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Résumé

Résumé

Les gaz de synthése (Syngas) sont reconnus comme sources d’énergie viables, en
particulier pour la production d’électricité. Lors de cette étude, trois compositions de syngas
ont été retenues. Elles sont représentatives de gaz issus de la gazéification de la biomasse
forestiére. Leur potentiel dans des systemes de production d'énergie utilisant un Moteur a
Combustion Interne (MCI) a été étudié. Leur vitesse de flamme en régime laminaire a été
déterminée a partir de visualisation par strioscopie. Les effets du taux d'étirement ont été
guantifiés au travers de la détermination du nombre de Karlovitz et de Markstein. En raison
des lacunes de la littérature sur les caractéristiques de combustion de ces syngaz, la
méthode de combustion sphérique a été utilisée pour déterminer la vitesse de flamme sur un
domaine de pression de 1 & 20 bars. Ces résultats ont ensuite été utilisés dans un code de
simulation multi-zones prenant en compte les transferts de chaleur aux parois afin d’estimer
la distance de coincement.

Une analyse en régime turbulent a été menée en Machine a Compression Rapide (MCR),
machine capable de reproduire un cycle compression-détente d'un moteur a combustion
interne. En général, les applications stationnaires de production électrique utilisent le gaz
naturel comme carburant, mélange majoritairement constitué de méthane. Pour servir de
référence a la comparaison des capacités des trois syngaz retenus, un mélange méthane-air
a été testé également. Afin d'identifier les différents paramétres liés au fonctionnement de la
MRC, en particulier les transferts de chaleur aux parois, des essais sans combustion ont été
réalisées.

Enfin un code de simulation du cycle d'un moteur a piston utilisant ces syngaz comme
combustible a été développé. Sa validation a été réalisée en utilisant les données
expérimentales disponibles dans la littérature concernant des mélanges hydrogéne-air et
méthane-air, et également a l'aide des données obtenues sur la MCR. Le modéle a
finalement été utilisé pour déterminer les performances d'un moteur a piston fonctionnant
avec ces sysngaz. Il a été observé que les compositions typiques de syngas, méme avec
des capacités calorifiques et la vitesse de flamme plus faibles, peuvent étre utilisées pour les

moteurs a allumage commandée et ceci a des vitesses de rotation élevées.

Mots-clés : Gazéification — Syngas -Combustion — Vitesse de flamme — Machine a

compression rapide — Modélisation multizone.




Resumo

Resumo

O syngas é mundialmente reconhecido como uma fonte de energia viavel em
particular para aplicacdes estacionarias. Neste trabalho, trés composicdes tipicas de
syngas foram consideradas representativas do gas proveniente da gaseificacdo de
biomassa florestal e estudada a possibilidade da sua utilizagdo em motores de
combustéo interna. Primeiro, a velocidade de chama laminar fora determinada a partir
de fotografia de schlieren a pressdo constante. Em adi¢do, o estudo dos efeitos da
perturbacdo da chama é realizado através da obtencdo dos numeros de Karlovitz e
Markstein. Em segundo lugar, e dado existir lacunas na compreensdo das
caracteristicas fundamentais da combustéo de gas de sintese, em especial a pressdes
elevadas relevantes para aplicacdes praticas da combustdo, é determinada a
velocidade de chama laminar a volume constante para pressdes até 20 bar. Esta
informacdo é aplicada num cddigo de simulacdo multi-zona da interac¢cdo chama-
parede de modo a determinar a distdncia de extincdo de chama. A combustdo
turbulenta em condicbes semelhantes ao motor de combustdo interna (MCI) é
reproduzida em maquina de compressdo rapida (MCR) funcionando em modo de
compressao seguido de expansdao simulando o ciclo de poténcia de um MCI. As
aplicacdes de producdo de energia de pequena escala usam habitualmente gas
natural como combustivel, deste modo o metano é também incluido neste trabalho por
guestdes de comparacdo de performance com as composicdes tipicas de syngas em
estudo. Testes de compressdo sdo também realizados em MCR operando com e sem
combustdo de modo a identificar os diferentes parametros de funcionamento,
nomeadamente a transferéncia de calor na parede. Um modelo termodinamico de
simulacdo do ciclo de poténcia de um MCI é desenvolvido. A sua validagdo é
efectuada por comparagcédo com dados de pressao obtidos na literatura para hidrogénio
e metano. O modelo é ainda adaptado para a MCR por alteragdo de varios aspectos
do mesmo, nomeadamente a funcdo de volume do cilindro e o modelo de velocidade
de chama. O cédigo mostrou-se adequado para simular a evolucdo da pressdo no
interior do cilindro. O modelo validado é entdo aplicado a MCI a syngas de modo a
determinar a sua performance. Conclui-se que as composi¢des tipicas de syngas,
apesar do seu baixo poder calorifico e velocidade de chama, podem ser utilizadas em

MCI a elevada velocidade de rotacéo.

Palavras-chave: Gaseificagdo — Syngas — Combustdo — Velocidade de chama —

Maquina de compresséao rapida — Modelacdo multi-zona.




Nomenclature

Nomenclature

Roman
A Area of flame surface (m?)
a Cross section (m?)
Bore (m)
Cp Specific heat under constant pressure (J/kg.K)
Cv Specific heat under constant volume (J/kg.K)
D Diameter (m)
E Ignition energy (J)
f Focal length (m)
Op Pressure gain (bar)
h Convective heat transfer coefficient (W/m?.K)
hg Global heat transfer coefficient (W/m?.K)

H(t) Instantaneous height of chamber (m)
I Current intensity (A)

k Turbulence kinetic energy (m?/s?)

Ka Karlovitz number

L(t) Instantaneous combustion chamber height (m)

Lp Markstein length of burned gases (m)
Le Lewis number
Ly Markstein length of unburned gases (m)

m Mass (kg)
M Molar mass (mol)
Ma Markstein number
N Engine speed (rpm)
Normal
P Pressure (bar)
Pe Peclet number
Pmot ¢y INStantaneous motored cylinder pressure (bar)
Qwc Convective heat flux (W)
Quwr Radiative heat radiative flux (W)
r Radius of burned gases sphere (m)

R Radius of the spherical vessel (m)




Nomenclature

Greek

© O O

=

s < ¢ 1 v o0 zZ2 X< ~rI

Universal gas constant =8.314 J/Kmol.K
Mean piston speed (m/s)
Unburned gas velocity (m/s)

Stretched Flame speed (m/s)

Unstretched Flame speed (m/s)

Stretched laminar burning velocity (m/s)
Unstretched laminar burning velocity (m/s)
Temperature (K)

Time (s)

Internal energy (J)

Lambert function

Volume (m?); Voltage (V)

Swept volume (m®)

Cartesian coordinates

Thermal diffusivity (W/m.K)

Flame thickness (m)

Quenching distance (m)

Time step (s)

Compression ratio; emissivity
Equivalence ratio

Crank radius to piston rod length ratio
Ratio of specific heat capacities (c,/c,)
Combustion efficiency (%)

Stretch rate (s™)

Thermal conductivity (W/m.K)
Kinematic viscosity (m?/s)

Angle

Density (kg/m®)

Stefan’s constant ; Expansion factor

Combustion time (s)




Nomenclature

Subscripts

Burned
Curvature

Discharge

T o O T

Final (end) condition

Initial conditions

g Fresh gas
m Mixture
n Normal
max Maximum

r, T 1 Spherical coordinates

S Strain

u Unburned

w Wall

% Adiabatic

0 Reference conditions

Superscripts

0 Unstretched
D Temperature parameter
E Pressure parameter

Abbreviations

ATDC After top dead center

BDC Bottom dead center

BTDC Before top dead center
°CA Degrees of crank angle

Cl Compression ignition

EVC Exhaust valve closing time
EVO Exhaust valve opening time
HHV Higher heating value

ICE Internal combustion engine

IPCC Intergovernmental Panel on Climate Change




Nomenclature

IvC
IVO
LFL
LHV
RCM
Si
TDC
UFL

Intake valve closing time
Intake valve opening time
Lower flammability limit
Lower heating value

Rapid compression machine
Spark ignition

Top dead center

Upper flammability limit
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Introduction

CHAPTER 1
INTRODUCTION

One of the most debated environmental issues of the actuality is the global warming,
which is caused by an enhanced greenhouse effect. Even though this issue is
connected with large uncertainties, for instance the effects of climate change that might
result in, the majority of scientists now agree that global warming is taking place and is

caused by increased concentrations of greenhouse gases in the atmosphere.

Earth’s temperature is determined by the greenhouse effect process, where the
incoming short wave radiation from the sun is balanced by outgoing long wave
radiation of the Earth’s surface (Elvingson and Luften, 2001). This balance is, for
example, affected by the absorption of outgoing radiation, which occurs in the
atmosphere. Carbon dioxide (CO,), water vapor (H,O) and methane (CH,) are
examples of greenhouse gases absorbing long wave radiation in the atmosphere,
hence contributing to a higher temperature at the Earth’s surface. The share of the
reflected radiation is known as the greenhouse effect and this is part of radiation that
raises the mean temperature of the surface of the planet about 40°C above than they
would be if there is no absorption. That is, the mean temperature on Earth would be
about -15°C (Hinrichs and Kleinbach, 2004). However, increased man-made
concentrations of atmospheric greenhouse gases enhance the natural greenhouse
effect and thus raise the mean temperature further. The Intergovernmental Panel on
Climate Change, has estimated that the average temperature at the Earth’s surface

has increased by 0.6°C (with an uncertainty interval of +£0.2°C) during the last century.

The most significant greenhouse gas is CO,, which contributes to the major part of the
global warming. The main anthropogenic source of CO; is the burning of the fossil fuels
such as coal, oil and natural gas. Energy supply is, to a large extent, comprised by
fossil fuels, which have resulted in an increased atmospheric concentration of CO,. The
demand for energy has grown steadily last century and continues to grow nowadays.
At the same time, the demand to decrease the use of fossil fuels is imperative in order
to avoid severe consequences due to a changed climate. The main determinations of
Kyoto Protocol, in order to tackle the climate change problem on a long-term basis, are
the need of industrialized countries to reduce significantly their greenhouse gas
emissions. To do this, different measures can be applied, for example a strong reduced

energy use due to improved efficiencies and a shift from fossil fuels to renewable fuels.
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The effort in recent years has enabled renewable energy to become more competitive
compared with fossil fuels and nuclear energy. Biomass is an example of renewable

energy that has been considered an interesting source of energy, particularly because:

- allows null net emission of CO, into the atmosphere, due to photosynthesis
(Bhattacharya, 2001). The CO, assimilated by the biomass during growing
phase corresponds to the amount of carbon in the biomass composition, about
48% in mass (Capintieri et al., 2005). Thus, for each kilogram of carbon in the
biomass about 3,67 kg of CO, have been subtracted from the atmosphere;

- ltis a by-product of low cost in agriculture or forest;

- It has enormous potential especially in the northern hemisphere.

Biomass has always been a major source of energy for mankind and is presently
estimated to contribute of the order 10-14% of the world’s energy supply. The IPCC
advances that biomass will represent approximately 32% of global energy use in the
year 2050. Their thermochemical conversion helps to improve the balance of carbon
dioxide, nitrogen oxides and sulphur in the atmosphere, which is one of the main

reasons that make the growing trend towards the use of biomass.

According with the European Directive 2001/77/EC biomass is the "biodegradable
fraction of products and waste from agriculture (including plant and animal substances)
of forest and related industries as well as the biodegradable fraction of industrial waste
and urban.” Thus, all belong to biomass plants and animals including all wastes and,
more broadly, the organic waste processed as the wood processing industry and food

industry.

Biomass can be converted into three main products: two related to energy —
power/heat generation and transportation fuels — and one as a chemical feedstock
(McKendry, 2002a). Conversion of biomass to energy is undertaken using two main
process technologies: thermo-chemical and bio-chemical/biological. Bio-chemical
conversion encompasses two process options: digestion (production of biogas, a
mixture of mainly methane and carbon dioxide) and fermentation (production of
ethanol). Within thermo-chemical conversion four process options are available:
combustion, pyrolysis, gasification and liquefaction. A distinction can be made between
the energy carriers produced from biomass by their ability to provide heat, electricity
and engine fuels. Only pyrolysis and gasification can provide fuel as end product.
Pyrolysis is adequate to produce liquid fuels and gasification to produce gaseous fuel.

Table 1.1 shows the conversion efficiencies of both technologies, where gasification
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proves to have higher efficiency. In fact, gasification is seen as one of the most

promising ways to produce energy from biomass (Knoef, 2003).

Table 1.1 - Thermo-chemical processes efficiency (Bridgwater, 2003)

Process Liguid Coal Gas
Pyrolysis 75% 12% 13%
Gasification 5%  10% 85%

The main attraction of this technology is the production of a fuel gas, elsewhere called
produced gas or syngas, which can be used into an engine or turbine for power
production. Besides, the low heating value of syngas its advantages over conventional
combustion in terms of pollutants emissions, particularly of nitrous oxides (NO,) and

soot are determinant for its use.
1.1 Motivation and objective

Syngas obtained from gasification of biomass is considered to be an attractive new
fuel, especially for stationary power generation. The research in this field has been
focused upstream the syngas production, and therefore there is a lack of knowledge at
the downstream level of the syngas production manly as far as combustion
characteristics is concerned.

The considerable variation of syngas composition is a challenge in designing efficient
end use applications such as burners and combustion chambers to suit changes in fuel
composition. Designing such combustion appliances needs fundamental understanding
of the implications of variation of different constituents of syngas fuel for its combustion
characteristics, such as the burning velocity.

Burning velocity values for single component fuels such as methane and hydrogen are
abundantly available in the literature for various operating conditions. Some studies on
burning velocities are also available for binary fuel mixtures such as H,—CH, (Halter et
al., 2005; Coppens et al., 2007), and H—CO (Vagelopoulos and Egolfopoulos, 1994;
McLean et al., 1994; Brown et al., 1996; Sun et al., 2007).

Natarajan et al., (2007) test an equally weighted, 50:50 H,-CO, fuel mixture with 0 and
20% CO; dilution. Prathap et al. (2008) study the effect of N, dilution on laminar
burning velocity and flame structure for H,—CO (50% H,—50% CO by volume) fuel
mixtures. All these studies use unreal syngas compositions. Therefore, there is lack of
knowledge in the fundamental combustion characteristics of actual syngas
compositions where there is a combined effect of N, and CO, dilution in the H,-CO-CH,

fuel gases that composes the actual syngas fuel. This motivated the present work to
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choose three typical compositions of syngas considered as mixture of five gases (H,-
CO-CH4-CO,-N;) and make its combustion characterization under laminar and
turbulent conditions with the objective to its application in stationary energy production

systems based on internal combustion engines.

1.2 Thesis layout

This work was divided into seven chapters with the following contains:

Chapter 1— Introduction

In this introductory chapter a brief overview about the environmental problems caused
by the extensively use of fossil fuels is given in order to provide reasons for the
increasing use of renewable energy sources with focus on biomass. The technologies
for converting biomass into fuels are summarized. The use of gasification as the right
technology to apply when a gas fuel is the final product is justified, which was the spark

that motivates this work. The objectives are defined.
Chapter 2 — Bibliographic revision

This chapter touches upon two topics of interest for the present work - gasification and
combustion. A global perspective of the gasification process is given, namely: its
definition, the main chemical reactions, the main types of reactors, the typical
composition of the syngas, the end use for the syngas as well as the technical

problems that still remains in this technology, pointing out the necessary research lines.

The influence of various process parameters in the final composition of the syngas is
evaluated based on bibliographical data. It is evaluated the influence in the final
composition of the syngas of biomass kind, reactor type, oxidizer and the reactor

operational conditions.

The syngas coming from a gasification process is under study for energy proposes.
This is accomplished by combustion. Therefore, premixed flames combustion theory is
revised. Stretch rate and the corresponding Karlovitz and Markstein numbers are
defined. Following, the experimental methods for burning velocity determination are

described with emphasis for the constant volume and constant pressure methods.
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Chapter 3 — Experimental set up and diagnostics

In this chapter the experimental devices used in this work are illustrated. The
experimental procedures are described. The flammability limits of typical syngas
syngas compositions are determined and several other combustion parameters like the

combustion efficiency and pressure gain.

Chapter 4 — Experimental and numerical laminar syngas combustion

In this chapter, the experimental study of three typical syngas compositions is
presented in terms of burning velocity, Markstein lengths and Karlovitz number.
Constant volume spherically expanding flames are used to determine a burning
velocity correlation valid for engine conditions.

This information about laminar burning velocity of syngas-air flames is then applied on
a multi-zone numerical heat transfer simulation code of the wall-flame interaction. The
adapted code allows simulating the combustion of homogeneous premixed gas
mixtures within constant volume spherical chamber in order to predict the quenching

distance of typical syngas-air flames.

Chapter 5 — Experimental study of engine-like turbulent syngas combustion

An experimental approach to syngas engine-like conditions on a rapid compression
machine is made. Engine-like conditions can be reproduced in a RCM when working
on two strokes mode simulating a single cycle of an internal combustion engine
working with typical syngas compositions. Together with pressure measurements,

direct visualizations are also carried out to follow the early stage of the ignition process.

The study of the compression process in a RCM operating without combustion is useful
to identify different parameters related with its operation, namely the heat transfer to
the walls. Once determined, these parameters can also be used during the usual firing
cycle. In fact, a common practice in engine testing for combustion diagnostic is, prior to
the usual firing tests. Stationary power applications usually use natural gas as fuel,
thus a methane-air mixture, the main constituent of the natural gas, is also included in

our work as a reference for comparison with syngas compositions.

Chapter 6 — Numerical simulation of a syngas engine

In this chapter a multi-zone thermodynamic combustion model is presented. The
purpose is the prediction of the engine in-cylinder pressure. The validation of the code

is made by comparison with experimental literature data and in addition with the rapid
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compression machine results obtained in this work. For this propose some adaptations

to the engine-like code are needed and are shown in advance.

Chapter 7 — Conclusions

In this last chapter a summary of the present work is made emphasizing the principal
findings. As any research project is an open narrative some perspectives for future

developments are also presented.
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CHAPTER 2

BIBLIOGRAPHIC REVISION

This work touches upon mainly the topics of gasification and combustion. The syngas
coming from a gasification process is under study for energy proposes. Therefore, a
global perspective of the gasification process is given with emphasis in the gasification
technologies and the dependence of the final syngas composition from the various

parameters of the process.

Energy production based on syngas is accomplished by combustion. Therefore,
premixed flames combustion theory is revised. Following, the experimental methods for
burning velocity determination are described with emphasis for the constant volume

and constant pressure methods.

2.1 Biomass gasification

2.1.1 Historical development

Wood, coal and charcoal gasifiers have been used for operation of internal combustion
engines in various applications since the beginning of the 20™ century. The utilization
peaked during the Second World War when almost a million gasifiers were used all
over the world, mainly vehicles operating on domestic solid fuels instead of gasoline.

Interest in the technology of gasification has shown a number of ups and downs since
its first appearance. It appears that interest in gasification research correlates closely
with the relative cost and availability of liquid and gaseous fossil fuels. These are the
cases of the Second World War, the double fuel crises of 1973 and 1979, and
nowadays the scarcity and rising oil prices. The relevant historical dates of gasification

development are the following:
1788: Robert Gardner obtained the first patent with regard to gasification;

1792: First confirmed use of syngas reported, William Murdoch used the gas generated
from coal to light a room in his house. Since then, for many years coal gas was used

for cooking and heating;

1801: Lampodium proved the possibility of using waste gases escaping from charring

of wood;
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1812: Developed first gasifier which uses oil as fuel;

1840: First commercially used gasifier was built in France;

1850: most of the city of London was illuminated by “town gas” produced from the

gasification of coal.

1861: Real breakthrough in technology with introduction of Siemens gasifier. This

gasifier is considered to be first successful unit;

1878: Gasifiers were successfully used with engines for power generation;

1900: First 600 hp gasifier was exhibited in Paris. Thereafter, larger engines up to 5400

hp were put into service;

1901: J.W. Parker runs a passenger vehicle with syngas;

1901 to 1920: In the period 1901-1920, many gasifier-engine systems were sold and

used for power and electricity generation;

1930: Nazi Germany accelerated effort to convert existing vehicles to syngas drive as
part of plan for national security and independence from imported oil. Begin
development of small automotive and portable gasifiers. British and French
Governments felt that automotive charcoal syngas is more suitable for their colonies
where supply of gasoline was scarce and wood that could charred to charcoal was

readily available

1939: About 250,000 vehicles were registered in Sweden. Out of them, 90% were
converted to syngas drive. Almost all of the 20,000 tractors were operated on syngas.

40% of the fuel used was wood and remainder charcoal.

Figure 2.1- Motor vehicle and tractor converted to run on syngas.

1940 to 1945: more than one million vehicles run in Europe during World War 1l with
syngas due to shortages of gasoline (Reed and Das, 1988). However, the low value of

fossil fuels soon after the war caused by the interruption and disaffection gasification
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point today to be difficult to reproduce in the laboratory that was routine in the decade
of 40.

Figure 2.2 - Inland Sea and converted vehicles to run on syngas

1945: After end of Second World War, with plentiful gasoline and diesel available at low

cost, gasification technology lost glory and importance.

1950 - 1970: During these decades, gasification was a “Forgotten Technology ". Many
governments in Europe felt that consumption of wood at the prevailing rate will reduce

the forest, creating several environmental problems.

The year 1970°s brought a renewed interest in the technology for power generation at
small scale. Since then work is also concentrated to use fuels other than wood and

charcoal.

Currently, due to the rising petroleum prices and the environmental problems
associated with its use, it becomes imperative to search for alternatives and

gasification is historically the chosen technology.

2.1.2 Gasification process

Gasification is the thermo-chemical conversion of a carbonaceous fuel at high
temperatures, involving partial oxidation of the fuel elements (Higman and Burgt,
2003). The result of the gasification is a fuel gas - the so-called syngas - consisting
mainly of carbon monoxide (CO), hydrogen (H,), carbon dioxide (CO,), water vapor
(H20), methane (CH,), nitrogen (N.), some hydrocarbons in very low quantity and

contaminants, such as carbon particles, tar and ash.

Gasification takes place in a reactor, called gasifier, in the presence of an oxidizing
agent that may be the pure oxygen, steam, air or combinations of these. Inside the
gasifier, regardless of their nature, occur simultaneously in several cases for which
there is still no consensus within the scientific community. Three or four steps are

usually referred to. In the context of thermal sciences, the reactions of gasification are
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only those that occur between the gas and solid fuel devolatilized excluding the oxygen
(Sousa-Santos, 2004). However, in general terms gasification is the partial or total
transformation of a solid fuel into gas. Thus also the devolatilization and oxidation are

an integral part of gasification.

In this work it is considered that gasification occurs in a set of four steps: drying,

pyrolysis, oxidation and reduction (Demirba (j 2002) with the following description:

- Drying — biomass fuels consist of moisture ranging from 5 to 35%. At
temperatures above 373 K, the water is removed and converted into steam. In
the drying, fuels do not experience any kind of decomposition.

- Pyrolysis — is the thermal decomposition of biomass in the absence of oxygen
whereby the volatile components of a solid carbonaceous feedstock are
vaporized in primary reactions by heating, leaving a residue consisting of char
and ash. The ratio of products is influenced by the chemical composition of
biomass fuels and the operating conditions.

- Oxidation — introduced air in the oxidation zone contains, besides oxygen and
water vapors, inert gases such nitrogen and argon. These inert gases are
considered nonreactive with fuel constituents. The oxidation takes place at
temperatures of 975 to 1275 K. Heterogeneous reaction takes place between
oxygen in the air and solid carbonized fuel, producing carb