mean.

We adjusted the fuel injection to modify the equivalence ratio until

we went past one of the HCCI limits. These limits were defined for this

work as a maximum MPRR of 7 bar/CAD for the upper or knock limit

and a maximum CoVIMEP of 5% for the lower or misfire limit.

The reported temperatures are averaged for the total mass inside

the combustion chamber. They are computed using the ideal gas law

with the measured pressure, the known cylinder volume and the tem-

perature at bottom dead center (TBDC). Several effects should be con-

sidered when computing TBDC: mixing with residual exhaust gas, heat-

transfer, gas dynamic effects and vaporization of directly injected liquid

fuel [65]. However, the trapped residual exhaust gas was small due to

the pressurized inlet and the atmospheric exhaust; the air-fuel mixture

was prepared externally without any vaporization in the cylinder; and

the gas dynamic effects were not considered since the two investigated

engine speeds were small and close to each other. Therefore, we consid-
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ered that TBDC was equal to the temperature measured just before the

inlet valves. This is a good approximation when comparing the fuels on

the same engine with the same settings.

The heat release rate (HRR) was computed from the cylinder-pressure

data and the cylinder volume:

dQ

dθ
=
Cp
R
p
dV

dθ
+
CV
R
V
dp

dθ
+
dQwall

dθ
, (2.1)

where θ is the crank angle, Cp and CV are the specific heats at

constant pressure and constant volume respectively, R is the ideal gas

constant, p is the pressure, V is the volume of the combustion chamber

and
dQwall

dθ
is the wall heat release rate per crank angle.

dQwall

dθ
is given

by

dQwall

dθ
= hg [Ah(T − Th) +Ap(T − Tp) +Al(T − Tl)] , (2.2)

where A is the wall surface, T is the temperature, h, p and l subscripts

indicate head, piston, and liner, respectively, and hg is the heat transfer

coefficient. This coefficient is given by the Hohenberg correlation [66]:

hg = αsV
−0.06p0.8T−0.4(s̄p + b)0.8 (2.3)

where αs and b are parameters evaluated by Hohenberg at 130 and 1.4,

and s̄p is the mean piston velocity. This correlation gives better results

for HCCI engines than the Woschni correlation [67] because it does not

include the term representing the combustion compression velocity re-

quired for SI engines but which overestimates the heat transfer rates

during combustion and expansion for HCCI [68].

The specific heats were computed from the JANAF tables and in-

clude the change of composition due to the combustion with a two steps

algorithm. First, they are arbitrarily modified at top dead center (TDC)

from the composition of the air-fuel mixture to the composition of the

complete combustion products. The cumulative heat release is then com-

puted from the HRR obtained with Eq. (2.1). As this change of specific

heats is arbitrary, a second step uses the cumulative heat release nor-

malized by its maximum as a conversion factor between reactants and



2.3. Results 35

products and a better approximation of the heat release rate is obtained.

To characterize the combustion, three parameters were calculated for

each cycle: CA10, CA50 and CA90. They correspond to the crank angles

where 10, 50 and 90% of the cumulative heat release was reached respec-

tively. CA10 is a good indicator of the combustion start for single-stage

fuels, as in this work. CA50 is often used to monitor the combustion

and adjust the inlet conditions. The difference between CA90 and CA10

defines the combustion duration. The uncertainties on these parameters

come from the uncertainty on HRR, which results from the precision

of the pressure sensor, the error on the effective compression ratio and

the assumptions of the heat transfer model. According to the slope

of the cumulative heat released which increases with increasing equiva-

lence ratio, the uncertainties have been evaluated between ±1 CAD for

an equivalence ratio of 0.08 and ±0.2 CAD for an equivalence ratio of

0.4.

2.3 Results

This section first compares the impact of the combustion characteris-

tics on the operating ranges of EtAc, EtPr, EtBu, and EtOH. It then

presents the emissions and finally analyzes the ignition delays of these

products.

2.3.1 Operating zone

As discussed in the previous section, the inlet conditions were kept con-

stant. They were chosen so that most of the CA50 are in the narrow

range where an HCCI engine can be operated [69]: -5 to 10 CAD ATDC

as shown in Figure 2.2. In this figure, CA50 of EtAc at 1500 rpm and

equivalence ratios 0.34 and 0.38 are above the other points due to a

slightly lower inlet temperature (230◦C instead of 235◦C for the other

points).

Under these conditions, the fuels exhibit quite different combustion

characteristics (see Figure 2.3). These differences have a great impact
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Figure 2.2: CA50 for the four fuels at 1000 rpm (empty symbols) and
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inlet temperature
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on the operating zones (see Figure 2.4; the higher HCCI zone for EtAc

at 1500 rpm is explained by the slightly lower inlet temperature, as

mentioned above). EtOH ignites well before TDC and leads to very

high MPRR at equivalence ratios above 0.20. EtAc ignites much later

bringing issues for the instability at equivalence ratios below 0.20. EtPr

ignites later than EtBu but both are in the region where a large range of

equivalence ratios can be used without reaching a HCCI limit. Due to

the early ignition of EtOH, the combustion is very stable reaching the

lower limit at a very low equivalence ratio below 0.08. But the MPRR

is increasing quickly with the equivalence ratio, reaching the upper limit

at a IMEP around 3 bar. EtBu ignites more slowly which increases the

upper limit but without changing the instability limit. For these settings,

EtPr has a high upper limit around 5 bar while keeping a similar lower

limit. The late ignition of EtAc leads to a smoother pressure rise rate.

Consequently, the upper limit is around 6.5 bar. However, this also leads

to more instability which increases the lower limit at around 2 bar.
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Figure 2.4: HCCI zones for the four fuels.

When reaching the misfire limit, the combustion is unstable and
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products of incomplete combustion increase. The CO and uHC emissions

are thus related to the position in the HCCI zone. They significantly

increase with decreasing IMEP and reach a plateau near the misfire

limit (see Figure 2.5). The results reported in Figure 2.5b only illustrate

the comparative trends. The absolute value should not be considered

here because : first, the uHC were measured with a flame ionization

detector (FID) which is not completely suitable for oxygenated fuels;

second, the high pressure difference between the intake (1.5 bar) and

the exhaust (atmospheric) implies that part of the fuel directly escapes

the combustion chamber during valve overlap.

The NOx emissions correspond to the very low levels commonly ob-

tained in HCCI engines [6], with a peak around 50 ppm for the highest

IMEP achieved with EtAc.

2.3.2 Ignition delay and combustion duration

The products tested are single-stage fuels (see Figure 2.3). The differ-

ence of combustion characteristics is, therefore, mainly due to different

ignition delays. These ignition delays were characterized by the CA10

computed for each cycle (see Figure 2.6). In the specified conditions,

EtOH had the shortest ignition delay followed by EtBu, EtPr and EtAc.

The difference of ignition delay is not only due to the intrinsic ignition

kinetics but also to the different temperature histories. These two effects

are combined and both contribute to the difference between the fuels.

The different ignition kinetics are due to the different reaction paths,

whereas the temperature histories are modified by the ratio of specific

heat of the air-fuel mixtures. For the same equivalence ratio, the ratio

of specific heats is higher for EtOH and smaller for EtAc. As the inlet

conditions were held constant, overall this leads to higher temperatures

before ignition for EtOH and smaller for EtAc (see the temperature at

15 CAD BTDC in Figure 2.7; the experimental variations of the inlet

conditions are included).

The effects of the reaction paths and the specific heats are also illus-
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trated by the small change of ignition delay (or CA10) with equivalence

ratio (see Figure 2.6). At low temperatures (below 1000 K) the alkylper-

oxyl radical isomerization reactions (see Reaction 1.7) control ignition

and are faster for rich mixtures. Therefore for the same temperature, the

ignition delay should decrease with increasing equivalence ratio. How-

ever, with more fuel in the mixture, the specific heats increase which

reduce the ratio of specific heats and the resulting temperature before

TDC (see Figure 2.7). In this case, the thermal effect balances the

kinetics effect.

To isolate the thermal effect, we ran ignition delay simulations using

the Cosilab software [70]. We used the ethanol mechanism developed

by Saxena and Williams [71], the ethyl acetate mechanism of Gasnot et

al. [62], the ethyl propionate mechanism of Metcalfe et al. [60] and the

ethyl butyrate mechanism of Hakka et al. [61]. The ignition delay was

computationally defined as the time before the maximum temperature

rise rate in an adiabatic vessel with constant volume.

The simulations results confirm that for the same temperature (the

temperature at 15 CAD BTDC for the lowest equivalence ratio of each

fuel, see Figure 2.7), the ignition delay decreases with increasing equiv-

alence ratio (see empty symbols in Figure 2.8). However, if the tem-

perature is modified for each equivalence ratio according to the mass

averaged temperature at 15 CAD BTDC (see Figure 2.7), the thermal

effect balances the kinetics effect and the ignition delay remains approx-

imately constant (see filled symbols in Figure 2.8).

The combustion durations are quite similar and constant for all fuels

at low equivalence ratio (see Figure 2.9). They are around 13 CAD for

equivalence ratios below 0.15. Above this value, they decrease to reach

5 CAD. For a given equivalence ratio, EtOH has the smallest duration

and EtAc the longest. This smoothes the pressure rise rate of EtAc

and explains the higher knock limit. The CA50 shown in Figure 2.2

are explained by the combined effects of the ignition delays and the

combustion durations.
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2.4 Conclusion

Ethyl acetate, ethyl propionate and ethyl butyrate (products derived

from acidogenic fermentation) can be used in a HCCI engine. They

produce stable and smooth HCCI combustion for a large range of equiv-

alence ratios. Compared with ethanol, these products ignite more slowly.

For the given conditions, this increases the upper limit whereas the lower

limit is unaffected for ethyl propionate and ethyl butyrate. For ethyl ac-

etate, however, the lower limit is affected due to more instability.

The main objective of the acidogenic fermentation route is to produce

transportation fuels from low-value biomass. It tries not only to reduce

the number of conversion processes but also to minimize the energy-

consuming separation processes. Therefore, the next chapter will focus

on the differences of combustion characteristics of those products in fuel

blends. Our results invite analyzing whether this fuel blend could take

advantage of these differences to extend the HCCI zone by promoting

the ignition with EtBu and smoothing it with EtAc.



CHAPTER 3

Experimental investigation of tri-component ethyl

ester blends in HCCI

This chapter is an updated version of the paper published in :

F. Contino, F. Foucher, C. Mounäım-Rousselle, and H. Jeanmart.

Combustion characteristics of tri-component fuel blends of ethyl acetate,

ethyl propionate and ethyl butyrate in HCCI. Energy & Fuels, 2011, in

press. doi: 10.1021/ef200193q

3.1 Introduction

Biofuels need to comply with detailed physicochemical requirements to

be used in common spark ignition or compression ignition engines. The

efficiency of the whole biofuel production processes is, therefore, affected

by the successive conversion steps; for example, according to the type

of crops and the production route, first generation biofuels consume

between 40 and 85% of the fuel energy output [46, 47].

The homogeneous charge compression ignition (HCCI) engine offers

not only a great potential of efficiency improvement and emission re-

duction (i.e. NOx and soot) [3, 4, 48, 49] but it can also be run on a

large variety of fuels, including low-grade fuels, given that the appropri-

ate operating conditions are chosen [7, 50–52]. Therefore, simpler and

more efficient conversion processes can be used for biofuel production,

as illustrated by Mack et al. with the use of wet-ethanol [8].

This chapter focuses on the products that can be derived from acido-

genic fermentation (acidogenesis). Acidogenesis is part of the anaerobic
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digestion that is commonly used to decrease negative ecological effects

of polluting compounds [12]. This simple and efficient process produces

volatile fatty acids (including acetic, propionic, and butyric acids) from

low-value biomass wastes. Therefore, it has been identified as an at-

tractive alternative for bioenergy or chemicals production [9–11, 13].

The volatile fatty acids are generally not used in internal combustion

engines because of the resistance of materials. They can be combined

with ethanol (also produced in small proportions during the first stages

of the acidogenic fermentation) to produce ethyl acetate (EtAc), ethyl

propionate (EtPr), and ethyl butyrate (EtBu).

The overall process produces a mixture of various esters in propor-

tions that vary with the fermentation conditions and biomass sources

[10–13]. Removing unwanted components or maintaining a precise for-

mulation of the biofuel requires more energy-consuming separation pro-

cesses. Therefore, to use the fuel blends directly in an engine, their

effects on the combustion timing need to be characterized.

Alternative fuels are also foreseen as a solution to the limited HCCI

zone, i.e. the range of loads and speeds where HCCI combustion is pos-

sible [6]. It is therefore important to understand how particular fuel

properties have an impact on the ignition timing and combustion dura-

tion.

This chapter has two main objectives: first, to provide information to

direct the fermentation process towards a portion of the mixture region

that is the most suitable, and, second, to understand the impact of these

esters to improve the control and the operating zone of the HCCI engine.

In the previous chapter, we characterized experimentally the ignition

timing and the HCCI zones of EtAc, EtPr and EtBu, as compared to

ethanol [72]. Results have shown that these fuels ignite more slowly

than ethanol. For the given conditions, the upper load limit of the

HCCI operating zone was increased while maintaining the lower limit

for EtPr and EtBu. However, the ignition of EtAc was so delayed that

the lower limit was modified because of more instability.

This chapter analyzes experimentally tri-component blends of EtAc,

EtPr and EtBu in a HCCI engine. It proposes a generic model, including

the effect of each component and their interactions. It then presents
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the mixture design to estimate the parameters of this model. Finally,

it discusses the contribution of these parameters and determines those

controlling the ignition timing.

3.2 Fuel blends

3.2.1 Characteristics of the fuels

The main fuel characteristics of EtAc, EtPr and EtBu are summarized

in Table 3.1. They are described in more details in the previous chapter.

Table 3.1: Fuel characteristics

EtAc EtPr EtBu

C4H8O2 C5H10O2 C6H12O2

AFRstoich 7.85 8.8 9.52

Density [kg/l] 0.897 0.891 0.886

LHV [MJ/kg] 23.79 26.53 28.64

LHV [MJ/l] 21.34 23.64 25.38

HCCI zone [bar] [72] 2–6 1–5 1–4

Mm [kg/kmol] 88.1 102 116

LHV stoich. mix-
ture [MJ/kgmixture] 2.689 2.707 2.741

Fermentation proportion
range [%vol] [10–13]

15–87 5–50 7–78

Several studies discuss the acidogenesis production for various biomass

feedstocks and processing units [10–13]. The range of volume fractions

reported in these studies defines the domain in which fuel blends will

be tested (see Figure 3.1). EtPr is generally produced in lower propor-

tions (below 50%) because of the competition between butyrate type

fermentation and propionate type fermentation [13].

The HCCI zones reported in Table 3.1 were obtained for given inlet

conditions, i.e. the range of indicated mean effective pressure (IMEP)

reached for each fuel has not been optimized. Nevertheless, these values

are used to compare the relative ignitability of the fuels: a lower knock

limit is observed when the fuel ignites earlier, due to higher maximum
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pressure rise rate, and a higher misfire limit is observed when the fuel

ignites later, because of more instability. The HCCI zones presented in

Table 3.1 indicate that EtBu ignites first and that EtAc ignites last.

3.2.2 Mixture design

In the context of octane number (ON) experiments, a quadratic blending

model is generally needed when the region of fuels proportions is large

[73]. This leads to both synergistic and antagonistic effects [74].

HCCI experiments using blends of EtAc, EtPr and EtBu have not

been reported. The order of interaction is therefore unknown and, as

a conservative choice, we used a Scheffé cubic model to establish the

mixture design in the region of interest. Any parameter of interest Y is

then modeled by

Y = β1XEtAc + β2XEtPr + β3XEtBu

+β12XEtAcXEtPr + β13XEtAcXEtBu + β23XEtPrXEtBu

+γ12XEtAcXEtPr(XEtAc −XEtPr)

+γ13XEtAcXEtBu(XEtAc −XEtBu) (3.1)

+γ23XEtPrXEtBu(XEtPr −XEtBu)

+β123XEtAcXEtPrXEtBu.

where XEtAc, XEtPr, and XEtBu indicates the volumetric fraction of

EtAc, EtPr, and EtBu, respectively. This model will be compared to

the Scheffé quadratic model, i.e. γij = 0 and βijk = 0.

The estimation of the 10 parameters in equation (3.1) requires at

least 10 different blends. Two additional blends were added to have fur-

ther information on the significance of these parameter estimates while

maintaining a manageable number of experimental points. The 12 dif-

ferent blends (see Figure 3.1) were selected with a D-optimal criterion,

i.e. minimizing the generalized variance of the estimates of these param-

eters for the specified model [75]. The main characteristics of the fuel

blends are shown in Table 3.2.
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Figure 3.1: The twelve experimental points selected with a D-optimal
criterion in the region of produced blends.

Table 3.2: Characteristics of the fuel blends

ID
EtAc
[%vol]

EtPr
[%vol]

EtBu
[%vol]

LHV
[MJ/kg]

AFRstoich

LHV
stoich. mix.
[MJ/kgmix]

#1 15 50 35 26.93 8.91 2.718

#2 15 37 48 27.22 9.01 2.720

#3 66 5 29 25.38 8.43 2.692

#4 44 18 38 26.19 8.70 2.701

#5 17 5 78 27.86 9.21 2.729

#6 36 36 28 26.18 8.68 2.704

#7 87 5 8 24.33 8.03 2.696

#8 15 20 65 27.60 9.13 2.725

#9 43 50 7 25.52 8.44 2.703

#10 56 37 7 25.16 8.32 2.699

#11 35 5 60 26.95 8.95 2.709

#12 74 19 7 24.67 8.15 2.697

min 15 5 7 24.33 8.03 2.692

max 87 50 78 27.86 9.21 2.729

mean 42 24 34 26.17 8.66 2.708

range [%] 13.5 13.7 1.4
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3.3 Experimental setup

3.3.1 Engine details and data acquisition

The engine is based on the same engine as in the previous chapter.

In these experiments, no exhaust gas analyzer was used (see Figure

3.2), another piston head was used which slightly modified the geometric

compression ratio to 16.36 (the effective compression ratio is 15.35), and

the temperatures of the cooling water and the lubricating oil were set at

a value of 94◦C and 85◦C, respectively. The specifications of the engine

are listed in Table 3.3.

electric motor

crankshaft

position sensor

fuel
vaporizer

intake
plenum

flow meter

& controller

flow meter

& controller

flow meter

& controller

pressurized

fuel tank
air

p
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Figure 3.2: Schematic of the installation showing the flow of air and
fuel entering the engine.

3.3.2 Experimental procedure

The main objective was to characterize the combustion timing for the

twelve fuel blends. They were therefore compared at the same intake

conditions. These conditions were measured in the intake manifold and

set to 1.5 bar and 235◦C. The inlet conditions were chosen so that most

of the CA50 are in a narrow range around top dead center (TDC).
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Table 3.3: Engine details

Bore [mm] 85

Stroke [mm] 88

Displacement [cm3/cyl.] 499

Connecting rod length [mm] 145

Geometric Compression ratio 16.36

Effective Compression ratio [63] 15.35

Number of valves 4

The engine speed and equivalence ratio were selected to have a

smooth functioning and a complete combustion. They were set to 1200

rpm and 0.3, respectively.

Pressure data from 100 consecutive cycles were stored and analyzed

by the data acquisition system when combustion was stabilized. To

evaluate the reproducibility, these measures were replicated randomly

at least 4 times for each blend. Among the parameters calculated on

each cycle were the maximum pressure (Pmax), the crank angle at which

Pmax occurred, the maximum pressure rise rate (MPRR), and the indi-

cated mean effective pressure (IMEP). The mean values and standard

deviations of these parameters based on 100 cycles were calculated online

and used to determine stabilization.

The reported mass-averaged temperatures were computed using the

ideal gas law in combination with the measured pressure, the known

cylinder volume, and the temperature at bottom dead center (TBDC).

We considered that TBDC was equal to the temperature measured just

before the inlet valves. This is a good approximation when comparing

the fuel blends on the same engine with the same settings [72].

The heat release rate (HRR) was computed using the two-step algo-

rithm described in the previous chapter.

To characterize the combustion, three parameters were calculated

for each cycle: CA10, CA50, and CA90. They correspond to the points

where 10, 50 and 90% of the cumulative heat release is reached, respec-

tively. CA10 is a good indicator of the combustion start for single-stage
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fuels, as in this work. CA50 is often used to monitor the combustion

and adjust the inlet conditions. The difference between CA90 and CA10

defines the combustion duration.

The fuel blends were prepared and supplied to the fuel tank with an

error on the volume fraction of the components lower than 1%.

The emissions for the experiments on pure components were pre-

sented in the previous chapter. These emissions were quite similar for

each component. Their modeling in the mixture region is therefore not

included in this study.

3.4 Results

3.4.1 Auto-ignition timing

As shown in Table 3.2, the range of air-fuel ratio, is not negligible (14%

of the mean value). In the region of fuel blends, the specific heats vary

between 1122.7 and 1124.1 J/(kg·K) (computed using JANAF tables,

here at 700 K for illustration) for blends number 5 and 7, respectively.

The corresponding difference of temperature before ignition is approx-

imately 5 K. While this difference is small, it has an important con-

tribution to the onset of the combustion. It can be illustrated by the

difference of ignition timing when the same fuel is used with two dif-

ferent inlet temperatures. For a difference of 2 K in the inlet mixture,

which corresponds to the 5 K difference before ignition, the mean CA50

is delayed by nearly 1 CAD (see Figure 3.3).

In addition to the effect of temperature histories, each fuel has its

own ignition kinetics. Both effects are very important for the ignition

timing in HCCI [5]. The fuel blends had therefore different combustion

characteristics according to their position in the mixture space. The

start of ignition of all blends were located between the ignition of EtBu

and EtAc (see Figure 3.4), as expected after the study on the three pure

components [72].
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Figure 3.3: Difference of CA50 for pure EtBu corresponding to a 2K
difference for the inlet temperature.
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in this chapter.
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3.4.2 Blending models

Table 3.4 shows the experimental results for all blends. The small stan-

dard deviations allows the use of the mean value to describe the effect

of each component in the blending models.

Table 3.4: Mean value and standard deviation of all experimental re-
sults for the twelve fuel blends sorted by increasing value of CA50.

CA50 [CAD]
max(dp/dθ)
[bar/CAD]

CA10 [CAD] CA90−CA10
[CAD]

ID mean std mean std mean std mean std

#5 -2.68 0.18 8.20 0.55 -4.91 0.17 5.25 0.27

#8 -2.27 0.19 7.71 0.55 -4.59 0.20 5.57 0.29

#11 -1.88 0.19 7.43 0.53 -4.26 0.19 5.79 0.29

#2 -1.78 0.21 7.39 0.56 -4.16 0.21 5.86 0.32

#1 -1.37 0.21 7.34 0.53 -4.05 0.22 5.92 0.31

#6 -1.29 0.18 7.11 0.53 -3.73 0.20 6.09 0.29

#4 -1.26 0.19 7.08 0.60 -3.71 0.20 6.14 0.32

#9 -0.52 0.23 6.51 0.48 -3.10 0.24 6.58 0.29

#10 -0.24 0.22 6.33 0.55 -2.85 0.23 6.70 0.30

#3 -0.22 0.23 6.26 0.56 -2.84 0.21 6.75 0.31

#12 0.46 0.25 5.84 0.43 -2.25 0.27 7.05 0.29

#7 1.15 0.26 5.35 0.45 -1.68 0.26 7.39 0.30

The parameters of the cubic and of quadratic models of equation

(3.1) are shown in Table 3.5. They were obtained by least-squares fitting.

Both cubic and quadratic models were used to describe CA50, the start

of ignition (CA10), the combustion duration (CA90−CA10) and the

MPRR. The analysis of variance shows that the hypothesis of constant

value for these variables in the whole range of blends is indeed rejected,

i.e. most of the variance around the mean is explained by the models.

Both models fit the experimental results very well, and the adjusted

R2 does not change significantly between the quadratic and cubic models

(see Table 3.5). This indicates that the cubic blending coefficients are

not contributing to the quality of the fit. The quadratic models for
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Table 3.5: Estimates of the parameters for the cubic and quadratic
models, and fit quality indicators R2 and R2

adj.

CA50 [CAD]
max(dp/dθ)
[bar/CAD]

CA10 [CAD] CA90−CA10
[CAD]

ID Cubic Quadratic Cubic Quadratic Cubic Quadratic Cubic Quadratic

β1 1.99 2.19 4.69 4.64 -0.99 -0.80 7.73 7.93

β2 1.67 0.46 6.40 6.06 -1.12 -2.29 7.80 7.09

β3 -3.67 -3.23 9.62 8.58 -5.64 -5.39 4.48 4.89

β12 -7.77 -6.28 2.21 4.08 -6.88 -5.26 -3.67 -3.25

β13 -1.31 -2.97 -1.20 1.69 -1.37 -2.52 0.56 -1.09

β23 -1.44 -1.09 -3.57 0.20 -1.72 -0.91 0.05 -0.41

γ12 2.53 - 0.79 - 2.56 - 1.34 -

γ13 -0.18 - 1.64 - 0.11 - 0.29 -

γ23 -2.89 - 4.02 - -1.98 - -3.05 -

β123 -7.02 - 15.97 - -4.54 - -8.51 -

R2 0.988 0.986 0.953 0.943 0.989 0.988 0.970 0.964

R2
adj 0.985 0.985 0.943 0.937 0.987 0.986 0.965 0.960

CA50, CA10, CA90−CA10 and MPRR are presented in Figure 3.5.

The major effects are due to the linear terms with a slight effect of

the quadratic terms. The lack-of-fit test shows that the model is likely

true, i.e. the hypothesis of adequate model cannot be rejected [75].

The major effects on the ignition timing are due to the proportions

of EtAc and EtBu (see Figure 3.5). The combustion delay and combus-

tion duration increase when the proportion of EtBu decreases or when

the proportion of EtAc increases. These effects are not observed for pro-

portions of EtAc above 75%, where the timing is constant for constant

EtAc. The proportion of EtPr has a small direct effect on the com-

bustion characteristics (see Figure 3.6). It has however an antagonistic

effect on both EtBu and EtAc, i.e. for higher proportions of EtPr, the

ignition timing is less modified for a given difference of proportions of

EtAc and EtBu.
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(a)

(b)

Figure 3.5: Ternary graph of : a) CA50 [CAD] and b) CA10 [CAD].
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(c)

(d)

Figure 3.5: Ternary graph (cont’d) of : c) CA90−CA10 [CAD] and d)
max(dp/dθ) [bar/CAD].
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Figure 3.6: Effect of the volume fraction of EtAc, EtPr and EtBu on
a) CA50 and b) CA10 (repetitions for each fuel blend are included).

As described in the previous section, the trends observed in Figure

3.5 are mainly determined by the intrinsic kinetics and the temperature

history. Here, both effects are combined: EtBu has the shorter ignition

delay, followed by EtPr and EtAc [72]; the temperature before ignition

is higher near EtBu and lower near EtAc (difference of 5K).

The modeling of the experimental variance of CA50 and CA10 has

shown that there is a trend of more instability when approaching EtAc.

While the fit for these two parameters is not optimal (R2 around 0.5),

the analysis of variance and the lack-of-fit test clearly confirms the trend

(see Figure 3.7 for the second-order fit). This is in good agreement with

the results of the previous chapter, showing more instability when the



3.4. Results 59

0 50 100 0 50 100 0 50 100
5

5.5

6

6.5

7

7.5

EtAc [%vol] EtPr [%vol] EtBu [%vol]

C
A
9
0
-C

A
1
0
[C

A
D
]

(c)

0 50 100 0 50 100 0 50 100
5

6

7

8

EtAc [%vol] EtPr [%vol] EtBu [%vol]

m
a
x
(
d
p

d
θ
)
[b
a
r/
C
A
D
]

(d)

Figure 3.6: Effect of the volume fraction of EtAc, EtPr and EtBu
(cont’d) on c) combustion duration and d) MPRR (repetitions for each
fuel blend are included).

ignition is delayed.

When the ignition delay decreases, the start of ignition is faster and

the combustion duration is smaller, hence increasing the MPRR (see

Figure 3.5d). As it is physically obvious, the negative correlation be-

tween CA50 and the MPRR is well observed in the experiments (see

Figure 3.8).

The analysis of variance shows that the mean value of IMEP is not

constant in the region of the blends studied. It is slightly higher when
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Figure 3.7: The modeling of the experimental variance of CA50. There
is a trend of more instability near EtAc.
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Figure 3.8: Negative correlation between CA50 and max(dp/dθ), rep-
etitions for each fuel blend are included.
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approaching EtPr and slightly lower when approaching EtAc. The dif-

ference is low (around 4% of the mean value) and is probably explained

by the combined effect of a better ignition timing and a slight difference

of the mixture LHV.

3.5 Conclusion

Fuel blends of various proportions of EtAc, EtPr, and EtBu are all

exploitable in HCCI. The ignition delay is mainly determined by the

proportions of EtBu and EtAc. It decreases when the proportion of EtBu

increases or when the proportion of EtAc decreases. EtPr has nearly no

direct effect on the ignition timing but has an antagonistic effect on the

other components. It mitigates the impact of the proportion variability

on the ignition timing.

These results suggest that, on one hand, the smaller ignition delay

of EtBu could help reduce the inlet temperature and make the use of

these esters as transportation fuels easier. However, on the other hand,

the dilution effect of EtPr could maintain a prescribed timing, while the

blend composition changes. Directing the fermentation process toward

the optimal blend would therefore depend upon these two aspects but

overall it should be in the region with low proportion of EtAc.

Moreover, as these esters have a long ignition delay compared to

known references, their use in SI engines could be very effective, similarly

to what is achieved with ethanol.





CHAPTER 4

Iterative method for the reduction of kinetic

mechanisms

This chapter is an updated version of the paper published in:

F. Contino and H. Jeanmart. Study of the HCCI running zone

using ethyl acetate. SAE Technical Paper, 2009-01-0297, 2009. doi:

10.4271/2009-01-0297

It is also based on the paper presented in:

F. Contino, V. Dias, and H. Jeanmart. Simplified kinetic mechanism

of ethyl acetate oxidation for HCCI engines. In Sixth Mediterranean

Combustion Symposium, Ajaccio, France, June 7-11, 2009

4.1 Introduction

The combustion characteristics of EtAc, EtPr and EtBu have been in-

vestigated in the two previous Chapters. To understand the underlying

combustion mechanisms, an accurate modeling is required. CFD simu-

lations including reaction kinetics is a very useful tool to further analyze

the combustion in ICE. The computational time of using very detailed

combustion mechanisms for this analysis is however prohibitive.

As a first step towards using detailed mechanisms, we have defined

a reduction method based on an iterative preprocessing technique. The

objective of this method is to identify redundant species through reaction

rate analysis. A species is assumed to be redundant if the elimination

of all its consuming reactions induces no significant error to the remain-

ing species [17]. Preprocessing reduction methods generally use several
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sample points to process the reduction. They then derive the simpli-

fied mechanism from the union of the sets of species generated for each

of these sample points [76]. In this study, we used a 0D HCCI model

instead of specific sample points to cover the entire range of thermo-

chemical conditions encountered in a HCCI engine cycle. We applied

this procedure to the reduction of the EtAc mechanism.

Table 4.1 presents some fuel properties of EtAc (see Section 1.3 in

Chapter 1 for more details). EtAc is completely miscible with gaso-

line. It separates in presence of water, but, unlike ethanol, it is not

hygroscopic and it will probably not separate due to contact with air

moisture. Water absorption is 3% w/w and the distribution of EtAc in

2-phase gasoline/aqueous solution has still to be investigated.

Table 4.1: Fuel properties of EtAc.

Density [kg/l] 0.897

Viscosity [mm2/s] 0.42

Flash point [◦C] -4

Autoignition point [◦C] 460

LHV [kJ/kg] 23790

Boiling temperature [◦C] 77

AFRstoich 7.85

EtAc is the basic compound of other products that can be derived

from the acidogenesis route. The results are therefore of great interest

as a starting point to characterize the whole group of esters produced.

In addition, as suggested in [6], another aspect of using alternative fuels

in HCCI engines is to widen the HCCI operating zone. This zone is

generally defined based on experimental limits. We have adapted the

definition of these limits to compute them from simulation results.

This chapter has two main objectives: the development of a simple

reduction method and the definition of the HCCI operating limits based

on CFD simulations. It first presents the reduction methodology and

applies it to EtAc. Then, it describes the CFD model that is used in
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the later part to derive the operating zones of EtAc and iso-octane.

4.2 Reduction methodology

The simplification process is based on a 0D HCCI model that we have

developed. This model first compute the volume V of the combustion

chamber according to the engine specifications :

V =
Vd
τ − 1

(
1 +

1

2
(τ − 1)

(
β + 1− cos θ −

√
β2 − sin2 θ

))
, (4.1)

where Vd is the displacement volume, τ is the compression ratio, β is the

ratio of connecting rod length to crank radius, and θ is the crank angle.

It then computes the pressure p by solving the following ODE :

CV
R
V
dp

dθ
=
dQfuel

dθ
− Cp
R
p
dV

dθ
− dQwall

dθ
, (4.2)

where
dQfuel

dθ
is the heat source from the chemical reactions computed by

Chemkin-II routines [77], Cp and CV are the specific heats at constant

pressure and constant volume, respectively, R is the ideal gas constant,

and
dQwall

dθ
is the rate of wall heat transfer given by Hohenberg’s corre-

lation [68] (see Chapter 2). The temperature is computed by the ideal

gas law.

The following set of ODE is also solved to compute the mass fraction

of the species Yi:

dYi
dθ

= S(T, p, Y ) , (4.3)

where S is a chemical source term computed by Chemkin-II routines,

and with the constraint that

∑

all species

Yi = 1 . (4.4)

The whole set of equations is integrated implicitly by a stiff ODE

solver based the backward differentiation formulas [78].
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This global model of the HCCI engine allows to compute the con-

tribution of each reaction to the combustion process during the entire

cycle. These contributions are analyzed at various equivalence ratios

to identify the principal reaction paths in HCCI conditions. The reac-

tions are then removed according to their net contribution, and species

without reactions are subsequently removed. Some key reactions have

a major impact on the onset of the combustion but a small overall con-

tribution, e.g. initiation reactions (see Section 1.4 in Chapter 1). The

removed reactions are therefore validated by comparing the heat release

rate (HRR) of the simplified mechanism with the one of the complete

mechanism. The whole process is iterated to reach a specified level of

reduction. The outline of the method is given in Figure 4.1.

HCCI 0D

Reduction

Validation

CFD

Detailed
mechanism

P
rep

ro
cessin

g

Simplified
mechanism

Figure 4.1: The method first uses the detailed mechanism in a pre-
processing step where it is iteratively reduced by analyzing the reaction
contribution computed during the whole engine cycle by the HCCI 0D
model. The simplified mechanism is then used in the CFD simulation.

To apply this method to EtAc, we used the EtAc sub-mechanism

from Gasnot et al. [62] and the small hydrocarbon combustion mecha-

nism from Miller et al. [79]. The EtAc oxidation was investigated by



4.2. Reduction methodology 67

Gasnot et al. in a burner at low pressure (around 5 kPa) where laminar

stoichiometric premixed methane-air flames were seeded with various

proportions of EtAc (below 3%). The first decompositions steps include

23 chemical species and 142 elementary reactions. The small hydrocar-

bon part (C1 to C3) of Miller et al. involves 37 chemical species and 160

elementary reactions. The mechanism based on these two parts has 60

species and 302 reactions.

Using the iterative reduction procedure, the reactions with a contri-

bution below 1% have been first removed. Species with no remaining

consumption reactions were consequently removed. The discarded reac-

tions and species are mainly part of the mechanism that is important

only at high equivalence ratio. The reaction path containing the primary

radical CH3COOCH2ĊH2 has also been removed since it does not play

an important role in the conditions of HCCI combustion.

The simplified mechanism of EtAc includes 41 chemical species and

203 elementary reactions. Figure 4.2 shows the initial path of the reac-

tion scheme. There is a slight difference with the one reported by Gas-

Figure 4.2: First oxidation steps of EtAc. The initial path of the
simplified mechanism in engine conditions (outside the parentheses) is
slightly different from the path reported by Gasnot et al. [62] in low
pressure flame conditions (second value inside the parentheses). The
values in engine conditions for the simplified and the detailed (first value
inside the parentheses) mechanisms are in good agreement.
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not et al. [62] but it can be explained by the different thermochemical

conditions used in the HCCI simulations compared to the experiments

reported by Gasnot et al.

Figure 4.3 presents the heat release rate and the total heat released of

the detailed and the simplified mechanism of EtAc at three equivalence

ratios. The error on the maximum values are below 10% and the shift

between peaks of HRR is below 0.5 CAD for the lowest equivalence ratio.

Figure 4.3: Heat release rate (above, log scale) and total heat released
(below) for the simplified (solid) and the detailed mechanism (dashed)
of EtAc at equivalence ratio φ = 0.1, φ = 0.2 and φ = 0.3.
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Because of the characteristic bulk reaction of 0D models, the HRR

is very high for the highest equivalence ratios. While there is a small

discrepancy for the lowest equivalence ratio, the results of the simplified

and the detailed mechanisms are in very good agreement, in both timing

and maximum value.

Even if the level of details obtained in the 0D simulations is far from

what is obtained with CFD simulations, the range of thermochemical

conditions is still very large. Therefore, the reduction procedure takes

into account most of the conditions encountered in the following CFD

simulations.

4.3 Computational setup

4.3.1 CFD model

The computational grid was generated with the commercial software

GAMBIT [80] according to the geometry and requirements specified by

Hessel et al. [81] (see Figure 4.4). In this study, Hessel et al. performed

a grid resolution analysis to validate the choice of this level of refine-

ment. This study also used a well characterized engine with extensive

experimental data which was used to validate this CFD setup.

The simulations are performed on an axisymmetric mesh because

the experimental setup was designed to mostly generate a swirl motion.

The mesh consists of about 33000 quad cells at IVC. Different meshes

were tested for the bowl part, the pave mesh gave a good compromise

between the number of cells and the skew factor.

The simulations have been performed using the commercial CFD

software Fluent [82]. The RNG k-ε turbulence model, which is modified

to take into account the compressibility, has been adopted in this study.

It has shown good results in the modeling of the heat transfer, which

plays a great role in HCCI because auto-ignition phasing depends greatly

on the pressure and temperature history during the compression phase

[5] (see also Chapter 1). Laminar equations are used to compute the

wall heat transfer because y+ is below 10 for the whole cycle which is
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Figure 4.4: Mesh at TDC (above) and details of the crevices zone
(below). Dimensions are in mm.
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generally the limit accepted for engine simulations [83].

Transport equations are solved for each species at grid level but

the eddy dissipation concept model (EDC) is also included to simulate

molecular mixing at subgrid level. EDC accounts for the interactions

between turbulence and chemistry. It computes reaction zones in the

turbulent fine structures where combustion takes place [84, 85]. Reaction

rates are integrated numerically and solutions are tabulated dynamically

using the in situ adaptive tabulation (ISAT) method [40].

We have also included the swirl motion within the cylinder by imple-

menting a user-defined function. This function uses the Bessel function

of the first kind and first order (j1) to define the tangential velocity vs

along the cylinder bore according to the swirl profile factor α [86] (see

Figure 4.5):

vs = C(Rs) j1

(
α

2r

bore

)
, (4.5)

where r is the radial position from the center of the cylinder, and C is

a constant computed from another parameter: the swirl ratio Rs. The

value chosen here for α is 3.11 which is the common value for engine

applications [81]. Limit values for α are 0 for the solid-body profile and

3.83 when the velocity is zero at the wall. The swirl ratio Rs determines

the intensity of the swirl motion. It is defined as the ratio between the

solid-body angular velocity with the same angular momentum as the

actual flow, and the crankshaft angular rotational speed [86, 87]. The

swirl ratio is set to 0.9 in this study. During computation, the swirl

initial velocity in the cells adjacent to the wall comply with the no-slip

boundary condition.

The CFD configuration parameters are summarized in Table 4.2.

4.3.2 Model validation

The CFD model was validated using the iso-octane mechanism devel-

oped by Jia et al. [88]. This skeletal mechanism involves 38 species and

69 reactions (including global reactions) and was validated under HCCI

conditions (i.e. low equivalence ratio and high pressure) for ignition
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Figure 4.5: Tangential velocity along the cylinder bore for different
swirl profile factors (α). In this study α is set to 3.11. α = 0 is the solid-
body profile and α = 3.83 is the limit profile where the swirl velocity is
zero at the wall.

Table 4.2: Model Configuration

Bore x Stroke 103.4 mm x 120 mm

Connecting rod length 192 mm

Compression ratio 13.3

Engine Speed 1200 rpm

IVC 160 CAD BTDC

EVO 120 CAD ATDC

Time step 0.1 CAD

Swirl ratio 0.9

Swirl profile factor 3.11
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timing, burn durations, and pressure traces. Since the mechanism does

not include all the intermediate radicals as in detailed mechanisms, it

slightly overestimates the burn rates.

In the simulations, the value of the initial pressure is uniform through-

out the domain and remains constant while the initial temperature (and

mass at the same time) is adjusted to match the experimental pressure

trace at φ = 0.2. The selected initial temperature is 462 K which is 12 K

less than in the model from Hessel et al. [81] but closer to the estimated

BDC temperature from their experimental data (461 K). This indicates

the consistency of our model with experiments. Our simulation results

agree well with experimental and model data from Hessel et al. [81] (see

Figure 4.6). Other test cases at different equivalence ratios are shown

in Appendix B.
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Figure 4.6: Pressure near TDC, φ = 0.2. Dash-dotted and dashed:
model and experiments from Hessel et al. [81]. Solid: Current study.

The concentrations of CO and CO2 at EVO agree well with the

numerical results from Hessel et al. and both agree very well with the

experimental results (see Figures 4.7 and 4.8).
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Figure 4.7: CO concentration at EVO. Dotted: Model from Hessel et
al. [81]. Dashed: Experiments from Hessel et al. [81] Solid: Current
study.
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Figure 4.8: CO2 concentration at EVO. Dotted: Model from Hessel
et al. [81] Dashed: Experiments from Hessel et al. [81] Solid: Current
study.
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However, the unburned fuel mass fraction at EVO is underestimated

(see Figure 4.9).

0.1 0.15 0.2 0.25
25

30

35

40

45

50

55

60

65

70

75

Equivalence Ratio

C
8
H

1
8
[g
/
k
g
fu

e
l
]

Figure 4.9: Fuel concentration at EVO. Dotted: Model from Hessel
et al. [81]. Dashed: Experiments from Hessel et al. [81] Solid: Current
study.

This underprediction is due to the low temperature chemistry and

more particularly to the decomposition of large hydrocarbons that is ex-

tremely simplified. The low temperature kinetic of the mechanism leads

to high conversion of C8H18 into OC8H15O and C8H16 among which

the later has the highest mass fraction. But the sum of the C8H18 and

C8H16 mass fractions overestimates the experimental data (see Figures

4.9 and 4.10). Indeed, in order to limit the number of species, the mech-

anism does not totally include the conversion from large hydrocarbons

to smaller hydrocarbons. The low temperature chemistry is only fol-

lowed by three reactions to break the larger molecules into smaller ones.

Therefore the reaction path is ended because of the high activation en-

ergy needed for these reactions. During the expansion phase, the major

portion of C8H16 is in the gasket or leaving the crevices (see Figure

4.11). It is therefore mostly located near the wall, where the low tem-
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perature reactions did take place but where the thermal energy is too

low to further decompose this species.
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Figure 4.10: C8H16 concentration at EVO. Model from Hessel et al.
[81] is zero everywhere. Dashed: Experiments from Hessel et al. [81]
Solid: Current study.

Even if the skeletal mechanism does not compute precisely the amount

of unburned iso-octane, the total unburned hydrocarbons in the exhaust

gas are in good agreement with experiments (see Figure 4.12).

4.4 Operating zone

4.4.1 Zone limits

Usually, the operating zone is determined according to experimental

results. Cyclic variations leading to operating instability defines the

lower limit, also called misfire limit. High combustion noise defines the

upper limit, also called knock limit [5]. Both limits are experimental and

depend on the engine design. While the upper limit can be linked to the
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Figure 4.11: Top: C8H16 mass fraction at 40◦CAD ATDC. Bottom:
C8H18 mass fraction at 40◦CAD ATDC. The mass fractions for the two
compounds are mainly near the wall and remain there after the bulk
combustion.
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Figure 4.12: Total unburned hydrocarbon at EVO. Dotted: Model
from Hessel et al. [81]. Dashed: Experiments from Hessel et al. [81]
Solid: Current study.
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maximum pressure rise rate (MPRR; set to 5 bar/CAD as in Kalghatgi

et al. [69]) which can be easily computed from simulation results, the

lower limit required several cycles to have a meaningful statistics on

the instability which is not affordable with CFD simulations. We have

therefore defined another criterion for this limit based on simulations

results.

The cyclic variation is represented by the coefficient of variation

(CoV) of the indicated mean effective pressure (IMEP). Kalghatgi et

al. defined a correlation to relate an indicator of instability X to CA50

and φ [69] :

X = 1.55 CA50− 52 φ . (4.6)

For low cyclic variations (CoV< 10%), Kalghatgi et al. have shown that

X should be negative. It is worth noting that this parameter was first

defined for experiments with no exhaust gas recirculation (EGR) which

is not the case here. When using EGR, φ in equation (4.6) should be

replaced by the effective equivalence ratio φ∗:

φ∗ =
φ(1− EGR)

1− φ EGR
. (4.7)

The use of the effective equivalence ratio takes into account the EGR

even if it has not been originally included in the correlation.

Results using the axisymmetric model have shown that some cycles

with X < 0 are clearly not in the operating zone. Therefore, we used ad-

ditional criteria to fine tune this limit. At a given EGR and equivalence

ratio, we ran several simulations with different initial temperatures. If

this initial difference was amplified and led to a greater difference in the

final temperature, it indicated that the simulation was near the misfire

limit. To further check this limit, a second criterion was to monitor the

CO emissions. As mentioned in Chapter 1, near the misfire limit, the

thermal energy within the combustion chamber is too low to sustain the

conversion from CO to CO2. A significant increase in CO is therefore

expected.
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4.4.2 Results

Finding the suitable initial conditions for the simulations is one of the

major challenges in computing the operating zones. In order to initi-

ate the combustion, the engine model was run with exhaust gas trapped

during negative valve overlap. During the experiments, the initial condi-

tions for one cycle depend on the final conditions of the previous cycle in

particular when using large amount of internal EGR. Achieving the same

numerically, i.e. periodic engine cycles, would require to run many cy-

cles until the initial conditions converge. This would extremely increase

the computational time. To handle this problem, we used the 0D HCCI

model described above to compute the converged initial conditions.

The 0D model considers that the charge is perfectly mixed, which

leads to a higher pressure rise rate compared to experiments. In addi-

tion, the temperature is homogeneous, which does not allow the com-

bustion to start in hotter region and globally delays it until the whole

charge reaches the auto-ignition temperature. Although the shape of the

pressure trace does not fully matches the simulation results, the ther-

mochemical conditions at the end of the expansion stroke are similar.

These conditions are then used to compute approximate initial values

for the temperature and the mass fractions of fuel, air and exhaust gas.

These initial values were considered uniform throughout the numerical

domain and were also checked for compatibility after the simulations.

The wall temperatures are usually function of the heat released in the

cylinder. But their evolution depends on the engine settings. To avoid

further complexity, we kept the wall temperatures used in the validation

process, at φ = 0.2 (THead = 407 K, TLiner = 384 K and TPiston = 440

K) along with the same initial pressure.

The operating limits depend on the engine speed because this speed

has an impact on the gas exchange efficiency, the heat transfer and the

charge inhomogeneities (temperature and EGR/air/fuel mixture) [6]. In

this study, the impact of the engine speed was only partially included:

the closed part of the cycle was modeled with no inhomogeneities and the

gas exchange phase was only included through the swirl motion. There-

fore, we computed the zone limits at 1200 rpm, which was validated in
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the previous section.

This method does not intend to give the absolute operating zone

for the tested fuels. The operating zone depends on the engine design

and settings. In addition, simplified or skeletal mechanisms can lack

accuracy in some particular conditions. Therefore, the operating zone

that we have obtained is used to compare qualitatively iso-octane and

EtAc in the same conditions.

The work done by the engine during one cycle is represented by

the gross IMEP (IMEPg) which only takes into account the closed part

of the cycle. The ranges of IMEPg for iso-octane and EtAc are quite

similar (see Figure 4.13). EtAc is more resistant to auto-ignition and

has a higher knock limit, as expected from the experiments presented in

Chapter 2 and 3. On the other hand, its misfire limit is also higher. The

operating zone for EtAc is thus shifted in the higher IMEPg compared

to iso-octane.
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Figure 4.13: Running zone at 1200 rpm. The range of gross IMEP is
the same but the limits are shifted upward for EtAc.

The computed misfire limits are low compared to real engine con-

ditions. This can be explained by the particular definition of the lower
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limit, which is less accurate than using CoVIMEP of experimental results.

The comparison between the two fuels still remains relevant as we are

using the same operating conditions.

The lower limit was detected by using the temperature criterion pre-

sented in the previous section. In conditions near the misfire limit, small

differences in initial temperature led to great differences later in the cy-

cle (see Figure 4.14). On the contrary, near the knock limit, the same

differences in initial temperature led to a small offset in the combustion

timing but it did not influence the temperature at the end of the cycle.
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Figure 4.14: Near the misfire limit, a small difference in initial tem-
perature has a great influence compared to high load cycles.

Using this criterion, the definition of X∗ is modified for EtAc :

X∗ = 1.55 CA50− 35 φ∗ , (4.8)

while for iso-octane this correlation becomes

X∗ = 1.55 CA50− 23 φ∗ . (4.9)

The difference between (4.8), (4.9) and the parameter proposed by
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Kalghatgi et al. is certainly due to the different and large amount of

EGR used to obtain auto-ignition in our simulations.

Finally, it appeared that the CO mass fraction does not help to

precisely establish the misfire limit because its evolution showed no dra-

matic change near the limit (see Figure 4.15). However it is interesting

to note that, with the combustion mechanisms that we used, the CO

emissions of EtAc were very low compared to that of iso-octane.
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Figure 4.15: CO concentration at EVO. Dashed: Iso-octane. Solid:
Ethyl acetate. Ethyl acetate has lower levels of CO for all loads.

4.5 Conclusion

In this chapter, we have presented a method to reduce the kinetic mech-

anism iteratively as a preprocessing step. The mechanism was then used

in CFD simulations to compute the HCCI operating limits at a given

engine speed.

We adopted a new definition of the HCCI operating limits based on

the simulation results. The knock limit was defined by a specific value of

the maximum pressure rise rate and the misfire limit was defined based
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on a correlation that links an indicator of instability X to CA50 and

φ. However, the effect of the large EGR rates on this correlation still

requires further analysis.

This model was used to study the operating zone of EtAc and iso-

octane. The comparison of the two zones has shown that EtAc has

a load amplitude similar to iso-octane and that its operating zone is

shifted toward higher loads.

The reduction method developed in this chapter is very simple to use

but may be tedious when the number of species is higher than 100, be-

cause each removed species should be validated. Moreover, it is straight-

forward to identify and to eliminate the unimportant elementary reac-

tions that contribute negligibly to the production rate of every species,

but it is more complicated to identify and to eliminate the unimportant

species because of the coupling between species.

Because of the large size of the kinetic mechanisms when modeling

complex fuels, there is a need for developing reliable automatic reduction

methods that require minimum user input. This is the objective of the

next Chapter.



CHAPTER 5

Tabulation of Dynamic Adaptive Chemistry

This chapter is mainly an updated version of the paper published in:

F. Contino, H. Jeanmart, T. Lucchini, and G. D’Errico. Coupling

of in situ adaptive tabulation and dynamic adaptive chemistry: An

effective method for solving combustion in engine simulations. Pro-

ceedings of the Combustion Institute, 33(2):3057–3064, 2011. doi:

10.1016/j.proci.2010.08.002

5.1 Introduction

The use of detailed chemistry has become a fundamental prerequisite for

realistic computational fluid dynamics (CFD) simulations of the com-

bustion process in internal combustion engines (ICE). Thanks to the

comprehensive mechanisms, it is possible to describe the combustion of

surrogate fuel mixtures over a wide range of operating conditions, the

formation of the main pollutant emissions (soot, NOx and HC) and the

heat release rate under conventional and innovative combustion modes

such as PCCI or HCCI [89–91]. When complex chemical mechanisms

are included in combustion models, the evolution of the chemical species

in each computational cell is performed by an operator-splitting tech-

nique, where an ODE stiff solver takes the thermochemical conditions

(temperature, pressure and species concentration) and integrates the

chemical problem over the time-step, solving the species and the en-

ergy equations [23]. However, this technique implies the evaluation of

the Jacobian of the chemical system which is computationally demand-

ing when hundreds of species and thousands of reactions are involved,
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hence limiting the application of detailed kinetics for practical ICE sim-

ulations. To reduce the computational efforts, different approaches exist

(see Section 1.5 in Chapter 1). Basically, CPU time reduction can be

performed by solution storage and retrieval techniques or by the reduc-

tion of the chemical schemes. Several tabulation methods have been

developed including, in situ adaptive tabulation (ISAT) [40], piecewise

reusable implementation of solution mapping (PRISM) [41] or intrinsic

low-dimensional manifold (ILDM) [42], further developed in flame pro-

longation of ILDM (FPI) [43]. The reduction of the chemical schemes

can be performed by skeletal reduction through elimination of species

and reactions that have a small contribution to the overall activity of

the system. These methods include sensitivity analysis [27], computa-

tional singular perturbation (CSP) [28], directed relation graph (DGR)

[17], DRG with error propagation (DRGEP) [24] and dynamic adaptive

chemistry (DAC) based on DRG and DRGEP [37]. Other techniques

could further reduce the resulting skeletal mechanism such as lumping

[30], chemistry-guided reduction [32] or quasi steady-state assumptions

(QSSA) [29].

Within the framework of ICE simulations, ISAT and DAC have

proved to be particularly effective. Their adaptive behavior does not re-

quire the preprocessing or pretabulation of sample points which is more

effective when a large range of thermochemical conditions is accessed.

Although ISAT and DAC provide a significant reduction of the com-

putational time, the achieved speed-up is still not satisfactory when only

one of the two approaches is applied in the simulation of ICE. This is

due both to mixture inhomogeneities and changes in the thermodynamic

conditions during the simulation. The first reduces the number of re-

trievals that can be used by the ISAT method and the second requires

to perform a high number of ODE integrations even if DAC is used. For

this reason, we propose a new methodology called TDAC (tabulation

of dynamic adaptive chemistry) that combines the advantages of ISAT

and DAC to solve complex combustion chemistry problems. Because the

current version of the commercial software Fluent R© used in the previous

chapter can only import mechanisms with less than 50 species, the pro-

posed approach has been implemented by the authors into the Lib-ICE
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code, which is a set of libraries and solvers for ICE simulations based on

the OpenFOAM R© technology [92–94]. The performances of TDAC were

firstly evaluated on a simplified geometry using n-heptane mechanisms

and, finally, the proposed methodology has been further validated with

experimental data of a real HCCI engine.

5.2 Computational methods

This section first describes the DAC and ISAT methods. Presenting the

limits of ISAT, it then proposes a modification to improve the algorithm

in ICE conditions. Finally, it discusses the new TDAC method with

details on the coupling of DAC and ISAT.

5.2.1 Dynamic adaptive chemistry

The DAC method computes reduced mechanisms that are valid for the

local thermochemical conditions, i.e. it reduces continuously the mecha-

nism instead of preprocessing it [37, 95]. In these previous works, DAC

has only been applied to 0D models. In this work, DAC has been ex-

tended to full CFD meshes with wall heat transfer.

The reduction algorithm is executed before every call to the stiff

solver in each computational cell. It is based on the directed relation

graph (DRG) method developed by Lu et al. [96]. It first computes the

matrix of the normalized contributions that represents the error on the

production and the consumption of a species when another is removed

from the mechanism. This matrix also represents the strength of the

direct link between two species.

Then the algorithm computes the strength of the paths connecting

all the species to a user-defined search initiating set of species. In the

following simulations, {fuel,CO,HO2} is used as the search initiating

set.

In the final step, the reduction scheme removes from the mechanism

the species with a value of path strength below a user-defined threshold,

εDAC, and all the reactions containing at least one disabled species. The

ODE associated with these disabled species are not solved, however,
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their concentration are still considered when evaluating the rate function

of the remaining three-body and pressure-dependent reactions. Based

on the analysis of Liang et al. [37], εDAC is set to 10−4 in the following

simulations.

The search algorithm originally loops over all species in the mech-

anism when computing the strength of the paths. Since most of the

species are only connected to few others, in the current implementation,

it is slightly modified to only evaluate the initialized direct links between

species as proposed by Lu et al. [96]. When computing the matrix of

contributions, another matrix is then created to store the direct links

for each species.

5.2.2 In situ adaptive tabulation

The ISAT algorithm intends to reuse computationally demanding re-

sults, e.g. the integration of large and stiff ODE systems, by storing

those results and all the data needed to retrieve them.

A thermochemical state is defined by the composition

ψ = {Y1, Y2, ..., YNs, T, p},

where Yi are the species mass fractions, Ns is the number of species,

T is the temperature and p is the pressure. The integration of the

reaction equations for a fixed time step ∆t maps the initial composition

ψ0 = ψ(t0) to the reacted value ψ(t0 + ∆t) which is a unique function

of ψ0 called the reaction mapping, R(ψ0).

The ISAT method stores this reaction mapping for subsequent uses.

During computation, given a query point, ψq, it computes a linear ap-

proximation of the mapping:

R(ψq) ≈ Rl(ψq) = R(ψ0) + δRl , (5.1)

where δRl = A(ψ0)(ψq − ψ0) and A is the mapping gradient matrix

defined by

Aij(ψ
0) ,

∂Ri(ψ
0)

∂ψj
. (5.2)
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The matrix A is related to the first order sensitivity coefficients with

respect to initial conditions defined by

Cij(ψ
0, t) ,

∂ψi(t)

∂ψ0
j

, (5.3)

with

A(ψ0) = C(ψ0, t0 + ∆t) . (5.4)

To compute A, the following linear system of ODE is integrated implic-

itly from t0 to t0 + ∆t :

d

dt
C(ψ0, t) = J(ψ(t))C(ψ0, t) , (5.5)

where J is the Jacobian and the initial condition is C(ψ0, t0) = I.

The linear approximation defined by equation (5.1) is valid in the

region of accuracy (ROA) which is the connected region containing ψ0

and all the ψq respecting the condition on the local error, εlocal:

εlocal = |R(ψq)−Rl(ψq)| = |δR− δRl| ≤ εISAT , (5.6)

where εISAT is a user-specified tolerance and δR = R(ψq) − R(ψ0).

Usually, the ROA is not computed according to this definition but is

more conveniently approximated by a conservative hyper-ellipsoid in the

composition space called ellipsoid of accuracy (EOA):

EOA , δψT ÃTBTBÃδψ ≤ ε2ISAT , (5.7)

where B is an optional scaling matrix, Ã is the modified A matrix and

δψ = ψq − ψ0. B is used to manually modify the shape of the hyper-

ellipsoid which allows to modify the retrieval tolerance for specific species

(e.g. when the precision on a species of interest should be increased). Ã

is obtained by limiting the smallest singular values to prevent them from

generating very large principal axes (see [40, 97]) .

During the calculation, the table is built up according to the received

queries. It consists of a binary tree with leafs and nodes. The leafs

store ψ, R(ψ), A(ψ) and the EOA description. The nodes stores the
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hyperplanes in the composition space that allow to scan the binary tree

and to retrieve the closest stored composition. For each query, one

of the following three operations is performed: retrieving, growing or

adding. If ψq is in the EOA, ISAT retrieves the reaction mapping of ψq

using equation (5.1). If ψq is not in the EOA, the stiff solver is called

to compute the direct integration of the reaction equations and ISAT

checks the local error using equation (5.6). If this error is less than εISAT,

the current approximation of the ROA is too conservative and the EOA

is grown to include ψq. Otherwise a new leaf is added to the binary tree

to store R(ψq). Further details about ISAT can be found in [40].

The current implementation of ISAT also includes some new features

introduced by Lu and Pope [97]. The definition of the EOA becomes

EOA , δψTLLT δψ ≤ 1 , (5.8)

where L is the Cholesky factorization of ÃTBTBÃ/ε2ISAT. Taking ad-

vantage of this EOA formulation, L is readily computed from the QR

decomposition of BÃ/εISAT. The use of this matrix is computationally

more efficient because the simple triangular matrix-vector multiplica-

tion ||LT δψ|| ≤ 1 is used to check if a query point lies in the EOA. In

addition, the growth process can be done by the rank-one modification

algorithm [98] which allows to update the QR decomposition with only

O(N2
s ) operations instead of O(N3

s ) [99].

5.2.3 Modification of ISAT

ISAT was originally developed for constant-pressure and high-temperature

chemistry flows and it achieved a particularly good speed-up factor

(around 103) in the context of particle based probability density function

methods for chemically reacting turbulent flows. When a large range

of thermochemical conditions is encountered in combustion simulations

(ICE, gas turbine burners, . . . ), the number of queries resulting in re-

trieving is smaller and much time is spent in addition and growth with

a consequent reduction of the speed-up factor to around 10 [40, 100].

Therefore, we adapted the ISAT algorithm for this kind of applications

by regularly updating the binary tree. These modifications are illus-
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trated here for the ICE case, but they are also valid for the simulation

of other combustion systems.

The modification is similar to the periodical clean-up proposed in

DOLFA (Database for on-line function approximation [101]). In the

present implementation, a stored point is removed from the binary tree

according to two user-specified parameters: a number of time steps Nms

and a number of growths Nmg.

For a moderate value of εISAT, the use of Nms allows to compute

more accurately the reaction rate in the pre-ignition phase. Given that

a new point is added to the binary tree according to εISAT, a very small

value is required to represent the first steps of the combustion. To

avoid unnecessary severe tolerance for the main combustion, leading to

a substantial increase in the computational time, the stored point is

replaced when deemed too old, i.e. after Nms time steps or crank angle

degrees (CAD).

The growth process is limited by Nmg to decrease the total number

of growths. In ICE simulations, before and during ignition, the queries

are moving toward compositions with high pressure and temperature.

This usually leads to distorted EOA where the queries are still within

the tolerance, εISAT, but relatively far from the center ψ0 of the EOA

(the stored composition). To illustrate this aspect, Figure 5.1 shows the

EOA after a growth to include the query point ψq. Even if part of the

following queries are in the EOA, part of them require additional growths

as shown by the square and circle symbols in Figure 5.1. In this case,

replacing the stored composition centered at ψ0 by the one centered at

ψq is more efficient. However, because of the conservative description of

the EOA, very small values of Nmg stop reducing the total number of

growths, but increase it dramatically. When the EOA is created, it is

usually grown to include many other close points. But if it is replaced

more often, many points included after few growths are then excluded.

This is illustrated by the cross symbols in Figure 5.1.

Values for Nms and Nmg in the context of HCCI simulations are given

in the results section along with a sensitivity analysis.

As the stored points are useless after a few time-steps, the total size of
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Figure 5.1: Instead of distorting the EOA by growing it with ψq,
the number of retrievals increases when the EOA is replaced after Nmg

growths by the one centered in ψq (square symbols and circle symbols).
Very small values of Nmg, however, exclude close points in subsequent
growths (cross symbols), hence leading to a higher total number of
growths.

the binary tree can be strongly limited (around 1000 leafs) without any

loss of efficiency. Furthermore, this limited size allows faster retrievals

and avoids memory issues when using very large mechanisms. Once the

maximal number of points is reached, the tree is cleared and repopulated

with the use of a most recently used list.

In ICE simulations, the constant pressure assumption is not valid,

therefore, the current implementation also stores the pressure.

5.2.4 TDAC: coupling of ISAT and DAC

The number of operations required for solving the chemical kinetics in

CFD simulations depends on the number of cells in the mesh and the

size of the oxidation mechanism. The number of cells gives the number

of times the ODE system will be integrated. The size of the mechanism

defines the level of complexity to integrate the system of stiff nonlinear

ODE. Reduction of the computational effort for these separated aspects

is achieved by the TDAC method, coupling ISAT and DAC. The ISAT

algorithm intends to reuse previously computed results, hence decreasing

the effect of the number of cells, whereas the DAC method finds a skeletal

mechanism at runtime, hence reducing the effect of the mechanism size

(see Figure 5.2).
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Figure 5.2: The TDAC method combines the best features of the
ISAT and DAC methods and takes advantage of the synergy between
these methods to significantly reduce the computational cost.
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and growths, DAC simplifies the mechanism at runtime before providing
the composition with active species ψqa to the stiff ODE solver, which
computes the mapping R(ψqa). This mapping is then extended by ISAT
to the full composition space R(ψq).
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The coupling can be visualized as successive layers (see Figure 5.3):

when ISAT receives a query ψq that needs to integrate the ODE set

(growth and addition operations), it provides ψq to the DAC algorithm,

which then finds the reduced mechanism for the local thermochemical

conditions and provides the reduced set of active species ψqa to the stiff

ODE solver. This solver computes the reaction mapping for the reduced

set R(ψqa) that is used by ISAT to build the reaction mapping R(ψq)

in the full composition space. Using simplification methods at distinct

levels combines their effects and allows a significant reduction of the

computational cost as shown in the next section.

The coupling with the DAC method requires ISAT to manipulate and

store chemical points in a composition space with variable dimensions,

i.e. with variable active species. Therefore, ISAT stores the mapping

of the active species but new variables are introduced to extend the

mapping to the full composition space when retrieving or growing points.

It may not be necessary to add new points to the binary tree when

the number of active species changes. Therefore, the EOA needs to be

checked and grown in the full composition space. Because A is computed

through the Jacobian, when the number of species is reduced, it only

takes active species into account and is more compact. To include inac-

tive species in the definition of the EOA, the method uses an extended

A. This matrix includes the lines of the identity matrix corresponding

to the inactive species index as if the reaction mapping was computed

with equation (5.1) in the full composition space.

5.3 Results

This section first analyses the performance of TDAC compared to di-

rect integration, ISAT, and DAC in simplified 2D HCCI cases using

n-heptane mechanisms. Then, the method is validated in a real HCCI

engine case using a detailed 857-species iso-octane mechanism.
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5.3.1 Performance of TDAC

The performance of TDAC has been evaluated on a simplified 2D ge-

ometry to get direct integration results of the full HCCI cycle in work-

able time. The solver used to integrate the system of ODE is based

on the semi-implicit mid-point rule developed by Bader and Deuflhard

[102]. Four meshes with numbers of cells ranging from 63 to 374 at

bottom dead center (BDC) have been used (the total number of cells

changes during simulations because the dynamic mesh layering technique

is used). To analyze the effect of the mechanism size, four n-heptane

mechanisms with increasing number of species have been used: the 44-

species skeletal mechanism of Liu et al. [20], the 159- and 282-species

reduced mechanism of Seiser et al. [103] and the 561-species detailed

mechanism of Curran et al. [104, 105].

The results of TDAC and direct integrations are in very good agree-

ment as shown in Figures 5.4a and 5.4b.

The achieved speed-up factors are illustrated in Table 5.1 as a func-

tion of the number of mesh cells and chemical species when ISAT, DAC,

or TDAC are used.

Table 5.1: Speed-up factor obtained for the simplified 2D HCCI cases.

Ncell = 63 154 252 374

Ns =44 TDAC 5.5 8.4 9.1 9.6

ISAT 5.7 9.0 9.1 12

DAC 1.1 1.2 1.1 1.0

Ns =159 TDAC 15 19 24 28

ISAT 12 13 16 16

DAC 2.9 2.9 2.8 3.2

Ns =282 TDAC 27 37 40 56

ISAT 13 17 19 28

DAC 5.3 4.9 4.8 5.0

Ns =561 TDAC 50 105 110 150

ISAT 6.5 9.0 8.7 13

DAC 29 32 28 26
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Figure 5.4: (a) Heat release rate and (b) species mass fraction for
direct integration (line) and TDAC (symbols) on the HCCI simplified
geometry with 374 cells using the 159-species mechanism.
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The efficiency of ISAT depends on the level of inhomogeneity and

the range of thermochemical conditions. For homogeneous thermochem-

ical conditions, most of the queries are retrieved by ISAT, which re-

quires O(1) direct integrations. When completely inhomogeneous and

unsteady, most of the queries result in additions or growths, hence re-

quiring O(Ncell) direct integrations. In the HCCI test case, the system

is unsteady but rather homogeneous, which explains that, compared to

direct integrations performed in every cells, the speed-up obtained with

TDAC is a linear function of the number of cells (see Figure 5.5 where

the values for the four mechanisms are normalized by the data of the

mesh with 63 cells).
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Figure 5.5: Range of speed-up for the four mechanisms normalized by
the results obtained on the mesh with 63 cells. In these low inhomo-
geneity cases, the speed-up using TDAC is proportional to the number
of cells.

The contribution of DAC is highlighted by the use of various mech-

anisms. In one cell, the direct integration of the reaction equations

requires O(N2
s ) operations. On the other hand, DAC requires O(Nr) op-

erations [96]. As the number of reactions is proportional to the number

of species [106], the speed-up of the TDAC method is then proportional

to Ns as shown in Figure 5.6. On this figure, the values are normalized

by the results obtained on each mesh using the 44-species mechanism.

When ISAT and DAC are combined in TDAC, the achieved speed-
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Figure 5.6: Range of speed-up for the four meshes normalized by the
results obtained using the 44-species mechanism. The direct integration
requires O(N2

s ) operations while only O(Ns) operations are needed by
DAC. Accordingly, the speed-up factor of TDAC increases linearly with
the number of species.

up factor is determined by the total number of retrievals, the number of

species to be considered for each cell and the computational overheads

required to dynamically reduce the chemical mechanism. This explains

the similar performances between ISAT and TDAC when a low number

of cells is used and the very high speed-up factors of TDAC with refined

meshes and very complex mechanisms as it can be seen for the mesh with

374 cells, where the speed-up factor ranges from 9.6 with 44 species to

150 with 561 species (see Table 5.1).

In most HCCI cases, a value of Nms between 0.5 and 1.0 crank angle

degree (CAD) is sufficient to properly match the pressure trace com-

puted with direct integration. Below these values, there is a very small

impact on the error εp defined by:

εp =
1

Kpmax

K∑

i=1

|pi,TDAC − pi,DI| , (5.9)

whereK is the number of time steps, the pressures p are volume averaged

over the whole domain and the subscript “max” denotes the maximum

pressure during the whole simulation (see Figure 5.7a).

As described in the previous section, the use of Nmg reduces the total
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number of growths. The optimal value for this configuration is around

20 where the total number of growths is reduced below 3000 compared

to 5000 without Nmg. Very small values, however, dramatically increase

the total number of growths (see Figure 5.7b). As the EOA is distorted

either by growth from inhomogeneities in the same time-step or from

rather homogeneous successive time-steps, the optimal value for Nmg

mainly depends on the type of application. In HCCI simulations, this

value is around 5% of the total number of cells.
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Figure 5.7: For the mesh with 374 cells and the 159-species mechanism,
(a) mean error on the pressure εp as a function of Nms and (b) total
number of growths as a function of Nmg.

5.3.2 Experimental validation

The experimental validation has been performed with the extensive data

on low load HCCI combustion obtained on a medium-duty diesel engine

(displacement of 0.98 liters/cylinder) by Hessel et al. [81]. The mesh

follows the specifications given by the authors: axi-symmetric with a



100 Chapter 5. Tabulation of Dynamic Adaptive Chemistry

flat cylinder head, without valves, with a gasket and a crevice zone. The

simulations use the detailed 857-species iso-octane mechanism of Curran

et al. [104]. They are performed from inlet valve closing to exhaust valve

opening. The temperature wall function of Han and Reitz [83] is used

to compute the wall heat transfer and the RNG k-ε model modified by

Han and Reitz [107] is used for the turbulence. Initial and boundary

conditions for different equivalence ratios φ can be found in Table 5.2.

Table 5.2: Initial pressure, temperature, species mass fractions, and
boundary temperature based on [81] for different equivalence ratios φ.

φ 0.12 0.16 0.20 0.24 0.28

p [bar] 1.367 1.361 1.378 1.377 1.371

Tgas [K] 467.8 468.6 464.1 465.0 463.2

Tliner [K] 381.4 382.4 383.5 384.4 385.3

Thead [K] 399.8 403.0 406.5 409.6 412.5

Tpiston [K] 426.6 433.0 440.0 446.2 451.9

iC8H18 0.00759 0.01012 0.01265 0.01519 0.01774

O2 0.22932 0.22824 0.22723 0.22633 0.22547

CO2 0.00097 0.00157 0.00220 0.00250 0.00274

H2O 0.00060 0.00073 0.00082 0.00092 0.00102

CO 0.00053 0.00034 0.00008 0.00003 0.00002

Compared to the previous chapter, the temperature wall function

allows to reduce the number of cell to around 12000 at BDC (see the

mesh in Figure 5.8).

The simulations were performed with a time-step of 0.05 CAD during

the compression and expansion stroke and 0.025 CAD from -20 to 20

ATDC. The Courant number was below 0.1 for most of the cycle and

peaked at 0.2 during combustion. The main requirement on the time-

step is to precisely capture the combustion process which takes place

within a few CAD.

For all simulated conditions, the agreement between the computed

and experimental results are very good for both the auto-ignition time

and the maximum cylinder pressure (see Figure 5.9).
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Figure 5.8: The engine geometry is represented by an axisymmetric
mesh consisting of around 12000 cells at BDC.
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Figure 5.9: Pressure traces for computed (symbols) and measured
(lines) [81] data of the HCCI engine cycle.

A rather good agreement is observed for the predicted emissions

which slightly overestimates the unburned fuel and the CO to CO2 con-

version (see Figures 5.10a and 5.10b) while maintaining correct trends.

The mechanism used for iso-octane oxidation kinetics has been exten-

sively validated for a large range of combustion conditions. We have

shown in the previous section that TDAC and direct integration of the

system are in good agreement. These discrepancies are thus mainly due

to the uncertainties on the wall temperature and the model assump-

tions for the crevices and the gasket regions (heat transfer, turbulence

model, mesh refinements, . . . ) which are the main source of unburned

hydrocarbons [108].

For single adiabatic cells, Liang et al. observed that, after the main

combustion stage, the number of active species dropped to a value

around 30, for the burned gas reactions [37]. In the present case, due

to wall heat transfer, the conversion to burned gas is not complete near

the wall and the algorithm retains more active species (around 250).

A higher number of cells, especially near the wall, corresponds to
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Figure 5.10: Engine emissions [81] data : (a) unburned fuel, and (b)
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an increase of the level of inhomogeneity, hence a more severe tolerance

εISAT is required. A value of 10−4 is commonly used but lower values

(around 10−5) are required for more inhomogeneous cases. On practical

meshes, the inhomogeneity is increased because of the required level of

details, i.e. to model the heat transfer near the walls. Therefore, the

efficiency of the ISAT algorithm is below what could be expected by

extrapolating the results of Table 5.1.

The value of the speed-up factor for the real engine case, reported in

the experimental validation, cannot be directly computed. It is approx-

imated according to the average computational time required by direct

integration for one cell, multiplied by the number of queries the solver

would receive in the course of the simulation. For 4 × 107 queries and

an average time of 2.4 s on a single CPU, the direct integration would

require more than three years compared to 86 hours using TDAC. This

approximation yields a more than 300-fold computational time reduc-

tion. This factor is well above what was previously reported for HCCI

simulations using ISAT (up to 10 see [100]) and for single-cell simulations

using DAC (between 15 to 70 depending on the mechanism [37, 95]).
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5.4 Conclusion

A new method termed tabulation of dynamic adaptive chemistry (TDAC)

which combines the advantages of ISAT and DAC has been developed.

The principle of TDAC is to apply simplification methods on separate

steps of the combustion calculation. These methods allow the speed-up

to grow linearly with the number of species and the number of cells in the

mesh. Even if the inhomogeneity observed in practical cases limits the

speed-up due to less retrievals of the ISAT algorithm, a significant speed-

up factor of about 300 is achieved compared to direct integration in the

context of HCCI engine simulations. For this reason, TDAC represents

a promising solution for CFD simulations including detailed mechanisms

that are inconceivable using direct integration. The methodology can

also be applied to the simulation of other combustion systems such as

Diesel engines and gas turbine combustors.



CHAPTER 6

Comparative analysis of reduction methods within

the TDAC framework

6.1 Introduction

The TDAC method has been introduced in the previous chapter. It

consists of the coupling between a mechanism reduction method and a

tabulation method. While the concept can be implemented with any

of these methods, it has been first developed with the in-situ adaptive

tabulation (ISAT) [40] and the dynamic adaptive chemistry (DAC) [37],

which perform very well in engine applications [95, 100].

TDAC has been developed in the context of HCCI engines but it can

be applied to other combustion systems, e.g. D’Errico et al. used it in

CI engine simulations [109]. To further adapt this method to other com-

bustion devices, an in-depth analysis of its inner mechanism is required.

This chapter presents the first step of this analysis by comparing

different reduction methods within the TDAC framework. We selected

five methods: directed relation graph (DRG) [17, 96], directed relation

graph with error propagation (DRGEP) [24], path flux analysis (PFA)

[25], dynamic adaptive chemistry (DAC) [37, 45], and element flux anal-

ysis (EFA) [38, 110]. Only EFA and DAC were specifically developed

for the on-the-fly reduction. We have adapted the other methods to per-

form the mechanism reduction at runtime. These methods were selected

because of their small computational overhead compared to more accu-

rate methods based on Jacobian analysis (see Section 1.5). As in the

previous chapter, the tabulation layer uses the ISAT method [40]. The
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structure of the TDAC method is shown in Figure 6.1. We have imple-

mented all methods into the Lib-ICE code based on the OpenFOAM R©

technology [92–94].

Figure 6.1: The TDAC method couples the ISAT method with one of
the five selected mechanism reduction methods.

The objective of this chapter is to evaluate the efficiency of the five

methods, and to identify key features that may benefit or penalize cer-

tain methods. While this study focuses on the reduction methods, their

impact on the performance of ISAT is also evaluated.

6.2 Reduction methods

6.2.1 Directed Relation Graph

In the DRG method, Lu and Law are among the first to introduce a

quantitative variable for the degree of coupling between two species in

a mechanism [17]. This coupling is characterized by the impact of re-

moving one species on the production rate of another species from the

mechanism. The DRG method abstracts the couplings by constructing a

graph with each node representing a species and each edge representing

a strong coupling. Therefore, if an edge links species A to species B, the

removal of species B induces a significant error on the production rate

of species A.

To quantify the strength of the coupling, DRG uses the normalized

contribution of species B to the production rate of species A:
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rDRG
AB ,

Nr∑

i=1

|νA,iωiδBi|

Nr∑

i=1

|νA,iωi|

, (6.1)

δBi =





1 if the ith elementary

reaction involves species B,

0 otherwise,

where Nr is the number of reversible elementary reactions, the subscript

i designates the ith elementary reaction, νA,i is the net stoichiometric

coefficient of species A in reaction i, and ωi is the net production rate

of reaction i

ωi = ωfi − ωbi . (6.2)

In equation (6.2), ωfi and ωbi are the forward and backward reaction

rates of reaction i given by

ωfi = kfi

Ns∏

j=1

C
ν′ij
j , (6.3)

ωbi = kbi

Ns∏

j=1

C
ν′′ij
j , (6.4)

where the subscript j designates the jth species, Ns is the number of

species, ν ′ij and ν ′′ij are the forward and backward stoichiometric coeffi-

cients, respectively, Cj is the molar concentration, kfi and kbi are the

forward and backward rate constants of reaction i. These rate constants

are computed with the Arrhenius formulation:

kfi =
(
AiT

nie
−Ei
RT

)
Fi , (6.5)

kbi =
kfi
Kci

, (6.6)

where Ai is the frequency factor, T is the temperature (with ni the

temperature exponent), Ei is the activation energy, Fi is a correction
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term that includes the concentrations of the third body species, fall-off

effects, and other special correction terms, and Kci is the equilibrium

constant. These parameters are provided in the kinetic mechanism.

The expression of the net production rate of a species A in the mech-

anism is given by

Ȧ =

Nr∑

i=1

νA,iωi , (6.7)

which is different from the production rate used in rAB.

A large value of rDRG
AB indicates that the removal of B induces sig-

nificant error to the production rate of species A. Conversely, if rDRG
AB is

smaller than a user-defined tolerance ε, the coupling is deemed negligible

and there is no edge from A to B.

Figure 6.2 shows a portion of an illustration graph constructed by

the DRG method.

A

B

C

D

EF

Figure 6.2: Given a starting species A, the species B, C and D are
kept in the mechanism while E and F are removed.

The direction of the edges indicates the dependence of one species

on another. For a starting species A that has to be kept, species B is

also kept because of the strong dependence of A on B. Species C is

also kept because of the interaction with B. Finally, species D is also

included through the dependence of C on D. Even if species E and F

are connected to at least one of the previous species, none of the species
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kept have a strong dependence on them. They are therefore discarded.

The DRG method has been validated in many configurations such

as autoignition in a constant volume, perfectly stirred reactor and jet-

stirred reactor [17, 96]. This method has also been tested in the par-

ticular cases of partial equilibrium reactions, quasi steady state species

and dormant mode.

We adapted the DRG method to reduce the mechanism at runtime

instead of reducing it in a preprocessing step. It implies that when

a species is deemed not important at a given time, it is not totally

discarded but rather disabled. If a species is disabled since the beginning

of the computation and has zero initial mass fraction, it is kept in the

definition of the mechanism for subsequent reduction where it might

be active, but neither its chemical source term nor its transport term is

solved. If a species is disabled but has a non-zero mass fraction (this also

includes inert species), only its transport term is solved. The disabled

species still contribute to the reaction rates of active species through

“third-body” reactions (see Section 1.4 in Chapter 1).

The reduction procedure derives a locally comprehensive mechanism

by first computing the contribution coefficients rDRG
AB using equation

(6.1). Then it uses a set of initial species and recursively includes the

group of dependent species using a depth-first search algorithm to tra-

verse the graph. The starting set usually consists of the fuel, CO and

HO2, which play primary roles in the three major combustion processes

of hydrocarbon fuels: fuel decomposition, CO oxidation and H2/O2 re-

actions, respectively. Finally, it disables the reactions that involves dis-

abled species, except if these species are only used as a “third-body” in

the reaction.

If processed by an exhaustive search, the computation of rDRG
AB for

every pairs of species would require N2
s evaluations of equation (6.1).

Each of these evaluations contains O(Nr) multiplications, which would

overall involves O(N2
sNr) operations. Since Nr ≈ αNs, with α generally

around 5 (see Figure 1.6 in Chapter 1), this leads to a O(N3
s ) com-

plexity, which is more expensive than the computation of the Jacobian.

However, another procedure allows to compute the rDRG
AB more efficiently

[96]. It takes advantage of the sparsity of the stoichiometric coefficient
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matrices, i.e. each elementary reaction only involves a small number of

species (typically below 6), and most of the species are only connected

to few others. The procedure therefore loops through all reactions and

evaluates the contribution to the coefficients of each species pair involved

in each reaction. The number of operations is therefore O(Nr) which

corresponds to O(Ns).

The pseudo code of the modified DRG method is presented in Ap-

pendix C.

6.2.2 Directed Relation Graph with Error Propagation

The directed relation graph with error propagation (DRGEP) method is

based on the DRG method, but Pepiot-Desjardins and Pitsch introduced

a finer selection of the species by considering that the influence of a

species is damped as it propagates along the graph to reach another

species [24].

The DRGEP method postulates that a species that is far from the

search initiating set has a smaller effect. Therefore, the strength of the

path from species B to species A of the search initial set is given by

RDRGEP
AB = max

all paths p
rDRGEP
AB,p , (6.8)

where

rDRGEP
AB,p =

n−1∏

i=1

rDRGEP
SiSi+1

, (6.9)

with S1 = A and Sn = B. In the DRGEP method, the definition of the

contribution coefficients is similar to DRG but is modified to solve some

of the issues introduced by the error propagation, e.g. quasi steady state

species (see [24] for more details and other examples):

rDRGEP
AB ,

∣∣∣∣∣
Nr∑

i=1

νA,iωiδBi

∣∣∣∣∣
max(PA, CA)

, (6.10)

where the production rate PA and the consumption rate CA of species
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A are given by

PA =

Nr∑

i=1

max(0, νA,iωi) , (6.11)

CA =

Nr∑

i=1

max(0,−νA,iωi) . (6.12)

In equation (6.10), only the net contribution of species B to species A

is considered, it indicates how the removal of species B modifies the

net production rate of species A. It is also based on the observation

that removing a species that contributes only to the consumption or the

production of species A has not the same effect as removing a species

that contributes similarly to the consumption and production of A. For

the same value of rDRG
AB , the error on the net production rate of A in

the first case is more important than in the second case, because the

production rate is compensated when removing a similar term in the

consumption and production sides.

Figure 6.3 shows a portion of an illustration mechanism where the

values of the rDRGEP
AB are indicated on the arrows. Two paths are leading

from species A to species B but the path through species M1 has the

greater strength and is used in equation (6.8).

A

M1

B

M3

M2

0.1

0.1

0.1

0.1

0.1

Figure 6.3: Portion of an illustration mechanism with the values of
rDRGEP
AB indicated on the edges. Given a starting species A, the connec-

tion to species B is characterized by the stronger path through M1.



112 Chapter 6. Reduction methods in TDAC

The selection procedure of DRG can be reformulated to compare it

to DRGEP. It can be seen as removing a species B from the mechanism

when the strength of the path leading to the search initiating set of

species is below a user-defined tolerance. This strength is defined as

RDRG
AB = max

all paths p
rDRG
AB,p , (6.13)

where

rDRG
AB,p =

n−1
min
i=1

rSiSi+1 , (6.14)

This definition illustrates that the DRG method characterizes the path

strength by its weakest link, equation (6.14), instead of the damping

introduced by the DRGEP method, equation (6.9).

Pepiot-Desjardins and Pitsch also introduced the group-based con-

tribution coefficients. This concept includes the impact of the removed

species on the subsequent removal. Equation (6.10) becomes

rDRGEP
AB,{S} ,

∣∣∣∣∣
Nr∑

i=1

νA,iωiδBi,{S}

∣∣∣∣∣
max(PA, CA)

, (6.15)

where {S} is the set of species already removed and δBi,{S} is unity if

the ith reaction involves B or any species in subset {S}, and 0 otherwise

(see [24] for illustration of this concept).

This method has been thoroughly validated in various configura-

tions [24]. We have adapted it to reduce the mechanism at runtime.

Similarly to the DRG method, it first computes rDRGEP
AB using equation

(6.10). Starting from the initial species, it inspects recursively the other

species with a depth-first search algorithm and computes RDRGEP
AB using

equation (6.8). Among the species that should be disabled, i.e. with

RDRGEP
AB < ε, where ε is a user-defined tolerance, it sorts the RDRGEP

AB

and removes a portion of these species with the lowest values. Then, it

reevaluates the contribution coefficients using equation (6.15) and itera-

tively removes another portion of the remaining species with the lowest

RDRGEP
AB . In this study, the rDRGEP

AB were reevaluated every 100 removals
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to mitigate the impact on the overhead. Finally, as in the DRG method,

the reactions that involve disabled species are removed.

Instead of performing the complete sorting of the RDRGEP
AB , which

requires at least O(Ns log(Ns)) operations, we have also modified the

method to perform a partial sort based on the heapsort algorithm [99],

which requires O(Ns log(M)) to sort the M species with lowest values.

As in DRG, the starting set usually consists of the fuel, CO and HO2.

However, in the original DRGEP method, unlike the DRG method, the

species in the initial set are selected according to the combustion status.

The processes, that involve the initial species, occur at different combus-

tion stages. Including all initial species throughout the simulation could

increase the computational time by including other species that have a

minor effect at this stage. For example, during the post-ignition stage

at high temperature, a major part of the fuel has been decomposed into

smaller molecules and only CO oxidation and H2/O2 reactions dom-

inate the overall reactivity. Keeping all initial species would lead to

non-optimal skeletal mechanisms. Moreover, when the chemical system

has shifted to produce CO2 and H2O, none of these species are optimal.

Because in DRGEP, the set of initial species is selected dynamically,

CO2 and H2O are also included as potential candidates. To identify the

conditions where a specific initial species is meaningful, the contribu-

tion of each initial species to the system reactivity is quantified. The

contribution of species S is then evaluated by

αa,S = max
all atoms a

Na,S |PS − CS |
Pa

. (6.16)

where Pa is the atom production rate given by

Pa =

Ns∑

j=1

Na,Sj max(0, PSj − CSj ) , (6.17)

a is an element of the system (here C, H, O and N are considered),

Na,Sj is the number of atoms a in species Sj , and PSj and CSj are the

production and consumption rate of species Sj given by equations (6.11)

and (6.12), respectively. The conservation of elements imposes that the

corresponding consumption rate of atom a is equal to Pa.
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If αa,S is below a user-defined tolerance, the species is removed from

the set of initiating species. This is a modified definition of the one

introduced in the original DRGEP method, because of the dynamic re-

duction formulation. In the original definition, αa,S is normalized by its

maximal value over all sample points and is used as a scaling factor for

RDRGEP
AB . Here, as the reduction is performed at runtime, αa,S is only

used to keep or discard species from the initial set. If αa,S is below the

tolerance for all initial species, only the species with the highest αa,S is

used.

More advanced reduction methods are also used in the original DRGEP

method [24]. However, they involve the use of additional reduction lay-

ers, which are beyond the scope of this study (see Chapter 7).

The pseudo code of the modified DRGEP method is presented in

Appendix C.

6.2.3 Path Flux Analysis

The path flux analysis (PFA) method [25] is based on the DRG method

but, unlike DRG and DRGEP, it has been developed to take into ac-

count the production and the consumption fluxes instead of the level of

interactions between species.

While, the total production and consumption fluxes of a species are

calculated by (6.11) and (6.12), the flux of species A related with species

B can be calculated as:

PAB =

Nr∑

i=1

max(νA,iωiδBi, 0) , (6.18)

CAB =

Nr∑

i=1

max(−νA,iωiδBi, 0) . (6.19)

To introduce the flux information Sun et al. defined a new contri-

bution coefficient that includes both direct links (first generation) and

indirect links through a third species (second generation) [25]. These

links could be extended to any number of generations, but the computa-

tional cost increases exponentially with this number. Therefore, above

two generations, this method induces too much overhead to be used at
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runtime.

The contribution coefficients of first generation for production and

consumption of species A via species B are defined as:

rP−1stAB =
PAB

max(PA, CA)
, (6.20)

rC−1stAB =
CAB

max(PA, CA)
. (6.21)

By using the production and consumption fluxes of the first gener-

ation, the contribution coefficients of second generation which are the

measures of flux ratios between A and B via a third reactant Mi are

defined as:

rP−2ndAB =
∑

Mi 6=A,B

(
rP−1stAMi

rP−1stMiB

)
, (6.22)

rC−2ndAB =
∑

Mi 6=A,B

(
rC−1stAMi

rC−1stMiB

)
. (6.23)

As suggested by Sun et al., these coefficients are aggregated in

rPFAAB , r
P−1st
AB + rC−1stAB + rP−2ndAB + rC−2ndAB , (6.24)

and compared to a user-defined threshold similarly to DRG and DRGEP.

To illustrate this aspect, Figure 6.4 shows a portion of a mechanism

where the value of the species flux is indicated on the arrows. For the

initial species A, the PFA method first selects species M1, M2, M3, and

B because of the species flux between A and B, whereas the DRG and

DRGEP methods first select species C because of the link strength.

On one hand, the PFA method is more accurate than DRG and

DRGEP because it reproduces the reaction path flux and thereby the

overall combustion. On the other hand, the second generation signifi-

cantly increases the computational cost. This implies that for a given

error, the PFA method has to derive a smaller mechanism to balance

the computational overhead of the reduction method.

This method has been validated for ignition delay, flame structure
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A

M1

B

M3M2

0.20.2 0.2

C

0.4

1 1 1

Figure 6.4: The PFA method reduces the mechanism based on species
flux (indicated on the edges). Given an initial species A, it rather selects
species Mi and B, whereas DRG and DRGEP prefer species C because
of the link strength.

and propagation, and has been adapted to reduce the mechanism at run-

time. It proceeds similarly to the previous methods by looping through

all reactions to compute the contribution coefficients of first and second

generations. Then, it starts from a search initiating set of species (same

as in DRG) and recursively includes the species with rPFAAB above a user-

defined tolerance. Finally, it discards the reactions that involve disabled

species.

The pseudo code of the modified PFA method is presented in Ap-

pendix C.

6.2.4 Dynamic Adaptive Chemistry

This method has been described in the previous chapter and follows the

same reduction procedure. However, new developments regarding the

selection of initial species have been added to the method based on the

work of Shi et al. [45].

In the original DAC scheme [37], fuel, CO, and HO2 were selected to

initiate the selection procedure. As described in the DRGEP method,

these species do not equally contribute to the system reactivity through-

out the simulation. Unlike the DRGEP method, the selection of the
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initial species is based on two progress variables to quantify the com-

bustion status. The first variable is the progress equivalence ratio that

has been extensively used in multi-grid approach to group cells with

similar combustion characteristics [39]:

φ =

(2− z′)
Sj 6=CO2∑

j=1,Ns

YSjNC,Sj +
1

2

Sj 6=H2O∑

j=1,Ns

YSjNH,Sj

Sj 6=CO2,H2O∑

j=1,Ns

YSjNO,Sj − z′
Sj 6=CO2∑

j=1,Ns

YSjNC,Sj

, (6.25)

where YSj is the mass fraction of species Sj , NC,Sj , NH,Sj , and NO,Sj

denotes the number of atoms C, H, and O, in species Sj , and z′ defines

the proportion of fuel oxygen to fuel carbon (z′ is zero for hydrocarbon

fuels without oxygen). The definition of the progress equivalence ratio

excludes the combustion products CO2 and H2O, as indicated by the

superscripts of the sum in φ.

This equivalence ratio gives no information on the degree of fuel

decomposition. Therefore, another variable is introduced by Shi et al.:

φl =

2

NC,Sj
>3∑

j=1,Ns

YSjNC,Sj +
1

2

NC,Sj
>3∑

j=1,Ns

YSjNH,Sj

NC,Sj
>3∑

j=1,Ns

YSjNO,Sj + 2YO2

, (6.26)

where subscript l represents all large hydrocarbons (more than 3 carbon

atoms), and O2 is the only oxidizer considered. As the combustion

proceeds, the fuel decomposes and φl always decreases no matter what

initial conditions are specified, which is not the case for φ (see [45] for

illustration of these variables).

Shi et al. have shown that for both rich and lean conditions, when

φl is below 0.001, the fuel can be removed from the search initiating set.

At this threshold value, the combustion has already shifted from fuel

decomposition to the oxidation of small hydrocarbons and H2-CO.

When both φl and φ are below 0.001, the combustion process is
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nearly completed and the initial set only includes CO2 and H2O.

This improved method has been applied by Shi et al. to a 2D HCCI

engine case. The reported speed-up factor was around 9 using a detailed

mechanism for n-heptane (543 species and 2538 reactions) [45].

The pseudo code of this version of the DAC method is presented in

Appendix C.

6.2.5 Element Flux Analysis

The element flux analysis (EFA) method [38, 110] is based on the atomic

fluxes between species. The reduction procedure only includes the species,

considered as sources or sinks, that have a major contribution to the

overall flux of elements. It is based on the observation that a small

portion of the source-sink pairs can capture most of the element fluxes

and thereby the system reactivity. In many conditions, less than 10% of

the source-sink pairs are required to capture 99% of the element fluxes

[110].

To quantify these fluxes, the EFA method uses the instantaneous

elemental flux of atom a between species A and B through reaction i,

which has been defined by Revel et al. [111], and further improved by

He et al. [110] to solve issues with quasi-steady state species:

ȧAB,i = (|ωfi|+ |ωbi|)
Na,ANa,B

Na,i
, (6.27)

where ωfi and ωbi are the forward and backward reaction rates given by

equations (6.3) and (6.4)1, Na,A and Na,B is the number of atoms a in

species A and species B, respectively, and Na,i is the total number of

atoms a in reaction i.

The total instantaneous flux between A and B is then defined by

ȧAB =

Nr∑

i=1

ȧAB,iδAB,i , (6.28)

1In the original EFA method, the reaction rates are given in (mol/s). To be
consistent with the previous methods, we use here the reaction rates in mol/(cm3.s).
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δAB,i =





1 if the ith elementary reaction

involves the source-sink pair A-B,

0 otherwise.

Instead of identifying active species like in the previous methods, the

EFA method identifies active source-sink pairs by sorting their atomic

fluxes and keeping pairs up to a user-defined cutoff proportion of the

overall element flux. The union set of species in the retained source-sink

pairs composes the skeletal mechanism. Reactions are removed in the

same way as for the other methods.

The original EFA method has been developed to reduce the mecha-

nism at runtime. We have however modified the procedure by consid-

ering not only the carbon flux but the fluxes of all other elements (H,

O and N). Preliminary tests have shown that using carbon flux does

not allow to keep primary radicals such as OH and HO2, which would

require additional arbitrary selection. Moreover, the cutoff value has to

be respected for all elements separately. Tests have shown that, when

aggregated, the flux for all elements does not allow to select the major

species and simulation errors are large even when the cutoff value is in-

creased to include more flux. Because a small portion of the source-sink

pairs contribute greatly to the system, we have also modified the sorting

step by recursively applying a partial sort of 5% of these pairs, instead

of a complete sort.

The pseudo code of the modified EFA method is presented in Ap-

pendix C.

6.3 Computational setup

The methods described in the previous section were compared on a sim-

plified test case. It consists of a simple engine geometry with 85 mm bore

and 88 mm stroke (displacement volume Vd = 499 cm3). This geometry

is represented by an axisymmetric mesh with 1350 cells (see Figure 6.5).

The mesh topology is not modified during the simulation. As can be

seen in Figure 6.5, the mesh is fairly coarse because the objective of this

chapter is not to capture the details of the fluid dynamics but rather
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to have a simple and representative test case so that the methods can

also be compared to the results obtained by the direct integration of

the ODE system. In this case, to get the results in a workable time,

the simulations were performed on 16 central processing units (CPU).

The cells were distributed among the CPU with the Metis algorithm to

minimize communication between processors [112]. Tests for this con-

figuration gives a scale-up factor of 12.5 compared to the simulation on

a single CPU.

Figure 6.5: The simplified geometry of the engine combustion chamber
(Vd=499 cm3) is represented by an axisymmetric mesh consisting of 1350
cells.

In addition to the inhomogeneity introduced in the previous chap-

ter by the wall heat transfer, we used artificially inhomogeneous initial

conditions for the equivalence ratio and the temperature (see Figure

6.6). The use of these conditions increases the computational cost. As a

comparison, it is five times slower than an adiabatic case with homoge-
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neous initial conditions (with lower initial temperature to have the same

ignition timing) and 10% more expensive than initial homogeneous con-

ditions with wall heat transfer. Using an inhomogeneous case with wall

heat transfer is thus the most critical case to analyze the performance

of the method.

Temperature [K]

410 5100.10 0.26

Equivalence ratio

Figure 6.6: Inhomogeneous initial conditions were specified for the
equivalence ratio (from 0.10 to 0.26) and the temperature (410 to 510
K).

The ISAT method was configured with a tolerance of 10−4, Nms = 1,

Nmg = 400, and the maximum number of leafs stored in the tree was

limited to 500.

The fuel used in the simulations was iso-octane and its combustion

was modeled by the third version of the mechanism from Lawrence Liv-
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ermore National Laboratory, which includes 874 chemical species and

3796 elementary reactions [21, 22].

The simulations were performed for the whole compression and ex-

pansion stroke (from -180 to 180 CAD ATDC).

As in the previous chapter, the solver used to integrate the system

of ODE is based on the semi-implicit mid-point rule developed by Bader

and Deuflhard [102].

6.4 Results

The computational time using direct integration on 16 CPU is 270 hours.

Based on the scale-up tests, this corresponds to 140 days if performed

on one CPU. The speed-up factors presented in the following results

are the ratios of this computational time and the computational times

of TDAC using each reduction method. The results are also compared

with those using only ISAT on the full mechanism. This simulation took

220 hours on one CPU. The speed-up factor is thus 15 compared to the

direct integration.

Depending on the number of active species, the memory size of the

leafs stored in the ISAT binary tree and the other processing variables

required between 1.5 GB and 4 GB.

The test case has been solved using the five reduction methods over

a large range of tolerance. The mean number of species retained in the

mechanism monotonically decreases when the tolerance increases, until

not enough species are included in the mechanism to properly model

the combustion. In this case, significant error and aberrant results were

observed.

To compare the reduction methods to the direct integration, we have

computed the impact of changing the tolerance of these methods on the

error of various parameters. Because the tolerance of each method is not

based on the same definition, we have used the mean number of species

kept in the mechanism during the entire cycle as a common measure of

this tolerance. We first focus on the pressure and the overall reaction

rates. Then, we analyze the error on the mass fraction of the major

species.
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There are complex interactions with ISAT, which lead to variability

in the results but also to some artifacts (e.g. increasing the number of

species may increase the error for very small level of error). In the

following figures, the variability is represented by confidence intervals

illustrated by grey rectangles.

The error err(Z) on pmax, HRRmax and MPRR, where Z is one of

these three parameters, is defined by

err(Z) =
|Z − Zref|
Zref

, (6.29)

where Zref is the corresponding reference value obtained by direct inte-

gration.

Because CA50 is a crank angle position, which is a relative value, it

cannot be compared to the reference CA50 in the same way as equation

(6.29). Therefore, the error on CA50 is defined as

err(CA50) =
|CA50− CA50ref|
CA90ref − CA10ref

, (6.30)

where CA90 and CA10 are the crank angles where 10 and 90% of the heat

is released and CA90−CA10 is a measure of the combustion duration.

The errors on MPRR, pmax, HRRmax, and CA50 are illustrated in

Figures 6.7, 6.8, 6.9, and 6.10 by using arbitrarily the PFA, DRGEP,

DRG, and EFA methods, respectively (the other results are presented in

Appendix D). The maximum error selected for this illustration is 5% for

CA50, HRRmax and MPRR, whereas for pmax it has been set to 0.5%.

The range of speed-up factors and of the mean number of active

species corresponding to these levels of error are presented in Table 6.1

for the five methods. The errors generally remain small when the mean

number of species is above 100. Below this value, they greatly increase

until the simulations are no longer possible because of meaningless re-

sults. This increase is exponential except for CA50 (see Figure 6.9).

CA50 is mainly determined by the ignition timing and the combustion
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[600, 630]

Figure 6.7: Error (left axis) on MPRR and speed-up (right axis) for
the PFA method.

[360, 380]

Figure 6.8: Error (left axis) on pmax and speed-up (right axis) for the
DRGEP method.
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[800, 850]

Figure 6.9: Error (left axis) on CA50 and speed-up (right axis) for the
DRG method.

[360, 390]

Figure 6.10: Error (left axis) on HRRmax and speed-up (right axis) for
the EFA method.
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duration. The non-linear dependence of both characteristics on the tem-

perature and the pressure varies according to the active species. This

implies that, at the highest errors, given an incremental error on the

other parameters, the effect on CA50 is damped. In other words, the

effect of a difference in CA50 on the other combustion parameters in-

creases exponentially.

Table 6.1: Ranges of mean number of active species and speed-
up for the five reduction methods with given error requirements
on MPRR, pmax HRRmax and CA50.

MPRR,
5% error

pmax,
0.5% error

HRRmax,
5% error

CA50,
5% error

m
ea

n
a
ct

iv
e

sp
ec

ie
s

DRG [90, 105] [100, 110] [85, 100] [100, 115]

DRGEP [95, 110] [105, 125] [85, 95] 85a

PFA [90, 95] [95, 105] [85, 95] [85, 95]

DAC 70b [95, 105] 70b [105, 115]

EFA [135, 150] [150, 160] [135, 150] [115, 125]

sp
ee

d
-u

p

DRG [835, 895] [815, 850] [850, 915] [800, 850]

DRGEP [375, 385] [360, 380] [385, 395] 395a

PFA [600, 620] [575, 600] [600, 630] [600, 630]

DAC 870b [750, 775] 870b [705, 755]

EFA [360, 390] [330, 350] [360, 390] [420, 440]
a There is no clear trend for the error on CA50 using the DRGEP method,

however the errors are mostly below 5%.
b The error on MPRR and HRRmax for the DAC method is always smaller

than the given error, the maximum speed-up and the minimum mean
number of active species are therefore indicated.

As mentioned in Chapter 3, there is a negative correlation between

MPRR and CA50. Similarly, HRRmax and pmax are partly determined

by CA50. The same correlations are not observed for the errors on

these parameters, because they can compensate each other, e.g. a shorter

ignition delay can be compensated by a longer combustion duration.

The DAC and DRG methods perform very well for MPRR and

HRRmax while they require slightly more species to meet the error re-

quirements on pmax and CA50. They both give the best speed-up factor,

915 and 870, respectively.
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The EFA method requires on average more species for a given er-

ror. The definition of this method includes too many species during the

main combustion and not enough before and after this event (see Figure

6.11). Therefore, because the auto-ignition strongly depends on the pre-

ignition reaction steps, a higher mean number of species is required to

reach the critical number of species before ignition. In addition to this

effect, the speed-up of this method is significantly smaller than that of

DRG and DAC because the EFA method changes the number of species

more than the other methods, which has a detrimental effect on the per-

formance of ISAT (see Figure 6.12). To retrieve a stored solution, the

ISAT method relies on region of accuracy. In TDAC, this method has

been implemented so that the dimension of these regions can increase

to include other species. However, when the difference of species is too

large, the chance of being out of the region increases, which decreases

the proportion of retrievals and increases the proportion of growths.
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Figure 6.11: Evolution of the number of species for a given mean value
of the number of species kept in the mechanism. The numbers of species
is smoothed with a Butterworth low pass band filter for clarity.
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Figure 6.12: Proportion of retrieval and growth as a function of the
mean number of active species for the five methods.

In Figure 6.12, it can also be seen that the definition of the DRGEP

method has also a detrimental effect on the performance of ISAT, which

added to the overhead of this method, that includes the group-based

approach, explains its lower speed-up factor.

While the PFA method requires on average less species than the

other methods, it has a slightly lower speed-up, around 600. This can

be explained by the higher overhead of this method but also by the

slightly higher number of species included during the main combustion

(see Figure 6.11).

Figure 6.13 shows the corresponding pressure and rate of heat release

around TDC using TDAC with the DRGEP method (the other methods

perform similarly for the given errors). TDAC is in very good agreement

with the results using the direct integration and ISAT.

The errors on the species mass fractions have been evaluated on

three major species: iC8H18 (the fuel), CO2, and H2O. Compared to

the previous parameters, the error err(YS) on the mass fraction YS of

species S is here integrated on a portion of the cycle:
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Figure 6.13: Pressure (circles) and rate of heat release (diamonds) for
direct integration (solid lines), ISAT (filled symbols) and TDAC using
the DRGEP method (empty symbols; mean number of species around
100).

err(YS) =

√
1

∆θ

∫ θ2

θ1

(
YS,ref(θ)− YS(θ′)

ȲS,ref

)2

dθ , (6.31)

where θ is the crank angle, θ1 = −15, θ2 = 10 CAD ATDC and ∆θ = 25

CAD are set to include the portion of cycle where there is a significant

change in these species, YS,ref is the reference mass fraction of species S

and ȲS,ref is the mean reference mass fraction in the interval between θ1

and θ2. In this definition, YS is evaluated in θ′ = θ−θshift, where θshift is

the crank angle difference between the peaks of heat release rate, instead

of θ to avoid including the error on the ignition time. This definition is

a modified version of the one introduced in [113].

The errors on iC8H18, H2O, and CO2 are illustrated in Figures 6.14,

6.15 and 6.16 by using arbitrarily the DAC, PFA, and EFA methods,

respectively (the other results are presented in Appendix D). The maxi-

mum value selected for this illustration is 5% for CO2 and H2O, whereas

for the fuel it has been set to 2%.
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[815, 865]

Figure 6.14: Error (left axis) on the fuel (iC8H18) mass fraction based
on equation (6.31) and speed-up (right axis) for the DAC method.

[620, 660]

Figure 6.15: Error (left axis) on H2O mass fraction based on equation
(6.31) and speed-up (right axis) for the PFA method.
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[390, 425]

Figure 6.16: Error (left axis) on CO2 mass fraction based on equation
(6.31) and speed-up (right axis) for the EFA method.

The range of speed-up corresponding to the given errors on these

major species is shown in Table 6.2 for the five methods.

Table 6.2: Ranges of mean number of active species and speed-up for
the five reduction methods with given error requirements on the mass
fractions of iC8H18, CO2 and H2O.

iC8H18,
2% error

CO2,
5% error

H2O,
5% error

m
ea

n
ac

ti
v
e

sp
ec

ie
s

DRG [125, 135] [85, 95] [85, 95]

DRGEP [90, 100] [110, 120] [110, 120]

PFA [120, 130] [90, 105] [85, 100]

DAC [70, 85] [90, 100] [95, 110]

EFA [150, 175] [120, 135] [120, 135]

sp
ee

d
-u

p

DRG [700, 750] [870, 920] [875, 925]

DRGEP [380, 390] [365, 375] [365, 375]

PFA [505, 540] [580, 610] [590, 625]

DAC [815, 865] [760, 800] [740, 780]

EFA [300, 360] [390, 425] [390, 425]
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For each method, the observed errors on H2O and CO2 have similar

trends, which confirms that both combustion products are handled sim-

ilarly even if they belong to different part of the mechanism. This can

be explained by the choice of initial species that includes both parts, for

the DRG, DRGEP, PFA, and DAC methods. For EFA, which does not

rely on an initial set of species, this illustrates that a strong element flux

goes to these species.

The error requirement for the fuel is more difficult to meet for the

PFA, DRG and EFA methods, while it is near its maximal speed-up

value for the DRGEP and DAC methods. This can be explained by

the error propagation formulation of these two methods which keeps the

stronger path connecting the fuel, present in the initial set, to the other

species. This is also illustrated in Figure 6.11, where DRGEP and DAC

include on average 20-25% more species during the pre-ignition for a

given mean number of species on the full cycle. This higher number of

species allows to describe more accurately the decomposition of the fuel.

Like for the previous parameters, the DRG method performed better

on average than the other methods with a speed-up factor around 900.

For the fuel, the DAC method outperformed DRG with a speed-up factor

of 850 while for DRG, it falls to 725.

The species evolution around TDC is illustrated in Figure 6.17.

This figure compares the results using the direct integration, ISAT and

TDAC. The results of TDAC are obtained by using the DAC method

with settings so that the error limit is respected for every species, i.e.

mean number of species is slightly below 100. They are in very good

agreement with the reference data. The other reduction methods per-

formed equally well for the given errors. While the error analysis focused

on the major species, Figure 6.17 also shows that the minor or interme-

diate species (OH, HO2 and CO) are in very good agreement with the

reference, without the need to further reduce the tolerance. The small

discrepancy observed for CO after the main combustion is mainly due

to the ISAT settings.

Figure 6.18 shows the number of active species as a function of the
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Figure 6.17: Species mass fraction for direct integration (solid lines),
ISAT (filled symbols) and TDAC using the DAC method (empty sym-
bols; mean number of species around 100).
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Figure 6.18: Evolution of the number of species for a given maximum
value of the number of species kept in the mechanism during the entire
cycle. The numbers of species is smoothed with a Butterworth low pass
band filter for clarity.
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crank angle for the five methods. The tolerances of these methods have

been selected so that the maximum number of species during the main

combustion step are similar. As can be seen in this figure, the defini-

tion of the EFA methods strongly affects the evolution of the number

of species included in the mechanism compared to the other methods.

This number remains lower than that of the other methods during the

whole pre-ignition process and decreases rapidly after the main ignition.

As mentioned above, the lower number in the pre-ignition explains the

larger error on the fuel. However, the lower number after the main ig-

nition may be beneficial to the computational time since the reactivity

strongly decreases after this event, thereby less species should be in-

cluded. In the other methods, it can be seen that this number remains

high. This is due to their definition based on a search initiating set

which include a bigger number of species even if the overall reactivity of

the system decreases.

For the EFA method, the lowest mean number of species before

meaningless results is higher than the other methods. Issues mainly

arise after the main ignition step, which indicates that, for a given mean

value, the number of species at the end of the combustion, when the

reactivity strongly decreases, is too low to properly describe the system.

Therefore, this important decrease may also be detrimental because it

requires to decrease the tolerance in order to maintain a critical number

of species after the main ignition.

The two main differences between DAC and DRGEP is the selec-

tion of the initial species and the group-based approach. The selection

approach of DRGEP greatly decreases the mean number of species at

the end of the cycle because only one of the species remains, whereas

DAC shifts from HO2 and CO to H2O and CO2, which still connects

a greater number of species and explains the slight increase at the end

of the cycle. The group-based formulation increases the overhead of

the DRGEP method without contributing to the quality of the results.

As mentioned above, the combination of both aspects in DRGEP has a

negative impact on the performance of ISAT.

While the complexity of the semi-implicit ODE solver is O(N2
s ), the

speed-up factor observed in the previous figures decreases linearly with
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the mean number of species because the tabulation layer mostly de-

termines the computational time by retrieving previously computed so-

lutions. The tabulation has a O(Ns) complexity, which explains this

trend. However, for the highest tolerances, leading to the lowest mean

numbers of species, the speed-up generally stops increasing at the same

rate. This can be explained by the lower proportion of retrievals and the

higher proportion of growths in ISAT (see Figure 6.12). This trend is ob-

served for every method, even if, as mentioned above, the EFA method

only reaches the same level as the others for the lowest tolerances.

6.5 Conclusion

The DRG and DAC methods globally perform very well with low er-

rors and speed-up factors around 900 and 800, respectively. This is

significantly higher than the speed-up of ISAT alone or those reported

by any other method used to include detailed mechanisms in internal

combustion engine simulations.

The definitions of the EFA and DRGEP method led to lower re-

trievals and higher growths in ISAT, hence decreasing the performance

of the tabulation layer. This had a major impact on the overall speed-up

factors using these two methods, which are significantly lower than DRG

and DAC. We have shown that the significant decrease of the number

of species in the post-ignition step for EFA leads to meaningless results

and requires smaller tolerances. However, the other methods include

too many species in this step and they could therefore take advantage of

this feature. This should be further investigated to combine the positive

effects of all methods.

The PFA method performed globally well, but is slightly less effective

than DRG and DAC because of its higher overhead and the greater

number of species during the main combustion.

A significant complexity lies in the coupling between these reduction

methods and the tabulation method: the species included by some def-

initions reduced the performance of ISAT; the impact of the changing

number of species on the region of accuracy of the stored solutions is

not trivial; and the tolerances of one layer partly determines the perfor-



136 Chapter 6. Reduction methods in TDAC

mance of the other layer. A better comprehension of their interactions

should remain the focus of future studies.



CHAPTER 7

Conclusion and perspectives

In the first part of this thesis, we have analyzed experimentally the

main ethyl esters resulting from the reaction of the volatile fatty acids

produced by the acidogenesis route with ethanol. We have first shown

that these fuels, i.e. ethyl acetate (EtAc), ethyl propionate (EtPr), and

ethyl butyrate (EtBu), can be used in HCCI on a large range of equiv-

alence ratios. We have investigated how the HCCI operating zone and

the combustion characteristics are modified by these fuels compared to

ethanol. Within the esters, EtBu ignited first, followed by EtPr and

EtAc, but all three were more resistant to auto-ignition than ethanol.

For given inlet conditions, the better timing of EtBu and EtPr increased

the higher limit of the operating zone while maintaining the lower limit.

The ignition of EtAc was so delayed that the instability at lower equiva-

lence ratios increased, which affected the lower limit. However, this also

smoothed the pressure gradient at higher loads and increased the higher

limit.

To use the ethyl esters from the acidogenesis route without addi-

tional processes, which further alter their nature or proportion, we have

also investigated tri-component blends of EtAc, EtPr, and EtBu in the

range of concentrations that is generally encountered at the output of the

overall process. This study has shown that the combustion characteris-

tics were mainly determined by the proportion of EtAc and EtBu and

nearly insensitive to the proportion of EtPr. Also, there was a antag-

onistic effect between EtPr and the other two products. This resulted

in a “dilution” effect, which reduced the variation of the combustion
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characteristics for higher proportion of EtPr.

Many challenges remain for the successful implementation of these

products, and to bring them out of the lab. First, the full range of

products obtained by the biochemical process has to be investigated. It

includes esters produced from minor organic acids but also esters pro-

duced by combining volatile fatty acids with glycerol (co-product of the

biodiesel production). This will allow to select the fermentation pa-

rameters such that the more suitable ranges of products are produced.

Second, we noticed that the required inlet temperature was higher than

in common engine configurations. EtBu ignited first and was therefore

the most suitable product if we wanted to decrease this parameter, but,

another option may also be to blend the esters with ignition promoters

such as n-heptane or dimethyl ether.

In the second part of this thesis, we have addressed the issue of us-

ing kinetic mechanisms to model the combustion in CFD simulations.

In the context of HCCI engine simulations, we have first developed a

simple method that allows to reduce detailed mechanisms with an iter-

ative procedure and a 0D model. We combined this method with a new

definition of the HCCI operating limits to compute the operating zone

of iso-octane and ethyl acetate based on simulation results.

The use of this method becomes tedious when the number of species

increases. Therefore, we developed a second method to automatically

handle large mechanisms at runtime. This method, named tabulation of

dynamic adaptive chemistry (TDAC), couples a tabulation method with

a mechanism reduction method. It performs particularly well thanks to

the real synergy between the two constitutive layers. On one hand, the

tabulation avoids computing the reduction and the solution of the ODE

system when a previous solution can be retrieved. On the other hand,

the mechanism reduction method reduces the computational time of

solving the ODE system and of handling the tabulation step. Compared

to the direct integration of the detailed mechanism, this method is in

very good agreement and achieves a speed-up factor of up to 900, which

is significantly more than what has been reported by other techniques.

This is one of the first fully functional methods that allow to include
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detailed mechanisms in engine simulations without the need to rely on

massively parallel infrastructures.

While this method has been first investigated for HCCI, its main con-

cepts have a more general application for all reacting flow computations.

The objective is therefore to continue the development of the TDAC

method for the simulations of compression ignition (CI) and spark ig-

nition (SI) engines. Future studies should further analyze the behavior

of the constitutive parts of the method and modify them accordingly to

increase the versatility of TDAC.

As a first step, we have achieved in this thesis the comparison be-

tween five reduction methods. It has been shown that the DRG and the

DAC methods are the most effective, but interesting features were also

observed in the other methods. For example, the reduction of the num-

ber of species kept after the main combustion by EFA was a beneficial

feature even if it led to greater errors when the tolerance was too high.

Because all these methods are based, in a different way, on the construc-

tion of graphs with species being the node and edges characterizing the

coupling between species, future improvements of these reduction meth-

ods should take advantage of graph-based approaches such as what is

used in [114].

We noticed that the ISAT algorithm used for the tabulation layer

could be further optimized for internal combustion engine cases. We

have already introduced some improvements in the context of HCCI

(see Chapter 5). However, future studies should focus on the particular

conditions encountered in CI and SI engines.

To further improve the efficiency of TDAC, new layers can be added

to the tabulation and mechanism reduction methods, similarly to what is

proposed as a preprocessing technique by Lu and Law [18]. Examples of

new layers are mostly based on time scale analysis but without the use of

the Jacobian or only the use of the Jacobian of the reduced mechanism:

the quasi-steady state assumption (QSSA) [29], stiffness removal [115]

or hybrid multi time scale (HMTS) [116].

Finally, the use of TDAC on parallelized cases could lead to some

numerical issues. Similarly to what was observed in ISAT by Lu et al.

[117], discontinuities in the species mass fractions may appear at the
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interface between processors. Future research should therefore focus on

the solutions that can be applied in these cases.
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APPENDIX A

Molecular structure of the major products

obtained by the acidogenesis route

The following figures illustrate the molecular structure of the major ethyl

and glyceryl esters presented in Chapter 1. Only one of the three isomers

of the mono- and di- esters of glycerol are presented.
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Figure A.1: Ethyl Acetate

Figure A.2: Ethyl Propionate
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Figure A.3: Ethyl Butyrate

Figure A.4: Monoacetin
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Figure A.5: Monopropionin

Figure A.6: Monobutyrin
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Figure A.7: Diacetin

Figure A.8: Dipropionin



156 Appendix A. Molecular structure of the esters

Figure A.9: Dibutyrin

Figure A.10: Triacetin
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Figure A.11: Tripropionin

Figure A.12: Tributyrin





APPENDIX B

Supplementary material for Chapter 4

This appendix presents supplementary results of the numerical simula-

tions used in Chapter 4. In the figures below, pressure traces obtained

for a large range of equivalence ratio are compared to experimental re-

sults and computational results of Hessel et al. [81]. Experimental and

numerical results are in good agreement.
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Figure B.1: Pressure near TDC, φ = 0.1. Dash-dotted: Hessel et al.
[81]. Dashed: Experiments [81]. Solid: Current study.
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Figure B.2: Pressure near TDC, φ = 0.12. Dash-dotted: Hessel et al.
[81]. Dashed: Experiments [81]. Solid: Current study.
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Figure B.3: Pressure near TDC, φ = 0.14. Dash-dotted: Hessel et al.
[81]. Dashed: Experiments [81]. Solid: Current study.
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Figure B.4: Pressure near TDC, φ = 0.16. Dash-dotted: Hessel et al.
[81]. Dashed: Experiments [81]. Solid: Current study.
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Figure B.5: Pressure near TDC, φ = 0.18. Dash-dotted: Hessel et al.
[81]. Dashed: Experiments [81]. Solid: Current study.
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Figure B.6: Pressure near TDC, φ = 0.22. Dash-dotted: Hessel et al.
[81]. Dashed: Experiments [81]. Solid: Current study.
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Figure B.7: Pressure near TDC, φ = 0.24. Dash-dotted: Hessel et al.
[81]. Dashed: Experiments [81]. Solid: Current study.
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Figure B.8: Pressure near TDC, φ = 0.26. Dash-dotted: Hessel et al.
[81]. Dashed: Experiments [81]. Solid: Current study.
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Figure B.9: Pressure near TDC, φ = 0.28. Dash-dotted: Hessel et al.
[81]. Dashed: Experiments [81]. Solid: Current study.





APPENDIX C

Pseudo-code of the methods in Chapter 6

This appendix presents the pseudo code of the five methods described

in Chapter 6.

Directed Relation Graph (DRG)

This is a modified version of the pseudo code presented in [96].

1) Linear time computation of rDRGAB

for all reactions i do

ωi ← ωfi − ωbi
νAi ← stoech. coef. of A in i

for all species pairs A,B involved in i do

if edge A→ B not initialized then

init rnum[A][B]

rnum[A][B]← |νAi ∗ ωi|
else

rnum[A][B]← rnum[A][B] + |νAi ∗ ωi|
end if

rden[A]← |νAi ∗ ωi|
end for

end for

for all species A do

for all initialized edges A→ B do

r[A][B]← rnum[A][B]/rden[A]

end for
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end for

2) Depth-first search

for all target species T do

PUSH(Q,T ) // add T on top of FIFO stack Q

activeSpecies[T ]← true

end for

while Q not empty do

Mi ← POP(Q) // remove and return top of stack Q

for all initialized edges Mi →Mj do

if r[Mi][Mj ] > ε and activeSpecies[Mj ] is false then

PUSH(Q,Mj)

activeSpecies[Mj ]← true

end if

end for

end while

3) Skeletal mechanism

for all reactions i do

for all species A involved in i do

if activeSpecies[A] not true then

DISABLE(i)

break

end if

end for

end for

return activeSpecies

Directed Relation Graph with Error Propagation

(DRGEP)

1) Linear time computation of rDRGEPAB

for all reactions i do

ωi ← ωfi − ωbi
νAi ← stoech. coef. of A in i

for all species pairs A,B involved in i do
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if edge A→ B not initialized then

init rnum[A][B]

rnum[A][B]← νAi ∗ ωi
else

rnum[A][B]← rnum[A][B] + νAi ∗ ωi
end if

if (νAi ∗ ωi) > 0 then

P [A]← νAi ∗ ωi
else

C[A]← −νAi ∗ ωi
end if

end for

end for

for all species A do

for all initialized edges A→ B do

r[A][B]← |rnum[A][B]|/max(P [A], C[A])

end for

end for

2) Scaling

for all element e do

for all species A do

P [e]← P [e] +Ne,A ∗max(0, P [A]− C[A])

C[e]← C[e] +Ne,A ∗max(0, C[A]− P [A])

end for

end for

for all target species T do

αT ← maxall elements eNe,T ∗ |P [T ]− C[T ]|/P [e]

end for

call DFS()

3) Group-based direct interaction coefficients

while Ndisabled > NGB do // NGB = 100 in our study

partialSortLow(R,NGB) // sort the NGB lowest value in front of R

disable(R,NGB) // disable the NGB first entry of R

for all initialized edges A→ B do
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rnum[A][B]← 0

end for

for all reactions i do

ωi ← ωfi − ωbi
νAi ← stoech. coef. of A in i

if reaction i contains disabled species then

for all species A involved in i do

for all initialized edges A→ B do

rnum[A][B]← rnum[A][B] + νAi ∗ ωi
end for

end for

else

for all species pairs A,B involved in i do

rnum[A][B]← rnum[A][B] + νAi ∗ ωi
end for

end if

end for

call DFS()

end while

4) Skeletal algorithm

for all reactions i do

for all species A involved in i do

if activeSpecies[A] not true then

DISABLE(i)

break

end if

end for

end for

return activeSpecies

Definition of function DFS

function DFS()

for all species A do

R[A]← 0
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end for

for all target species T do

if αT > ε then

PUSH(Q,T ) // add T on top of FIFO stack Q

activeSpecies[T ]← true

R[T]=1

end if

end for

while Q not empty do

Mi ← POP(Q) // remove and return top of stack Q

for all initialized edges Mi →Mj do

Rtemp← R[Mi] ∗ r[Mi][Mj ]

if Rtemp > ε and Rtemp > R[Mj ] then

PUSH(Q,Mj)

R[Mj ]← Rtemp

activeSpecies[Mj ]← true

end if

end for

end while

end function

Path Flux Analysis (PFA)

1) Computation of the rP−1stAB and rC−1stAB

for all reactions i do

ωi ← ωfi − ωbi
νAi ← stoech. coef. of A in i

for all species pairs A,B involved in i do

if link A,B not initialized then

init Ps[A][B]

init Cs[A][B]

if (νAi ∗ ωi) > 0 then

Ps[A][B]← νAi ∗ ωi
else
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Cs[A][B]← νAi ∗ ωi
end if

else

if (νAi ∗ ωi) > 0 then

Ps[A][B]← Ps[A][B] + νAi ∗ ωi
else

Cs[A][B]← Cs[A][B] + νAi ∗ ωi
end if

end if

if (νAi ∗ ωi) > 0 then

P [A]← νAi ∗ ωi
else

C[A]← −νAi ∗ ωi
end if

end for

end for

for all species A do

for all initialized links A,B do

rP−1st[A][B]← Ps[A][B]|/max(P [A], C[A])

rC−1st[A][B]← Cs[A][B]|/max(P [A], C[A])

end for

end for

2) Computation of the rP−2ndAB and rC−2ndAB

for all species A do

for all initialized links A,B do

for all initialized links B,M do

if M not A then

if second generation link A,B not initialized then

init rP−2nd[A][B]

init rC−2nd[A][B]

rP−2nd[A][B]← rP−1st[A][M ] ∗ rP−1st[M ][B]

rC−2nd[A][B]← rC−1st[A][M ] ∗ rC−1st[M ][B]

else

rP−2nd[A][B]← rP−2nd[A][B]+rP−1st[A][M ]∗rP−1st[M ][B]
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rC−2nd[A][B]← rC−2nd[A][B]+rC−1st[A][M ]∗rC−1st[M ][B]

end if

end if

end for

end for

end for

3) Depth first search with rPFAAB

for all target species T do

PUSH(Q,T ) // add T on top of FIFO stack Q

activeSpecies[T ]← true

end for

while Q not empty do

Mi ← POP(Q) // remove and return top of stack Q

for all initialized first or second generation links Mi →Mj do

r[Mi][Mj ]← rP−1st[Mi][Mj ]+r
C−1st[Mi][Mj ]+r

P−2nd[Mi][Mj ]+

rC−2nd[Mi][Mj ]

if r[Mi][Mj ] > ε and activeSpecies[Mj ] is false then

PUSH(Q,Mj)

activeSpecies[Mj ]← true

end if

end for

end while

4) Skeletal algorithm

for all reactions i do

for all species A involved in i do

if activeSpecies[A] not true then

DISABLE(i)

break

end if

end for

end for

return activeSpecies



172 Appendix C. Pseudo-code of the methods in Chapter 6

Dynamic Adaptive Chemistry (DAC)

1) Computation of the rDACAB

for all reactions i do

ωi ← ωfi − ωbi
νAi ← stoech. coef. of A in i

for all species pairs A,B involved in i do

if edge A→ B not initialized then

init rnum[A][B]

rnum[A][B]← νAi ∗ ωi
else

rnum[A][B]← rnum[A][B] + νAi ∗ ωi
end if

if (νAi ∗ ωi) > 0 then

P [A]← νAi ∗ ωi
else

C[A]← −νAi ∗ ωi
end if

end for

end for

for all species A do

for all initialized edges A→ B do

r[A][B]← |rnum[A][B]|/max(P [A], C[A])

end for

end for

2) Computation of φ and φl

for all species A do

if A not (CO2 or H2O) then

NC ← NC + NC,A*YA

NH ← NH + NH,A*YA

NO ← NO + NO,A*YA

if NC,A > or A is O2 then

Nl,C ← Nl,C + NC,A*YA

Nl,H ← Nl,H + NH,A*YA
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Nl,O ← Nl,O + NO,A*YA

end if

end if

end for

φ← (2*NC+ NH/2 - z’ *NC)/ (NO−z’ *NC) // z’ is O/C in fuel

φl ← (2*Nl,C+ Nl,H/2 )/ (Nl,O)

if φ > 0.001 then

if φl > 0.001 then

PUSH(Q,fuel) // add fuel on top of FIFO stack Q

R[fuel]=1

end if

PUSH(Q,CO) // add CO on top of FIFO stack Q

R[CO]=1

PUSH(Q,HO2) // add HO2 on top of FIFO stack Q

R[HO2]=1

else

PUSH(Q,CO2) // add CO2 on top of FIFO stack Q

R[CO2]=1

PUSH(Q,H2O) // add H2O on top of FIFO stack Q

R[H2O]=1

end if

3) Depth first search with RAB

while Q not empty do

Mi ← POP(Q) // remove and return top of stack Q

for all initialized edges Mi →Mj do

Rtemp← R[Mi] ∗ r[Mi][Mj ]

if Rtemp > ε and Rtemp > R[Mj ] then

PUSH(Q,Mj)

R[Mj ]← Rtemp

activeSpecies[Mj ]← true

end if

end for

end while

4) Skeletal algorithm
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for all reactions i do

for all species A involved in i do

if activeSpecies[A] not true then

DISABLE(i)

break

end if

end for

end for

return activeSpecies

Element Flux Analysis (EFA)

1) Computation of ȧAB for all source-sink pairs

for all reactions i do

for all species S in i do

Na,i ← Na,i +Na[S]

end for

for all source-sink pairs A,B involved in i do

if pair A,B not initialized then

for all elements a do

init ȧ[A][B]

ȧ[A][B]← (|ωfi|+ |ωbi|) ∗Na[A] ∗Na[B]/Na,i

ȧtot ← ȧtot + ȧAB

end for

else

for all elements a do

ȧ[A][B]← ȧ[A][B] + (|ωfi|+ |ωbi|) ∗Na[A] ∗Na[B]/Na,i

ȧtot ← ȧtot + ȧAB

end for

end if

end for

end for

for all initialized source-sink pairs A,B do

for all elements a do

ȧ[A][B]← ȧ[A][B]/ȧtot
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end for

end for

2) Selection of the source-sink pairs

cumFlux ← 0

while cumFlux 6 cutoff do

for all elements a do

idx ← partialSortHigh(ȧ,SSF)

for i = 1 to SSF do

activeSpecies[idx[i]] ← true// idx keeps track of the species

ID

remove(ȧ, i)

end for

end for

end while

3) Skeletal algorithm

for all reactions i do

for all species A involved in i do

if activeSpecies[A] not true then

DISABLE(i)

break

end if

end for

end for

return activeSpecies





APPENDIX D

Supplementary material for Chapter 6

This appendix presents supplementary results of the numerical simula-

tions used in Chapter 6.



178 Appendix D. Supplementary material for Chapter 6

50 100 150 200 250
0

0.05

0.1

0.15

0.2

Mean number of species

E
rr
o
r
M
P
R
R

50 100 150 200 250
0

200

400

600

800

1000

S
p
ee
d
-u

p
fa
ct
o
r

Figure D.1: Error (left axis) on MPRR and speed-up (right axis) for
the DRG method.
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Figure D.2: Error (left axis) on MPRR and speed-up (right axis) for
the DRGEP method.
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Figure D.3: Error (left axis) on MPRR and speed-up (right axis) for
the DAC method.
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Figure D.4: Error (left axis) on MPRR and speed-up (right axis) for
the EFA method.
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Figure D.5: Error (left axis) on pmax and speed-up (right axis) for the
DRG method.
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Figure D.6: Error (left axis) on pmax and speed-up (right axis) for the
DAC method.
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Figure D.7: Error (left axis) on pmax and speed-up (right axis) for the
PFA method.
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Figure D.8: Error (left axis) on pmax and speed-up (right axis) for the
EFA method.
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Figure D.9: Error (left axis) on CA50 and speed-up (right axis) for
the DRGEP method.
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Figure D.10: Error (left axis) on CA50 and speed-up (right axis) for
the DAC method.
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Figure D.11: Error (left axis) on CA50 and speed-up (right axis) for
the PFA method.
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Figure D.12: Error (left axis) on CA50 and speed-up (right axis) for
the EFA method.
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Figure D.13: Error (left axis) on HRRmax and speed-up (right axis)
for the DRG method.
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Figure D.14: Error (left axis) on HRRmax and speed-up (right axis)
for the DRGEP method.
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Figure D.15: Error (left axis) on HRRmax and speed-up (right axis)
for the DAC method.
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Figure D.16: Error (left axis) on HRRmax and speed-up (right axis)
for the PFA method.
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Figure D.17: Error (left axis) on the fuel (iC8H18) mass fraction based
on equation (6.31) and speed-up (right axis) for the DRG method.

50 100 150 200 250
0

0.05

0.1

0.15

0.2

Mean number of species

E
rr
o
r
iC

8
H

1
8

50 100 150 200 250
200

250

300

350

400

S
p
ee
d
-u

p
fa
ct
o
r

Figure D.18: Error (left axis) on the fuel (iC8H18) mass fraction based
on equation (6.31) and speed-up (right axis) for the DRGEP method.
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Figure D.19: Error (left axis) on the fuel (iC8H18) mass fraction based
on equation (6.31) and speed-up (right axis) for the PFA method.
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Figure D.20: Error (left axis) on the fuel (iC8H18) mass fraction based
on equation (6.31) and speed-up (right axis) for the EFA method.
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Figure D.21: Error (left axis) on H2O mass fraction based on equation
(6.31) and speed-up (right axis) for the DRG method.
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Figure D.22: Error (left axis) on H2O mass fraction based on equation
(6.31) and speed-up (right axis) for the DRGEP method.
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Figure D.23: Error (left axis) on H2O mass fraction based on equation
(6.31) and speed-up (right axis) for the DAC method.
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Figure D.24: Error (left axis) on H2O mass fraction based on equation
(6.31) and speed-up (right axis) for the EFA method.
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Figure D.25: Error (left axis) on CO2 mass fraction based on equation
(6.31) and speed-up (right axis) for the DRG method.
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Figure D.26: Error (left axis) on CO2 mass fraction based on equation
(6.31) and speed-up (right axis) for the DRGEP method.
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Figure D.27: Error (left axis) on CO2 mass fraction based on equation
(6.31) and speed-up (right axis) for the DAC method.
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Figure D.28: Error (left axis) on CO2 mass fraction based on equation
(6.31) and speed-up (right axis) for the PFA method.


