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Abstract

The present study is designed to prevent polludod to improve emission
control technologies, it aims to reduce combuspioltutants especially C£and NOXx.
The CQ can be avoided by using a biofuel that is neutraérms of CQ emission.
Whereas, the NOx emissions can be reduced by d#ogehe combustion temperature.

This is can be granted by the flameless combuségme.

In this study, the effect of fuel mixture compasit oxygen concentration in
oxidizer, injection velocity or strain rate, oxidiztemperature and pressure on the
flame structure and emissions of the non-premixédddM'Moderate or Intense Low-
oxygen Dilution” combustion of the biogas-syngagtarie are simulated. NO emission
from MILD combustion is deeply elucidated, five N@utes were considered,
specifically: thermal, prompt, NNH, J® andreburning. Biogas is modeled by a
mixture of methane and carbon dioxide; while, syigaonsidered to be composed by
hydrogen and carbon monoxide, this gives a fuetuméxof CH/CO,/H2/CO. Volume
of methane and hydrogen are varied alternativaynf0% to 50% in fuel mixture.
Oxidizer is composed byAN> mixture where oxygen volume is increased from 4% t
21%. Injection strain rate is varied from appantto vanishment of combustion.
Injection temperature for oxidizer is varied fro@0XK to 1500 K while for fuel is kept
constant temperature of fuel equal to 300K. Findhg ambient pressure varies from
latm to 10 atmChemical kinetics of such complicated system isdheh by a
composed mechanism from the USG@ and the Gri 2.11 N-sub mechanism. The

Chemkin software is used to achieve the computstion
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Résumé

La présente étude a pour but de lutter contre lltpm et d’améliorer les
technologies de contréle des émissions, elle visgandmiser les émissions nocives
issues de la combustion ; particulierement le €es NOx. Le C@peut étre évité en
utilisant un biofuel qui est neutre en termes de.@Dant aux NOx peut étre réduit en
réduisant la température de la combustion, celgaganti par le regime de combustion

sans flammes.

Dans cette étude, l'effet de la composition du nmgdacombustible, de la
concentration d’oxygene dans le comburant, de fasse d'injection ou du taux
d’étirement, de la température d’injection de I'dapt et de la pression sur la structure
de la flamme et les émissions de la combustionprtémeélangée dans le régime MILD
"Moderate or Intense Low-oxygen Dilution" du mélangogaz-syngaz sont simulés.
Les émissions d'oxydes d'azote de la combustiorDMiant profondément élucidées,
cing voies de formation de NO ont été considéréegarticulier : thermique, précoce,
NNH, N2O et reburning. Le biogaz est composé de méthae @ibxyde de carbone ;
alors que le syngaz est composé de monoxyde dereadb de I'hydrogéne, cela donne
un meélange de combustible de {EO/H./CO. Les volumes de méthane et
d'hydrogéne varient alternativement de 0% a 50 %s da mélange combustible.
L'oxydant est composé d'un mélanggND ou le volume d'oxygéne est varié de 4% a
21 %. Le taux d'étirement est de I'apparition aigparition de la combustion. La
température d’injection de I'oxydant est variee9®® K a 1500 K, celle de fuel est
gardée constante et égale a 300K. Finalementetsion ambiante varie de 1 atm a 10
atm. La cinétique chimique de ce systeme compliegtédécrite par un mécanisme
composé de I'USC C4 et du mécanisme Gri 2.11 N-sub. Le logiciel Chermrddgt

utilisé pour réaliser les calculs.
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I ntroduction

In the 19" century, and even more in the'™6entury, combustion had many
industrial applications (transportation, heatingdustrial production, electricity
production). However, it leads to a significant ssmn of various pollutants harmful
to humans and nature, such as carbon oxides COxQO¥), sulfur oxides SOx (S£)
nitrogen oxides NOx (NO and NY) unburned hydrocarbons and soot particles. Of
these pollutants, NOXx is increasingly subject tgufations as emissions of nitrogen
oxides in the atmosphere pose serious health avidoemental concerndndeed,
emissions of nitrogen oxides cause respiratorylpro for human beings and are the
cause of acid rain, the formation of ground-levebree resulting from photolysis of
NO2 (NO2 + hv = NO + O then O + £= O3) and the destruction of the ozone layer. A
growing global population has amplified these dfeand this induced an increase in
the consumption of fossil fuels and a reductiorthi@ world stock. Two preventive
alternatives exist: reduce the consumption of fdsseis, and/or use alternative fuels
containing a fewer carbon atoms, such as biomasss fparticularly “biogas
production”, or methane-hydrogen mixtures, or elrgdrogen purelndeed, the only
product of hydrogen combustion is water vapor. Tike of hydrogen in combustion
plants would significantly reduce greenhouse gassons, in the event that it is
produced without carbon dioxide emissiolmsrecent years, studies have considered
the use of syngas as a source of hydrogen. Indgadas is a mixture of combustible
gases consisting principally of hydrogen and canmonoxide.

Fuel consumption can be significantly reduced lzpvering the energy from the
fumes to preheat the combustion air. However, [@thg the combustion air leads to
an increase in the adiabatic flame temperaturecandequently higher nitrogen oxide
emissions. Staged combustion (air or fuel stagedbeostion) is used to reduce NOXx
emissions through combustion zones that are géyatalower temperaturegor air
staging, secondary injection is carried out in twmvnstream region of the first
maximum temperaturén the case of fuel staging, the secondary fuekiinpn leads to
an attack of nitrogen oxides by hydrocarbon radiddie staged combustion allows the
dilution of reactants before interacting. The rédiafrom the reaction zone becomes

negligible compared to that from the walls of thenkice.That is why this regime is



called flameless combustion (or dilute combustiolm).this configuration, NOXx

emissions are very low.

In industrial furnaces with high wall temperaturédse burners operating in
flameless or MILD (Moderate or Intense Low-oxygeiublon) combustion regime
have shown a high efficiency in terms of energyicedhcy, reduction in fuel
consumption and pollutant emissiomkis very specific combustion regime is achieved
by using an original configuration of regeneratbtener inducing very homogeneous
combustion with very low nitrogen oxides. Many @®sdes have been conducted to

contribute to a better understanding this combosegime.

The thesis presented here focuses on the studie MILD combustion regime,
carried out within the framework of the project ‘M) combustion of the LCV fuels
mixtures”. The aim of this study is to investigatemerically the effect of (1) the
composition, (2) the oxygen concentration, (3) #steain rate, (4) the oxidizer
temperature and (5) the pressure on combustionctsteu and NO emission
characteristics of laminar diffusion combustiorbafgas (CH+CQO;)-syngas (H+CO)
mixture. The opposed jet configuration is adopt8dveral compositions, oxygen
dilution level in the oxidizer stream, injection leeities, inlet temperatures and
pressures are considered. Three chemical kinetdemoGRI-Mech 2.11, GRI-Mech
3.0 and USC-GRI-Mech 2.11 are examined. The USCH@&ih 2.11 mechanism is
found to agree best with the experimental data. Chemkin code is used to achieve
the computations.

This thesis is divided into six chapters:

* In the first chapter, the definitions and the baacepts of the renewable
energy sources, flameless combustion and a systlodésthe work were
presented;

* The second chapter concerns the kinetics of NO doan in flames. The
different NO formation pathways during combustioil e recalled before
describing the detailed kinetic mechanisms usedhis thesis, then the
modeling tools used;

* In the third chapter, the technology known as FlasseeCombustion will be
discussed in more detail. In particular, we wiltdig on its different definition

proposed in the literature and its characteristics;



In the fourth chapter, definition, Characteristaosd geometry of opposed-jet
diffusion flame will be presented. The equationsatlibing the gas reactive
flows and some parameters used in combustion stwdiebe recalled;

The fifth chapter is devoted to numerical simulatiand interpretation of
results;

In the sixth and final chapter, the main conclusidmom this work will be

presented and explained.
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|.1. Energy overview

The history of humanity’s existence and energy iaseparable. Initially,
energy needs were modest and principally used featiig, cooking food,
lighting...etc. After the industrial revolution, ddaping societies quickly began using
other forms of energy. Mainly, to replace the huraad animal force for building,

transportation of various materials, movement,cadjure....

Until the end of 18th century, wood and plants espnt the world's most-used
energy sources, followed by human and animal potwaraulics, and wind power.
However, this development was not sustainable secdauded to deforestation, which
was avoided in Europe after the discovery of ctdlth the industrial age, the

introduction of machines has led to population gloand energy demand increase.

In the middle of the 19th century, the industrefalution spread in the world
by using machines and exploitation of new formsepérgy such as steam energy
(related to fire), electricity and fossil fuels ¢lading coal, oil and natural gas). The
latter is used to design autonomous vehicles tatisag their energy source
(locomotive, then cars and aircraft). In the secbaldl of the 20th century, oil became
the main source of energy, followed by natural gagthe same time, nuclear energy

and renewable energies have been developed.

However, at the dawn of the twenty-first centulg imajority of primary energy
comes from non-renewable energy stocks that aponstble for significant carbon
dioxide emissionsfigure 1.1) [1]. Only 15.7% of primary energy comes from low-
carbon sources. Among these low-carbon sourceg%domes from renewable
energies: hydropower (6.4%), wind power (2.2%)as@¢1.1%), biofuels (0.7%) and

other renewables (0.9%). The rest of low-carboneamicomes from nuclear (4.3%).
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Global primary energy consumption by source 8@
The breakdown of primary energy is shown based on the ‘substitution’ method which takes account of inefficiencies
in energy production from fossil fuels. This is based on global energy for 2019.

%
84.3% of global energy —renoman
comes from fossil fuels . 15.7%from.
(in 2000 itwas 86.1%) low-carbon sources

Coal
2/%
Nudea‘[ ‘ J \ Other renewables*
4.3% 0.9%
Hydropower Biofuels
6.4% 0.7%
Wind
2.2%

“Other renewables includes geothermal, biomass, wave and tidal. It does not include traditional biomass which can be a key energy source in lower income settings.
OurWorldinData.org - Research and date to make progress against the world's largest problems.
Source: Our World in Data based on BP Statistical Review of World Energy (2020). Licensed under CC-BY by the author Hannah Ritchie.

Fig. 1.1: Global primary energy consumption by source [1]

|.2. Energy consumption and environmental impacts

From the beginning of #0century until the present day, energy needs iserea
is almost exponential. Electricity has become tbsential source for industrial and
domestic uses. Fossil fuels are widely used despée negative consequences on
human health and the environment due to their harneimissions, such as
carbon dioxide (Cg), sulphur oxides (S£, nitrogen oxides (N¢) and other
pollutants. Global energy demand in 2019 has ise@dy less than half the rate of
growth in 2018, well below the average rate sin@@(2 This deceleration was due
mainly to slower global economic growth and the actpof milder weather on heating
and cooling Figure 1.2). There was, however, significant variation acresergy
sources, with coal showing an absolute decline rmg¢wables a record increase.
Electricity demand grew at the slowest rate sihefinancial crisis. Energy efficiency
continued to improve but at levels well below thoseded to meet the Sustainable
Development Goaldgurel.3).
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Fig. 1.2: World energy demand growth rate, 2011-19 [2]
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Fig. 1.3: Share of total primary energy demand by fuel, 209(3]

Global energy-related GGemissions remained little changed in 2019 at 33.2
gigatonnes (Gt), following two years of increas€sgre 1.4). This stabilisation
resulted mainly from a sharp decline in £@&missions from the power sector in
advanced economies. Power sector emissions fatksh#éo the expanding role of
renewable sources (mainly wind and solar PV), $uetching from coal to natural gas,
and higher nuclear power output.
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Fig. |.4: Energy-related CO2 emissions, 1990-2019 [4]

In fact, in ice age, C&levels were 180 ppm and 280 ppm in the interglacia
period. Since the beginning of the industrial @age,CQ concentration has increased
to 375 ppm. It was established that the markedeas® was the result of human
activities. The increase of G@evels in the air leads to an increase in the ratiem of
infrared radiation emitted by the sun and consetiyiem increase in temperature,

which causes climate change.

Another important reason for turning to sustainasiergy development is the
problem of energy reserves. In 1973, it was pradietthat oil reserves would last for
another 30 years, and that today these reservesilheestimated at 30 years (despite
30 years consumption), these are, however, nohmestible. Since 1980, more oil is
produced than is found each year. According to sscrentific predictions, the world
could reach its conventional oil production peakw@l035. This peak of production
should lead to an inevitable rise in oil pricesnBgable energy sources will then

become more competitive cost-wise.
|.3. Renewable energies

Energy sources are considered renewable to thentetttat they can renew
themselves quite rapidly. These energies are sorastviewed as inexhaustible on a

human timescale. There are six types of renewal#eyg.
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|.3.1. Solar energy

It can be photovoltaic or thermal. This energy barrecovered from sunlight

that is refracted on panels, thermal sensors wihaectsmit it to metal plates, that would

later heat a copper pipework systems.

a)

b)

Solar thermal energy:

To use thermal solar energy, solar panels musinbilied on the home’s
rooftop. These panels would be able to refrachéeg of the sun’s rays to permit
the heat of the carrier fluid. The heat is themdraitted to a buffer tank, which
would enable the exchange with heating deviceoorastic hot water.

Solar photovoltaic energy:

Photovoltaic solar energy is based on the photawodiffect, by which a photon
(elementary particle of light) impacts a panel cosgal of semiconductors. Silicon
is the main element in Semi-conductors. When thetgn impacts semi-
conductors it releases electrons. This reactionemgees electricity through
exposure to light. In photovoltaic energy solangda, the semiconductors are
shaped into thin layers that produce an electricect. These semiconductors
comprise the core element of solar cells Semicoidsi capture the electric

current converting it into electricity for the h@usr business.

 —)
& = O g €& O
- 1(_%“2 €= Cold water
Pump
Hot water tank

Fig. 1.5: Solar energy power diagram [5]



Chapter I Literature review

» Advantages:
- Solar energy is a non-polluting source;
- Significantly reduces electricity bills with low nmbéenance requirements;
- An inexhaustible source of energy.

> Disadvantages:

- Solar energy is subject to climatic conditiongffers good production in very
sunny areas and summer, while electricity generasioery limited in winter
and cloudy areas;

- A large area of photovoltaic panels is requiredettsure good energy
production;

- Solar panels provide optimal photovoltaic efficighar 25 years. Beyond that,

their efficiency decreases, and it is necessachémge them.

1.3.2. Wind energy

Wind energy, without a doubt, is the oldest enarggd by man, for grinding
wheat (mill) or sailing. A wind turbine allows regering the kinetic energy of wind,
converting it into mechanical energy and then glextricity.

Currently, wind turbines are grouped on wind faohseveral dozen machines.
Electricity is generated by using aero-generattia ttconvert wind energy into

mechanical energy and then into electricity.

Control system

. | = \

S i Turbine Gearbox Generator Power interface
wind Power Mechanical power Electric power

Fig. 1.6: Wind energy power diagram [6]
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» Advantages:
- Inexhaustible energy;

- Wind energy is a clean source.

> Disadvantages:
- The most favorable areas for wind exploitation iargeneral, marine areas,
coastal areas, some open plains, and some mouwma®gions, so wind energy
IS unevenly distributed in the space;
- The wind does not blow constantly, which makes wpogver an intermittent
energy source.

1.3.3. Geothermal Ener gy

Geothermal energy is the exploitation of heat stonethe sub-surface of the
earth. The utilization of geothermal resources barclassified into two categories:
electricity generation and heat generation. Theeenaany applications, according to
resources, to the technique used and to the n€kd<riterion which serves as a guide
to clearly define the sector is the temperatureotmal energy is defined as “high
energy” (above 150°C), “medium energy” (from 9QL&D°C), “low energy” (from 30
to 90°C) and “very low energy” (below 30°C).

Injection
well

5

Fig. 1.7: Geothermal Energy Power Plant Diagram [7]
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» Advantages:

An economical heating mode;

It works anywhere on earth. Even if the volcanieaar produce more heat,
geothermal energy is little influenced by the logahkther, unlike solar energy
for example;

Geothermal heating is environmentally friendly. Hpeoduction generates

very less greenhouse gas.

» Disadvantages:

Some rocky terrains are not eligible for geothereradrgy;

Installing a geothermal system is expensive;

Horizontal geothermal requires large terrain whiktical energy capture
requires deep drilling;

The profitability of the system may be observedrfrime 5th year.

|.3.4. Hydraulic energy

The first imperative is to have large amounts ofenal he purpose of dams was

to hold it. The dam impedes the natural water flemgept in the case of high flows,

which allows water to flow. Large volumes of watetlect and form an accumulation

lake. When water is stored, only need to open wateelaunch the electrical power

generation cycle. Water flows into a penstock dtega dug in the rock following

installation and take the direction of hydropowkmp located below.

Inside a Hydropower Plant

Dam Powerhouse

Reservoir
Power Lines

........ Transformer

Generator

Outflow
©2001 HowStuffWorks

Control

Gate Penstock Turbine

Intake

Fig. 1.8: Hydraulic energy power diagram [8]
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» Advantages:

The most controlled energy in the world. The faett tman has used it since
ancient times to produce energy generally andrgégtparticularly;
Hydraulic energy is clean;

The dam'’s electrical output is quite large; it eg@nts 16% of the world’s

energy production.

> Disadvantages:

The construction of a dam remains limited, reqgispecific features of
the land.

The construction of a dam has an impact on thelptpno of areas where
the dam is built, and it has an environmental intpac

The production depends on the amount of precipiati

Even if it remains rare, the risk of dam failurests, this would lead to a
phenomenal flood that likely destroys everythingvdstream of the dam.

1.3.5. Biomass energy

It includes three major families:

* Energy wood or solid biomass;

* Biofuels;

* Biogas.

These are all bio-based materials used as fuelfidat production, electricity or

transport fuels.

1.3.5.1. Bioenergy (solid biomass)

Solid biomass represents bio-based materials, wéachbe used as fuels for

heat or electricity production. These are mainlyody resources (lignin-based) of

forest-based, agricultural or urban origin, alsown as wood energy.

Solid biomass is in favor of heat production foatreg, steam production for

industrial processes, drying. It is also possiblprbduce electricity, which can also be

12
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sold to the grid: the steam generated drives striegbines that generate electricity.
However, Electricity generation from solid biomdsss low operational efficiency.

Therefore, cogeneration is mainly used to prodieetrecity in addition to heat.

Fig. 1.9: Bioenergy production diagram [9]

» Advantages:
- Wood fuel is easily available either in the formfiofwood or wood wastes;

- The cost of wood fuel is roughly 2-3 times chedpan gas and fuel oil, it is

not sensitive to currency and oil price fluctuaspn

- Wood energy technologies create local jobs becavsguires about 5 times

the labor needed for fossil energy-based technedogi
> Disadvantages:
- Low benefits in terms of lowering carbon emissions;

- To produce biomass energy, it is necessary to gceupble land and

therefore reduce agricultural production;
- Water and soil pollution;
- The impact of transportation costs;

- The unsustainable use of biomass fuels can leadstantial deforestation.

13
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|.3.5.2. Biofudls

Biofuels are liquid or gaseous fuel, produced fraon-fossil organic materials
derived from biomass, e.g. vegetable materials ywed by agriculture (beet, wheat,

maize, rapeseed, sunflower, potato, etc.).
There are two types of first-generation biofuels:

- Bioethanol: was the first fuel of plant origin exesed. It is an ethyl alcohol resulting
from fermentation of sugar or starch hydrolysig] drstillation. It can be mixed with
petrol to increase its octane index and reduceufaoit emissions. However, plant
cultivation requires large areas, the reason whyesoountries are driven to increase
farmlands by deforestation. The reduction of pollgitemissions through using

ethanol is largely offset by deforestation, whiath bot solve environmental issues.

- Biodiesel: comes from oilseed (rapeseed, sunflawdt@r pressing and refining the
seeds, the oil is mixed with methanol, to give emips close to gas oil (viscosity,
stability, etc.). Commonly known as biodiesel.Use cannot be extended to a large
scale because the amount of oil available isieglifficient to cover all the needs.

Convantional approaches

./ #}f; PP
L "'.i" Rapa oll Transesierification vegatable oil esters . i o

' ' i or blodiessl ix with L}

= Ii"' Sunflower ail ix et [.._

S

Boet
F Sugarcane =
. N = =
('*' . Fermentation
: sugars ] Mix with
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:@‘_-J. ‘_‘_' e

Fig. 1.10: Production of first generation biofuels [10]
» Advantages:

- The automobile is responsible for a significant pémir pollution in cities.

Using biofuels will contribute to the reductiongreenhouse gas emissions;

- They can be used without any adaptation of vehimhesengines.

14
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> Disadvantages:

- The production of sunflower oil is, on one handjaste of time, because the
harvest will take place only once a year and orother hand, only one part
of the plant can be harvested, so large areaseaaed in order to be able to

harvest sufficient quantities.

- Production costs are high. To quantify them, thetsf cultivation,
collection, and processing must be taken into aac&yentually, biofuels

cost twice as much as oil.
1.3.5.3. Biogas

Biogas is a combustible gas, a mixture of methamkcarbon dioxide, with a
few other components. The prefix “bio” (life) indiie where it comes from organic
materials, which release biogas when decomposiogigh the fermentation process.
Indeed, under ambient temperature and pressurgadis a gas. Chemically, it is
primarily composed of methane (around two-thirdshef total volume) and one-third
of carbon dioxide. Other substances are also presetnaces (water, nitrogen, sulfur,
oxygen, organo-halogenated elements), making & pese and more corrosive than
fossil natural gas. Finally, the composition ofdas varies in function of the nature of

waste and fermentation conditions.

District Heating

¥ 3

|

Desintegration Digester 2

Pump Pump bio-fertiliser
manures

bio waste

Fig. 1.11: The industrial process scheme of a biogas pldit [1
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» Why biogas?

The production of biogas and biomethane fits theocircular economy model
and has positive knock-on effects: local energydpeotion that cannot be moved
elsewhere, job creation, an answer to the problehow to manage agricultural co-
products, the replacement of synthetic fertilizets. Here are the three direct

advantages of mechanization:

* Repurposing of waste
Mechanization provides a use for organic wastedycimg renewable energy
and organic fertilizer. It allows the processing afy or very wet non-
compostable organic waste. It is also a way ofeachg a reduction in the

guantity of organic waste requiring treatment inestsectors.

* Reduction in greenhouse gases
According to “Methanisation in 10 questions” frondéme, every kWh of
biomethane injected into the gas grid could avd@ g of CO2 equivalent.

There are two reasons for this positive impact:

— Methanisation allows the methane produced natubgiiyhe breakdown
of organic matter — particularly livestock effluent to be captured and
utilised.

— Biogas and biomethane can replace fossil fuels sschil, coal and
natural gas, because they can be transformed &dgq Rlectricity or
renewable fuel (BioNGV).

» Digestate: a natural fertilizer
Digestate is the portion of the waste that remainke end of the methanisation
process. It can be exploited as natural fertilissr,a substitute for chemical
fertilisers. To optimise its use, a digestate plsegmrator can be used. In fact,
the liquid and solid phases do not have the saoyepties: the one is a fertiliser,

the other is a soil improver.
> Disadvantages:

- The investment cost presents the biggest obstaele dffects biogas

production.

16



Chapter I Literature review

- This energy is very promising but methanisationrhteégues are still

unknown so there is a need to raise public awasenes
» Sources

Substrates for anaerobic digestion are mainly, memaunicipal wastewater,
organic fraction of household waste and Agri-focabkte.

> Fermenters

These are the facilities where the methanisatidestgplace. It is usually
constituted by a closed tank, airtight, and prédfigrehermally isolated from the outside
wherein microorganisms coexist for chemical anddgizal degradation of organic
liquid waste and producing biogas. The choice géslier varies depending on the type

of waste and application.

Fixed-culture digesters are particularly suitalwe lfquid waste. They allow
bacteria to attach to movable support (fluidized)ber static support and therefore

increase their population.

The infinitely mixed digesters homogenize the stabst using mechanical
mixing or gas (biogas is reinjected into the tankd). They are used to treat substrates

containing more dry matter than fixed-culture diges

Plug flow reactors are horizontal cylindrical digegs. The substrate is
introduced from one side and slowly moves out whdeomposing. These digesters

allow operation with more dry matter than infinjtehixed reactors.
» Methanisation

Methanisation is a natural biological process afrddation of organic material

under anaerobic conditions. It leads to the foramatf methane-rich gas: biogas.

17
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Fig. 1.12: The four steps of methanisation [12]

Organic matter consists principally of proteins;bcdnydrates and lipids. This
complex source is initially hydrolysed into simpielecules (amino acids, sugars and
fats). These intermediate products are then tram&f® into organic acids, such as
propionic acid, butyric acid... Alcohols, hydrogemyloon dioxide and water are also

formed. This is the acidogenesis step.

The acetogenesis step allows the transformatiomonfipounds previously
formed into methane precursors, acetic acid, carboxide, and hydrogen.

Methanogenesis is then insured by two routes.
- From hydrogen and CQusing hydrogen bacteria.
- From acetate with acetotrophic bacteria.

It is estimated that 70% of methane production cofmam acetates. The first
two steps of fermentation are made by anaerobicaandbic bacteria. On the other

hand, methanogenesis is strictly anaerobic.

The temperature affects the rate of decomposingi@nic matter: the higher
it is in digester, the faster the biological prace$ methanisation proceeds rapidly.
There are three temperature levels: the psychmphlihe mesophile and the

thermophile.
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* The ancient techniques used psychrophile fermemtatelow 25°C. These
unheated installations are no longer used becausg require very long
retention times.

* Between 25 and 45°C, mesophilic fermentation alloegsdence times of about
40 days.

* Between 45 and 55°C, thermophilic fermentationvedldast decomposition of

the substrate and high gas yield.
» Biogas composition

Biogas mainly contains methane and cadomxide. The proportion of these two
gases depends on the nature of substrate, and specg#ically on the proportion
Carbon - Hydrogen - Oxygen - Nitrogen (CHON). A stnéte rich in C and H produces
a high proportion of methane. A medium-rich sulistrauch as cellulose, produces
biogas that typically contains 55% methane and 4&%on dioxide. The content of
methane in biogas varies between 25 and 70%.

Biogas production is given by the classical equetibBUSWELL [13]:

C,H,0 +< : b)HO (n+a b)CH+n a+bC0
—_——— = - | — —_— = —_—— = —_

Thus, for carbohydrates (generic formulaO) the equation gives:
2CH,0 - CH, + CO, (50% of methane)
On the other hand, for fatty substance:
2C9H,¢0, + 6H,0 — 13CH, + 5C0,(72% of methane)

In addition to methane and carbon dioxide in vagyproportions, biogas
contains small amount of sulfur compounds>§H mercaptans) and nitrogen
compounds (ammonia, nitrogen) (<1000 ppm). Tradedyadrogen, intermediate
fermentation products (alcohols, acids, esters),aitoxanes and organochlorines are
also present in biogas. This means that biogassneebe treated before using it as a

fuel.

The composition of biogas may vary depending ornctiraposition of starting
substrate, type of fermentor, and fermentation tifhable. I.1 illustrates the
composition of different biogas according to thaiigin. It should be noted that the
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source has a much stronger influence on the qualitpiogas with a methane

concentration varying between 30 and 75%.

Table. 1.1: Biogas composition according to the source.

Household cattle and sheep
waste Sewage sludog manure in fermenters Distllery
CH. (%) 50-60 60-75 60-75 68
CO: (%) 38-34 19-33 19-33 26
N2 (%) 0-5 0-1 0-1 -
0, (%) 0-1 <0,5 <0,5 -
H.0 (%) 6 6 6 8
H.S (mg/m3) 100-900 1000-4000 3000-10000 400

> Biogas properties
Calorific value of biogas

The calorific value of the fuel is the amount ohheeleased from its complete
combustion. If the water obtained from combustiondenses, the HHV (High Heating
Value) is defined. Whereas, when the water leamegapor form, the LHV (Low
Heating Value) is defined. It is obvious that thel\Hand LHV of the biogas are
proportional to its content of methane, i.e. biogaistains 70% of methane at 15°C and
normal atmospheric pressure the LHV is equal t@ $.4.7 = 6.59 kWh / #{14, 15].
lllustratively, 1 n? of methane is equivalent to 1 liter of gasolingdérms of energy.

Methane emits less G@han gasoline or oil because it has the higheStraitio.
Adiabatic flame temper ature of biogas

The adiabatic flame temperature (the maximum teatpes that can be reached
in the combustion process) of the biogas combussigroportional to its LHV, the
latter is proportional to methane contained in BsmgThat means that high-quality

biogas, high methane content, with higher LHV givegortant adiabatic flame
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temperature. For biogas, the adiabatic flame teatpe¥ can vary between 800°C and
1100°C [15] according to methane concentration imgdis. Biogas containing 50

percent methane has a flame temperature of 87®|C [1
» Recovery method of biogas

Biogas may be reclaimed in the form of thermalcteieal energy, or biofuel. It

can also be injected into the natural gas grid.

Heat recovery. combustion is the most effective process to reclhiogas.
Combustion heat of biogas can be used to genevatgdier, steam, or heat furnaces.
It is a simple process, which does not require mawgstments and that therefore pays
off rapidly. However, the consumer using biogasusthde placed in locations close to
the source. Plants treating frequently use a fsaaif biogas produced to maintain the

temperature of the fermenters.

Electricity recovery with or without cogeneration: biogas can be used to power
an engine or gas turbine that produces electrittitpay be then be reinjected into the
power grid. Cogeneration produces electricity aeadththat may be used to heat

fermentors or for other purposes.

Biogas fuel: Biogas may also be used as a fuel. Its use i®milyrlimited to

captive vehicle fleets such as intercity busesanbage trucks.

Biogas injection into the natural gas grid: the solution which offers the best
energy Yyield, if the grid is close enough to getienapoint. The injected gas should be
odorized and undergo some pre-processing to ren@®g H.S, &, HO and

halogenated compounds.
|.3.6. Hydrogen-based fuels

Currently, hydrogen-based fuels are a very impori#ternative. Unlike fossil
fuels, they could not aggravate some environmentatlems such as the greenhouse
effect because they emit insignificant amounts afoon dioxide. They are used
particularly in various energy generation systenwhsas gas turbines. They can be in
the form of pure hydrogen as in fuel cells or thenf of hydrogen-containing gas

mixtures.
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1.3.6.1. The syngas

Syngas, or synthesis gas, is part of hydrogen-bfasdsl which is not a primary
energy source such as natural gas or oil but cardzhiced from a wide range of raw
materials containing carbon and hydrogen. It isralwustible gas mixture created either
by gasification of plants biomass or waste prod(zasbon-based) pyrolysis. It is lean
gas (two times less on energy than natural gasy, tixic, corrosive acid if it has not
been carefully purified. It is derived from a complchemical reaction, characterized
by the first step of gasification by pyrolyzingganic matter (wood or coal), in presence
of an oxidizing agent introduced in insufficientagities, enough to allow combustion,
a little bit just to be complete. This reaction gwoes a gas consisting of a mixture of
condensable and non-condensable gases, a typesidiuak wood charcoal; the

marketed synthesis gas is produced by the secaskpdf thermal decomposition.
» Why syngas
The syngas has several advantages:

- It can be produced from a solid or gaseous raw nadite

- Itis renewable;

- It allows to get rid of waste instead of storingrtiy

- It can be used in centralized or decentralizedggngeneration systems and

cogeneration systems;
- It releases less pollution than conventional fuels;

- Finally, several derived products can be obtaimemnfsyngas, such as

methanol, ethanol, hydrogen, lubricants and evemrpaceuticals and wax.
» Syngas production

Syngas can be produced from many sources, explatrptoduction does not
necessarily depend on fossil material; it may akls@roduced from waste materials or
biomass gasification. It will only be generatednfreenewable resources in the future.
The syngas is produced by different process narpalyial oxidation, gasification and
auto-thermal reforming (ATR). These methods empésy feedstocks petroleum

residues, coal or biomass. The choice of syngadugtmn process depends os/ €O
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ratio at the outlet of the reactor, purity of proguhe capacity of plant, availability of

resources, and cost.
» Gasification

Gasification is a thermochemical transformationt tltansists the heat
decomposing of carbonaceous solid fuel (coal, bgghan the presence of gaseous
reactant (carbon dioxide, water vapor then oxygenfa obtain a combustible gas
mixture. The gasification reaction occurs undey\egh temperature conditions (over
1000°C). The synthesis gas obtained at the enlédcalyngas”, is mainly a mixture of
two combustible gases: carbon monoxide (CO) anddygh (H).

> Principle of biomass gasification
There are four main stages in the gasification ggec
Drying phase, integrated or not in gasification reactor,

Pyrolysis phase, which produces volatile materials (CO, £®>, CHs, H2Ovap
and hydrocarbons gas called "tars") and coal, uthdegffect of heat and in the absence

of an oxidizing agent,

Combustion phase, also called partial oxidation, which by injectiohoxidizing
agent (air, @ H2Ovap) Oxidizes the volatile substances, produced duttiegpyrolysis
phase, and sometimes part of coal. This phase pesdhe heat required for the whole
process and destroys the tar fraction.

Gadification phase, also called reduction, is closely linked to themdustion
phase, which converts, by complex thermochemicaitiens, coal (carbon) into fuel

gas rich in CO and #talled "synthesis gas" or "syngas".
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Biomass Feed

Combustion Zone

Air
Reduction Zone

Ash

Fig.l.13: Downdraft fixed bed gasifier [17]
» Syngas composition
The following table shows composition of gga

Tablel.2: Syngas composition.

Substance Composition (%)
H> 20-40
CcoO 35-40
Co 25-35
CHa 0-15
N2 2-5

» Recovery method of syngas
There are different operating modes are possibdasification:

- Generation of heat in afterburning boiler and eleity in a turbo alternator

group (integrated gasification or first generafpvacess),
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- Production of synthetic gas as a substitute fannahtgas or industrial gases,

in furnace systems (dryer, cooking oven, etc.),

- Production of purified synthesis gas cogeneratiothermal engines or gas
turbines, for optimizing the generation of eledtyic(second generation

processes).

To achieve characteristics compatible with thesygoply constraints of internal
combustion devices. In the latter two cases, thgay produced should be cooled and

purified before being using as fuel for enginegas turbines.
|.4. Flameless combustion overview

The use of hydrocarbons is expected to continuéncoease, despite its
disadvantages, because of its benefits and plrapplications. Combustion
installations are key sources of greenhouse gassems and diverse types of air
pollutants such as carbon monoxide (CO) which @arse harmful effects on human
health (difficulty breathing, dizziness, tiredness.nitric oxides (NO), which is toxic
at low doses (mucosal irritations) and may be comdbiwith water to form nitric acid
(HNO3), responsible for acid rain. While nitrous oxidé¢-Q) is one of the major
greenhouse gases. During the combustion of hydsonar NO is formed according to
three main mechanisms, namely: thermal-NO, whithdsnain formation pathway for
temperature above 1700 K; Fenimore-NO, also caheninpt NO, active at lower
temperatures and fuel-NO which is related to thresg@nce of nitrogen in some fuels
[18].

In every combustion system, the main objectives tarereduce harmful
emissions, improve efficiency, decrease fuel congion and find a clean renewable,
sustainable and low-cost replacement. Such taoget®nly be met by using forms of
available renewable energy produced from biomalss.latter is found abundantly in
nature and can substitute traditional energy saurcénhe future [19]. It has long been
known that mud swamps generate combustible gasxianmm of methane, hydrogen
sulfide, and carbon dioxide). In 1630, Van Lemouarfd that fermentation of organic
matter could emit flammable gases. In thé t8ntury, Volta identified methane as a
fuel component. In Europe, the first applicatiohamaerobic digestion appeared in the

mid-nineteenth century with the first purificatistations. Major problem linked to
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biofuel combustion is their LCV (Low Calorific Vai) [20, 21], which gives a weak
and unstable flame [22]. Unfortunately, the biofuepgrading process by removing
impurities such as CQand HS remains very costly [23]. However, all thesel¢ss
can be bypassed by applying flameless or MILD (Matieor Intense Low-oxygen
Dilution) combustion technology [24]. The latternche easily powered by LCV
biofuels and oxidizers diluted by carbon dioxidecsiit is naturally present in biofuels
[25].

MILD combustion is one of the new technologies gesd to increase thermal
efficiency, it is stable with low temperature amesies gradients [26] and emitting
very few pollutants (CO and NO). It reduces fuahsiamption and emissions such as
nitrogen oxides, carbon monoxide and unburnt hyahtwans [27, 28, 20]. In MILD
combustion mode, reagents are diluted by combusgtioducts in a high-temperature
environment [29, 30]. This technology is also kndwri-Lameless OXidation (FLOX)
[31] and Colorless combustion [32] since no flaseisible. To obtain FLOX regime
it is necessary to dilute fuel and / or oxidans jey a strong recirculation of flue gas
before reaction [33-36]. Besides, for the MILD ragi, reactants injection temperature
should be higher than the auto-ignition temperadditee mixture. Also, the maximum
temperature increase due to combustion must berldhen the auto-ignition
temperature of the mixture [37]. This can be opstdby the recirculation of hot
combustion gases to preheat reactants and dilutezex [26]. Flameless combustion
has been mostly applied in furnaces and boilersnidustrial use, particularly in the
metallurgy field [38, 39].

Several studies were attracted by flameless or MibBbustion of biofuels. In
a lab-scale furnace, Hosseini et al. [20] pointatitbat to meet flameless mode, the
walls of the combustion chamber should be heatdasily by high calorific value fuel
such as Chkland then the system can be switched to bioga®ftsms combustion mode.
It is noticed that in biogas flameless combusttbe,temperature inside the furnace is
uniform and lower than the traditional mode of £hhdeed, hot spots are eliminated,
CO and NQ formation recorded are very low, and thermalxNQppressed. For high
concentrations of C&n biogas, flameless combustion products, heaaagp rate of
radiation, and absorption capacity are enhanceghdw different priorities of biogas
flameless combustion compared to conventional mddeseini et al. [40] investigated
numerically effects of oxidizer temperature andgety concentration on non-premixed

turbulent biogas flameless combustion. A tridimenal CFD study has been

26



Chapter I Literature review

performed, ke model was used to model turbulence, Eddy Dissipatlodel (EDM)

to handle turbulence-combustion interaction andva $teps global mechanism of
Westbrook and Dryer to describe combustion kinefite biogas was composed of a
volume of 60% C@and 40% CH. It was found that NOformation is reduced in
flameless mode due to the elimination of hot s@oid a low level of oxygen. In
addition, entropy generation was minimized sineetdmperature was uniform inside
the furnace. The effect of dilution agent on biogag-fuel combustion performance
was considered by Liu et al. [41]. Two diluents g&veompared namely: G@nd HO
with various oxygen concentration and preheategé&zature of oxidant. It has been
found that it is prudent to sustain the MILD oxyeficombustion regime under GO
moderation condition than 2@ moderation. In addition, performances of such
combustion regime under the® moderation operation was more sensitive to ogidiz
preheating temperature and oxygen concentratiahelsame context, Mehregan et al.
[42] considered numerically the effect of oxygemaentration, preheating diluted
oxidizer temperature, and type of diluting specie$NO, emission of biogas flameless
combustion in non-premixed configuration. Biogasviarmed by volumes of 60%
CHs and 40% CQ whereas oxidizer (composed by 5%, 7% and 10%xypden) was
diluted simultaneously by NCQO, and preheated (to 900 K, 1100 K and 1300 K). It
has been found that an increase of xN€nission is more sensitive to oxygen
concentration than preheating air temperature. &@issions were slightly influenced
by dilution species, whereas, it was reduced bydiNition rather than C® Under
distributed combustion conditions, Murat S. [43% mumerically investigated thermal
field distributions and pollutant levels of the Rpremixed biogas flames. Predictions
were based on PDF/mixture fraction combustion mddelkstandard turbulence model
and P-1 radiation model. It has been shown that & CO emission levels were
reduced by both high mixture temperature and deereoxygen concentration in the
oxidizer. It was also demonstrated that a moreoumfthermal field emerged when
oxygen concentration decreases.

Several research studies demonstrated that thicadadi hydrogen to methane,
biogas, and other &4 hydrocarbon fuels enhances flame stretching eesist
enlarges stability limits, increases flame temperaand total heat transfer rate. Under
MILD conditions, the effect of hydrogen addition turbulent non-premixed CHH>

jet flame was numerically studied by Mardani et[d#l]. Three fuel mixtures were

27



Chapter I Literature review

considered (5%KH95%CH;, 10%H-90%CH; and 20%H-80%CH;). The combustion
kinetics were described by the DRM-22 reduced mashaand the Grimech 2.11 full
mechanism. The Eddy-Dissipation-Concept model wsed uo handle turbulence-
chemistry interaction. Results showed that an ss®eof hydrogen in fuel decreases
the mixture fraction, strain rate, and radial vélpcThe addition of hydrogen to
methane increased mixture ignitability, enhancedrétte of heat release, and led to an
elevated level of OH, C¥D, HCO, and higher reaction intensities. At conistanflow
oxygen level, hydrogen addition to methane increds®h turbulent kinetic energy
decay along the flame axis and flame entrainmeantohtrast, for a constant hydrogen
volume, an increase of co-flow oxygen level decesdlame entrainment and turbulent
decay. Sheng et al. [25] studied the effect of bgdn addition to biogas under MILD
oxy-fuel combustion in counter flow configuratio®xygen concentration and
preheating temperature in the oxidizer stream wearged. It was shown that the
addition of high amounts of hydrogen was not nergsisito fuel blends under MILD
oxy-fuel combustion using small LCV biogas, whiclbstly consists of C& A lower
preheating temperature and oxygen concentraticthenoxidizer flow are better to
sustain the MILD regime for hydrogen-enriched beogambustion. In an experimental
study, hydrogen addition’s effect on combustiomiity, adiabatic temperatures, soot
emission, and impingement heat transfer of biogasunter-flow diffusion flame have
been investigated by Zhen et al. [45]. Differeninpositions of biogas under different
levels of hydrogen addition (5% to 10%) were coesed. Results show that the flame
stability of biogas can be enhanced by the addiioa small amount of hydrogen to
fuel. Comparison of CHCO, and CH-N. flames at the same >Hconcentration
indicates that biogas flame shows a lower stablilityt due to the presence of GO
Under identical volumetric flow rate, the GIN> mixture has higher flame
temperatures and greater soot emission than biflgawe. Heat transfer at the
stagnation point is increased by hydrogen additiom, to a high flame temperature at
a higher level of hydrogen addition. While the Lbi@at transfer rate is lowered because
hydrogen has lower energy content per unit volumae the substituted biogas. Effects
of CHs content in biogas, Hvolume and @ enrichment levels on heat release
characteristics of non-premixed biogas flames wgardied by Jun li et al. [46]. It was
found that maximum combustion temperature and ewattion rate of biogas increase
with increasing Chklcontent in biogas, hydrogen volume, and oxygegsltevMameri

et al. [47] studied numerically the effects of lasgcomposition, hydrogen enrichment
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and oxidizer dilution on flame structure and enassiin counter-flow diffusion flame
under the MILD regime. It has been stated that dgeln enrichment and oxygen
reduction in the oxidizer decrease@ CO, OH and NO emissions. The flame
temperature and species production, excepting &Qlexreased by the chemical effect
of CO, available in the oxidizer stream. For high amowit€O, in the oxidizer, the
chemical effect of C@becomes negligible.

Recently, syngas consisting principally of hydrogew carbon monoxide was
used as renewable and sustainable hydrogen s¢d&;&®9]. Synthesis gas is a mixture
of combustible gases; it is characterized by slgmition delay time, high burning
velocity, and adiabatic flame temperature [48]. Saral. [50] studied numerically and
experimentally the effects of fuel composition,gmare, and strain rate on combustion
and NQ characteristics of syngas non-premixed and pbrtpakemixed counterflow
flames. Results show that stable flame can be fdrover wide ranges of strain rate,
syngas compositions and equivalence ratio in ateoflow configuration. Safer et al.
[51] investigated numerically the structure of sgagliffusion flame and NO formation
pathways over a wide range of hydrogen volumeaschsgsipation rates, and operating
pressure from 1 to 10 atm. It has been noticed frioat hydrogen-lean syngas to
hydrogen-rich syngas fuels, maximum flame tempeeatincreases for scalar
dissipation rate values lower than the intermedvalee whereas decreases at higher
values. In addition, thermal NO is found to be phimcipal source of NO formation.
The latter increase with increasing hydrogen cdnéerl pressure. Also, at a lower
strain rate, the authors found that hydrogen-ngigas flames produce more NO while
NO levels increase towards hydrogen lean syngameBaat higher strain rates.
Investigation of oxygen-enriched syngas laminanterflow diffusion flames showed
that flame temperature and NOx formation were audete by increasing oxygen
volume [52].

In the MILD combustion regime of syngas, Huangl ¢b&-55] investigated the
effect of fuel injection velocity, air preheatingmperature, and pressure in an axially
staged combustor. It was found that higher secgnélegl injection velocity was
beneficial for rapid fuel-oxidizer mixing, flamefthoff height increasing, flame
temperature lowering, more uniform thermal fielagd gower NQ emissions, but higher
pressure drop and CO formation [53]. Moreover, &igair preheating temperature
increase flame peak temperature and M@mnation but decrease CO emissions. While

the increase of equivalence ratio resulted in high@x but lower CO emissions [54].
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They also investigated numerically the effect @ fiype and pressure on threshold gas
recirculation ratio, before designing the MILD comstor. Results show that pressure
has only a slight influence on inlet temperature self-ignition temperature of MILD
combustion of the mixture. In addition, an increa$gressure decreases OH mole
fraction, resulting in a delay in the oxidation pess [55]. Mardani et al. [56] performed
a numerical simulation to clarify the effect of mgden concentration in two fuel
mixtures of syngas and methane/hydrogen mixtuhespkygen concentration in the
oxidizer stream, and the velocity of the fuel Jete RANS approach was adopted with
EDC combustion model using Grimech 3.0 and DRM+&haical mechanism. Results
show that the volume of the high-temperature coiidmusregion increases with
hydrogen addition. While low oxygen concentrationtie oxidizer results in more
proximity to MILD condition. Indeed, syngas is maensitive to hydrogen addition
than methane, which makes hydrogen as an adddiggrigas better to reach MILD
condition.

As seen, N@ emission depends on operating conditions and flame
configuration. It has been demonstrated that inMdombustion regimes, thermal NO
is implicitly reduced by lowering flame peak temgteire. The other pathways may also
have a crucial role in the formation of NO, naméignimore-NO, also called prompt
NO which is activated at temperatures below 180th& NO-intermediate, NNH, and
NO-reburning route. Several studies have been ateduo analyze N©Oformation
mechanisms and pathways in MILD combustion using/BHmixtures. Galletti et al.
[57] studied numerically and experimentally the M@nation in a lab-scale burner fed
by hydrogen-enriched fuels under MILD conditiongv&al chemical combustion
kinetics were considered for instance KEE 58, DRMdnd Gri 3. The authors found
that NNH and NO-intermediate pathways are the dominant sourcé82oproduction
for MILD combustion of CH/H2 mixtures. In a numerical/experimental study, Sepma
et al. [58] considered transition to the MILD corshan of a co-flow diffusion flame
of CH4/H> mixture. Mechanisms Gri 2.11 and Gri 3 were useddmputations, the
results showed that prompt route is dominant ininamco-flow diffusion flames in
transition to MILD combustion regime. In a laborgtscale furnace, Li et al. [59]
investigated experimentally and numerically the fdfnation in MILD combustion of
CHa/H2 mixture. The combustion mechanism Gri 2.11 wasl usedescribe kinetics.
The authors reported that for a leansH mixture,$ <0.8, NO-intermediate followed

by NO-reburning are the dominating routes in NOmfation. Hydrogen addition
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enhances NNH route and depresses prompt one keapistant global NQemission.
Increasing oxygen improves® route and decreases prompt and NNH ones. Glgobally
at rich conditions, prompt route dominates NO patdun however MO-intermediate
route controls under fuel-lean conditions. In aerdgcpaper, Wang et al. [60]
investigated numerically a jet flame of @H2. Kinetics of MILD combustion was
described by Gri 2.11 mechanisinwvas found that under MILD conditions {& 3%,
Tox=1300K and 12% b, the most important contributior=(50%) to the total NO
emission results from thex®-intermediate route, followed by the prompt30%)and
then the NNH routex 20%), while the contribution of the thermal route ighgible.
However, when oxygen increases, the thermal reuahanced. Furthermore, for high
hydrogen contents, the contribution of the NNH eotid the total NO emission
increases while those of the®tintermediate and prompt routes both decreasa. In
more recent paper on jet flames in MILD mode, Shal.61] conducted a numerical
study on the effect of diluent on NO formation. TBd 2.11 was considered three
diluents were studied, namely>NH.O and CQ. It is found that dilution by kO and
COe reduced NO significantly, which is due to theigthithermal capacities. The®-
intermediate route is found to prevail in caseslibftion by HO and CQ; whereas,
thermal and prompt contribute mostly in case gliution. In counter-flow diffusion
flames, Cheong et al. [62] studied numerically éfffect of oxidizer dilution by C®
and HO on MILD combustion of CiHl Many combustion mechanisms were compared,
namely Gri 2.11, Gri 3, GDF and San Diego. The agttobserved that NO emission
is ultralow and dominated by-N-intermediate mechanism when dilution is practiced
by CQ. Moreover, prompt and thermal paths predominateDMN,. A numerical
study of the effects of Haddition and @mass fraction on NCformation mechanism
was conducted by Ghufran et al. [63]. Detailed deahkinetics scheme (Gri 2.11)
was considered in MILD combustion of hybrid fuelHfH>) blends. It was further
shown that H addition enhanced NNH route while decreasing ptamgte and MO
intermediate pathway whereas thermal NOx routeimsgnificant for lower @ mass
fraction of 3% and 6%.
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Chapter II
Mechanisms of NQ formation

[1.1. Introduction

The role of nitrogen oxides in air pollution, besatof their toxicity and their
contribution to the formation of photochemical smbgving been demonstrated in
recent years, concerns were expressed about atimdun chemical emissions
(industries using HNg) and specifically of thermal origin, by far the shamportant.
Indeed, it was not until that Haagen-Smit [64] disered the key mechanism
responsible for the formation of photochemical spag found for example in Los
Angeles, Tokyo, and others: atmospheric reactidwdsen unburnt hydrocarbons and
nitrogen dioxide in presence of ultraviolet light.

The mechanisms of nitrogen monoxide (NO) formaiiocombustion has been
studied in 1966 when imposition of regulations veastimulus for research. The
unpopularity of NO is due to its influence on theahnanisms of formation of fog and

acid rain.

The research on the formation of nitrous oxidegNis due to the ozone hole.
In 1985, a report from NASA (National Aeronauticgle&Space Administration of the
United States) mentioned a sudden and significactedse in stratospheric ozone
concentration, over the South Pole. Since 1986ntbehanisms responsible for the

formation of NO during combustion have been studied.

Studies on nitrogen oxides (MPare therefore relatively recent on the timeline
of scientific discoveries, and most of them ref@i more or less constrained desire
to reduce the harmful aspects of the industrial &tpavever, some researchers [65]
now think that plants can be survived or adaptetthénfuture despite increasing NO

levels and decreasing ozone concentrations.

Pollutant emissions control is important in the igesof new combustion
systems. The MILD combustion is capable of emittiagy low quantities of pollutants,
in particular nitrogen oxides (N§) carbon monoxide (CO) and unburnt hydrocarbons
(HC). This applies for configurations that operat&h non-premixed [31] and
premixed [66] injection.
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[1.2. Effects of nitrogen oxides on human’s enviroment

[1.2.1. Designation of NOx

From a chemical point of view, nitrogen oxides @N@clude all compounds
of empirical formula MOy with an oxidation state varying from | a V; conueqg
industrialists, only nitrogen monoxide (NO), nitesgdioxide (NQ) and sometimes

nitrous oxide (NO) are recognized under this name.
[1.2.2. Human toxicity
[1.2.2.1. Nitrogen monoxide (NO)

It is the principal component of nitrogen oxidesd ats formation process has
been the most studied. However, its toxicity is mail understood because it is
naturally oxidized at ambient temperature to nieroglioxide in the atmosphere. It is
therefore very difficult to estimate its effectslmmmans. However, it is causing mucous
membrane irritation. The maximum permissible cotration of NO recommended in
the industry is 30 mg/#{67].

11.2.2.2. Nitrogen dioxide (NQ)

Nitrogen dioxide is a reddish-brown gas at highosmtration and yellow brown
at a lower concentration. At 5ppm, it has a pungeldr. It is an irritant gas with a
strong oxidizing character. Direct adverse effeots humans mainly concerned
respiratory functions [68]. Exposure to MOr 15 minutes at a concentration more than
5ppm can result in acute respiratory distress &mdr cough, and irritation of the
respiratory tract. Continuous exposure may resudtn abnormal accumulation of gas

in bronchi (pulmonary edema).
[1.2.2.3. Nitrous oxide (NO)

Nitrous oxide is a narcotic (laughing gas) at hdgses. It was used at the
beginning of the century as an anesthetic. Howewes,of its main features is to be a
greenhouse gas that causes global warming. Nitoaide also participated in the
destruction of stratospheric ozone, which absorbstrof ultraviolet radiation that

causes human immune system dysfunction, and mdydezancer [69].

33



Chapter II Mechanisms of NOx formation

[1.2.3. Environmental effects

Nitric oxide (NO) and nitrogen dioxide (NDplay a role in the formation of
acid rain and this could have a significant impant soil and groundwater. This
acidification increases the solubility of heavy aigtand thus constitute a danger to
human health. Acid rainwater is held to be largegponsible for acidification of rivers
and solils, leading to the disappearance of cestaimal species and soil depletion [70].
In addition, these gases patrticipate in the foromatif ground-level ozone (it extends
from the ground up to a variable height of appraatiely 14 kilometers above sea level)

following the Chapman cycle [71].

NO, - NO+0 (11.1)
O+0,+M-0,+M (11.2)
0;+NO —>NO,+0, (11.3)

Where M is a third body, which carries off excessrgy.

The concentration of ozone {0in the atmosphere, which is irrititing to

respiratory tracts, has increased from 30pgorb0pg.nt in twenty years.

Nitrous oxide (NO) is the third most influential greenhouse gapaesible for
global warming. The greenhouse effect is necedsargll life on the Earth. It keeps
the average surface temperature of Earth at 1%edsdtelsius [72, 73]. Without this
greenhouse effect, the average surface tempenatwriel be —18 degree Celsius if all
radiation emitted by earth would back into spacecokding to EPA [74], the
contribution of NO to global warming is around 7% of total emissid@arbon dioxide
80%, Methane contributed 10%, and others emisgldRE€s, CFCs, S, 3%.

In addition, nitrous oxide absorbs radiation arapsrheat in the atmosphere,
where it can live for an average of 114 years, atng to the EPA [75]. BD can float
through the troposphere (15 km altitude) and caareflore reach the stratosphere
(altitude between 15 and 50 km) where it contribiitethe destruction of stratospheric
ozone (the ozone layer). The latter is importantite on earth because it absorbs
harmful ultraviolet radiation coming from the swhich can cause cancer and immune

system malfunctions.
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[1.3. Kinetics of nitric oxide formation

Reaction Mechanisms responsible for the formationitoogen oxides, which
are produced by combustion, involve various stabieé radical species and hundreds
of elemental reactions. To reduce Némissions it is necessary to understand these

mechanisms.
[1.3.1. Overview of NOx formation process

During the combustion process, nitrogen monoxid®)Ns formed from

molecular nitrogen (B present in the air or from nitrogen atoms presgefel.
Several mechanisms are available to describe theatmn of NO:
- The thermal NO formation mechanism (or thermal-NE&Jdovich (1946) [76],

- The Fenimore NO formation mechanism (or Prompt-N&Bnimore (1971)
[77],

- The NO route, Malte and Pratt (1974) [78],

- The NNH route, Bozzelli and Dean (1995) [79],

- Finally the NO mechanism obtained directly fromlf(feuel-NO), Fenimore
and Jones (1961) [80].

In our study, we focused specifically on biogasgasmixture flame, without the

fuel-N additives. Therefore, the fuel-NO mechanismot more detailed in this work.

[1.3.1.1. The thermal NO formation mechanism

The thermal NO mechanism is given by Zeldovich 948 [76]. This is the
simplest mechanism that accounts for the nitrogenaxide formation of molecular
nitrogen of air (via =N bond breaking and formation of nitrogen atomisjs based

on the following three reactions:

O+ N, > NO+N (11.4)
N+ 0, o NO+0 (11.5)
N+OH o NO+H (11.6)

As its name suggests, thermal NO formation is jigdmperature-dependent,
so the hotter the combustion, the more NOXx is farifie>1800K). This is due to the
high activation energy (315 kJ/mole) of the limgtireaction, the reaction (I1.4), which
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results in high dependence of NO production rateemperature. Therefore, the kinetic
data for high temperature are required to accaurthis mechanism. Furthermore, the
importance of this mechanism may also be correlf@edtoms and OH radical

concentrations in flame. This is shown by seveuthars [81, 82, 83] who observed
that concentrations of O atoms and OH radicals vedmeormally higher than the

equilibrium value in flame. To reduce thermal N@e tflame temperature should
therefore be decreased, residence time, and/ocedtie oxygen concentration in the

flame front area.
11.3.1.2. The prompt NO formation mechanism

Prompt NO formation was introduced by Fenimore9i1L[77].This formation
begins in flame fronts where concentrations of bgdrbon radicals GHi = 0, 1, 2)
are the highest. The formation of NO is dominatgdhe initiation reaction between

the methylidyne radical CH and the molecular nitmo@f air N:
CH+ N, & HCN + N T

The energy barrier of this reaction is lower thiaat the reaction (11.4), the NO
resulting from the prompt route is formed more dapat a given temperature. This
route is sensitive to the equivalence ratio of riigture. Indeed, the excess of CH
radicals in the case of rich flame favors the fdraraof NO-prompt compared to the

case of stoichiometric mixture where the Zeldowiobchanism is more active.

Although the link between the methylidyne radicedgent in flame front and
NO has been established experimentally by sevethbes [84, 85]. The NO-prompt
mechanism has been the subject of widespread e@nsyowhen it was first proposed,
as the initiation reaction, corresponding to thectien between CH(X2?P) radical and
N2 molecule producing the HCN molecule and atomicogin N{¢S), is a spin-
forbidden reaction. Nevertheless, numerous studie® conducted on experimental
and theoretical determination of the reaction catestant, assuming that the products
were HCN and N [86, 87, 88]. Miller et al [18] paged the first detailed mechanism
of nitrogen chemistry including the Fenimore patizwmased more commonly by the
combustion science community. In this mechanisra, itiitiation reaction produces

hydrocyanic acid, HCN, which then reacts with atomxygen:

HCN +0 o H + NCO (11.8)
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Other products are formed from HCN in smaller giii@stsuch as CN or NH:
HCN + 0 < OH + CN (.9
HCN + 0 & NH + CO (o).
CN radical produces NCO via:
CN + 0, & NCO +0 (L
CN + OH & NCO + H (ny2
In an oxidizing environment, NCO leads to NO and W@®reactions:
NCO +0OH & NO +CO+H (1.13)
NCO + 0 < NO + CO (1.14)

This NO-prompt sub-mechanism has been integratedthe most detailed
mechanism that exist: Lindstedt [89], Dagaut [90nnov [91], GRI-Mech [92] and
GDF-kin® [93] with some adjustments of constantspezially that of initiation
reaction:CH + N, & HCN + N

In 2004, Miller et al. [94] highlighted the impontee of the theoretical work of
Moskaleva et al [95], which showed that the prodwétthe reaction between CH and
N2 are NCN and H and not HCN and N.

In 2006, the new initiation reaction of NO-prompH + N, & HCN + N has
been integrated for the first time into the dethilkinetic mechanism GDF-
kin®3.0_NCN [93].

In 2007, Harding et al. [96] proposed a velocitymwstant based on ab initio
calculations using a different theoretical appro@om that Moskaleva et al work [95].

Theoretical calculations of Harding et al [96] h&dpexplain the experimental
results obtained in shock tubes by Vasudevan E4l. The value obtained by Harding
et al [96] for reaction velocity constafitf + N, < HCN + N is different from that of
El Bakali et al. [93] at low temperature. Lin et [@8, 99] performed theoretical
calculations of NCN oxidation reaction constantgolming OH, O, Q and NO.
Currently, these are the only theoretical datalmse constants apart from current

estimates proposed by Glarborg et al. [100].
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Subsequently, several researchers worked on impiiémgethe NCN pathway
into existing reaction mechanisms to simulate d#ifé types of flames (premixed flat

flames or diffusion flames).

Regarding the GRI-Mech3.0 mechanism, several stutige been carried out.
(Sutton et al [101, 102, 103], Gersen et al [104ik et al [105], Klein- Douwel et al
[106], Sepman et al [107, 108, 109]). These authoggest that the study of NCN sub-
mechanism is necessary to improve the predictioN@f However, pointed out that
the lack of data on NCN chemistry does not allowobading on initiation reaction and
the value of reaction constant. However, the astpoint out the importance 6H +

N, & HCN + N reaction on NO formation.

In 2009, Konnov has revised the fifth version of imechanism [91]. The new
version of his mechanism (version 6) [110] showeddyagreement between the
predictions and different experimental data for &l@ NCN profiles [ 101, 102, 110,
111, 112].

For the GDF-kin®3.0_NCN mechanism, Lamoureux e{Hl3] adjusted the
rate constant of initiation reactiatH + N, & HCN + N of El Bakali et al [93] by
simulating NO and NCN profiles. In particular, ratstant for consumption reaction
of NCN (NCN + H <& HCN + N, NCN + 0, & NO + NCO, CN + NO & CN + NO
andNCN + OH < HCN + NO) have been optimized relative to the NCN profdes
to the works of Zhu and Lin [98, 99, 114]. A goagteement was found between CH,
NCN and NO measurements, and the new version dtikimechanism GDFkin
®3.0_NCN. In addition, the authors measured NCbwatpressure [113, 115, 116],
NCO [117] and HCN [118] thereby optimizing NOx chstry.

However, the reaction rate constants of prompt-N®reechanism are always
affected by a high degree of uncertainty; thisas only a rate constant of initiation
reaction but also all those concerning NCN oxidatibypically, the only species that
are used in the confrontation of experience-mauagliio validate the prompt-NO sub-
mechanism in flames are CH and NO species. Ceytanhck of quantitative data on
other species such as NCN, NCO, HCN, CN, NH...andtdienknowledge of rate
constants of reaction involved are seen as impedmigrstanding the mechanism of
the prompt-NO formation in flames. However, as wesntioned before, recent studies

on direct measurement methods for NCN [103, 108, 115, 116] were conducted at
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low pressure or atmospheric pressure. These staldiepermit to obtain fundamental,
guantitative measurements for the validation ofréection mechanism. However, to
our knowledge, no measurements have yet been ntdughapressure for nitrogen
species other than NO.

[1.3.1.3. NO formation via N20-intermediate mechanism

The mechanism of formation of NO via @Qintermediate pathway was
evidenced by Malte and Pratt (1974) [78], followthgough on the work of Lavoie et
al. (1970) [119]. This mechanism, relatively insfgrant for stoichiometric and rich
flames, played a significant role in the formatiohNO in lean flames [78]. This

mechanism includes the following 5 reactions:
Ny +0+4+M e N,O+M (11.15)

Where M is the collision partner

N,0 +0 & NO + NO 16)
N,0 + 0 & N, + 0, (T
N,0 + H & NO + NH (1.18)
N,O + H & N, + OH (1nyo

Other reactions involving XD may be considered in chemical kinetics
calculations. As with the NO-thermal mechanisms thiechanism is sensitive to OH
and O concentrations in flame front [120]. The is@h partner (+M) present in the
reaction (11.15) reflects its dependence on presslinus, we can see the contribution

of mechanism increasing at high pressure.
11.3.1.4. NO formation via NNH mechanism

Bozzelli and Dean (1995) [79Foposed a new mechanism of formation of NO
via the NNH route. The NNH is first formed from tiheaction between molecular
nitrogen and the hydrogen atom. The product of idéction is then attacked by an

oxygen atom O:
N, +H & NNH (o

NNH + 0 & NH + NO (hp1
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This work has been picked up by Hayhurst and Hatdn (1998) [121] which
measured NQconcentration profiles in a flat flame 0b/M2/N2> and CH/O2/N2. The
results showed that this suggested route is reggerier NO formation especially in
rich mixtures, with temperature below 2100 K. Treaction may be important in the

flame front where the concentration of oxygen atasrtggh.

When measuring the emissions of nitrogen oxides ftlee various combustion
devices, it is useful to define an indicator allog/idirect comparisons. This indicator,

called EING (as the Emission Index of NQ) is defined by the following formula:

EINOX _ mass of nitrogen oxides produced (g) (| | .22)

mass of burnt fuel (kg)

This index has the advantage of not taking int@antthe dilution of combustion
products and thus allows an unbiased comparisaheoemissions of the different

installations. It is calculated from the compogsitiaf the fumes.
11.3.2. Kinetic mechanisms used in this thesis

[1.3.2.1. Gas Research Institute mechanisms

11.3.2.1.1. GRI-Mech2.11

The Gas Research Institute mechanism GRI-Mech2akld&veloped in 1996
by Bowman et al. (1995) [122]. It is an improvedsien of 1.2, to which are added the
nitrogen chemical processes and NO reburning (addivof 102 reactions for 17
species). The four NO formation mechanisms areuded. For prompt-NO
mechanism, proposed by Fenimore (1971). The imhateaction iSCH + N, <

HCN + N and the reaction rate constant is: k = 2.875 X

20400

8 1.1 _
10°T exp( —

)cm3.mole‘1.s‘1. The mechanism GRI-Mech2.11 thus

contains 277 elementary chemical reactions of 48isp. It has been used for methane
and has been validated with results obtained iw fleactors, in a perfectly stirred

reactors and on low-pressure flames (< 1 atm).
11.3.2.1.2. GRI-Mech3.0

The Gas Research Institute mechanism GRI-Mech2]0A8s released in 1999
and replaces the GRI-Mech2.11 version. It cont8@5 reversible reactions and 53
species. It includes the oxidation of @hd G hydrocarbons, reduced kinetics of
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propane oxidation and a sub-mechanism for NOx ftiomaincluding Zeldovich

mechanism (1946), Fenimore mechanism (1971) (tie canstant for initiation

reaction isk = 3.12 x 10° 7988 €xp (— 2(;1;’0

)cm3.mole‘1.s‘1), [60, 63]. This

mechanism was developed in the combustion of metrard natural gas. It is

optimized for temperature conditions between 102600 K, the pressure between
1.3 kPa and 1 MPa, and the equivalence ratio bet@egeand 5. It has been validated
under many experimental conditions: Shock tubesy fleactors, and laminar flames.
The GRI-Mech 3.0 mechanism is now a reference nmeshmafor simulation of

methane combustion.
[1.3.2.2. USC Mech I

The USC Mech Il is composed of 111 species and@aetions, it was released
in 2007 by Wang et al. [123]. This mechanism appicea wide variety of combustion
scenarios, incorporates the recent thermodynamietik, and species transport
updates relevant to high-temperature oxidationydféigen, carbon monoxide, ang-C

C4 hydrocarbons. This model was developed based on:

e An optimized reaction model ofz2HCO combustion

* GRI-Mechl.2 and 3.0

* A comprehensive reaction model of ethylene andysaet combustion
* Reaction mechanism ofz@uel combustion

» 1,3-Butadiene oxidation at high temperatures.

Also, the rate parameters of CO+OH, OH+#0d CO+HQ were updated from
more recent studies. Rate parameters of seveialai@ G reactions were
reevaluated. The oxidation model of benzene al@ne was included. The reaction
model was subject to validation tests againsthdiab/CO/C-Cs combustion data.
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Chapter 111
Flameless combustion

[11.1 Introduction

To improve the energy efficiency of a burner, ipessible to transfer heat of
burnt gases to fresh gases: this is the principleegenerative burners. However,
increasing the temperature of reactants has atdinggact on nitrogen oxides
formation. New technologies have been developeaveycome this drawback with
varying degrees of success. These technologiasd@dxy-fuel combustion process,
which has the major advantage of not emitting ggrooxides, since nitrogen from the
air is absent. Another method, known as staged oetidnm, is used to reduce NOX
emissions by limiting residence times at high terapges or by promoting the
recombination of nitrogen oxides with hydrocarbadicals. Other methods exist, such
as Selective Non-Catalytic Reduction (SNCR) ande&ele Catalytic Reduction
(SCR), which are based on injection of particulaeroical species into combustion
products to induce nitrogen oxide reduction reactid®espite the range of technologies
available to industry to reduce pollutant emissjomost of these methods cause
significant operational and/or installation codist can also be done to detriment of

overall efficiency of configurations.

In 1989, the flameless combustion is known undex #tronym FLOX
(FLameless OXydation) [31]. It is defined as a costlon regime for which no flame
is visible, stable, with very low temperature geads and emitting very few pollutants
(CO and NO). It is then shown that the fundamewtaidition to obtain FLOX
combustion regime is to dilute the fuel and/or @ed jets with a strong recirculation
of flue gas before reaction. Following this workistcombustion regime was mainly
developed in industry before becoming the subjécteveral studies by academic
research laboratories [124]. Flameless combussianw recognized as one of the most
advanced combustion technologies to reduce thatpalis and fuel consumption. This
regime is particularly interesting for industriafopesses requiring homogeneous
temperature field, mechanical stress monitoring)egation of low noise and low
instabilities and being subject to evolution ofcitNOx emission standards. There are
many potential industrial applications of this tydeombustion regime: glass furnaces,

metallurgical furnaces, refineries, gas turbines...
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Various terms have been used to describe combusystems operating in the
flameless combustion regime; which indicates tbaate there is no rigorous common
understanding of this regime. To clarify this, st important to go over different
definition proposed in the literature, and to elshlithe fundamental characteristics of

combustion regime, which called in this manusclipimeless” or "MILD".
[11.2 Flameless combustion Phenomenology

Generally, in large-scale furnaces, high heat duigureleased and high
temperatures are obtained in gases and walls. @suaoh installatiofFig.I11.1), when
the conditions are suitable, there is a chandedrlame regimeyhich can be observed
directly. From a clearly identified luminous zomerresponding to mixing zone for a
conventional flame, to an invisible flame, as shawiig.I11.2. In such regimethe
pressure fluctuations become negligible, the atouksturbances are reduced very
significantly and the temperature becomes more lg@meous. The temperature peak
disappears, its values in burner ranges from 10G06°C400°C. The walls of such
installation, usually made of refractory bricksdenthe effect of the high heat, begin
to radiate intenselyAs a result, by increasing the size and uniforrofthot zones, the
radiative transfers are greatly improved. Finalthe formation of pollutants,
particularly nitrogen oxides, is greatly reducetiegual power, depending on the mode
of operation (conventional or flameless), the &tare reports variations in the
production of nitrogen oxides ranging from 1 to(tH approximately, depending on

whether one is in the conventional or flameless enod
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Fig. 11 1. Schematic of furnace gas recirculat{@25]
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Conventional Flame - 1.5 MW Diluted Flame - 1.5 MW

Fig.l1.2: Comparison flame/flameless firing natural gas - Ctgbt furnace [126]

Research has followed several pathways to obtawn pollutant emissions
furnacesOne of them was discovered at the beginning olakedecadef the 20th
century, simultaneously and independently by sédff@rent teamsThis innovation
is "flameless combustion”, a name consecrated ageaidapanese and German
researchers currently dominate this research thaltt|yugh other nations have also
made serious efforts in this ard&e various discoveries made are all going in émees
direction, nevertheless bear different names.

— Flameless combustion or flameless oxidation, tbim@nclature is prevalent in
the Germanic world. It has given rise to the taploi a series of patents and
became a trade name [127The complete designation of "FLameless
Oxidation", which is a trademark of the company W&irmetechnik, is
"FLOX".

— Moderate or Intense Low oxygen Dilution (MILD) coodtion. It uses low
oxygen levels. This name is more widely used blaltascientific community
[128].
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— High Temperature Air Combustion (HITAC)his designation is used primarily
in Japanese environments and is also a trade name.
— Highly Preheated Air Combustion (HPACI; is also from the Japanese

scientific community. It also resulted in the fgiof a patent.
These last two names are the property of the Té&a® Company.

The transition from conventional to flameless madenot immediate.ln
particular, there is a period, during which opemticonditions are established in
furnace, during which a furnace is the site of @mional combustion. When

conditions are right, the transition from one te tther is done by itself.
[11. 3 Conditions for obtaining the flamelessregime

There is abundant literature on the existence ©f pihenomena, and on its
characteristics. However, there remains a lacklafitg concerning the conditions,
which led to its appearancgll the observations were made in furnaces withrttedly
insulating walls, and relatively hot. Thereforeg tontainment of the enclosure seems
to be an important characteristieurthermore, in all cases, the reactants are dirong
preheated, suggesting that the temperature isvapp important.The fact that a
considerable heating time is necessary beforermmbtasaid regime, suggests that the
installation must be sufficiently close to therraguilibrium before being able to switch

to the flameless modeleat losses are therefore important.

The confinement used leads to the creation of sed@hamber, from which only
part of fumes, is extracted. Therefore, a largeppriion of burnt and hot gases are
permanently located in the enclosure, which, by ttii@vement, mix with fresh gases
near their injection poinThe movement of burnt gases is called recirculatiue to
their temperature, the exhaust gases will passéfliiax movement, near the walls and
thus heat them by convection and radiatisiter reaching the vicinity of the fresh gas
injection zone, the fresh reactants will be simétausly mixed and heated by the
exhaust gaslhis mixture leads to dilution of active speci@egarding this mixture, it
is agreed upon that these movements decreasetémsity of the chemical reaction
which would contribute to a thickening of the réastzone. Therefore, Recirculation

seems to have a crucial role.
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[11.4 Flameless Combustion Characteristics

MILD combustion permit to achieve very low levefsitrogen oxide emissions,
even with preheating combustion air, when the egdstare diluted by combustion
products in in a high temperature environment. Maayyers include both experimental
and numerical studies; deal with combustion systepexating under this principle
although referenced under different names. Geryefilmeless combustion has one or

more of these major characteristics:

* Invisible flame;

» High combustion efficiency;

» Low temperature gradients;

* Reductions in combustion noise;

e Zero or low NOx and CO emissions;

[11.4.1 An overview of termsused in literature to describe flameless combustion

Different denominations of flameless combustionimey are mentioned in
literature.Tablel 1.1 summarizes the main terms, and fundamental cleaistots used

to define the combustion regime.

Even though a general definition of flameless costibu is yet to establish, there
is a fundamental relation between each of the diefins. Particularly, in flameless
combustion, the recirculation of combustion produdilutes the reactants prior to
combustion, resulting homogenization of temperafigld and reduction of pollutant
emissions. For ease of reference, the terms “flesselcombustion” or “MILD

combustion” will be used throughout this manuscdmaptharacterize this process.
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Table.lll.1: Various names given to flameless combustion.

allows the self-ignition of

mixture

Acronym Properties Reference
MILD No singular points on S-[129]
curve (T as a function af
Damkdhler).
Reactants injection [37]
temperature higher than
the auto-ignition
temperature of mixture.
The maximum
temperature increase due
to combustion should be
lower than the auto
ignition temperature of
the mixture.
Temperature fluctuations| [130]
in flow under certain
criteria.
Flameless/colorless No flame is visible. [31, 131]
HITAC Injection air temperature | [132]

[11.4.2 Light emission

One of impressive properties of flameless combusit able to manifest a
particular light emitting mode. Indeed, under certeonditions of temperature and

reactants dilution, the flame front is no longesibie fig.111.3). Wunning et al [31]

define flameless combustion based on this criteriamflameless oxidation (Flameless
Oxidation or FLOX Combustion). More recently, Kha&t al. [133] and Arghode et al.
[134] also described this regime as CDC, Colof@issributed Combustion. However,

the light emission is not zero. Instead, it becomtess intense than the light emitted
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from the heated walls of the combustion chambeis iBldue to species dilution, which
implies a decrease in concentration of most lighitteng species (especially CH* and
C2* radicals) [32]. It also bears noting that sopneperties of flameless combustion
regime (low temperature gradients, low nitrogerdesiemissions) can be achieved by

distinguishing the reaction zone.

LPG only (a)

LPG/N: (55/45 by mass) ((=)]

NG/N, (67/33 b ; - —
i ™ I W™

LPG/N: (46/54 by mass) (c)

LPG/N; (38/62 by mass) ((=)]

Il
n
i, S

Fig.l11.3: Sequence of instantaneous images of NG and Lir@dustion with increasing N

NG/N; (50/50 by mass) (c)

dilution in a laboratory-scale combustion furnade=(3mm). The dashed circles represent

reaction patches (Szego et al, 2007).[135]

Therefore, in an overall context, the definitiortloé flameless combustion based
on visual appearance of the combustion procesgathier inadequate.

111.4.3 Reactants preheating

One of the major advantage of flameless combustiamduction of nitrogen
oxides emission, even by preheating the react&reheating of reactants (usually
oxidizer) allows fuel economy, increasing thernféteency and ensuring combustion
process, in particular by promoting self-ignitiobhis has the effect of stabilizing
combustion without any other means (pilot flameirlswjection, etc.).
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Reactants can be preheated externally, by heatiagtants before they are
injected into the combustion chamber, or interndlyrecirculating hot exhaust gas to
reactants. When air preheating is very importaatsiki et al [136] define the Highly
Preheated Air Combustion (HPAC). Similarly, wheaatant dilution is significant,
Cavaliere et al [37] identify HITAC combustion fldigh Temperature Air Combustion.
In this configuration, auto-ignition controls congbion in combustion chamber. The
concept of air preheating is also intervened indénition of MILD combustion, an
acronym for Moderate or intense low oxygen dilutias defined by Cavaliere et al
[37].

It is important to note that this definition of MILcombustion assumed that air
is preheated externally. However, in many configare, the preheating temperature
does not exceed the auto-ignition temperatureg{i&airculation and reactant dilution
of the reagents provide the heat required for catidwn stabilization and ensuring
flameless combustion process. In addition, it lesshown that flameless combustion
could be achieved without preheating of reactaitspugh this case is not interesting
for industrial applications [31, 135]. Finally, should be noted that preheating of
reactants is not exclusive to flameless combustiamge number of configurations
operate with preheating to achieve a better effiyewithout reaching flameless
combustion regime. In fact, the preheating of r@atst, whether internal or external, is
a key component of MILD combustion in the sensé th& combustion regime is

operating at higher reactant temperature.
I11.4.4 Recirculation of combustion products - Dilution of reactants

A fundamental aspect of flameless combustionadalv temperature gradient.
This is achieved by diluting reactants and combuspiroducts. The dilution can be
carried out later via a pre combustion (the dilugcteated by an additional combustion
before entering the configuration) or directly imetcombustion chamber, (the diluent
is created in the combustion chamber). Obviouslifictent internal dilution to obtain
a flameless combustion regime will depend on thedamamics of the combustion
chamber, its geometry and conditions of movememintjties at fuel and oxidizer

injections, intended to ensure wide recirculationes.

The dilution by combustion products allows to hoemage the temperature

inside the furnace and to avoid hot spots in thekagstion chamber. This directly
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reduces formation of nitrogen oxides. From a texdinpoint of view, the dilution of
reactants is made by mixing fuel and oxidizer witmbustion products before reaction
zone. The main effect obtained is that temperajuadients are less important than in
conventional combustion. Due to preheated air tigacand the lower flame
temperature, the temperature gradients are algeatsd significantly. However, this
technique requires precautions: dilution shoulditwee before burning pure reactants.
When dilution exceeds a certain threshold, the dl@ss combustion regime is reached
[31]. Instead, if dilution is not favored or ifig too late, combustion can be conventional
or unstable. This can be illustrated by plotting bcations of combustion zones as a
function of furnace operating temperature and cetation factor which is the ratio
between the gas mass flow entrained by all jatg ( and the sum of airi{,) and fuel
mass flows(%nf) in the dischargek,, = m,. /(mf + m,). Fig.l11.4 Note that in this
diagram, the flameless combustion regime musttsdaound by straight line when the
operating temperature becomes higher; in this ¢hegyollutant production explodes
and the risk of getting off the flameless combustimde is increase#ig.l11.4 clearly
shows the paramount importance of dilution, andrefioee recirculation, on

establishment of a MILD combustion regime.

Dilution requires large zone heat release and l@amperature thermal

fluctuations [138], is a key element to be congdein modelling flameless
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Finally, dilution providing heat to reactants byuting them: the reactants are
preheated before combustiofig.l11.5 shows the MILD combustion regime as a
function of the recirculation rat, and temperature of the reactants. The flameless
combustion regime can then be distinguished asganee that operates at high
temperatures of diluent and at relatively low oxygentents (direct consequences of

recirculation / dilution).
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Fig.l11.5: Schematic of different combustion regimes (Raoe&ky, 2010) [139]
[11.5 Stability of flameless combustion regime

After outlining the characteristics of the flamelesombustion regime, it is
important to focus on current knowledge concersiagpilization mechanisms of MILD
combustion before discussing modelling issues aiteo this regime. The parameters
controlling the stability of flameless combustiam &till under consideration. This is
mainly due to fact that the extrapolation of cosas obtained for a given
configuration (operating conditions, geometry.a)a general case is difficult. In a
conventional non-premixed combustion, combustiabiszation can be achieved by
various means: flame trap, pilot flames, swirlsemirculation of hot gases close to the
injection system [140]. In flameless combustione thurners facilitate chemical
reactions downstream of flow by slowing down thactants mixing or by increasing

the local strain rate. For this purpose, high r@atdiemperatures and high dilution rates
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are necessary to stabilize the combustieiy.(11.4). Mixture control inside MILD

combustion chamber is therefore of paramount inapae.

Studies dedicated to stability of the highly dithimbustion regime have been
carried out at different scales, on various configjons. The chemical structure of
laminar flames subjected to the differentdNution level was analyzed by Payet [141],
by calculating the one-dimensional opposed jet predh flames with detailed
chemistry. These calculations highlighted the intgraee of dilution on flame velocity,
flue gas temperatures and flame thicknesses. lora necent study, Min et al [142]
examined the effect of air injection dilution byriaus diluents in laminar diffusion
flames. They have isolated the effects of physieaabal properties of diluent, which
they showed that it is responsible for flame extorcfor a certain level of dilution,
from pure dilution effects, which is responsibleflame length changes. Subsequently,
this study was developed for various aerodynamiditmns. Min et al [143] and
Mastorakos et al [144] analysed the extinction ténaf opposed jet turbulent flames
for injections of reactants diluted by combustianducts. In this study, the authors
show that combustion stabilization can only be e if the temperature of reactants
increases with dilution. In addition, when the temgture of exhaust air exceeds a
certain temperature, an auto-ignition phenomenorursc and combustion is
maintained, even for very strong flame stretch. [Ht&er corroborates the findings of
Darabiha et al [145], who observed similar behav@muhydrogen-air flames for which
the oxidizer temperature have been varied. FinalRyechelmann et al [146]
investigated the influence of dilution of air angeF injections with different diluents
(Ar, N2 and CQ) on extinction limits of methane-air diffusion file. They were able
to discriminate the effects of temperature increalseeactants from the effects of

dilution and to demonstrate the importance of cositfum of diluent on flame structure.

Although, not all of the studies mentioned havenbéesigned to simulate
flameless combustion process, they help to highliggabilization of combustion

process when reactants are diluted and preheated.

The analysis of the MILD combustion stabilizationdomplex configurations
(confinement, heat losses, high Reynolds numbera3 mainly focused on the
influence of recirculation rate\dntroduced by Wunning et al [31]. They estimaiat th
flameless combustion is only stabilized at an ajpegaemperature that is sufficiently
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high (over 1100 K for methane-air combustion) anictairculation rate higher than,K
= 0.3. Outside this zone, combustion is consideredventional and stable for
recirculation rates below 0.5, whereas it is urlst@tbame puffing, flame extinction,
etc.) for intermediate Kvalues. To characterize the transition from cotieeal
combustion to the flameless combustion regime (basethe visual appearance of
flame), Cavigiolo et al [147] conducted an experntaéstudy on a confined cylindrical
burner. They varied the recirculation rate by myidij the temperature of the injected
air or by diluting the main air jet with nitroge@avigiolo et al [147] investigated an
experimental study on the enclosed cylindrical burihey varied the recirculation
rate by changing injected air temperature or bytihiy the main air jet with nitrogen.
For methane combustion, the authors showed thavith® combustion regime was
established for Kvalues exceeding 4 for operating temperatureseabd00 K. Effuggi
et al [148] extended this study on the use of wbffié fuels. Finally, it should be noted
that since the recirculation rate I§ related to the ratio of fuel oxidizer injectiedio
combustion chamber, some authors have discussedstddglity of flameless
combustion according to this ratio [135, 149].

In short, this section has provided a rapid revigiwcurrent knowledge on
stabilization mechanisms of the flameless combnostiegime. While no final
conclusions were reached, the studies availabtéariterature showed that certain

parameters can play important role in simulatiothaf combustion regime:
. The dilution of reactants and the compositionfierature of diluent;

. The aerodynamics of jets and chamber.
[11.6 Modeling issues

The MILD combustion regime is still poorly undermstb in complex
configurations. Indeed, there is still much undatia regarding stabilization
mechanisms or local flame structure in this regiies poses major modelling issues,

which we will describe in this section.

. Dilution of reactants by combustion productsis inain key establishment and
stabilization in MILD combustion and this poses omaproblems. First, reliable

prediction recirculation zones and their interactwith fresh reactants is essential.
Therefore, reliable modelling of combustion procasd of mixing in the chamber is
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utmost important. In the latter, it is interestih@t simulations with RANS formalism
(Reynolds Averaged Navier Stokes) have shown stifonigations on prediction of fuel
jet dilution [150]. Studies have focused on thiohpem analytically [151] or
experimentally [152]. Moreover, two parallel pherema become apparent during
recirculation of combustion products. Recirculatimay cause a simple dilution, a
change in composition and this without heat inpldwever, dilution of the reactants
by exhaust gas can be done with energy input thiatlvange the reactivity of mixture.
This coupling is extremely problematic since tirgknown a priori in which order these
processes are carried out. Moreover, this phenomesncoupled with thermal losses,
which will greatly influence the energy historylmirnt gas pocket. Ultimately, dilution
can have multiple effects depending on recircutatiate and heat loss. It is vitally
important to characterize all possible chemicaetries for different scenarios.

. Most the systems operating in a MILD combustiondey excluding gas
turbines, operate with separate injection of funel exidizer. Fuel and oxidizer jets can
be mixed only after being diluted. That represantadditional problem insofar, where
the turbulent combustion model should take intmanta mixture of three fluids (fuel,

oxidizer, diluent).

. Then, combustion reactants takes place, the embwwombustion model is
supposed to reproduce the evolution of thermochelmvariables of interest, such as

temperature or pollutants.

. Combustion systems operating under flameless ostidm conditions aim to

transfer a maximum amount of heat from hot gasea toad. The heat losses by
conduction-convection and radiation are very imgairt Therefore, a good prediction
of temperature fields, pollutant, and stabilitycoimbustion regime depended on good

prediction of heat losses through walls and byataatn.

. After combustion reactants, a portion of the ext@as, which may have been
affected by different degrees of heat loss, retates upstream of the flow. The flow
aerodynamics must be sufficiently well definedapttire the correct recirculation rate.

The latter depends on the amount of injected regetnd on chamber geometry.
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[11.7 Applications

[11.7.1 Furnaces

Industrial furnaces are the only current industaglplication of flameless
combustion, especially in Japan. The fuel usedtaral gas or methankleat losses
due to heating materials reduce the flue gas testyer and the uniform temperature
obtained is a good advantage for these applicatibms materials are heated in line,
pairs of regenerative burners or self-regenerdiiveers are installed in parallel along
the production lingFig.I11.6 and Fig.I11.7). Another way is to use radiant tubes:
flameless combustion takes place inside and thestuhdiate towards the charge

(Figurelll.8). Their shape allows the recirculation of flue.gas

TA

Heating pattern

Figll1.6: Line heating with pairs of
burners. [136]

w15% of FLUE GASES FLUE GASES
Al

FLUE GASES

NAT.GAS

_ g OUTLET
INLET

Fig I11.7: Line heating with self-

regenerative regenerating burner. [126]
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Single-ended
radiant tube

P-tube

Recirculating

double-P-tube

A-tube

Fig.l11.8: Different types of radiant tubes with flue gasiradation. [153].

[11.7.2 Future applications

There are many signs of hope for production oftat@ty from flameless gas
turbine.Unlike a furnace, it is more difficult to lower tHmal temperature by heat
losses significantly, which is why Guogiang et[ab4] achieve premixed flameless
combustion rather than with separate reactanttiojecrherefore, the temperature is
fixed byequivalenceatio. The flameless regime is obtained closéeceixtinction limit.
The necessity of dilution of reactants change amrably the geometry of the
combustion chamber. In the experience of Guoqiamd §54], the injectors encircle
a central cavity that recirculates flue gagy(l11.9). This experiment takes place under
nominal pressure of one bar, the phenomenon aehglessures remains to be studied
for application with real turbines. In additioh,should remember that the injection
temperature of premixed combustion should not loehigh due to the risk of self-

ignition and flashback.
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Fig.l11.9: (a) Photograph of the fuel injectors and (b) Tagwwof the burner with the central
cavity. [154]

Another application is directed to the vehicle isgly, more specifically hybrid
diesel engines. This is called a Homogeneous Chaogepression Ignition (HCCI).
The main setting is self-ignition because it isassary to ensure the combustion of the
mixture in each cycle. In addition, it is possilite uselow calorific value fuels.
Therefore, these engines could work with biofuéts, example. The difficulty in
producing these engines is due to the high depeedehthe auto-ignition time on
pressure, temperature and mixture [37]. An on-b@amiputer is required to adjust

these different setting according to engine speed.
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Chapter 1V
Geometry, equations, and strategy of numerical calculation

V.1 Introduction
This chapter will be organized into three parts:

In the first part of this chapter, the definitiameCharacteristics of opposed-jet diffusion
flameare presented.

In the second part, we will define some parameteesl in combustion studies, including

the strain rate which is necessary to study lanfiaares.

In the third part, the equations describing the igative flows are recalled. These
eguations can be divided into balance equationstriibdynamic equations, chemical kinetics,

transfer phenomena, thermal flux, and transpopnetes.
V.2 Geometry

The diffusion flame involves many physical phenomewhich are mutually related.
The opposed jet configurations are particularlyl seited for the study of these flames, for both
laminar and turbulent flow$ndeed, cylindrical symmetry or axial symmeatiows restricting
the study to a plane phenomen@mn centerline, the radial floef the mean stream is zero,
which allows having a one-dimensional phenomenfothe study is limited to this particular
line. Finally, on this line, and in the vicinity of théagnation point, the velocity field is

particularly simple, since it is potential flow.

A picture and schematic of opposed jet flame ateezed by aligning two burners
verticallyopposite each other, as showrrigure 1V.1. In the reactive case, the fuel is injected
at the first side while the oxidizer, which is uligair or pure oxygenis injected at the second
one.The jets can have different temperatures to prommiterg. The two burners are separated
by distance d, which is generally proportionalite tiameter of each jet. The flame takes place

between the two burners in the zone between fukbaidizer.
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Stagnation plan Flame front

<« d

7

Oxidizer
side

Fig1V.1: The counterflow non-premixed flan(geft) picture [155]; (right) schematic.

IV.2.1 Characteristics of opposed-jet diffusion flame
Opposite jets, have several interesting charattexighat facilitate their treatment:

* The velocities of two jets can be taken in a waat the stagnation plane, corresponding
to flame, is in the middle between the two nozzles.

» Itis possible to compare two different opposedyatems if the global strain rate is the
same, despite the difference in boundary conditions

* The opposite-jet configuration is axisymmetmdjich facilitates numerical simulation
by decreasing the mesh size amdimizing computation time.

» The cylindrical coordinates can be chosen for dat@n.

* In the stagnation plane, the axial velocity is elts O regardless of radial coordinates.

* This configuration permits examinations of all pbks cases of variables such as
composition, injection velocities, strain rateggsures, chemical mechanisms,...

Most of these characteristics have been highlightelastorakos (1993).
V.3 Choice of primitive variables

Combustion involves multiple species reacting tigtomultiple chemical reactions. The
Navier-Stokes equations apply for such a multi-sgse@ulti-reaction gas but they require some
additional terms.

First, the mass of species k is defined by:
my, = n Wy (IvV.1)

Where W, andn,, are respectively the molar mass and the numberotds of species k.
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As a result, the total mass of gas in a given velyhis:

m = YN, my (IV.2)
Where N is the number of species in the reactingure. Similarly, the total number of moles
n is equal to:

n =Y n (IV.3)

This latter definition leads to the expression lo¢é tmean molecular weight of the

mixture:

1
W = ;Zﬁ:l nka IV(4)

Species are characterized through their massdre}fy or their molar fraction&, for

k =1 to N where N is the number of species inrdaeting mixture:

Y, = 2k (IV.5)
X, =% (IV.6)

The two relations (IV.5) and (IV.6) automaticallgnfy the expression (IV.7):
Yhe1Ye = Xh=1 X =1 (IV.7)

The passage from one parameter to another is &ifollowing relation:
w

The molar concentrationk@s the number of moles of species k per unit v@uthis

the quantity used to evaluate kinetic rates of abalhneactions:

C, =% (IV.9)

_VT

The density of species k is defined by:
Mk
Vr

P = (IV.10)

Where \tis the total volume of the mixture. The total matancentration C and the density

of the multi-species ggsare deduced from the two previous relations:

60



Chapter IV Geometry, equations and strategy of numerical calculation

C=YN_,Ck (IV.11)

p = Xi=1Pk (IV.12)
[V.3.1 Strain rate

Opposed-jet counterflow diffusion-flame is usedtést the flammability limits of
different fuel/oxidizer systems. It is one of thepglest configurations in which the extinction
of diffusion flames can be measured or simulatedinEtion occurs when fuel oil and oxidant
flows exceed a certain limit. An intuitive interpaséon of this phenomenon is that the flame is
blown out when chemical reactions cannot happeckfuio maintain a bath of reactive species
to counteract the flow of injected reactants. Tiange in extinguishing condition with
changing fuel composition is an indicator of thaatévity of each fuel mixture. The extinction
condition may be characterized by fuel and oxidilmwrs that cause flame extinction.

To quantify the extinction limit, a fundamental qtity is used, namely the velocity
gradient upstream of the flame, or strain. Thisngity allows different types of flames or
compositions to be compared. Strain rate is insuaoft inverse time, for this flow in this
configuration and under differential assumptiof® éxtinction strain rate is proportional to
overall reaction rates. For counterflow flame, $tr@in rate is the maximum velocity gradient
along the axis of a jet on the oxidizer side ofdtagnation plane, which usually occurs upstream
of flame.

Two expressions corresponding to different asswnpton output velocity are proposed
to estimate the strain rate based on the composaiml flows of two jets. If the strain rate
calculated ignores chemical effects and temperatamation, it is called global strain rate it is
defined by:

a=— (IV.13)

Where V is the velocity of the fuel and oxidizetsjeand d is the distance between the ducts.

Two cases for the flow geometry are typically emtered experimentally. If the two
jets are formed from long straight tubes with natalctions, the axial velocity profile at the
tube exit as a function of radial position folloawgparabolic proflle, which produces a radially
diverging flow downstream of the tube exit. Thisfiguration is often modeled by imposing a
potential flow solution as the boundary conditiiran the other hand the axial velocity proflle
is radially uniform across the tube exit (usualbhi@ved experimentally by screens or by
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converging nozzles), the flow does not diverge dstvaam of the tube exit, and is modeled as
plug flow. In practice, flow fields have been fouttdbebetween these two idealizations for

both converging nozzles and straight tubes [158],15

The strain rate for the parabolic case is givenhayformula (IV.14) which represents
the solution of potential flow, in which the straite is uniformly distributed from tube outlet

to stagnation plane, whose position is given byréh@ive momenta of the two jets:

a = 2UQy [1 + UFy, PFu ] (M)

2
d qu Pox

where a is the strain, u the mean axial velocityhattube exit (the centerline velocity is 2pl),
the gas density, and d the tube separation. Spisdfu and Ox refer to fuel and oxidant,
respectively. In the case of plug flow, Seshadd ®lliams [158] have derived the following
expression for the velocity gradient near the safign plane:

_ 2(uox) ujzc'upFu
a-2eeyy [hon (1)

To characterize the strain rate in the absenceaai elocity measurements, Puri and
Seshadri [159] derived an expression given belowastion (IV.16), based on assuming a
large Reynolds number and a thin mixing layer. Havelaser-Doppler velocimetry (LDV)

measurements showed that this expression couldpsedict the strain rate by a factor of two

[156].
_ 2|upyl lurul |PFu
a =2 [1+|qu| /—p()x] (IV.16)

V.4 Balance equations

Balance equations for reacting flows translate tbeservation of mass, species,

momentum, and energy.

Total mass balance:
2L+V.(pV) =0 (IV.17)
It represents the continuity equation for reactive inert flows. In expression (IV.1f)js the
total density and V the velocity vector.

For 1D axisymmetric geometries and at steady stagantroduce a stream function in

the form¥ (x, ) = r2U(x) was introduced [160], which satisfies the contipaiquation:
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2 (rpu) + = =0 (D8)
5 (oW + 5 (pvr) =

Where x is the axial coordinate, r is the radiardinate,u is the axial velocity depends on X,

andv is the radial velocity varies linearly in r.

The stream function is described by

¥ = rpu=2rU (IV.19)
or
_o _ _ 23U
oo = TPV =T — (IvV.20)

The temperatur€ and species mass fractionare also functions of alone. Using a small
Mach number approximation, the thermodynamic pmesgus constant throughout the flow

field, but pressure gradient terms still appeahéamomentum equations.

Mass balance for the speciesk:

PEE+ V. (pYiVp,) = o K=1,2,0veeen... N (IV.21)

Equation (IV.21) is the conservation equation fehamical species. In this expressign,Vy,

andw, arek" species mass fraction, diffusion velocity, ancttiea rate, respectively.

Momentum balance:

a —_
pSi+p(V. VIV = —VP + 3, pifi, (IV.22)

P=pl+0 (IV.23)

The variablef,, designates the external force per unit mass aotikd] species antis the unit
matrix. P is the pressure tensor, it includes the intertrasses due to the pressprand the
viscous stress tenséf. As a function of these variables, the conservagiquation of (1V.22)

becomes:

0
p+p(V VIV = =V, — V. I+ T_, pYifi (IV.24)

Von Karman [161], recognized thdt and other variables should be functionsxainly, we
define
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G(x) = —% and U(x) = ”2—“

For which continuity reduces to

au(x)

Under this hypothesis, the perpendicular (x-dicggtmomentum equation writes:
d (UG 362 d d (G

In equation (IV.26), the quantities are only a fiime of X, so from the equation of
continuity,p andu must depend only ox
Consequently, from energy and species equatioasdYk should also depend only on

X. The constanitl is an eigenvalue that satisfies the perpendica@nentum equation

H =222 =constant (IV.27)
r or
Energy conservation equation
9 _
'Da_i +p(V.V)e ==V, —P: W+ Ei; pYiVp, fic . (Iv.28)

Where e is the specific internal energy, is the heat flux, and (;) the tensor product. By
introducing the specific enthalpy h of the mixt¢hé.30), and using the momentum equation
(IvV.24), the energy equation is written then:

oh 0
pE+pUﬂWh=—Vq—H=VV+2ﬁﬂpﬁ%J}+£+(VVﬁL (IV.29)

h=e+§ (IV.30)

Equation (1V.29) is a result of the principle ofnservation of energy. This equation and
the expression of enthalfpyas a function of absolute temperatlirand mass fractions, (T,
Yi, Y5, ........,Yy), allow obtaining a conservation equation of energyterms of the
temperaturd.
If we take into consideration radiation losses aedt produced by combustion, the energy

conservation equation is written:

ar 1 d

ar p ar 1 . 1 . _
pua - aa(la) + azk CPkVDkYka + C_ka hkwk + aQrad =0 (IV31)

Radiative losses are modeled by the “opticallytimedia approximation. In this model, the
radiation emitted from other parts of gas is nealbsorbed by the local gas; the latter limits the
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heat loss only to the exchange between the gatharslirrounding environment. This model is
adequate for framelet radiation since high tempeeategion in the framelet is rather thin. For
relatively low computation coast, this model is thpaccepted for practical purposes. Optically
thin model was used in conjunction with flameleprgach in opposed jet flames, it was
validated for several fuels and mixtures of biofupl7, 51, 162, 163, 164]. Heat losses in
optically thin model are given by:
Qraa = 40p X; X; a;(T.* — T/ (IV.32)

With o is the Stefan Boltzmann constant (5.678 %), T, is the temperature of the radiating

substance]y is far-field temperaturd? is the gas pressurk; is the speciesmole fraction and
a; is the Planck mean absorption coefficient for gggec This coefficient is given in a
polynomial forma; = ¥; ¢;T* andc; are numerical factors given for each species fpegified
temperature interval. The Planck mean absorpti@fficaents adopted are those computed by
RADCAL program and available in Sandia site [16%jese coefficients were validated in
opposed jet flame [166, 167]. The radiating gasepegies considered in this study areaCH
CO, CQ and HO.
The balance equations governing reactive gas neigtdid not form a closed system. It is
necessary to add:
» The thermodynamic relations express different tloetynamic quantities such ps
h, ... as a function of state variables.
* The chemical kinetics relations that give the egpi@n of production rate as a
function of state variables.
« The transport relations that express the diffusieiocity v, , the heat fluxg and
the pressure tenséras a function of velocity, of state variables, p, Yi, and their

gradient.

These relations will be detailed in the next sectisfter that, the system will be closed
and the computed variables are the densitiie mean velocity, the thermodynamic pressure

p, the mass fractions of the chemical spe¥ieand the temperatuiie
V.5 Thermodynamic variables

A thermodynamic study of the system aims to findtreermodynamic equilibrium,
relations between state variables. In this stuty gas is considered ideal, the equation of state

is written:
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pVr = nRT, (IV.33)
WhereT is the temperatur® = 8.314 J/(mole K) is the perfect gas constant.
The specific enthalpy of mixture is expressed as a function of the specific enthafp
speciesh;, by the relation:
h=YN_.Y.h (IV.34)
Assuming that gas is perfect, the specific enthalpgs a function of temperature is given
by:
he(T) = hye(To) + J; €, (TAT’ (Iv.35)
To make practical use of eq (IV.34), it is necegsardefine a standard reference state. We
employ a standard state temperatiye= 25°C (298.15 K), and standard state pres$yre,
latm (101.325 Pa), consistent with the Chemkin [168}l dASA [169] thermodynamic
databases.
Heat capacity at constant pressure as well ascheatity of species k at constant pressure

Cp, Ale written:

an
=G (IV.36)
Cp = Xi=1YkCp, (IV.37)

From equations (IV.34) and (IV.35) and using expi@ss (IV.36) and (1V.37), the enthalpy
of mixture h is given by the following relation:
h = 3Ny Yiehio(To) + [, cp(T)dT’ (IV.38)
Similarly, specific entropy of mixtureis expressed as a function of specific entrgpgf
species:
s=YN_ Yisk (1V.39)
Temperature dependence of specific entropy invostasdard entropy of formation
Sk (To, Patm) Of speciesk at the temperatur&, and at reference pressgig,,. Generally,

specific entropyy, is written:

Tcp, (T .., R
Sk = Sk(To, Paem) + J; = dT' = = Log -2, (IV.40)

Py is the partial pressure &f' species, it is calculated by Dalton's law. In joatar, if we note
sp = s)(T,pam) » the entropy of specidsat atmospheric pressupg,,,, we then have the

following relation:
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T Cp, (T")
sk = sk(To, po) + fToka

daTr'. (IvV.41)
Finally, the specific thermodynamic propertigs, Cp, et hy that were used to establish
these relations are deduced from the correspondnodar thermodynamic properties

Sk, Cpi et Hy, by the relations:

Cpy, = CW—“; hy =2k 50 = Sk (IV.42)
Molar thermodynamic propertiesSy ,Cp, €t H, are evaluated by approximation
polynomials. This method is less computationallgensive than interpolation from numerical
tables.
Molar heat capacity at constant pressure is writtethhe form of polynomials of fourth-

degree temperature and over two approximatinguate[T,,in, Trn] @and[Ty,, Trnaxl:

(9

% = 1k + asz + angz + a4kT3+a5kT4 ) imein <T< Tm ) (IV43)
C .
% = Qgg + ang + alOsz + allkT3+a12kT4 ) Ime <T< Tmax ) (|V44)

The corresponding molar enthalpies are:

H a a a a a .
=y + T 4 T2 g TS g Tk g ek ifTpin < T < T, (1V.45)
H a a a a a .
= agy + ET 4 ET2 4 SUETS  JEeTe Sk if T <T < Tpax, (IV.46)

The molar entropies at 1atm are:

0
i—" = aylogT + ayT + %TZ + %7% +%T4 + azg, if Tpin <T < Ty, (IV.47)

0

i—k = agilogT + ag T + “ET2 4 Sk L LKTE 4 g if Ty ST < gy, (IV.48)
The intermediate temperature may depend on theespec

T = Tk (IV.49)
IV.5.1 Enthalpy of combustion and heating values

The calorific value of fuel (units déJ/kg or kJ/n?) is the amount of heat released by
total combustion by a unit quantity of fuel. Theaqtity of heat generated from fuel combustion
depends on the water phase in products. If therwatgroducts is gas, the energy released by

total combustion ofkg or 1m? of fuel is called the Lower Calorific Value (LCWWhen water
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vapor is condensed to liquid, additional energg (#tent heat of vaporization) can be extracted,
the total energy release is called the Higher Gtadoralue (HCV). The LCV can be calculated
from the HCV by subtracting the amount of enerdgased during the phase change of water

from vapor to liquid.

Generally, the calorific values are expressedfasetion of heat (enthalpy) of reaction
by:

Lcy = 2HR (IV.50)

quel

AHy is the heat released from the stoichiometric canbn (enthalpy of combustion) df

kmole of the fuel, andv,,, is the molar mass of the fuel.

In turn, the higher calorific value is written:

HCV = LCV + YH20@)WHz00sg (NLB
Nfueleuel

Where Ny, o) is the number of moles of water in products ardihthe latent heat of

vaporization. Under standard conditiorg=h2.44 MJ / kg = 43.92 MJ / kmol.

To compute the LCV for a biogas-syngas mixture, tmenplete stoichiometric
combustion equation of biogas-syngas mixture wxidiaer composed by oxygen and nitrogen
at 25°C and 1 atm can be written as:

8[(aCH,) + (1= @)CO5] + YI(BHy) + (1 = B)CO] + ag (0, + 2N, -

(6 +y = ¥B)CO, + (28a +VB)H,0 + age— N, (62)

With a, B, 8, andy are stoichiometric coefficients, z is the molecfian of oxygen in oxidizer

stream, it is varied from 0.04 to 0.21 and,; = g + 20a6. (NBp

The enthalpy of combustion can be calculated by:

AHg = Q., = Hp — Hp (IV.54)
AHg = (6 +y —YBhsco, + 26a +¥B) hi o — (6 + VIRt et mer (IV.55)
With
B puermet = 715 106(Rf.cn, = Bf.co,) + 8Bz co, +v (1 = Bz co (1V.56)
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The molar mass of fuel is given by:

5(44—28a)+y(28—-26p)
Wruer = Zi=1 XiWi = S (IV.57)

After rearrangement, the lower calorific value éctlated by the following relation:

Lcy = 28k (IV.58)

quel
IV.5.2 Adiabatic flame temperature

One of the most important characteristics of thelmostion process is the maximum
temperature that can be achieved for given reactdite temperature of products will be
maximum when no heat is lost in the environmentahdnergy released by combustion will
be used to heat products. This highest temperatdmown as the adiabatic flame temperature
(Tad). There are two types of adiabatic flame tempeeatlepending on how the process is

completed: constant volume and constant pressure.
Constant pressure process.

From the first law of thermodynamics —isobaric s

AU = Qp — Wp = Qp — pAV (IV.59)
H=U+pV (IV.60)

At constant pressure, AH = AU + pAV + VAp = AU + pAV (Iv.61)
In adiabatic process. Qp=0, AH =0 (IV.62)
At equilibrium,

Hyeqet (Tinie, 0) = Hprod(Tad;P) (IV.63)

Fuel
| Combustion reactions | Products .
Oxidizer

Fig.IV.2: Fuel combustion at constant pressure.

With

Hyeact (Tinie, p) IS the enthalpy of reactants in the initial s{@ig=intial temperaturelR?="1atm)
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Hreact(Tinit; p) = ZII¥R=1 Ngr [E},kR + (Tinit - TO)C_'p,kR] (IV-64)
Hpr0a(Taa, p) is the enthalpy of products in the final statg£adiabatic temperature=1atm)

—0 Tad ~
Hproa(Taa, P) = Yip=1Nkp [hf,kP + fTO * CpxpdT ] (1V.65)

Where, C_p,kp are the heat capacities expressed:
épk = Ak + BkT + CkTZ + DkT3 + EkT4 (|V66)
After rearrangement,

Rppp + RTaq (A +25Toq + 272, + 2273, + 2574, )

Hyroa(Taa, p) = Xy _RT, (Ak N %To N %TOZ %Tg N %Té) (IV.67)
Constant volume process:
The first law of thermodynamics requires:
Qv =AU, (IV.68)
Qy = Qp — nRT = AHp — AnRT (IV.69)
In an adiabatic process,
Qy = 0 = AHp — AnRT IV (70)
Ureact(Tinit,Pinit) = Uproa(Taa,Pr) (IV.71)

Hreact(Tinitl Pinit) - Hprod (Tad' Pf) - R(nreactTinit - nprodTad) =0 (IV-72)
After rearrangement,

N ~ N ~ N =
_ LCVW pyue1+To(Zkp=1kpCpkp—Ykr=1 M kRCp kR )+ Ti(Xkr=1 M kRCp kR—RNR)

Tad -

(IV.73)

Y Rp—1 MkpCpkp—RNp
V.6 Chemical kinetics

Combustion is a complex chemical system that irr®Imany elementary reactions and
generates several molecular species and radicaigydbhe process. In recent years, chemically
reacting flows have been the subject of severaliessu Thirty years ago, this type of flow was

limited to combustion engineers and the theoreichemes were simple.
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Currently, chemical kinetics covers a vast and taiky growing field of chemistry.

The most important phenomenon in the flame is thdysction of species formed from chemical
reactions. Considerable efforts have been devotadgroving our knowledge in this field. The
equations used were based on collision theory [IIi@dre are currently other theories that are
more precise but more complex and more costlyrimgeof computing time. The combustion
phenomenon is described by a sequence of hundredsnetimes thousands (cases of complex
hydrocarbons) of elementary reactions. The irrebkr®lementary reaction can be written in
the form:

Zlig=1 Yiilr = Zlig=1 YriAk » (IV.74)

With y;; andy,; are stoichiometric coefficients of th# species in thd"ireaction. These
coefficients are non-negative integetg.is the chemical symbol of specledt can be included

in both members of the reaction with different dio&ntsy,; andy;;.
Equation (IV.74) can be written as follows:
=1V — Vi) Ak = 0, (IV.75)

The terma;, can be defined by the relation (IV.76), this texii be used later to define

the degree of advancement:

Qe = Yh=q Qi = 2p=1(Vii — Vid)- (RG)

A chemical reaction is a process that leads toigesvadditional information about the
production of species that evolve in the systensctifelder et al. [171] introduced a term called

degree of advancemefitthis term is defined by:

_,0
§ =TTk (IV.77)
ag
My — My = QW (V)78

my; is the initial mass of speci&sn reactioni, ny represent the initial number of mole
of speciek andn; the number of moles of the speckeafter the reactiontakes place. In the

case of multiple reactions, the relation (IV.78)stten in the form:
my —mg = ¥, aWie&; | (IV.79)

Whereld is the number of chemical reactions in the reaatnixture.
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Equation (IV.79) provides information on the magspecie after reaction; it would
be more useful to work with mass production ralieshe literature, it can be often found that
some chemists preferred to use the word “specédioocity”; thus, the mass production rate of
speciek is wy, i.e. the mass of species produced per unit af amd unit of volume, is written

for a reaction at rest:

. d dac
O = % = W=, V(80)

pr,» W, andC, are the density, the molar mass, and the molacerdration of specids

respectively. Moreover, fal reactions:
@ = YI_ o (IV.81)
Wherewy; is the mass production rates of species k in igact

The collision theory evaluates the mass produatide by using simpler models [172].

The mass production rate kif species in'f reaction is written:
i = Wieiii = Vi) ks [R=1 G (V)82

ks = BT%xp (). (IV.83)

Whereks is called the reaction rate constant. It dependsmperature and pressure. In equation
(IV.83) BT* is the pre-exponential factat; is the activation energy for ith reaction ards

the universal gas constant.

We should then have the following equation:
—Ei —T;
exp (57) = exp (7). (®4)

Where T; is the activation temperature for ith reaction.isThquality defines the Maxell-
Boltzmann distribution that gives a probability far molecule to obtain energy;,. The
exponential plays a very important role in the aatibn of k; as a function of temperature.
Depending on activation energy values, the vamatibk; can be very slow or very fast. This
variation strongly depends on the value of thevatibn temperature paramef@r It should be
noted that the valueg, and E; are determined experimentally over a wide range of

temperatures and pressures.

Generally, the elementary reactions are reversible:
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N kf N
2 Viide +—> Z ViiAk (85)
k=1 kr k=1

With y; andy;; are stoichiometric coefficients of the kth spediethe ith reaction. These
coefficients are non-negative integers. In thisc#se mass production rate of spe&ias

reactioni and the rate constants for forward reactions aitban:
i = Wit = Vi) (g, TTH=1 CFF = ke TV, €4) | (IV.86)

_El
ks = BT exp (E) V(87)
The rate constants for reverse reactibnsan be estimated using Arrhenius law:

ky, = ';i (IV.88)

ke, is the equilibrium constant which is equal to tago of rate constants.

Thus, the equilibrium constahy, of global reaction is given by thermodynamics:

ke, = (P22 iexp(AZy), (88)
Ay = SN ov e s AZi= Sy yiZe s Z = Sk IV.90
VL_Zk=1akL: l_Zk=1ykl k» k= 'p RT ° ( . )

To estimate the rate constants for reverse reaatioare estimated accurately using the
equilibrium constank, instead of Arrhenius law, because this constactetermined from
thermodynamic variables, which are known with gneacision while there is considerable

uncertainty about the frequency factarandp.
V.7 Speciestransport phenomena

The diffusion velocity is obtained by a method lthea molecular movement analysis,
this method was developed by F.A Williams [173].eTthiffusion velocity is obtained by
considering the chemical species flow at the md#écscale and by analyzing their impact on

macroscopic assemblies movement.

The diffusion velocity can be written in the form:
Vp, = Vi + Wi +u k=1,...... ,N, (Iv.91)
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vy IS the ordinary diffusion vector due to the cortcation gradient of species ky, is the
thermal diffusion vector and u is a diffusion vetgc

The expression ofy is given by Hirschfelder [171]:
1 H
vi = — (=) DEVX, k=1,....,N, (IV.92)
k

X, is the molar fraction of species &} is the binary diffusion coefficient in the mixturiéis

expressed as a function of another binary diffusiogfficientD,;

Dff =——% (IV.93)
A
e 'kaf

The thermal diffusion vector is written:

Xk

Wy = ~VT. (IV.94)

Dz is the thermal diffusion factor. u is given by:

pHy; VT
u= ?]=1 ;(j] (VX] - DT,]' ?) (|Vp5

It should be noted that the effect caused by thegralients leads to diffusion known as
the Soret effect. For a more complete discussidheoSoret effect, Dufour effect, and diffusion
velocity as well as all the steps in this calcaiati[172, 173]. It should be noted that the
expression (IV.91) is an approximation for diffusielocity, which will not necessarily satisfy
the expression (IV.96). Therefore, a correctionasessary. A technique includes writing the
diffusion velocity in the form (IV.97).

Yi=1YeVp, =0, (IV.96)
Vp, = (Vi + Wi +u) + ve. (IV.97)

Taking into account the expression (IV.94), theection velocity is expressed as:

ve= -3V, <( )D,’jvxk D":T"1VT+ZN D”"(vxk DT,,{V?T)> (IV.98)

The correction velocity, is independent of chemical species but, it can dees
spatially. It is introduced to ensure the condit{96).
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V.8 Heat transfer flux

From Onsager reciprocal relations, the calculatibineat flux g shows a sum of four
terms:
* Thermal conduction in gas:
—AVT. (IV.99)

A is the thermal conductivity of the mixture.

* Radiative heat flux:
Qrad (IV- 100)

* The energy provided by diffusion of molecular spsdt. This term is equal to the
product of diffusion fluxp, Vp, and specific Enthalpyt,. The term related to all
molecules become:

N PV, k- (IV.101)

* The term corresponding to the Dufour effect, whisha coupling term due to

concentration gradients, pressure, and temperasungitten:

XD
RT Zk=1Xfe1yy o, Voi = Vo)): (IV.102)

Total heat flux is written:

q=—AVT + Qraq + XNy picVp huc + RT TN DL 2208 (v, — v ). (1V.103)

j=1 WiDgj
V.9 Transport properties

The viscous stress tensdris cited in previous paragraphg.3, as well as the three

transfer coefficients: two diffusion coefficient8;, and D; and thermal conductivity

coefficientk which are used in balance equations. Therefolis,iecessary to express these
transfer coefficients as a function of state vdesab

By neglecting volume viscosity phenomena, the wiscstress tensor is written:

= —v Z(V.V)I + v(W + (VW + (VV)T), (IV.104)
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In a species-containing medium, the kinematic \sggaoefficient of mixturer may be

estimated from the following relation:

1
TN Xk(vi)t

v == (T Xivie + ) (vap

To calculate the viscosity, , a more rigorous relation is obtained from kiogkieory, as

follows:

5nWrkgT
Vi = 16na,%_(’2c(2},32)* (|V106)
oy is the collision diameter of interaction potentidiLennard-Jones an@d®?)" is a reduced

collision integral.
For each species j, the thermal conductivity isresped as:

A = 25mWikpT cy (IV.107)

T 32102022 Wy
Wherec, is the specific heat at constant volume.

Different relations have been proposed to deteriie¢hermal conductivity coefficient

of mixture. The most common expression is:

1

_1.vN
A= > Q=1 XAk + Z’;§’=1Xk(/1k)‘1) (V.08

To calculate the binary diffusion coefficiént;, a more rigorous relation is obtained

from kinetic theory of gases, as follows:

27rk%T3
W .
Dy =—Y— (IV.109)

16p7w,§j.(2](;]'.1)

Where!),(('l]’.l)*is a reduced collision integrat, is the diameter of species pair (k,W); is the

reduced mass of pair (k,j) which is given by:

W, = L (IV.110)

- Wig+W;
Finally, the thermal diffusion factof¥ , ; andDr  are estimated by following relations:

_15 (245 j+5)(6Cy;—5) Wj—Wp
2 (16A};—12By;+55) Wj+Wk

Dy xj X, X; (IV.111)
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Dry = Xk Drij, (IV.112)
Jj=1
. @2
Aj = o (IV.113)
k.j

@,2)* 1,3)*
50,7 4y

1]
.o
Cij = =5 (IV.115)
k,j

The collision integralsd;, By; and Cy; are derived from the following collision

integrals:
l, * 2tkpT 0 o _
Ql(,;) = _Wklj fO f() e (525(25+3) [] — COSZ)(]O'dO'd(S, (|V116)

kg is Boltzmann constang,is deflection angle of two moleculksandj after collision,§ is a
parameter given by the relation (IV.117). In eqoatflVV.117),g is the relative velocity equal

to species velocitik minus that of before collision:

.q2
§= [us (IV.117)
2kpT

Thus, the reduced integrals are deduced by congpaoiiision integrals with those

obtained by assuming elastic spheres for mole ¢udesl;:

) /%
. o9 kgT
Q(l,s) — —

= o -7 1+(-1)}
elastic spheres E(S"'l)! (1_ 2(1+10) )T[dz

(IV.118)

In this expression, represent integers that vargdbgulation. For example:

e s =1 =1 for calculation of diffusion coefficients.

» s =[= 2 for calculation of the viscosity coefficients.

The previous formulas appear relatively complex, ibupractice are presenting by
polynomial temperature coefficients. For a more plate discussion of these relations and their
validity limits [171].
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V.10 Sensitivity analysis

The sensitivity analysis helps to exploit the ressabtained from a modeling calculation.
Its main objective is to analyze and interpret qiatively how the resulting solution depends
on model parameters. From a kinetic point of vitwg most important parameters are the
postulated reaction diagram and the rate constditke elementary reactions.

IV.10.1 First-order elementary sensitivity analysis

First-order elemental sensitivity analysis, Olsand Andersson (1987) [174], is generally
used to refine a chemical mechanism and reduoaitsmaller number of species and elemental
reactions while maintaining its main charactecistihe coefficient of sensitivitg* of the

species k relative to the rate constanof the reaction i is defined by the relation:

k _ dinXy
sk = (V. 119)

where X, represents the molar fraction of the species kignd the rate constant of

elementary reaction i.
1V.10.2 Raw sensitivity analysis

The raw sensitivity analysis includes varying eeatle constant in its area of uncertainty
one after the other and looking at their respediieience on the calculated molar fraction
profiles. This method is quite easy to be implentmritvery long and very costly in terms of
computing time. It allows, When the concentratioofites calculated can be compared with the
corresponding experimental data, to adjust theaastants of diffrent elementary reactions of

the postulated chemical mechanism in their aramoértainty.
IV.10.3 Reaction path analysis

The velocities of the different elemental reactivasy across the flame. It may therefore
be interesting to specify their role in the diffiereones of the flame studiehe reaction path
analysis method consists, once a postulated mexthamas been validated, for example by
comparison between experimental and numerical imgglén calculating the velocities of the
diffrent chemical reactions and in studying themnflience on the formation and / or
disappearance of a given speckelsmentary reactions, for which the contributionhe overall
rate of evolution of a species is the most impdrtaonstitute the main reaction path of

formation and / or disappearance of the speciesidered.
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Chapter V

Results and Discussion

V. 1Lower calorific value and adiabatic flame temperature

In a preliminary calculation, the effect of varyirmglume of methane in biogas
and that of hydrogen in syngas on Lower Calorifigloeé (LCV) is studied. Then,
another calculation of the adiabatic flame tempgeabf biogas-syngas mixture is
carried out by varying the composition of the mietu-luent's Prepdf program is used

to complete the calculation.

The compositions considered in this study are abthiby varying the fuel
reactants molar coefficients in Eq. (IV.52), wherd¢he oxidizer is composed by a
volume of 4% of oxygen and 96% of>NTable V.1 presents some selected
compositions. The biogas in the mixture is supptsedntain only Chland CQ while
syngas is composed by>Hand CO. The notation o5 is used to identify the
compositions of the blended fuels where B standsbfogas, S syngas; is the
percentage of methane in biogas (%0represents the percentage ofAL@ndp is the
percentage of hydrogen in syngas (58 represents the percentage of CO). For
example, B25S25 characterizes a mixture of biogdsgngas with 25% CH50 — 25
= 25% of CO2) and 25% H50 — 25 = 25% of CO).

Table. V.1: Examples of compositions considered.

Mixture Biogas (B) (% Syngas (S) (¥
BaSp CHs a% CO,(50-0)% Hz p% CO (508)%
B00S25 0 5C 25 25
B25S25 25 25 25 25
B50S25 5C 0 25 25
B25S00 25 25 0 5C
B25S50 28 25 5C 0C

V. 1.1 Lower calorific value

Fig.V.1 shows the variation of lower calorific value afuaction of H and CH
percentage in the fuel mixture. The increase pahd CH volumes in fuel mixture
induces an increase in LCV. However, the increamased by methane addition
(Fig.V.1 (a)) is greater than that caused by hydrodén.V. 1 (b)). This is due to the
large per volume calorific value of methane comgacehydrogen. Quantitatively, for
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0% hydrogen in mixture, if the methane varies fro%h to 50%, the LCV increases
from 3930 Kj/Kg to 24668 Kj/Kg. Whereas, for 0% ofethane in mixture, if the
hydrogen varies from 0% to 50%, the LCV will incseaslightly from 3930 Kj/Kg to

5258 Kj/Kg.

6E+04 - H,,(%) CH,(%)
50

(a) (b) 50

45

5E+04 - 40 45

40
3E+04

2E+04 -

I\

0

OE+OO\ T I T I T I T I T 1 T I T I T I T I T 1
0O 10 20 30 40 50 O 10 20 30 40 50
CH,(%) H, (%)

Fig.V.1l: Effect of hydrogen and methane on the lower cidoralue.

V. 1.2 Adiabatic flame temperature

Practically, the combustion can be uncontrolledfiies and explosions, or
controlled in burners, rocket engines and intecoahbustion engines [175]. The most
important effect of combustion is the temperatapsgease, for this, it is crucial to know
the maximum flame temperature in any combustiotegsysThis temperature is defined
as a maximum temperature that the combustion ptedan reach without exchanging
heat with the boundaries, that is to say adiabtiddoreover, the pollutants emitted
from the combustion system such as oxides of remg@dNQ.) and carbon monoxides

(CO) are controlled by the flame temperature.

Fig.V.2 shows the calculated adiabatic flame temperatigefanction of Hand
CHa percentage in the fuel mixture. The adiabatic #aeamperature decreases with the
increase in KH(Fig.V.2 (a)), due to the large per volume calorific value & €ompared

to hydrogen. Quantitatively, for 0% of methanehe tnixture, if the hydrogen varies
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from 0% to 50%, the adiabatic flame temperatureabses from 1575K to 1532K.
Whereas, the adiabatic temperature increases hatintrease of CH(Fig.V.2 (b)),
this is because the methane substitutes the Wi@ch is a combustion product. Indeed,
for 40% of hydrogen in the mixture, if the methaaees from 0% to 50%, the adiabatic
flame will increase from 1542K to 1607K.

1620 (@) (b) H, (%)

10

o 1010 \m (%) !
= 40
o 1600 40
=
& 1590
Q

1580

1570 10

0 5101520253035404550 0 5 101520253035404550
H, (%) CH, (%)

o

adiabatic flame temp

Fig.V.2: Effect of hydrogen and methane on the adiabktiod temperature.

V. 2 Numerical procedure validation

No experimental measurements exist for biogas-symgature in MILD
combustion in opposed flow configuration. The siatian results of counterflow flame
are validated with experiments of Jongmook Liml€l& 6] under the same conditions
presented inrable V.2. Experiments were performed with methane (Airce @ad
Gear, 99% methane) introduced from bottom duct@etieated air introduced from
the top duct. A nitrogen coflow was introduced fribra top duct to stabilize the flames.
The nitrogen coflow was also heated to reduce #a loss from the air stream to
negligible levels. The separation distance betwhens is 15 mm and inner diameter
of both ducts is 20.1 mm, ambient pressure is 1 @tmee air preheat temperatures,
Tar = 300 K, 440 K, and 560 K, were considered. Thi texnperature of the fuel
stream was maintained at 300 K. The nominal exdorees of methane and air were
fixed at 70 cm/s for the three experimental condsgi A sufficient volumetric rate of

nitrogen coflow was used to stabilize the flat femnThe rate of coflow was constant
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for the three flames with the coflow velocity maimed at 60 cm/s. Major and minor
species distributions are given in function of amste between ducts. Results of
numerical calculations using GRI-Mech 2.11, GRI-W8 and USC-GRI-Mech 2.11

were compared with measurements.

TableV.2: Cases considered in validation.

Cases Tar (K) TrueL (K) VaRr (cm/s) V EUEL (cm/s) a (Sl)
1 300 300 70 70 162
2 440 300 72.6 70 182
3 560 300 72.6 70 193

Fig.V.3 (a), (b) and(c) presents a comparison between predicted results an
experimental data of gas species, (B0, CQ, N2, Oy, CHs, CH2 and GHa) for case
1, using Chemkin and USC-GRI-Mech 2.11 mechanismwds found that the
mechanism gives close results, it can be seemlihable fractions of species §HCO,
CO,, N2, O, CHs) match well with the experimental results. Howetbe GH4 and
C2H: profiles shows a poor agreement between the ddttha calculationkig.V.3(c).

Comparisons between measurements and simulatiov® ofiole fraction for the
three mechanisms (GRI-Mech 2.11, GRI-Mech 3.0 a@CAGRI-Mech 2.11) are
shown inFigs.V.3 (d), (e) and (f). Three levels of air preheat temperatures are
considered Ar = 300 K, 440 K, and 560 K. As found in precedentkg [62, 177,
178], the major discrepancy between the data amghtédictions occurs on the fuel-
rich side for three preheat temperatures. Althougl,composed mechanism USC-
GRI-Mech 2.11 shows best approximation in termsnakimum NO values for all

preheating levels.

82



Chapter V Results and Discussion
0_97'CH 126-47air=Tf =300K , "o Bxp. '
\Vair =Vf = 70 cm/g{ — USC-gri2.11
_ 1 —Gri2.11
S T, =T, =300K 29.0E-5a =1625 - Gri3o
20.6F v - |8
S Vi =V;=70cmfs | & )
g a 189+ 2 6.0E-5- .
P @ a =162% o
20.3 o
= Z 3.0E-5 8
&
0.0 0.0 I PN ) | I I
0.3 0.6 0.9 1.2 00 02 04 06 08 1.0 12 14
Distance (cm Distance (cir
O 20E4—————— 11—
T, =T, =300 K Tair= 440k @ BExp.
BE-2- " ar o ° . e —— USC-gri2.114
V=V = 70 cm/s C Tt =300K —Gri2.11
- _ 4 ©1.5E-4Vair = 72.6cm/s —— Gri3.0
S a =162 S lVf = 70 cmis
FAE-T = a =182%
S 21.0E-4 © -
© s
3282 S5.0e5 4
Oe 0. ! 30. L 1 Neg I
0.4 0.6 1.0 00 02 04 06 08 10 12 14
Distance (cm Distance (cm)
_‘ -_— ‘ ‘ 24E-Z T T T T T T T T T T T
5E-3Tar =Tt = 300 K - Tair = 560K ® Exp.
V,i=V;=70 cm/s CoHa c ITf =300K —gsg-grilll
r o i — —Gri2.11
. a =1624 7 1.8E-4Vair =72.6 cm/s —crso
= 3E-3 _ I |Vf =70 cm/s
[&] ha -
@ © S ead T 1933 .
B ] 2l ()
[S) O
2E-3- -
= “ 6.0E-5 :
[ ]
O—e | 0 ! iy P B !
0.4 06 0.8 1.0 80 02 04 06 08 10 12 1
Distance(cr Distance (cm)
Fig.V.3: Experimental and numerical prediction comparison.
V. 3 Boundary conditions and computation strategy
Boundary conditions for fuel and oxidizer are:
* Injection temperature of fuelri=300 K.
e Composition of fuel at injection is:
Fuel mixture = Biogas + syngas = [aCH, + (0.5 — a)C0,] + [BH, + (0.5 — B)C0] (V.1)

With a and B are stoichiometric coefficients which are variedni 0 to 0.5. Here

notation BiSP is used referring respectively to Biogas witmole fraction of methane

and Syngas witR mole fraction of hydrogen. So that B25S25 represserean mixture

composed from 0.25 of each compound.
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* The composition of the oxidizer at injection is:
Oxidizer = z0, + (1 — z)N, (V.2)

With z is the mole fraction of oxygen in the oxigizstream, it is varied from 0.04 to
0.21.

* Injection velocities are equal for both fuel anddizer, the strain rate is computed
in the function of injection velocities, the distanbetween injectors and reactants
densities by [156]:

_ 2(-ugpy) 2Ufpy PFu __ 2(-upy) UFy ToxWFy
a= d + d \IPOx N d [1 + (—uox) ‘\J TFuwox] (VB)

For mean mixture B25S25, injection strain rate esigom 10 to 10000 1/sec.

Chemkin Oppdif software is used for solving partdferential equations with
their appropriated boundary conditionisor the chemical kineticsa composed
mechanism from the USC1&4 and the Gri 2.11 N-sub mechanibtias been adopted
for effects of all parameter except for pressurectfthe combustion kinetics is
described by the composed mechanism USC-GRI-Mekh @&xd compared wittine
GRI-Mech 3.0 mechanism, which handles 53 speci82%nelementary reactions [92].
The latter has been used for pressures up to 2(1a9h

Computation of MILD combustion of the mixture bisgsyngas ((Ck+COy)-
(H2+CO)) is organized in five sections. In each ohe,dffect of parameters variation
on combustion structure, NO species reactions,ymtozh routes and NO emission
index are considered. In addition, to discuss tfeegve mechanisms in the formation
of NO, it is necessary to categorize these mechemi3he five mechanisms of NO
formation, including thermal, prompt@-intermediate, NNH, and NO-reburning [59-
63] are listed inTable V.3. Since many reactions are shared by differentesyut
computing of NO from a specific route is operatgdiisabling its initiation reactions
and making difference with the full NO mechanisrar Fhstance, the thermal route is
disactivated by disabling the reaction N+NO<z*N and the prompt one by
suppressing reactions CH3d>HCN+N and CN+N<=>C+j The accuracy of this
procedure can be verified by summing differenteswvhich should be close to the full

mechanism results.
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TableV.3: Main reactions of different mechanisms in NO prdthn and consumption.

Mechanism Reactions
Thermal R178 N+ NG> N, + O R179 N + ©—~ NO + O R180 N + O NO + H
Prompt R180 N + OH> NO + H R191 NH + Ho N + H, R220 CN+ Q@+ NCO + O
R222 NCO + O— NO + CO R223 NCO + Ho NH + CO R230 HCN + (M)} CN + H + (M)
R231 HCN + O~ NCO + H R233 HCN + O~ CN + OH R239C+N~CN+N
R240 CH+ N« HCN + N R242 CH + N, &> HCN + NH R243 CH(S) + N <> NH + HCN
N.O- R181 NO + O N, + O, R182 NO + O« 2NO R183 NO + H— N, + OH

intermediate

R184 NO + OH« N; + HO,
R199 NH + NO~ N,O + H
R226 NCO + @< NO + CQ

R185 NO+ (M) <> Ny + O+ (M)
R222 NCO + O NO + CO

R190 NH + O~ NO + H
R224 NCO + OH-> NO + H + CO

NNH R190 NH + O NO + H R191NH + Ho N+ H, R192 NH + OHw HNO + H

R193 NH + OHe> N + H,0 R194 NH + Q <> HNO + O R195 NH + Q <> NO + OH
R196 NH + N N, + H R197 NH + HO < HNO + H R198 NH + NOw> N, + OH
R199 NH + NOw N,O + H R204 NNHo N, + H R205 NNH + (M) N, + H + (M)
R206 NNH + 02 HO, + N, R207 NNH + Oc> OH + N, R208 NNH + Oc> NH + NO
R209 NNH + Hes Hp + N, R210 NNH + OHo H20 + N R211 NNH + CH3> CH, + N,
R212 H + NO + (M) HNO + (M) | R213 HNO + O NO + OH R214 HNO + Hes Hp + NO
R215 HNO + OHo NO + HO R216 HNO + Q@ & HO, + NO

NO- R183 NO + He Nz + OH R196 NH + N N, + H R198 NH + NOw N, + OH

reburning | R199 NH + NOo N,O + H R212 H + NO + (M)~ HNO + (M) | R218 CN + OH— NCO + H

R220 CN + @ NCO + O
R231 HCN + O NCO + H
R234 HCN + OH— HOCN + H
R244 C + NO— CN + O

R247 CH + NOo H + NCO
R250 CH + NO«> OH + HCN
R253 CH(S) + NO«> OH + HCN
R256 CH + NO < H,CN + OH

R223 NCO + Ho NH + CO
R232 HCN + O NH + CO

R235 HCN + OHo HNCO + H
R245 C + NO— CO + N

R248 CH + NO— N + HCO

R251 CH + NO« H + HCNO
R254 CH(S) + NO«> H + HCNO
R274 HCCO + NG- HCNO + CO

R229 NCO + NO= N, + CO,
R233 HCN + O CN + OH
R236 HCN + OH— NH, + CO
R246 CH + NO— HCN + O
R249 CH + NO <> H + HNCO
R252 CH(S) + NO< H + HNCO
R255 CH + NO <> HCN + HO

For each parameter effect, computations are exgfivtetimes by disabling one
NO route each time. Then NO production is compbtethking the difference with the

full mechanism which is computed once.

Table V.4 Reactions involved in interpretations (T. Thermad P. Prompt)

Route Reaction Route  Reaction
Thermal R179 N+&x=>NO+0O R244 C+NO<=>CN+O
P./T. R180 N+NO<=>MO f R245 C+NO<=>CO+N
N2O-intermediate  R1854D+ (M) & Nz + O+ (M) S R246 CH+NO<=>HCN+O
T R208 NNH+O<=>NH+NO g R249 CHNO<=>H+HNCO
> R212 H+NO+M<=>HNO+M 24 R274 HCCO+NO<=>HCNO+CO
R214 HNO+H<=>H+NO
= R215 HNO+OH<=> NO +kD
Prompt R240 CH+bk=>HCN+N
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The results of NO release are presented by the M@s®n index (EINO)
suggested by Takeno and Nishioka [180], as defuedolv:

d )
Jo Wnownodx

EINO = —% N\

- fo W EuelWFueldx

Where W represents molecular weight awd is the net production or
consumption rates of relevant species. EINO depend$e flow conditions, as well
as the physical and chemical properties of the &mel oxidizer flows, which can
provide independent results from otparameters.

The integral over the fuel injection is operated dssynming fuel compounds

except CQwhich is a diluent.

V. 4 Composition effect
V.4.1 Effect on combustion structure

To characterize the effect of fuel mixture comgositon combustion structure,

NO species reactions, production routes and NOseomisndex, several mixtures are
considered. First, the composition of syngas i kepstant with a volume of 25%
hydrogen and 25% CO. On the other hand, the coniposf biogas is varied by
changing the volume of methane from 0% to 50%. Tihenreverse of operation is
carried out by keeping a constant composition eftitogas and by varying that of the
syngas The oxidizer is composed of a volume of 4% of ety@nd 96% of N The
strain rate is constant and equal to 200agile injection temperatures of fuel and

oxidizer are 300 K and 1200 K respectively.

Fig.V.4 shows methane and hydrogen volume increase eff@ctombustion
temperature profile since the latter has importanmiication in NO formation. It can
be noticed that fuel is fed by the left side atpenature 300 K, while oxidizer (4%®
96%Np) is injected from the right duct at a high temperra of 1200 K and low-density
Fig.V.4 (a). Consequently, the stagnation plane and combustigion are located on
the oxidizer side [47, 164]. It is noticed thatgstation plane position &g and
maximum temperature positionraax, Which is assumed to correspond to flame front,
are both shifted to the left side when hydrogemethane are increasé&ig.V.4(b).
Augmentation in temperature by combustion varids/@enAT combe2sso= 244K and

ATcombe2ssso= 418K, which correspond to differences betweendiaer injection
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temperature and maximum temperature of combustonnfixtures B25S00 and
B25S50 respectivelfFig.V.4(a). It can be seen that these differences did notegkce
mixtures auto ignition temperature, which is of tirder of 800K, this warrants the
MILD combustion conditions regime. For all compasis, the temperatures increase
from 300 K at the injection sides and reach theaximum values at the flame front
position. For the mixture BO0S25, where biogasnly composed by carbon dioxide
and syngas by equal volumes of hydrogen and cartmnoxide, the maximum flame
temperature is 1522 K reached at x=1.52 cm fronfullkduct. If the mixture B25S00
is considered, the maximum flame temperature igl Kbcated at the same position
x=1.52 cm. If the equimolar composition B25S25 mngidered, the maximum
temperature is 1571 K, located at x = 1.49 cm. Wthenvolume of methane increases
up to 50% in the biogas (i.e. mixture B50S25) adriogen rises to 50% in syngas (i.e.
mixture B25S50), the maximum flame temperaturedases to nearly 1578 K at the

position x = 1.43 cm and 1618K at the position k45 cm respectively.
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| C o x(em) ! x (cm)

Fig.V.4: (a) Combustion temperature, (b) stagnation anddlpositions.

Fig.V.5 (a) and(b) presents the ¥ and NO mole fraction variation along the x
direction for different compositions; these specaies produced on the whole reaction
zone and its maximum corresponds to that of tentypexalt can be noticed that for the
set BxS25 with a constant composition of syngas (25%aktl 25% CO), when CH
increases from 0 to 25%, and then to 50%, the maxirkkO decreases from 0.0645
(at x=1.46 cm) to 0.0561 (at x= 1.49 cm) and ttee0.0538 (at x= 1.43 cm). In the
same conditions, the maximum mole fraction of N@esfrom 6 ppm (at x=1.51 cm)

to 7.97 ppm (at x= 1.52 cm) and then to 7.84 ppgm=£4.46 cm). Now, if the set B2BS
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is considered, biogas is kept constant (25% a@ttl 25% C@ and hydrogen in syngas
increases from 0% to 25%, and then to 50%. The maxi of HO raises from 0.0246
(atx=1.51 cm) to 0.0561 (at x=1.49 cm) and ttee?h 0669 (at x = 1.46 cm). Similarly,
in the same conditions, NO increases from 2.19 (g = 1.54 cm) to 7.97 ppm (at
x=1.52 cm) and then to 8.31 ppm (at x = 1.49 cm).
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Fig.V.5: Molar fraction variations of (a) #D, (b) NO and (c) OH species.

In contrast with these properties, OH species, Wwhiaicates strength of
combustion reaction, are produced in a thin regidel lean zone. Frorig.V.5 (c).
It can be observed that for the set of compositBunS25 with constant syngas (25%
H> and 25% CO), if Cklincreases from 0 to 25% and then to 50%, the maximmole
fraction of OH varies from 0.0014 (at x = 1.55 am)).0013 (at x = 1.55 cm) and then
to 0.00127 (at x = 1.49 cm). If the set of composs B25% is considered, biogas is
kept constant (25% CiHand 25% CG@) and hydrogen in syngas increases from 0% to
25% and then to 50%; the maximum mole fraction Hfi@creases from 5.77E-4 (at x
=1.56 cm) to 0.0013 (at x = 1.55 cm) and then.@®07 (at x= 1.52 cm).
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On the whole, the increase of €br H> volumes make the mixture locally rich
and lead to higher production ob® and OH with a shift of their profiles to the fuel
side. Moreover, ED and OH productions are directly linked to hydmgelume; their
maximum values are reached for the mixture B25Sb@rgas their minimum values
are obtained for the mixture B25S00.

Fig.V.6 represents maximum temperatures variation in fancof methane
(curve B1S25) and hydrogen (curve B2ZHSncrease. It can be observed that when
hydrogen volume rises in the fuel mixture, comlarstmaximum temperature rises
from 1444K for X2 = 0% to 1618K when pe = 50%, this gives an increase in
maximum temperature &fTmaxH2= 174K. On the other hand, methane increase in fue
mixture varies temperature from 1522K fogr4 = 0% to 1578K while ¥ns = 50%,
which gives an augmentation @Tmaxchsa = 56K only. Growth in maximum
temperature is much important when hydrogen is d@denpared to methane. This is
because, in the case of methane addition (curu&2B) and lake of oxygen
environment (X%2=0.04 to 0.06, which is the case of MILD combusti@gime),
important reactions that consume methane and hgdrage ClH+OH <=>CH+H-0
and OH+H <=> H+HO respectively. These reactions involve oxygenubhoOH
species. On the other hand, when hydrogen incréasese B258), it is noticed that
the main methane and hydrogen consumption reaistiohu+H<=>CHs+H> which did
not involve oxygenated species. This makes maxintemperature increase with

hydrogen addition more important than methane.

The consequence of methane and hydrogen variatiddOpproduction is shown
by Fig.V.5(b) It can be noticed that maximum NO production cated after maximum
temperature position on the oxidizer sigeg(V.5(b)) since NO chemistry is relatively
low. Levels of NO species are directly related emperature maximums, low NO
production is depicted for BO0OS25 composition, velasr high NO production is
recorded for B25S50 composition, which has the maxn temperature. Before
mixture B25S25, significant NO levels are obtaibganethane addition (curvenB25
onFig.V.6); however, after B25S25, NO levels obtained byrbgén increase are more
significant (curve B25%onFig.V.6 Production of NO species reaches a maximum and

begins declining at a methane mole fraction of lygaB. Whereas, when hydrogen is
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added, NO mole increases monotonically to its marmat X2 = 0.4 and shows a
slight reduction afteFig.V.6.
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Fig.V.6: Maximum temperature and NO species.

V.4.2 Effect on NO species reactions and production routes

To have more insight in reactions responsible of pi@duction an absolute
Rate Of Production (ROP) analysis is performed.ad®en ROP are plotted against
distance between injection ducts, a descriptiomeattions and involved routes are
presented at flame front position which is assun@dcoincide with maximum
temperature.

Methane volume is varied in fuel mixture and impattreactions producing
NO are elucidated blyigs.V.7 (a), (b) and(c). It has been noticed that for low methane
mole fraction, specifically ¥+4<0.07Fig.V.7 (a), production of NO is fully governed
by the NNH route through reactions R212 and R2Xktabse hydrogen atom is
abundant in the combustion pool. At the flame fridotated at Tmax), the following
most important reactions are R208 and R180, thmdobelongs to the NNH route and
the latter to prompt one. Reaction R180 is assigoethe prompt path since the
temperature is relatively low (Tmax<1550K) and Mmatcan’t be formed by thermal
mechanism. When methane increases in the mixturensumes H atoms for its
depletion which depresses reaction R208 and treNMH route. On the other hand,
the prompt path is enhanced because ROP’s of oead®240 and R180 are increased
by hydrocarbons radicals. For intermediate metharemes, nearly 0.07<¢£4<0.4,

Fig.V.7(b) shows that at the flame front, most important €oist prompt one via
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reaction R180 followed by NNH route through reatsi®?212, R215, R208 and finally
reburn mechanism by reactions R246 and R249. Whathane mole fraction exceeds
0.4, it is found that the most important reactibattproduces NO at the flame front is

R249 which belongs to reburn mechanism followedRa0 then R214 from prompt
and NNH routes respectivelig.V.7(c).
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Fig.V.7: Main reactions involved in &25 and B25% mixtures combustion
(2)B00S25, (b)B25S25, (¢)B50S25, (d)B25S00 andZ8H50.
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Figs.V.7 (d), (b) and(e) show that at low and intermediate hydrogen
volumes, NO production at the flame front is gldpgbverned by the prompt
route through reaction R180. Whereas, at higltdhcentrations NNH route
IS activated via reaction R214, as said beforertiuge seems to be linked to
hydrogen availability. The second most importarthga reburning one by
reaction R249 which is favored for all hydrogenuroks. Last important
reactions are reburn one R274 for low hydrogenerdrand NNH one R212
for other R volumes.

V.4.3 Effect of CH4 and H2 addition on NO emission index

Fig.V.8 (a) shows NO production routes in the function of raeth
volume in the fuel mixture. It can be observed thate routes are important,
namely: NNH, Prompt and reburn, this can be also & sensitivity analysis
Fig.V.9 (a). At low CHs volume in the mixture, since mixture contains 25%
of hydrogen, NO production is dominated by NNH southere the limiting
step R208 is important at low methane volume awdldices when methane
volume risesFig.V.9 (a). It can be noticed fronfrig.V.8(a) that when CH
volume rises, prompt NO increases and equalizes NI at nearly
CH4=0.12 and EINO=0.44 \g@/Kgrue- The main reaction that produces
prompt NO is R180 which is shared with the thermate [59,60]; however,
here it is fed by prompt reaction R2E{y.V.8 (a). At high methane volume,
CHn radicals are abundant, consequently, the prompte is maximal
whereas the NNH one is minimal. Reburn route isartgnt at high methane
volume in the mixture, it is activated through g@aes R231, R246 and R249,
this route is generally significant in the fuelkrienixture [62].Fig.V.8 (a)
shows that computations by full mechanism doedgliffar a lot from the sum

of routes which indicated that selected reactiepsasent fairly this route.
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The effect of hydrogen increase in fuel mixtureNsd formation route is shown
by Figs.V.8(b) andV.9(b). Minimum NO is produced at low hydrogen volumeseTh
most important mechanism is prompt, followed by NMNign reburn one. Hydrogen
increase in the mixture enhances prompt route giroeaction R240 which feds R180.
Prompt production reaches a maximum at neash/#8% and begins declining. On the
other hand, the NNH production route exhibits areasing behavior with hydrogen
augmentation, it equalizes prompt route at neapy4d% (EINO=0.75 go/Kgrue).
The main limiting step for the NNH route is R208igéhis enhanced by hydrogen
increase as showed Byg.V.9(b). It can also be seen that, excepting at high lgeho
volumes, the difference between NO routes sum alhtN© mechanism is negligible.
It can be noticed that when methane or hydrogemmes are varied in the fuel mixture,

the production of NO by thermal or® intermediate route are negligible.
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V.5 Oxygen increase effect

In this part, the effect of oxygen is studied, thele fraction of Qis increased
from 0.04 to 0.21 replacing that o NMlean composition B25S25 is used, however
maximum variations of temperature and NO mole foactre presented for other
compositions in the function of oxygen volume. Blrin rate is constant and equal to
200 s' while injection temperatures of fuel and oxidizze 300 K and 1200 K

respectively.
V.5.1 Effect on combustion structure

The volume of oxygen in the oxidizer is a key clotgastic in the achievement
of the MILD regime. The effect of oxygen concentatin oxidizer on combustion
structure for the mixture B25S25 is shownFig.V.10. Fromfig.V.10 (a), it can be
seen that when oxygen mole fraction increases #émto 8% and then to 21%,
maximum temperature increases from 1571 K (located=1.49 cm) to 1836 K
(located at x= 1.44 cm) and then to 2345 K (locaeds=1.38 cm). When oxygen
concentration increases inside the oxidizer, teatpes profiles are shifted to the fuel
side and the reaction zone thickness is incre&nade the temperature increase during
combustionATcomb IS lower than mixture autoignition temperature,ichhis about
800K for these gases, the MILD combustion regime ba sustained by keeping
oxygen volume near the limits of 2%-8%. Here it ¢@nobserved that at volume
02=21% temperature increadelcomboz=2104 1145 K is greater than autoignition
temperature of the mixture, which means that theMiegime breaks down since
conditions are not satisfied (conventional comlmmgtiThe HO and NO mole fractions
are presented blig.V.10 (b) and(d) respectively; these species are increased and
shifted to the fuel side with oxygen volume augraéoh. Quantitatively, when oxygen
volume increases from 4% to 8% and then to 21%miteemum HO mole fraction is
augmented from 0.0561 to 0.0977 and then to 0.19A&reas the maximum NO mole
fraction increases from 8ppm to 41ppm and therBtbppm respectively. OH species,
which is an indicator of the strength of the globambustion reaction, is shown by
Fig.V.10(c); itis produced in the second half of the reacsone near the oxidizer and
is increased by oxygen increase in the oxidizerelVbxygen increases in oxidizer
from 4% to 8% and then to 21%, the maximum OH nf@etion increases 0.0013 to
0.0038 and then to 0.0147 respectively.
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Fig.V.10: Temperature (a) and molar fraction variationsh)f.O, (c) OH and (d)
NO species for different oxidizer concentration.

The oxygen effect on other mixtures is presentdedrl/.11. From this figure, it
can be noticed that maximum temperature and alsonNl@ fractions are obtained for
composition B25S25 followed by B25S00 then BOOS2te exception is made for the
interval @<0.064 in which the maximum temperature obtained cbynposition
B00S25 is greater than that of B25S00, this bemavas already explained in section
V.4.1. When oxygen is available for combustion and ddpenon Low Heat Value
(LHV), most containing fuel (methane, hydrogen a@@®) mixture will have a
maximum temperaturerig.V.11 presents this trend for different oxygen volumes
contained in the oxidizer. It is found that wherygen is abundant, methane in mixture
BaS25 is mainly consumed by reduction reaction s€Hk=>CHs+H> whereas
hydrogen is reacted through OHzd$>H+H:O (except B50S25 in which hydrogen is
mainly reacted via CHH<=>CHs+H2). On the other hand, for the compositions
B2533, methane is mainly consumed by reaction€bH<=>CH+H>O and hydrogen
through OH+H<=>H+H,0.
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Fig.V.11: Maximum temperature and NO species for diffecambpositions.

V.5.2 Oxygen effect on NO speciesreactions and production routes

Figs.V.12 (a), (b) and(c) show principal reactions involved in NO speciesdoiction
for mean composition B25S25, when oxygen increast®e oxidizer. Here, it is important to
mention that at flame front presented by maximumpterature and for all oxygen volumes in
oxidizer, NO species is produced principally byrppt mechanism via reactions R180. This
reaction is shared by thermal and prompt mechanignis fed by prompt reactions at low
oxygen volumes. However, at high oxygen concemtnati thermal mechanism become
important and R180 uses N produced from the twetemuhis behavior is seen on the reaction
R180 profileFig.V.12(c). The second most important route is NNH througletiea R214 for
low and relatively high oxygen volumé&sgs.V.12(a) and(b), however for @=21% R212 is
favored. The last important routes are reburn dneughreactions R249 at £8%, R245 at
0,=12% and thermal route for-€21% via R17%Fig.V.12(b).
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Fig.V.12: Main reactions involved with oxygen increasé¢he oxidizer
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V.5.3 Effect of Oz increasein the oxidizer on NO emission index

Oxygen effect on NO production routes is showedFigy.13(a). Mean mixture
B25S25 is considered and oxygen volume is varieakidizer from 4 to 21%. It can
be seen that at low oxygen volumes approximatek/1@%, prompt route dominates
NO production through reactions R239 and R240 wfeelds R180 and produces NO
Fig.V.13(b). The second most important route, in this cageNBl one which is served
by reaction R208, then reburn mechanism througbties R246 and R249. When
oxygen volume exceeds 12%ig.V.13(a) shows that the thermal route become more
important than NNH one [59, 60]. Moreover, at ng&@4=17%, the thermal mechanism
surpasses the prompt route and produces impormaotirds of NO at high oxygen
volumes in the oxidizerfig.V.13(b) shows that at high oxygen volumes, thermal

reaction R179 is activated and reaction R180 presiiNO by thermal route too. It is
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important to mention the good concordance betwe@rphduced by full mechanism

and routes sum computations.
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Fig.V.13: Emission NO routes (a) and sensitivity coefficgeftt) in function of
oxygen increase in oxidizer.

V.6. Strain incr ease effect

In this section, the effect of strain rate is cdesed, it is increased from near
ignition to near extinction for the mean compositB®25S25, nevertheless maximum
variations of temperature and NO mole fractionmesented for other compositions in
the function of strain rate. Mole fraction o @ 0.04 while injection temperatures of

fuel and oxidizer are 300 K and 1200 K respectively

V.6.1. Effect on combustion structure

The flame structure is shown Byg.V.14 for the mixture B25S25 in the function
of distance x from fuel duct for strain rates oRXkt, 2788 & and 8363 $ at ambient
pressure of 1 atm and including radiation heatdes$he selected composition is the
mean one that contains equal volumes of all mixtorapounds. Ifrig.V.14, it can be
seen that when strain rate (or axial velocity) @ases, the reaction zone is shifted to
the fuel side flame thickness, the maximum flanraperature, HO, OH and NO
species are depressed. Since the axial velocityvexsely proportional to the flow
residence time at the flame front, the increasex@l velocity gradient (resultantly, the
decrease of Damkdhler number) makes chemical ndi@aum effects be more
pronounced [181]. It can be seen fréing.V.14 (a) that temperature increases in the
combustion zone and then decreases to injectionesalTemperature reaches its

maximum T=1587 K for a=112'g(0.4 m/s) at x=1.58 cm, when strain rate increases
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to 2788 & (10 m/s), maximum temperature decreases to 1384xk1.34 cm. Finally,

at high strain rate value a=8363 B0 m/s), temperature is 1226 K at x=1.32 cm. It

can be observed that the maximum temperature ipet@acombustion is 387K, which

is far from autoignition temperature for considengdtures, this guarantees the MILD

combustion regime. It is shown kigure.V.14. (b) that the maximum mole fractions

of H2O decrease monotonically with increasing axial e#jogradient. That is, it is

consequently seen that flame strength is reduceddogasing axial velocity gradient.
The radical OH and NO species are also reducechdrgasing strain rate. The NO

species production is generally governed by tentpexavariation which explains its
reduction.Fig.V.14 (d) depicted that NO mole fraction follows the sambawor of

temperature where a maximum of 10 ppm is recorde@$112 3 located nearly at

x=1.62 cm. NO mole fraction is highly reduced t08ppm at x=1.32 cm when strain

rate increases to a high value of a =8363 s
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Fig.V.14: Temperature (a) and molar fraction variations)fH,O, (c) OH and (d) NO
species for different strain rates.

Variation of maximum temperature and NO mole fiacin the function of strain
rate is showed byig.V.15. Non monotonic behavior with intermediate maximum

located at nearly a=112'$s noticed for both temperature and NO mole foactiThis
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is the result of competition between radiation egattion in the increasing region and
non-equilibrium effect, reduction of residence timed formation of unburned
products, in the decreasing zone [164]. It carsden that in this regime, NO is
drastically reduced by increasing the injectionoedl of reactants (strain rate).
Fig.V.15 (b) shows that MILD combustion of mixtures B25S25 &@)S25 prevails
even at very high strain rate values, however, B808oduces less NO. Furthermore,
composition B25S00 has a reduced working straie materval even it produces
insignificant NO volume$ig.V.15(b).
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Fig.V.15: Maximum combustion temperature and NO speciedifferent strain rates
(a) B25S25 and (b) B25S00, B25S25 and B0O0S25.

V.6.2. Strain rate effect on NO speciesreactions and production routes

Reactions involved in NO formation are showedgFigs.V.16 (a), (b) and(c) for
mixture B25S25 at considered strain rate valuesiehaa=112 3, 2788 & and 8363
s. Globally strain rate increasing depresses afiti@as. For low strain rate value at
flame frontFig.V.16 (a), prompt mechanism dominates NO production by reacti
R180 followed by R214 which belongs to NNH routertiR249 which is a reburning
reaction. For relatively high strain ratesy.V.16(b), production is reduced for all NO
mechanisms but routes order is preserved. Howévewnery high strain rates, NO
formation is drastically reduced and the NO proaucmechanism is dominated by the
NNH route through reaction R208 followed by therppd route via reaction R214.
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Fig.V.16: Main reactions involved with strain rate increas
(a) a=11273, (b) a=2788$and (c) a=8363%

V.6.3. Effect of strain rateincrease on NO emission index

Emission index is computed for mean composition&5and oxygen volume
of 4%. The injection strain rate ranges from negnition” to near “extinction”. From
Fig.V.17(a) it can be observed that the emission index exhidimaximum which
corresponds to the trend of a radiative-reactivepeting region [164], then it falls at
a high strain rate in the nonequilibrium region.léw strain rates, the prompt route is
dominant through reaction R240 which feeds RE8§V.17(b). When strain rate
increases at 311*¢for EINO=0.39 go/Kgrue), prompt and NNH routes are equivalent,
after that, NNH become more importakig.V.17(b) shows that the most significant
reactions for the NNH mechanism are R195 and Rb@dijrst is activated only at high
strain rates. Also, reburn mechanism is maxim&atand relatively high strain rates
but it is negligible at high ones,® and thermal routes are insignificant. It is olaedr
that at high strain rates, NO is only produced INH\ Furthermore, the sum of routes

and full mechanism computations are in good agreéme
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Fig.V.17: Emission NO routes (a) and sensitivity coeffitsefb) in function of
strain rate increase.

V.7. Oxidizer temperature effect

The oxidizer temperature is one of the criticalgpaeters in the establishment of
the MILD regime. In this section, the effect ofa@hlitemperature is studied. Firstly,
structure of the flame is shown in function of diste x from the fuel duct for injection
temperature of 900K, 1200K and 1500K. Secondly,RI@P of the most important
elementary reactions involved in the productionN& species is presented in the
function of the distance x from the fuel duct fotet temperatures 900K, 1200K and
1500K. Finally, emission index and sensitivity daeénts in the function of oxidizer
temperature are discussed for different NO prodactoutes. The mixture B25S25,
which represents the mean composition, and staénaf 200 $ are adopted.

V.7.1. Effect on combustion structure

Fig.V.18 highlights the effect of preheating temperature flame structure.
B25S25 composition is considered with a volume>ofgen in the oxidizer equal to
4%. Infig.V.18 (a), it can be seen that when oxidizer temperatureeasas from 900K
to 1500K, the reaction zone is shifted to the @adsiside, flame thickness is increased
and the peak of temperature is increased from 14B8iated at x=1,38cm) to 1822K
(located at x= 1,6cm). Maximum2B mole fraction Fig.V.18 (b)) is increased from
0.045 to 0.058 and maximum NO mole fractiémg(V.18(d)) from 0.33 ppm to 35
ppm respectively. The OH species are producedeséicond half of the reaction zone

near the oxidizerKig.V.18 (¢)). The maximum OH radical mole fraction values are
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3.17E-4 reached at x= 1,44cm fos3900 K and 2.48E-3 reached at x= 1,67cm for
Tox=1500K.
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Fig.V.18: Temperature (a) and molar fraction variations ¢fH{kO, (c) OH and (d) NO
species for different oxidizer temperature.

Fig.V.19 (a) displays the variations of maximum temperaturermaagdimum NO
mole fraction for the composition b25S25 at a camisstrain rate of 200%- It can be
noticed that oxidizer temperature increases the imax flame temperature
monotonically. The minimum temperature is 1233Korded for Tox=900K, the
maximum one is 1822K for Tox=1500K. The maximum Nble fraction is
substantially increased with temperature incremeEot. Tox=900K, maximum NO
mole fraction is 0.33ppm; while oxidizer temperatimcreases to 1500K in oxidizer,

the NO mole fraction maximum increases by 34.67 o35 ppm).
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V.7.2. Oxidizer temperatur e effect on NO speciesreactions and production routes

The effect of oxidizer temperature on the ROP efrthain elementary reactions
involved in NO species production is showrfig.V.20 (a), (b) and(c). Three values
of inlet temperature are considered to elucidaie #ifect, namely; &=900 K,
Tox=1200 K and 3=1500 K for mean composition B25S25. It can be pleskthat for
low oxidizer temperature J=900K fig.V.20 (a), NO production at the flame front is
globally governed by NNH route through reactionslR2and R214 followed by NO
route through reactions R189 (AMH=NO+OH) and R186 (H&NO=NO,+OH) and
finally prompt route by reactions R180 and R208TAt= 1200 K and 3x=1500K the
prompt route become important by reaction RIBOV.20 (b). The second most
important route is NNH through reaction R214 and R2T'he reasons for the notable
decrease of NO emission by the NNH route at thadrigxidizer temperatures is the
reduction of the radical pool reactions: O #=H + OH, H + Q= OH + O, and 2H +
M=H, + M that led to the decreasing H radical produtaod hence, decline the rates
of reaction NNH=N + H and NNH + (M)=N + H + (M) [182]. The reduction of the
NNH radical yields a decrease in the rate of reachNH + O=NH + NO, and NO
emission drops by the NNH mechanism. The last itambrroutes are reburn one
through reactions R251 at¥1200K and R245 ato}=1500KFig.V.20 (b) and(c).
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Fig.V. 20: Main reactions involved with oxidizer temperatimcrease
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V.7.3. Effect of oxidizer temperatureincrease on NO emission index

The effect of oxidizer temperature on NO productiountes is analyzed Hyig.
V.21. Mean mixture B25S25 is considered and oxidizemperature 3 is varied from
900K to 1500K. It can be observed for lower terapge Tx <1075K, NO is produced
mainly by NNH route and through reaction R26®.V.21(b). In this reaction, the
produced NNH by the backward reactions of R204 RRA5 reacts with the oxygen
radicals, which results in the production of NOeTdecond most important route, in
this case, is prompt one by reaction R240. By msiregy the preheating temperature of
the oxidizer, the main routes of NO emission chasigaificantly. At Tox=1200K,
prompt/thermal reaction R180 is activated and reastR240 and R231 produce NO
by the Fenimore route, the latter becomes more iitapbthan the NNH route. The last
important routes are reburn one through reactid#sRind R249. At &= 1500K, NO
reactions R182 and R185 are activated. NO produatiechanism is dominated by the
prompt route through reaction R240 followed by NKitite via reaction R208. The
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thermal route is insignificant. Furthermore, thensaf routes and full mechanism

computations are in good agreement.
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Fig.V.21: Emission NO routes (a) and sensitivity coeffitseft) in function of oxidizer
temperature increase.

V.8 Pressur e effect

In this section, the GRI-Mech 3.0 and the compasedhanism USC-GRI-Mech 2.11
are used to investigate numerically the effectrepure on the flame structure and NO
emissions characteristics. Firstly, structure efftame is shown in function of distance
x from fuel duct for ambient pressures of 1 atmpband 10 atm. Secondly, variation
of maximum variables in function of pressure (frdmto 10 atm) for different
compositions are presented. Then, the ROP of tts¢ important elementary reactions
involved in production of NO species are preseimednction of the distance x from
fuel duct for pressures P=1atm, P=5atm and P=10 R&imally, emission index and
sensitivity coefficients in function of ambient peeire are discussed for different NO
production routes. The mixture B25S25, which repnés the mean composition, and

strain rate of 200sare adopted.

V.8.1. Effect on combustion structure

From Fig.V.22, it can be seen that the USC-GRI-Mech 2.11 mechagises
results that are closer to those of the GRI-Me®m8chanism except the NO emission.
Fig.V.22 (a) shows that the increase of the pressure from X@&ratm and then to 10
atm increases the maximum temperature from 1563¢a(éd at x=1.49cm) to 1625 K
(located at x=1.38) and then to 1637K (located=4t. 35 cm) respectively, with USC-
GRI-Mech 2.11. Whereas, with GRI-Mech 3.0, the maxin temperature increases
from 1573K (located at x=1.49cm) to 1623 K (locasek=1.38) and then to 1631K
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(located at x=1.35 cm) respectively. When pressureeases, thickness of reaction
zone decreases and temperature profiles is shiftetthe fuel side. The pressure
augmentation produces the increase of the Damkdmlenber, it inhibits non-
equilibrium effects and enhances recombinationti@as [163, 183]. This reverses all
phenomena seen when axial velocity is increaseepdxg the reaction zone thickness
which is reduced by pressure increase. As obsdrefeie, the width of the combustion
region is proportional to half power of diffusivitlivided by strain rated(C(D/a)*?).

In addition, diffusivity is inversely proportionab ambient pressure (DPY), this
means that under a constant strain rate, increasirigent pressure reduces reaction

zone thickness.

The O and NO mole fraction are shown by Figs22 (b) and(d) respectively;
these species exhibit the same behavior as teraperdhey are produced on the whole
reaction zone and they are shifted to fuel sidé \@ihbient pressure augmentation.
Quantitatively, when pressure increases from 1tatf atm and then to 10 atm, the
maximum HO mole fraction is augmented from 0.0559 to 0.086d then to 0.0565
respectively with USC-GRI-Mech 2.11; whereas witRI®1ech 3.0, the maximum
H20 mole fraction is augmented from 0.0559 to 0.086d then to 0.056 respectively.
The fig. V22 (d) indicates that thenaximum NO species decrease with increasing
pressure.However, it shows thathe GRI-Mech 3.0 mechanism gives a higher
prediction in NO formation (13ppm at P=1atm, 1lppmP= 5atm and 8ppm at
P=10atm) compared to USC-GRI-Mech 2.11 (8ppm ataBwn17ppm at P= 5atm and
6ppm at P=10atm).

The OH species which indicates strength of combnsgaction is presented by
Fig.V.22 (c); it is produced in the second half of reactioneoear oxidizer and it is
reduced by pressure. When pressure rises from 1cafnatm and then to 10 atm, the
maximum OH mole fraction decreases from 1.2E-3 .@E#4 and then to 5.8E-4
respectively, with USC-GRI-Mech 2.11; whereas witRI-Mech 3.0, the maximum
OH mole fraction is augmented from 1.15E-3 to 647&id then to 4.4E-4 respectively.
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Fig.V.22: Temperature (a) and molar fraction variations ¢fH{kO, (c) OH and (d) NO
species for different pressure for the two mechmasis SC-GRI-Mech 2.1(solid line)and
GRI-Mech 3.0 (dashed line).

The pressure effect on maximums temperature ancei{3sions for different
compositions (B00S25, B25S25, B25S00) for the twerimanisms USC-GRI-Mech
2.11 and GRI-Mech 3.0 is shown Byg.V.23 and Fig. V.24. It can be noticed in
Fig.V.23 andFig.V.24 (a) that the maximum temperature increases monotdyieih
pressure for all composition except the composiB@»S00. With USC-GRI-Mech
2.11, the maximum temperature decreases in theyesnge 5-10atm, whereas with
GRI-Mech 3.0the increase in pressure from 2 atm to 3 atm dsesethe maximum
temperature. Indeed, when methane volume incraasé® mixture, the maximum
temperature of the flame increases but the diffegeetween their maximum3sqs2s
are reduced with pressure increase. However, wiidrogen is addesh the mixture
the maximum temperature increases and the diffeeehetween their maximums

ATg2sg increase too for the two mechanisms.
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FigureV.24 (b) shows distribution of maximum NO mole fractiorfumction of
pressure for different compositions. With the USR#®1ech 2.11 and for B25S00 and
B25S25 compositions, it is noticed that in the vk 1-2 atm the increase in pressure
increases the NO. In the interval 2-10 atm a radadh NO production is observed.
For BO0S25 composition, With increasing pressure,rhaximum NO mole fraction
decreases. The best composition that reduces N&esps B25S00 and the worst one
is BO0S25. The minimum value of NO mole fractiorDid ppm recorded at P=8 atm
for B25S00 and maximum one is 11 ppm recorded ate®m for BO0S25. It should be
noticed that for considered properties variations steeper when pressure varies
between 1 atm and 5 atm [184]. With GRI-Mech R.13, noticed that in the interval 1-
2atm the increase in pressure increases the NOsiemifor the two composition
B00S25 and B25S25. The most sensitive compositiopréssure in terms of NO
production is B25S25, the maximum value is 14ppoomded at P = 2atm . Whereas,
the least sensitive one is B25S00 which contaimsrmim of hydrogen volume. In the
interval 2-10atm a reduction in NO production isetved with maximum under 15
ppm for all compositions. For B25S00, it can beageat that from P=3atm NO is null.
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Fig.V.23: Maximum combustion temperature and NO speciesiftardnt pressure for
B25S25 mixture for the two mechanisms USC-GRI-M2di (solid line) and GRI-Mech 3.0
(dashed line).

109



Chapter V Results and Discussion

1650 ®}
— Z 14E05{ - ~ _ NOmax for
1600 5 ~ o (b) B25S00
1550+ c 1,2E-051 ~ o ——B00S25
1500 (@ 2 1.0E-05 ~ _ ——B25S25
1500 2 1,0E-051
< g T~ o
< 1450+ o 8OE08 T - =~
1400 S ~~<
E g 60E061 T T -~
13501 Tmax (K) for £ 40E-061
1300 B25S00 5 "
] ——B00S25 £ 2,0E-06
1250 ——B25S25 =
1200 +————————+————————————— S 0,0E+00+————
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
X (cm) x (cm)

Fig.V.24: Maximum combustion temperature (a) and NO spebigfo( different pressure for
the two mechanisms USC-GRI-Mech 2.11 (solid limg) &RI-Mech 3.0 (dashed line).

V.8.2. Ambient pressure effect on NO species reactions and production routes

The effect of pressure on elementary reactionslwedoin NO production is
shown byFig.V.25 andFig.V.26 for the two mechanisms USC-GRI-Mech 2.11 and
GRI-Mech 3.0 respectively. Three values of pressisgm, 5atm and 10atm were
considered for the composition B25S25 at a stratie @ = 2005 At flame front, with
USC-GRI-Mech 2.11, thé&ig.V.25 (a) shows that reactions R214 and R180, which
belongs to the NNH and prompt pathways respectiastythe most important in NO
production. The second most important route is melmne through reaction R249.
Fromfig.V.25(b) and(c), the most important route is NNH one via reactiB244 and
R212 followed by prompt route through reactions ®a8d finally NQ route through
reactions R189 (N&H=NO+OH) and R187 (NO+O+M=N£M).
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TheFigs.V.26 (a), (b), and(c) show principal reactions involved in NO species
production for mean composition B25S25, With GRIdWe.0. For P=1atm at flame
front Fig.V.26 (a) shows that NO species production is principallg tluthe reactions
R214 that belong to the NNH route, followed by ppnmoute by reaction R180. The
last important route is reburn one through reastiB249 and R245. For P=5atm and

P=10atm NO species is produced principally by NNeéthanism via reactions R214

and R212.The second most important route MO, through reactions R189
(NO2+H=NO+OH), R186 (H@+tNO=NO+OH) and R187 (NO+O+M=N&M) and

finally prompt route via reaction R180.
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V.8.3. Effect of ambient pressureincrease on NO emission index

EINO profiles and sensitivity analysis and for diffnt pressure are indicated in
Fig.V.27 and Fig.v.28 for the two mechanisms USC-GRI-Mech 2.11 and GREM
3.0 respectively. Fronkig.V.27, it can be observed that at P=1atm, NNH route
dominates NO production through reaction R208. §émnd most important route in
this case is prompt one via R180 and R240, themrmetmechanism through reactions
R249 and R246. At P= 3atm, thermal route is acdata reaction R179. However,
with pressure augmentation, the contribution topd@uction from NO-intermediate
route exhibits a non-monotonic behavior. The préidaaeaches a maximum at nearly
P=8atm and begins declining. On the other handeasing pressure result in a decrease
in the contribution of NNH and prompt mechanisms &wslight rise in the share of

thermal and reburn mechanisms.
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Fig.V.27: Emission NO routes (a) and sensitivity coeffitsefto) in function of ambient
pressure increase for USC-GRI-Mech 2.11 mechanism.

FromFig.V.28, the total EINO shows non-monotonic behavior yitessureThe
prompt route is the most predominant NO formatie@thanism via reaction R240, its
contribution increases as a function of pressurdéil UP=2atm. However, the
contribution of the NNH pathway decreases monotdlyionith increasing pressure
through reaction R20&.ig.V.28(b) shows that the N£routeis activated via reaction
R186 and becomes important with pressure incre@éleough the contribution of
reburn pathway slightly increases with the increzg@essure, it is not significant. The

NO emission via the thermal and theQNintermediate pathways is negligible in the

whole range of pressure.
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Fig.V.28: Emission NO routes (a) and sensitivity coeffitsefl) in function of ambient
pressure increase for GRI-Mech 3.0 mechanism.
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Chapter VI

Conclusion

The present study is designed to prevent polludod to improve emission
control technologies, it aims to reduce combugpioltutants especially Cand NOx.
The CQ can be avoided by using a biofuel that is neutraérms of CQ emission.
Whereas, the NOx emissions can be reduced by d#egghe combustion temperature.

This is can be granted by the flameless combuséigime.

The flameless combustion in MILD regime occurs wtienreactants are locally
preheated at a temperature higher than the migtwself-ignition temperature.
Moreover, it is characterized by low temperatureéase in the combustion process.

The lower temperatures reduces the formation obgeén oxides through the
thermal mechanism, which is the major formationteoun most conventional
combustion systems. NOx emissions in the MILD regiate mostly the result of
alternative paths, such as the prompt NO, and&r iMtermediateFurthermore, for

hydrogen-enriched fuels, it is also necessary tsicker the NNH route.

This study investigated numerically the influen¢several operating conditions
on the combustion structure and NO emissions cteisiics of a biogas-syngas in
counter-flow diffusion flame configuration. Sevebabgas-syngas are considered with
a very wide range of injection velocities of reattiom ignition to extinction limit
and under using different: oxygen mole fractionsgdizer preheating temperatures and

different pressures ranging from 1 to 10 atm.
Conclusions that can be drawn are:

* The adiabatic flame temperature of the biogas-syngature is more affected
by the increase of methane in biogas than the dseref hydrogen in syngas.

» The lower calorific value of the biogas syngas mmi&tis more affected by the
increase of methane in biogas than by the hydrogsyngas.

» Temperature increase level and interval are marequmced when hydrogen is
added to fuel mixture compared to methane. HoweMdrD regime prevails

since temperature increase didn’t exceed thatedfrfuxture autoignition.
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* Oxygen addition to oxidizer increases drasticalyperature and breaks down
MILD regime even for relatively low oxygen volumeSince the temperature
increase during combustion is lower than mixturd-igaition temperature
ATcomb < Tautign The MILD combustion regime can be sustained bspkey
oxygen volume near the limits of 2%-6%. MILD combos mode breaks at
02 = 21% (conventional combustion). Decreasing oxygenme in oxidizer
leads to lower values of NO mole fraction. Its nmaxim reaches a value of 8
ppm for @=4%, which is very low compared to conventional @435 ppm).

» Strain rate or injection velocity has a decisivgpatt on combustion structure
and in minimizing pollutants. Indeed, when the eélpincreases the residence
time is reduced and therefore the combustion teatpey and the different
emissions. One can use high strain rates for higlgen volume to maintain
MILD regime.

» The oxidizer temperature is one of the criticalgpaeters in the establishment
of the MILD regime. Increasing the inlet temperatof oxidizer leads to a rise
in maximum temperature and maximum NO mole fractiéor all cases, the
temperature rise by combustion does not exceed38&thich sustain MILD
regime.

* When pressure increases, the maximum temperatnesases but the chemical
reactions are inhibited which reduces the differgpecies. For B25S00 and
B25S25 compositions, the maximum NO mole fractisnnicreased byhe
increase of the pressure in the interval P = 1-3atmen it is reduced between
P =3-10 atm. For BO0S25 composition, with increggressure, the maximum
NO mole fraction decreases. The best compositiahrduces NO species is
B25S00 and the worst one is BO0S25 which is thst lesactive and the least
polluting too.

* Low methane volumes enhance NNH production routereds prompt one is
favored for high methane contents of fuel mixture.

* Low and relatively high hydrogen volumes in fuelxinre enhances prompt
route however at high hydrogen volumes, prompt eodominates NO
production.

* At high oxygen contents, NO production routes ao¥egned by thermal

mechanism despite contents of methane or hydrogen.
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* For low and mean values of strain rate, promptNiNéi routes compete in NO
formation, whereas, for high strain rate value ddlNH route prevails.

* For low oxidizer temperature, the main source offliation is the NNH path
followed by NQ-intermediate and finally prompt routBy increasing the
preheating temperature of oxidizer, the prompt eobecome important,
whereas the NO emission by the NNH route is deedkaBhe last important
routes are reburn one.

« For low pressure, the analysis of NO mechanisntatdithat NNH route is the
most prevalent mechanism for NO production The séeonost important route
in this case is prompt one, then reburn mechamgr?= 3atm, thermal route
is activated via reaction R179. However, with poessaugmentation, the
contribution to NO production from #@-intermediate route exhibits a non-
monotonic behavior. The production reaches a maximunearly P=8atm and
begins declining. On the other hand, increasingqune result in a decrease in
the contribution of NNH and prompt mechanisms balight rise in the share

of thermal and reburn mechanisms.
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