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Abstract

The objective of the thesis was to study the effects of various thermo-physical
properties of biogas fuel blended with hydrogen on its combustion characteristics. The
pure biogas is represented with a blend of 60% (volumetric) CH4 and 40% (volumetric)
COz. The amount of hydrogen enrichment Ry is varied from 0% to 50% by volume.
This thesis deals with two different works that are very important to the same mixture,

which we will summarize below:

1- Three-dimensional computational domain studied using the non-premixed
(Diffusion) combustion model with the combustor power of 60 kW. The steady
laminar flamelet model is used. The famous k—¢ standard turbulent model, and
(P-1) radiation model are adopted in simulation. The effect of hydrogen
enrichment and global equivalence ratio (¢) with different swirl numbers (SN)
on a stable flame operation, temperature distribution, emissions of NO, and
species concentrations are analyzed. For combustion simulation, the detailed

Kinetics reaction mechanism (GRI mech 3.0) is used.

The results indicate, that hydrogen enrichment, the variation of the equivalence ratio,
and the swirl numbers, significantly impacted the flame macrostructure. Indeed,
hydrogen enrichment will increase the flame temperature. Where the decrease of the
equivalence ratio with high swirl numbers will decrease it. However, the NO maximum
emissions in the outlet chamber have been dropped by 43 and 78 (ppm @15 % vol. O2)
for the biogas and biogas-50% H», respectively, due to the reduction in flame
temperature. The flame temperature and NO emissions at ¢ = 0.2 with a high rate of
hydrogen (50% H2) are close to the results of pure biogas, (0% H2), at the same
equivalence ratio (¢). The results display that CO and CO, emissions decrease with
increasing hydrogen mixing and decreasing the equivalence ratio; due to a decrease in
the amount of carbon, the cooling effect of secondary air, and an increase in the OH

concentration.

2- The common one-dimensional PREMIX and zero-dimensional SENKIN codes
are used to run the numerical simulations using the (GRI mech 3.0). The initial
conditions used in this study are of practical importance and related to the
engine conditions. The detailed reaction mechanism, developed for methane,

contains reactions and kinetic data for all the considered compositions. The



high-temperature combustion characteristics are investigated with the help of
flame speed, flame temperature, species, and heat release profiles. Whereas
low-temperature oxidation characteristics are studied with the help of ignition
delay analysis. The flame speed for pure biogas (R+ = 0.0) at ambient conditions
computed from this mechanism is compared with experimental data from the
literature and validated successfully. The simulations are then extended to
include hydrogen mixing Ry = 0.0- 0.5, through a range of equivalence ratios,
¢= 0.7 -1.4, unburned pressures P = 0.1- 7.0 MPa, unburned temperatures T =
300-600 K. The flame speed of biogas + hydrogen and air mixtures has been
correlated for variations in the hydrogen diluent, the equivalence ratio, unburnt

gas temperature, and unburned pressures.

The results suggest that adding hydrogen to biogas enhances flame speed as well as
ignition delay. The laminar flame speed decreases, caused by an increase in unburned
pressure, is a linear function of hydrogen mixing to biogas. In addition, a sensitivity is
conducted to quantify the impact of hydrogen supplied to biogas, using the coefficient
of sensitivity of laminar flame speed, (o). The comprehension of the combustion
properties of these mixtures will lead to feasibility conformity, appropriate mixtures of

biogas and hydrogen, and enhancement of design.

Keywords: Landfill, Biogas + hydrogen Fuel, Gas turbine engine, flame models,

Emissions.



Résumé

L'objectif de cette thése est de comprendre les effets de diverses propriétés thermo-
physiques du biogaz carburant mélangé avec I'hydrogéne sur ses caractéristiques de
combustion. Le biogaz pur est représenté avec un mélange de 60% (volumétrique) de
CHjy et 40% (volumétrique) de CO>. La quantité d'enrichissement en hydrogéne (Rw)
est variée de 0% a 50% en volume. Cette these traite deux travaux différents qui sont

tres importants pour le méme mélange que nous résumerons ci-dessous :

1- Un calcul tri-dimensionnel, utilisant le modéle de combustion non-prémélangé avec
la puissance de combustion de 60 kW. Le modele de flammelette laminaire stationnaire
est utilisé. Le modele standard k-¢ turbulent et le modéle de rayonnement P-1 sont
adoptés dans la simulation. L'effet de I'enrichissement en hydrogene et de la richesse
du mélange, (¢), avec différents nombres de tourbillons ““Swirl>> (SN) sur la stabilité
de la flamme, la distribution de la température, les émissions de NO et les
concentrations d'espéces sont analyses. Le mécanisme cinétique de réaction détaillé,

(GRI mech 3.0) est utilise pour la simulation de la combustion.

Les résultats indiquent que I'enrichissement de I'hydrogéne, la variation de la richesse,
et les nombres de swirl affectent de maniére significative la macrostructure de la
flamme. En effet, l'enrichissement en hydrogéne, augmente la température de la
flamme. La diminution de la richesse avec des nombres de swirl élevés la diminuera.
Cependant, les émissions maximales (NO) a la sortie de la chambre ont été réduites de
43 ppm corrigées 15 % en volume d'O: pour le biogaz et de 78 ppm corrigées 15 % en
volume d'Oz pour le biogaz + 50 % H.. Cela est di a la réduction de la température de
la flamme. La température de la flamme et les émissions de NO a ¢ = 0,2 avec une
teneur élevée en hydrogéne, (50% H.), sont proches des résultats du biogaz pur (0%
H2) a la méme richesse. Les résultats montrent que les émissions de CO et de CO;
diminuent avec l'augmentation de Il'addition de I'nydrogene et la diminution de la
richesse ; en raison d'une diminution de la quantité de carbone, de l'effet de

refroidissement et d'une augmentation de la concentration des radicaux OH.

2- Les codes PREMIX unidimensionnel et SENKIN zéro dimension sont utilisés
pour exécuter les simulations numériques a l'aide du (GRI mech 3.0). Les
conditions initiales utilisées dans cette étude sont d'importance pratique et liées

aux conditions du moteur. Le mécanisme réactionnel détaillé, développé pour

\Y



le méthane, contient des réactions et des données cinétiques pour toutes les
compositions considérées. Les propriétés de combustion & des températures
élevées sont vérifiees a l'aide de la vitesse de la flamme, la température de la
flamme, les espéces, et les caractéristiques de dégagement de chaleur. Alors que
les propriétés de la combustion a basse température ont été étudiées a l'aide
d'une analyse du retard d'allumage. La vitesse de flamme pour le biogaz pur (Ru
= 0,0) aux conditions ambiantes calculée a partir de ce mécanisme est validée
par rapport aux données expérimentales de la littérature. Les simulations sont
ensuite étendues pour inclure l'ajout d'hydrogéne Ru = 0.0-0.5 avec une richesse
¢=10.7-1.4, les températures initiales T = 300- 600 K et les pressions initiales P
= 0.1-7.0 MPa. La vitesse de flamme des mélanges air biogaz-hydrogene a été
correlée pour les variations en hydrogene, la richesse, la température des gaz

imbralés et les pressions initiales.

Les résultats indiquent que I'addition d’hydrogene au biogaz augmente la vitesse de la
flamme et retarde l'allumage. La quantité de réduction de la vitesse laminaire de la
flamme due a l'augmentation de pression initiale est une fonction linéaire de I'addition
d'’hydrogéne au biogaz. De plus, une analyse de sensibilité a été examinée pour mesurer
I'effet de I'hydrogene ajouté au biogaz en utilisant le coefficient de sensibilité a la
vitesse de flamme laminaire (o). La compréhension des propriétés de combustion de
ces mélanges conduira a la conformité de faisabilité, a des mélanges appropriés de

biogaz et d'hydrogene et a 'amélioration de la conception.

VI
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CHAPTER 1

1 INTRODUCTION

1.1 Overview

Due to increased demand for energy, and the general strategy to reduce fossil fuels
consumption (e.g., natural gas, petroleum, coal) [1,2] the alternative fuels found
paramount interest. The understanding of combustion, oxidation characteristics, and
applicability of these alternative fuels in existing combustion systems such as internal
combustion engines (ICEs) and gas turbine engines (GTs) received significant attention
worldwide in recent decades. Among these alternative fuels, biogas has been valued as
a promising substitute due to its lower processing cost and slightly higher density
compared to natural gas. Biogas is a renewable gaseous fuel that will play a pivotal role
in protecting the environment [3]. It is a type of biofuel formed from the anaerobic
degradation of organic waste. The main compositions of biogas fuel are methane (60%)
and carbon dioxide (40%). It is comparable to natural gas, which constitutes methane
around 99%. Biogas is easily transportable due to its physical properties, which are
similar to those of other conventional resources, fossil fuels such as natural gas (NG)
[4]. However, in the initial condition, the biogas has a lower low-calorific-value (LCV)
of 17 MJ/kg, as compared to natural gas (50 MJ/kg) and hydrogen (120 MJ/kg) [5].
This is due to the presence of carbon dioxide (COz acting as a diluent) in the biogas
compositions. Therefore, the usage of 100% biogas in the burners (CI engines or gas
turbines) is limited by the potential flame instabilities, narrow flame flammability
range, low-temperature flames, and reduced burning velocity, etc. It is undoubtedly
beneficial if the biogas is mixed with hydrogen because hydrogen has some favorable
combustible properties such as its strong reactivity, very low ignition delay, high flame
speed, and higher combustion density, low-to-no emission, stability [6,7]. It is known
that the utilization of 100% hydrogen in IC engines or gas turbines has numerous
problems related to safety and storage [8]. To overcome these problems, many
researchers suggest adding hydrogen in large quantities to alternative fuels as hydrogen-
air mixed with methane [9-16], liquefied petroleum gas [17], n-butane [18], n-decane
[19], etc. Several studies investigated experimentally and numerically the impact of

hydrogen mixings to fuels in internal combustion engines (ICs) and gas turbines (GTs),



as presented in Table (1-1). According to these studies, the hydrogen in (1Cs) and (GTs)

has excellent characteristics in combustive properties, such as reducing NOx emissions

and high-velocity engine operation. The hydrogen-thermodynamic features and heat

transfer allow operating under the lean mixture conditions enabling higher efficiency

and output power.

Table 1-1: Impact of hydrogen mixings to fuels in internal combustion engines (ICs) and gas

turbines (GTs)

Type of

Alrazen et al.
[25]

Year Authors Application Findings
study
- Hydrogen enrichment in biogas can
increase the second-law efficiency of
engine operation (from 40.85 % to
42.41%) by reducing the combustion-
) C D Rakopoulos _spa_rlf S Experimental generated irreversibility (from 18.25 % to
008 et al. [20] |gn|_t|on (SD study 17.18 %)
engine
- The increases in H addition in biogas led
to increased combustion temperatures and
decreased combustion duration, thus
reducing the combustion irreversibility.
GL Juste et al. - By injecting small amounts of hydrogen-
2006 | [21] air mixture into the lean primary zone, it
is possible to reduce the level of nitrogen
industrial ) oxides (NOx)
turbi Experimental ) _ o )
gas tUIDINE | o idy - Increasing the primary air in gas turbine
2010 | K.K. Gupta etal. combustor combustor is an effective way to reduce
[22] NOXx emissions
- The effects of swirl number and
equivalence ratio in gas turbines have
Noriyuki . . been examined, and the NOXx emission is
1997 | Kobayashi et al. gas-turbine Experimental highly dependent on the swirl number and
system study - .
[23] the equivalence ratio.
- Swirl was effective in decreasing
nitrogen oxide emissions.
- Hydrogen addition becomes a natural
choice to improve diesel engine
A Aziz performance and emissions.
2014 I—Sruddln et al. Review - Hydrogen addition would affect
[24] Diesel experimental | eémissions; as a decrease in non-
compression | study  and | combustible  hydrocarbons, carbon
Havd A ignition Numerical dioxide (CO,), carbon monoxide (CO),
o015 | Havder | engines methods and particulate matter (PM) emissions,

there is also an increase in the (NOX)
when enriching H,. However, it can be
controlled by exhaust gas recirculation
(EGR) and by controlled injections.

The hydrogen-enriched to hydrocarbon-air mixture enhances combustion intensity,

especially by increasing the flammability limits (FL) for lean mixtures, which are the

key characteristics of the fuel mixture to use in gas turbines and in the internal




combustion engines. Despite the advantages of using hydrogen as an additive fuel for
biogas, there are still some problems and issues not addressed in the literature, which

are:

1- What is the optimum operability condition for the use of biogas +hydrogen
blends in the gas turbine combustion using non-premixed combustion (diffusion
combustion)?

2- Are biogas +hydrogen blends as fuel suitable to use in this gas turbine
combustion?

3- What are the advantages and disadvantages of these fuels? Regarding flame

stabilization and emissions.

After knowing the answers to these questions, there are other questions to be asked,

answered, and discussed:

1- What about using these fuels in internal combustion with premixed combustion?

2- What is the effect of thermophysical properties of biogas +hydrogen blends on
their ignition delay time and flame speed?

3- Is it possible to obtain an analytical correlation for biogas /H»-air regarding

flame speed without referring to the repeated use of experiments?

The main objectives related to these questions are explained in detail in the next section
(1.2)

1.2 Objectives
The overall objective of this research is to thoroughly investigate the combustion
characteristics of biogas fuel blended with hydrogen at various compositions, in the

combustor.
The specific objectives are as follows:
NON -Premixed combustion:

+ This study deals with identifying the optimum range of hydrogen and
equivalence ratio for a reduction in NOx emissions for a can-type gas turbine

combustor chamber.



*

to evaluate the influence of hydrogen addition and equivalence ratio on
temperature and species distributions, flame temperature contours, species, and

emissions within gas turbine combustor

Premixed combustion:

*

Development of laminar flame speed analytical correlation data for
hydrogen/biogas-air mixture under engine relevant conditions.

The explanation of variation in laminar flame speed values with unburned
pressure and temperature through temperature and pressure exponent factors (a
and P) for lean to rich regimes.

Identification of simplified reaction pathway (that is, OH + H>, = H + H.0)
which is important only in the cases in which hydrogen is added in the mixture.
Identification of third body reaction pathway (H + CHs (+M) = CHs + M)
leading to a reduction in overall mixture reactivity with the increase in unburned
pressure.

Quantification of the effects of unburned pressure and unburned temperature on
ignition delay timing for hydrogen/biogas-air mixtures.

Effect of hydrogen mixing on the flame structure of laminar premixed
biogas/hydrogen flames in terms of comparison of heat release rate, major and

minor species concentration.

In bringing out these aspects, it is believed that the current study has provided some

crucial new information on the combustion characteristics of premixed and non-

premixed combustion biogas/hydrogen-air mixtures.

Many different combustion models and reaction mechanisms have been used in the

literature. It is observed that the GRI (detailed chemical reaction mechanism: mech 3.0)

is a popular choice for biogas+hydrogen combustion and has been widely chosen for

the biogas+hydrogen combustion mixture [26-28] successfully in the past. GRI mech

3.0 contains 53 species and 325 reactions. Most importantly, it contains the constituent

elements of the interactions of biogas (CH4, COz), where also, it was included a detailed

combustion H2 mechanism.



1.3 Organization of Thesis

This thesis consists of five parts, the first being the introduction chapter. A summary of
the importance of different fuels is given in this chapter (biogas and biogas fuel blended
with hydrogen), and the impact of hydrogen mixings to fuels in internal combustion
engines (1Cs) and gas turbines (GTs). We also touched on the main objectives that were

studied and discussed in this thesis.

The second chapter focuses on literary analysis pertinent to the present topic. The
review discusses various theoretical, numerical, and experimental investigations on the
combustion characteristics of biogas fuel blended with hydrogen at various

compositions, as well as how the current study can fill in gaps in the literature.

The third chapter explains the numerical model that was used to simulate the
biogas-H. combustion characteristic. The numerical domain, computational domain,
governing equations, boundary conditions, multi-species and kinetic model, and
radiation model used in this study are all described in detail in this chapter. The solution
procedure is also described in this chapter. Finally, a systematic presentation of the
development of laminar flame speed analytical correlation data for hydrogen/biogas-air

mixtures under engine-related conditions is presented.

The fourth chapter discusses the results of the biogas-H. air combustion mixture.
First, numerical investigations are performed to study the combustion characteristics of
biogas fuel blended with hydrogen at various compositions under non-premixed
swirling flame mode in a can-type gas turbine combustor. A numerical approach using
the non-premixed combustion model, turbulent standard (k—) model, and P-1 radiation
model is adopted and simulated with the combustor power of 60 kW. The steady
laminar flamelet model is used to analyze the effect of hydrogen enrichment and global
equivalence ratio with different swirl numbers on a stable flame operation, temperature
distribution and contours, velocity streamlines contours, emissions of NO, and species
concentrations. Second, computational research on the combustion characteristics of
biogas+hydrogen blends under several thermo-physical conditions relevant for real
combustion applications. The numerical simulations were conducted using 0-D
SENKIN, and 1-D PREMIX programs, while the GRI Mech 3.0 was used to model
chemical kinetics. Both the high and the low-temperature combustion characteristics

were studied for pure and hydrogen blended biogas-air mixtures. The low-temperature



oxidation characteristics were studied using ignition delay analysis. While, the high-
temperature oxidation characteristics were studied using flame temperature (Tad),

laminar flame velocity (Su), heat release rate, and species concentrations (Ci) profiles.

A general summary of the numerical work performed in this analysis is presented
in the fifth and final chapter, where the most important findings of this research are
presented. A brief presentation of the scope for prospective research work in this area
follows.



CHAPTER 2

2 THEORY AND LITERATURE REVIEW

2.1 Introduction

This chapter provides a summary of the research studies relating to combustion, flame,
fuel, and the effect of enriched hydrogen on hydrocarbon-air mixtures, as well as biogas
mixtures and their effect on improving combustion characteristics. The motivations are

also covered, with the main objectives of this work being mentioned.

2.2 Combustion

Combustion is one of the most established and widely used thermochemical
technologies. It is a scientific term for burning. The combustion is an essential process
in most people's daily life. For example, when you drive a car, use a gas stove, or create
a pleasant atmosphere by burning a candle. Additionally, most power is generated by
fossil fuel burning. It is an important process in the industry, especially in mineral
production [29-31]. Combustion can be described as the rapid oxidation of a fuel that
produces heat and light [32]. In other words, combustion is the process of converting
the energy contained in the fuel's chemical bonds into heat. Combustion occurs when
three basic elements are present: fuel, oxidizing agent (oxygen), and heat, and thus a

flame (fire) is generated.

Figure 2-1 Fire triangle

This flame can be defined as a thin combustion zone, in which an intensive chemical
reaction propagates via an unburned fuel- air mixture. This thin reaction zone or

combustion zone releases the heat at that zone, which causes the surrounding gas to rise



in temperature and pressure. The combustion can happen in both flame (visible: like

stove flames) or non-flame (invisible: like the combustion of the hydrogen) mode.

2.3 Classification of Flames
Fuel and oxidizer (air or oxygen) are mixed and burned, resulting in a flame. Generally,

there are two fundamental types of flame:

» Premixed flame or premixed combustion

» Non-premixed flame or non-premixed combustion, and it's called also diffusion
flame or diffusion combustion.

» Each of these types is further subdivided depending on whether the fluid flow

is laminar or turbulent [32,33]. This is illustrated in figure 2-2.
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Figure 2-2 Examples of Combustion for Premixed and Non-Premixed

2.3.1 Non-premixed flame

Reactants are added separately in the reaction zone in non-premixed flames (also
known as diffusion flames) since fuel and oxidizer are transported into the reaction zone
mainly by diffusion. The maximum temperature of burnt gases is determined by the
temperature of fuel and oxidizer burning in stoichiometric proportions and is difficult
to control [34].

» Steady Laminar Flamelet Model



The steady laminar flamelet models (SLFM) principle is based on the premise that a
turbulent flow's flame can be considered as an ensemble of small laminar diffusion
flames known as flamelets. These flamelets are obtained through experiments or
calculations. In simple configurations, they are expected to have the same structure like
laminar flames [35].

2.3.2 Premixed flame

In the premixed combustion process, the reactants (fuel/oxidizer) are assumed to be
thoroughly mixed before entering the reaction zone. Premixed flames propagate
towards the fresh gases by diffusion, the heat released by the reaction preheats the
reactants until the reaction starts, it can refer that the reaction rates increase
exponentially with temperature. For the determination of laminar flame speed, flames

considered will be limited to laminar premixed flames.

Fully premixed flames and partially-premixed flames are the two types of

premixed flames, as mentioned below:
2.3.2.1 Fully Premixed flame

In this type of flame, the reactants (fuel and oxidizer) are completely mixed before
reaching the reaction zone, also this flame is identified as the flame front. The location
of the reaction zone inside the flames is not defined by the diffusion of reactants.
However, they occur as a result of the balancing of the local convective velocity of the
reactants with the rate of consumption of the reactants, also recognized as the flame

speed. Also as a note, lower flame temperatures are achievable in this type of flame.
2.3.2.2 Partially-Premixed Flame

The premixed and non-premixed flame regimes mentioned previously are idealized
situations. Fuel and oxidizers cannot be completely premixed in real-world
applications. In certain cases, incomplete premixing is created on purpose to save fuel
or reduce pollutant emissions. For example in spark-ignited internal combustion
engines, the fuel injection is tuned to create a quasi-stoichiometric mixture near the
spark to promote ignition, but a lean mixture in the rest of the cylinder to promote
combustion. Fuel and oxidizer should meet in non-premixed flames to burn and
maintain flame stability, resulting in partially premixed zones. The so-called triple

flame, which happens when reactants are partially premixed before the flame [34].



2.4 Laminar Premixed Flame speed

The laminar flame speed (Su) is traditionally defined as the velocity that a laminar,
steady, one-dimensional, stretch/free, adiabatic flame, and planar flame front travels to
the unburned gas in a direction normal to the flame surface, which is a physicochemical
property of a premixed, flammable mixture due to the combined effect of three
mixtures, reactivity, diffusivity, and exothermicity [30,36]. For combustion models,
such as engine simulations and the validation of chemical kinetic mechanisms, an
understanding of flame speed is required. It provides a measure of the overall reactivity
of fuel-air mixtures, which aids in determining heat release rates and validating reaction
mechanisms and kinetic models. The laminar flame speed (LFS) of the fuel-air mixtures
is related directly to overall mixture reactivity and flame thickness[36]. Flame
stabilization, flame blowout, flame flashback, and flame extinction are all examples of
combustion phenomena that can be described using laminar flame speed [37,38].
Laminar flame speed is used in combustion systems like industrial furnaces, internal
combustion engines (ICEs), gas turbine combustors (GTCs), and rocket engines (RES)
[39-41]. Laminar flame speed or laminar burning velocity depends only on the fuel,
oxidizer, and transport properties such as thermal conductivity, viscosity, and
molecular diffusivity. Table 2-1 shows a list of the laminar flame speed at the
atmospheric conditions(T= 300k and P= 1latm) for a stoichiometric mixture of different
fuels [42]. It can be seen that the speeds range from (35 to 43 cm/sec) for most fuels,

except for hydrogen, which is about 5 times larger than the other fuels.

Table 2-1 Laminar flame speed at atmospheric conditions for a stoichiometric mixture of
different fuels with air

Fuel Formula e
[cm/sec]
Methane CHs 40
Hydrogen H2 213
Ethane C2Hs 42
Propane CsHs 40
n-butane n-CsH1o 41
n-pentane n-CsHi2 38
n-heptane n-C7H1e 37
Iso-octane is0-CgH1s 35
Methanol CH3OH 43
Ethanol C2HsOH 40
DME CH30CHz3 43

10



2.4.1 Laminar flame speed approaches

In the literature, laminar flame speed is also referred to as flame speed, burning velocity,
adiabatic burning velocity, or burning velocity. Laminar flame velocity has been a topic
of interest to many academics. Some researchers studied the subject theoretically, while
others attempted to understand physics through a variety of experimental approaches.
In this section, emphasis will be placed on the theoretical approaches. Theoretically,

there are three approaches to laminar flame speed:
» Thermal theory

Mallard and Le Chatelier [38] were the first to investigate the problem of determining
a mixture's laminar flame speed. They divided the premixed flame into two zones.
Reaction zone where the reaction occurs and a preheat zone where these high
temperatures products transfer heat to the unburnt mixture. It simply means the hot
products from the reaction zone transfer heat to unburnt gas by diffusion such that
unburnt reactants reach an ignition temperature where they ignite and burn. In the
reaction zone, after self-ignition, the chemical enthalpy is converted to sensible

enthalpy.
» Comprehensive Theory

Zeldovich et al.[38] improved the classical thermal theory using the two different zones
approach. In this case, they considered the effects of both molecular and thermal

diffusions at the same time.
» Diffusion Theory

Tanford et al.[43] proposed the diffusion theory. They proposed that active radical like
(hydrogen, oxygen...etc) diffusion regulates the combustion process and, as a result,

hence laminar flame speed.

These three theoretical approaches highlight the relationship between laminar flame
speed, and various variables such as thermal conductivity, diffusivity, reaction rate...

etc.
¢+ Factors influencing laminar flame speed

The factors affecting the laminar flame speed are the equivalence ratio, fuel/air mixture

composition, temperature and pressure.

11



2.5 Laminar Premixed Flame Structure

The knowledge of the flame front structure of the laminar premixed flame helps to
know the definition of laminar flame speed. Once the problem of "flammability” and
the "ignition™ is solved, the flame appears. A flame can be thought of as a propagating
combustion wave through a flammable mixture. The laminar flame and its flame
thickness is described as (8L), in which the fuel and oxidizer are premixed, is the most
basic for the premixed model. Fristrom and Westernberg [28] researched the
composition of the flame in great detail, claiming that it is divided into four sections:
unburned, preheat, reaction, and burned gas, as shown in figure 2-3. At first, a fresh
unburned mixture is delivered to the flame zone in ambient conditions. The preheat
zone is the region where the mixture gets its temperature rise mainly by thermal
conduction and a slight rate of convection getting from the reaction zone (note that the
radiative heat transfer in this zone is negligible) with its flame thickness (dpH). The
reaction zone is the region zone where combustion reactions occur with its flame
thickness (0r); once the ignition temperature (T;) is reached, each element of gas begins
a chemical reaction, producing more heat until the equilibrium temperature (T¥) or often
called the burned gas temperature (Ty) is reached. The gases that emerge from this
region join the burned gas zone, where their temperature and concentration are
maintained [44].
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Figure 2-3 Schematic diagram of a one-dimensional planar and an unstretched flame front.

12



The flame thickness is also related to the laminar flame speed. The following
relationship combines the laminar flame speed (Su) and flame thickness(d) is obtained
[36]:

2.6 Laminar flame speed correlations

Laminar flame speed depends on four basic elements: equivalence ratio (¢), unburned
temperature (T), unburned pressure (P) of the fuel-air mixture, and dilution
concentrations. Through the study of the relations between these important elements, it
can reach co-relations that allow finding results without resorting to empirical studies
every time. Metghalchi and Keck [45] suggested the most common correlation between
equivalence ratio, unburned temperature, and pressure, it represented in the equation

below:

a

=50 (1) () “

Where Syo is the laminar flame speed parameter which is determined at reference
conditions of temperature (Ty) and pressure (Py), and it is in terms of equivalence
ratios(¢). both power exponent coefficients (o and ) are dependent on the equivalence
ratios and they were determined from the laminar flame speed. More details have added

in the next chapter (section 3.11)

2.7 Combustion Thermodynamics

2.7.1 Mixtures Properties

Thermodynamic properties are represented in terms of the mass or the moles [46]. In
terms of the thermal properties of a pure substance, enthalpy, internal energy, and
specific heat are determined. The combustion system is composed of several gases,
which is the consequence of a combination of the characteristics of all of the constituent
gases as the thermodynamic properties of a mixture. The ideal gas law will be adopted
for gaseous mixtures so that the ideal gas relation can be introduced to each component
of gas. The mass-weighted average of species properties is used to calculate the

mixture's fluid viscosities from Sutherland’s law, the specific heat (Cp)/enthalpy(h)/

13



entropy(s) from NASA polynomials, and thermal conductivity (k) from kinetic theory.
Thus, Sutherland's model, NASA piecewise polynomials, and Kinetic theory relations

are used to calculate these properties for each species [47].
» Flammability limits of the mixture

A flammable mixture is one in which the fuel is mixed with a sufficient amount of
oxygen and ignited at a specific temperature. There are two types of flammability limits
[48]:

a. Upper flammability limit (UFL): When the fuel density inflammable mixture is
too high.
b. Lower flammability limit (LFL): When the fuel density is insufficient to

produce a spark.

The table 2-2 shows an overview of the flammability limits (UFL and LFL) for different
fuels at ambient conditions, which may vary slightly depending on the source due to

the lack of test devices and standard conditions[48-50].

Table 2-2 the flammability limits (UFL and LFL) for different fuels at ambient conditions

Fuel UFL [ VOL.%] LFL [ VOL.%]
Petrol 7.6 1.4
Natural Gas ~13.5 ~4.8
CHas 15.0 - 16.0 48-5.0
C2Hs 11.2-125 2.2—3.0
CsHs 9.5—10.0 2.1
n-CsHao 8.5 15
n-CsHi» 7.8 1.4
n-CsHis 7.0 1.25
n-C7Hsse 6.0 1.0
n-CsHis 3.2 0.95
H> 74.5 -76.0 4.0-6.5
CO 70.0 —75.0 12.5—15.0

The ignitability of an air-fuel mixture is primarily defined through its autoignition

temperature and the minimum ignition energy
» Minimum Ignition Energy (Emin)

The minimum ignition energy is the least amount of energy required to heat a small

volume of mixture to start to ignite the system [33,51].
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» Autoignition Temperature (AIT)

The autoignition temperature is commonly defined as the lowest temperature at which
a given mixture must be heated in order to spontaneously combust in the absence of an

ignition source [52].
» Ignition Delay Time

The time between fuel injection into the combustion chamber and the start of ignition
is identified as ignition delay [53,54]. The start of fuel injection is typically described
as the moment the injector needle lifts off, while the start of combustion is more
difficult to pinpoint. The combustion start can be identified by a sudden shift in the
cylinder pressure gradient, light emission, the temperature increases due to the
combustion. Ignition delay has a direct effect on the heat release rate, as well as an

indirect effect on exhaust gas emissions and engine noise [55].

2.7.2 Combustion Stoichiometry

The stoichiometric air (or it is called theoretical air) is the minimum amount of air
required for the complete combustion of a fuel. For example: If all of the carbon (C) in
the fuel is converted to COg, all of the hydrogen (H) is converted to H»O, and all of the
sulphur (if any) is converted to SO, the combustion process is complete. Thus, a
complete combustion process in which the fuel is completely burned with
stoichiometric air. This process is called theoretical (or stoichiometric) combustion.
The stoichiometric equation for combustion of a general hydrocarbon fuel with air can
be expressed as [48]:

By

R R ]
Z 2) (02 +3.76N3) — & €O, + 5 H,0 +3.76 (a + ——g) N, (2-3)

CsH, Og + (é + 7
Where @, 3, and y are the number of carbons, hydrogen, and oxygen atoms in the

hydrocarbon or hydrocarbon mixture.

2.7.3 Heating Values

Heating Value (also known as the heat of combustion, and calorific value) of a fuel
(MJ/ kg) is defined as the maximum quantity of heat that is generated by the combustion
of fuel-air at standard conditions (T= 298 k or 25°C and, P= 101.3kPa). The amount of
heat released during fuel combustion depends on the water phase of the products. If the
water in the gas phase is found in the products, then the value of the total heat release

is called the lower (Net) heating value [LHV]. For water in the condensed form,
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additional heat energy (which is equal to the latent heat of vaporization) is extracted.
Then the total energy release is called higher (Gross or upper) heating value [HHV]
[46]. Table 2-3 shows the lower/higher heating value for different fuels. The highest
heating value (HHV or LHV) is hydrogen, compared to other fuels, hydrogen is the

highest among the hydrocarbon fuels.

Table 2-3 Lower and higher and heating values for different fuels

Euels State at ambient conditions HHV LHV
(temperature and pressure) (MJ/Kkg) (MJ/kg)

Hydrogen Gas 141.9 119.9
Methane Gas 55.5 50

Ethane Gas 51.9 47.8
Gasoline Liquid 47.5 44.5

Diesel Liquid 44.8 42.5
Methanol Liquid 20 18.1

2.7.4 Adiabatic Flame temperature

The adiabatic flame temperature (adiabatic combustion) [Tad] occurs when the
combustion chamber is isolated (no heat loss in the surrounding areas), the temperature
of the products reaches a maximum [46,56]. It is worth noting that when complete
combustion happens with the theoretical amount of air (at stoichiometric), the adiabatic
flame temperature reaches its maximum value. As a result, the adiabatic flame
temperature is a critical factor in the design of combustion chambers, burners, engines,
nozzles, gas turbines. The maximum temperature can be adjusted by adjusting the

amount of excess air used as a coolant.

2.8 Combustion applications

Combustion is applied in our daily life in several devices, including:
» Burners: Stoves, Furnaces, Boilers, Gasifier, etc.
» IC engine: Petrol and diesel engines

» Gas turbine combustor: Power plant steam turbine, air-craft gas turbine
combustor, etc.

In this section, it will focus on IC engines and Gas turbine combustor, where some
studies have been applied to them.

2.8.1 Definition of Engine
An engine is a device that converts one type of energy into another. However, when

converting energy into another form, the conversion efficiency is critical. Because most
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engines convert thermal energy into mechanical work, they are referred to as 'heat
engines'. A heat engine is a device that converts a fuel's chemical energy into thermal
energy and then uses that thermal energy to do useful work. therefore, thermal energy
is thus transferred to mechanical energy in a 'heat engine'[57]. There are two types of

heat engines, which are depicted in Figure 2-4 along with the devices that power them.

Heat Engines

IC Engines EC Engines
l Rotary l 'Reciprocatin; Reciprocatina l Rotary
e’

Open Wankel Gasoline Diesel Steam Stirling Steam [ Closed

Cycle Engine Engine Engine Engine Engine Turbine Cycle
Gas

Turbine

Gas
Turbine

Figure 2-4 Classification of heat engines.
= External Combustion Engines
External combustion engines (ECESs) are those in which combustion occurs outside of
the engine. The term "external combustion engine™ refers to any engine that receives
heat from a source other than the fluid that powers the engine. For example, A boiling
water reactor would use a flame (heat) to convert water into steam. The resulting steam

moves the turbines, which, in turn, generates power.
= |nternal Combustion Engines

Internal combustion engines (ICEs) and 'jet engines' are machines that convert
combustion heat into kinetic energy or mechanical. ICEs are classified into two types:
spark-ignition (SI) engines and compression-ignition (CI) engines, which correspond
to gasoline and diesel engines, respectively. Sl engines (Petrol engines) are commonly
used to power passenger cars and motorcycles. Cl engines (Diesel engines), on the other
hand, are primarily used in ships, trucks, and off-road vehicles, etc..., due to their

greater energy efficiency and power density when compared to gasoline engines[58].
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= Gas turbines

The gas turbine (GT) is similar to the internal combustion engine in that it is not
typically a "heat engine”[59]. The gas turbine, also called a combustion turbine, is a
power plant that, despite its size and weight, produces a large amount of energy. Gas
turbines are now available that run on different fuels, including natural gas, pure
methane, biomass gases (biogas or syngas), diesel fuel, low Btu gases, raw gases,
evaporated fuel oils[60].

2.8.2 Combustor components
The combustion chamber consists of many components [61], which are the case,
diffuser, liner, snout, dome/swirler, fuel injector, igniter, and combustion zones, they
have been described in figure 2-5.

Leni :
. . @ter Dnme{:ase Liner
Diffuser Fuel Injector Snout [0 / \\ Z

Swaarler Dilution holes

Intermediate holes

Primary Holes

Figure 2-5 A conventional combustor's main components

> Swirler

Airflow in the primary zone is critical for flame stabilization in the combustion
chamber. In order to stabilize the flame, all combustors create a toroidal flow reversal
to recirculate hot combustion products into the entering of the mixtures of air and fuel.
Introducing swirlers is one of the most important ways of generating recirculation.

Swirler performance is determined by the parameter swirl number (SN).

The swirl number (SN) is a dimensionless parameter; the ratio of the tangential
momentum flux over the axial momentum flux. It is used to study the effect of the

airflow swirling inlet on the flame combustion characteristics[62]:
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Gy R
sz = [, puwr? dr

R Jy pu?

(2-4)

SN = r dr
Where Gy is the axial flux of the tangential momentum, and Gax is the axial flux of the
axial momentum, R is the outer radius of the annulus, u, and w are the axial and

tangential velocity at the radial positionr.

» Combustor Zones

The classic combustion device has a very high ratio of air to fuel. At such air-to-fuel
ratios, it is clear that no fossil fuel can initiate or sustain combustion. This requires the
combustor to be divided into zones, which results in stable combustion. In general, a

combustor is divided into three major zones.

- Primary zone: this is an area in which only a few airs are drawn (usually 15-20
percent of the total combustor flow)[51]. The swirler circulates the air, which is
thoroughly mixed with the fully atomized fuel before being ignited.

- Intermediate zone: Combustion may be rich or incomplete in the primary zone at
times. Furthermore, the temperature in the initial zone can sometimes reach the
stoichiometric flame temperature of the fuel. This entails employing an area
(Intermediate zone) in the liner that draws in sufficient air to complete combustion
and partially reduces temperatures, where low emissions are desirable.

- A dilution zone: This is a region in which the temperature of the combustion
products is reduced and mixing of the resulting gases to establish a temperature that

supports the integrity of the turbine blades.

PRIMARY DILUTION
WALL JETS, JETS

\AIR

=) AR

AXIS OF SYMMETRY

SWIRLER PRIMARY SECONDARY

ZONE ZONE

DILUTION
LONE

Figure 2-6 Combustor Zones
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2.8.3 Gas Turbine combustor

A combustion chamber is a component of an internal combustion engine where fuel
and compressed air are combined and burned before being used, to drive the turbine
with the high-temperature exhaust gas. In a gas turbine, the combustion chamber has
named a combustor. There are three types of combustor: can-type, annular-type, and
can-annular type, which are briefly listed below.

Figure 2-7 Types of gas turbine combustors: (a) can, (b) annular, and (c) can-annular[63]



» Can type: The earliest type, consisting of individual cans. Fuel injectors, liners,
interconnectors, and casing are all unique to each “can.” A can-type combustor is

depicted in Fig. 3-1(a) [63].

» Annular type: As shown in Fig. 3-1(b), this is a modern combustor. Annular
combustors are characterized by different combustion areas, a continuous liner, and a
ring-shaped casing (the annulus). Annular designs allow for more effective combustion,

with nearly all of the fuel being consumed [63].

* Can-annular type: This is a hybrid of the two types above, with discrete combustion
zones enclosed in separate liners with their fuel injectors and a common air casing
shared by all combustion zones. The combustion efficiency of can-annular designs is
lower, but their modular nature makes them easy to repair or replace. Figure 3-1(c)

depicts a combustor of the can-annular type [63].

2.9 Emissions

One of the main factors of the study designs of modern engines and gas turbines is to
reduce emissions. In general, there are five main types of emissions: unburned
hydrocarbons (UHC), carbon dioxide (COz), carbon monoxide (CO), nitrogen oxides
(NOx), and smoke/soot.

= Unburned Hydrocarbons

Unburned hydrocarbons produced from fuel unburned resulting from incomplete
combustion caused by local extinction. Flame extinction occurs when the flame front
reacts with cold tube walls or when there are gaps in the combustor or when the
temperature is low, reaction time becomes larger than mixing time, putting the flame

front under strain.
= Carbon Dioxide and Carbon Monoxide

Carbon monoxide (CO) is a key component in the oxidation of hydrocarbons. Fuel will
be broken down into CO during the combustion process before being oxidized into
carbon dioxide (CO2). The carbon monoxide, on the other hand, oxidizes slowly.
Carbon dioxide is a harmful pollutant that occurs in the global warming process. nearly
stoichiometric mixtures, and due to the high combustion temperatures, carbon dioxide

is separated and thus a large amount of carbon monoxide is formed. As a result, CO
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concentrations can drop fast as a function of temperature as long as the carbon dioxide

has enough time to oxidize and create carbon dioxide[64].
= Oxides of Nitrogen

This is a pollutant that contributes to the removal of ozone from the stratosphere,
resulting in an increase in ultraviolet (UV) radiation on the earth's surface. Nitrogen
oxides (NOx) are composed of NO, N>O and NO». Most combustion chambers produce
the amount of NO more than NO> because NO- is formed from NO in non-premixed
combustion systems' low-temperature mixing regions. NO is produced by four primary
mechanisms: Thermal NOx (ie, Zeldovich), nonthermal mechanisms or Prompt NOX,

Fuel NOx, and nitrous oxides [33].

a. Thermal NOx: it typically has a high concentration, at temperatures higher than

1750 K. This type has three formation reactions:

0+N,—>N+NO (2-5)
N+ 0O,- 0+ NO (2-6)
N+ OH-H+ NO (2-7)

Thermal NOx, also known as Zeldovich NOx, is formed when high temperatures
dissociate N2, Oz and reform them as NO. Thermal NO formation is thermochemically
preferred at high temperatures of combustion products. The term "thermal™ is used
because the first reaction, which is the rate-limiting step in NO formation, has very high

activation energy because of the strong triple bond in the nitrogen (N2) molecule.

b. Prompt NOx: a nonthermal mechanism, this conversion takes place at low
temperatures (lower than 1800 K) and high pressures, long before thermal NO has

formed, and usually ahead of the flame front.

This mechanism is important in fuel-rich conditions and is formed in relatively low

temperatures « about 1000 K ».
c. Fuel NOx: This kind of mechanism is linked to the presence of N2 in fuels.

Generally, gaseous fuels such as natural gas, are devoid of nitrogen associated with the

fuel, it is frequently present in liquid and solid fuels.
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d. Nitrous oxides (N20): N2O is important in high pressure and high-temperature
conditions. This mechanism is activated when (O atoms) attack molecular

nitrogen(N2).

When a third N molecule is present, the process produces N2O, which interacts with O
atoms to make NO. N.O emissions are insignificant, but they can act as a mediator to

NOXx emissions.

2.10 Classification of Fuels
Combustion processes and distribution methods, based on the state of matter of fuel,

making the fuel phase at standard conditions a rational basis for classification.

a) Solid Fuel: Most solid fuel consists of volatile matter, moisture, ash, and fixed
carbon. The ultimate analysis of solid fuels defines the relative amounts of these
constituents on a mass basis. The final analysis may be assumed on a dry basis.

Examples: wood, coal, biomass.... Hydrocarbon solid fuel: CaHyOg4 with (a > b)

b) Liquid Fuel: Most liquid fuels are blends of various hydrocarbons. Liquid fuel
is commonly treated as a single hydrocarbon with a basic common formula CxHy but it
can be a mixture of different hydrocarbons. Examples include gasoline, oil, diesel, etc.
Liquid hydrocarbon fuels: CaH,Og with (a < b)

C) Gaseous Fuel: a mixture of gaseous. Example: LPG gas, Biogas, Syngas, CNG

gas, etc.

2.11 Gaseous fuels

As mentioned in the combustion part, gas/liquid fuels, mix easily with air and can be
used more in internal combustion engines (ICEs) or gas turbines (GTs) even though
there can be a slight loss in the power output when transported. Fuels are commonly
classified as standard or non-standard, i.e. conventional or alternative fuels. Natural
gas, petroleum products, and coal are examples of conventional fuels. Historically,
alternative fuels were defined as any other hydrocarbon that could be used as a fuel.
Biofuels (biodiesel, ethanol, methanol), biogas, hydrogen, and biomass sources are just
a few examples of well-known alternative fuels. For a variety of reasons, there has been
a great deal of interest in the use of alternative fuels. Discovering a domestic source of
fuels is a security thing and economics for several countries that are reliant on foreign

sources of energy. Another important reason is that some of these alternative fuels can
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help reduce emissions and in the short and long term. Biogas and hydrogen are two
prominent alternative fuels that may play a significant role in the future energy mix. In
response to the growing interest in hydrogen, many original equipment manufacturers
(OEMs) have recently proposed solutions for its use in gas turbines. The following parts

provide a brief overview of the fuels discussed in this study.

2.11.1 Natural Gas

Natural gas, also known as (fossil gas) is a natural hydrocarbon gas mixture primarily
composed of methane. Methane is a highly flammable gas that burns easily and almost
completely. It produces very little emissions in the atmosphere. Natural gas is non-
corrosive and non-toxic, has a high ignition temperature, and a narrow flammability
range, making it an intrinsically safe fossil fuel as opposed to other fuel sources[65].
Natural gas is the next alternative, and it already meets roughly 23.8% of the primary
energy consumption in the world, and 25% in Organisation for Economic Co-operation
and Development (OECD) member countries. To be considered as an energy source,
natural gas must be compared to other fossil fuel sources such as petroleum and coal.
This comparison must be based on the level of emissions from these sources; typical

values are shown in Table 2-4.

Table 2-4 Fossil Fuel Emission Levels

Pollutants Coal Oil Natural Gas
Carbon dioxide 208,000 164,000 117,000
Carbon monoxide 208 33 40
Sulfur dioxide 2591 1122 1
Nitrogen oxide 457 448 92
Particulates 2744 84 7
Mercury 0.016 0.007 0.000

However, it also emits a significant amount of carbon dioxide, which contributes to
global warming, as well as nitrogen oxides, which cause acid rain and smog, much like
other carbon-based fossil fuels. Therefore, another percentage of fuel is added to the
hydrogen to improve the mixture and reduce emissions. Natural gas has long been the
preferred fuel in gas turbine combustors, and this energy conversion technology

processes greatly improves this fuel and its combustion properties.
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2.11.2 Biogas

Biogas is precious renewable energy, an alternative to global energy requirements and
at the same time a reduction of emissions of waste and greenhouse gases (GHGs) and
a secondary supplier of biodegradable organic materials for energy usage [66]. Biogas
is a gas that is formed when organic matter is biologically broken down without oxygen.
Biogas is a form of biofuel that comes from biological materials. Biogas is generated
by fermentation or anaerobic digestion of biomass, sewage, manure, municipal waste,
vegetable material, Green waste, energy plants, and other biodegradable substances.
The major components of this form of biogas are methane and carbon dioxide [67].
Biogas is a low-cost fuel that can be utilized for any heating purpose, including cooking,
in any region. It can also be utilized in modern waste management facilities to control

any kind of heat engine, which can produce mechanical or electrical power[66].
2.11.2.1 Biogas production

Biogas is generated via anaerobic digestion, waste methanation, landfills, industrial
composting, and biomass gasification (thermos-chemicals production), anaerobic co-
digestion of animal farm manure, digestion facilities for the agro-food sector under
thermophilic (55 °C) as well as in mesophilic (35 °C). Biogas that are rich in methane
(CH4), with greater heating values ranging from 15 to 30 MJ/Nm? were created by this
activity [68,69].

2.11.2.2 Biogas composition

The content of biogas varies according to the type of feedstock and the operating
conditions of the digester. Generally, biogas is composed of (50-75 percent) CH4 and
(25-50 percent) CO2, as well as other trace elements such as water vapor (H.0),
nitrogen (N2), oxygen (O2), ammonia (NHs), hydrogen sulfide (H2S), methyl siloxanes,
halogenated volatile organic compounds (VOCs), carbon monoxide (CO), and
hydrocarbons [70,71]. The principal components of biogas are methane, and carbon
dioxide. Biogas composition varies due to differences in biodegradable compounds and
their amounts present in organic wastes as landfill, agricultural waste, sewage sludge,
and industrial wastes/wastewaters. Biogas pollutants cause corrosion and failure of
process equipment and pipeline systems, as well as have negative health and
environmental consequences[72]. Furthermore, the presence of such impurities will

reduce the final CH4 content of biogas, decreasing its calorific value when burned. As
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a result, for both economic and environmental reasons, biogas must be cleaned up or
even upgraded. Bio-methane (CHa-rich biogas) of high quality can be obtained after
biogas upgrading and used as a natural gas substitute [73]. Typical natural gas (GN)

compositions, biogas, and the negative effect of biogas pollutants can be found in Table

2-5.

Table 2-5 Composition of natural gas and biogas produced from different sources

Natural
gas

Compounds

Biogas source

Landfill
gas

Anaerobic
digestion
at WWTP

Agricultural

wastes

The negative effect
of biogas
contaminants

CHa (%) | 85-92

35-65

60-70

55-75

CO2 (%) 0.2-1.5

25-40

30-40

35-40

* Decrease in heating
value

H2S (ppmv) 1-6

20-500

0-34000

30-7200

e Odor

. Corrosion in
equipment and gas
transportation
systems

e Immediate hazard
to human health at
concentrations >100
ppmv

e SOx emission
during combustion

NH3 (ppmv) -

<5

<100

70-150

e NOx emission
during combustion

N2 and 02
(%)

<0.5

15

1-2

* Decrease in heating
value

Siloxanes -
(mg m?®)

7-24

n.a.

n.a.

. Corrosion  of
equipment and gas

transportation
systems

Only methane (CH.) contributes to the calorific value of biogas. As an example, at
standard temperature and pressure, 1 m® of raw biogas including 60% CH4 has a
calorific value of 21.5 MJ/m? (5.97 kWh electricity equivalent), compared to pure CHa
at standard temperature and pressure 35.8 MJ/m? (9.94 kWh electricity equivalent)[66].
CO: is a refractory gas that affects biogas density and heat values, although it is not
corrosive or poisonous as a sulfide of hydrogen. The latter is harmful and hazardous to

the environment and corrosive to the metal components of compressors, pumps,
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engines, gas storage tanks, and valves, as well as reducing the equipment's lifetime
[74,75]. Contaminants in biogas must be removed before they can be used. The biogas
treatment consists of two primary steps: purification (removal of dangerous and toxic
substances such as H>S, NHs, N2, Si, Oz, H, CO, and VOC) and improvement (adjusting
the carbon dioxide content, to increase the calorific value of the biogas to an optimum
level). The ultimate product is biomethane, mainly made up of CH4 (95%-99%) and
CO2 (1%—-5%) [76]. A number of biogas upgrading technologies have emerged in recent

years, with the main distinction being the nature of the process.
2.11.2.3 Biogas applications

Biogas has three primary applications:

. Electricity generation
. Vehicle fuel
. Production of heat and steam

Biogas can be also used in a variety of applications, including [77,78]:

Internal Combustion Engine
Gas Turbine Engine (Large)
Microturbine Engine (Small)
Stirling Heat Engine

Boiler (Steam) Systems

Hot Water Systems

Process Heaters (Furnaces)
Space or Air Heaters

Gas Fired Chiller
Absorption Chiller
Combined Heat and Power (CHP)
Fuel Cells

V V.V V V V V V V V V V

2.11.2.4 Advantages of biogas

+ Renewable energy source.

+ Less pollution: Biogas is considered to be a less polluting fuel. It also helps to
reduce deforestation and any kind of indoor air pollution.

+ Reduces landfills.
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+ Use of cheaper technology: the technology utilized to produce biogas is
improving, so the applications of biogas are also increasing. Biogas can be
utilized for heating as well as for electricity production.

+ Gaining a large number of jobs.

+ Capital investment is minimal: setting up a biogas plant requires little capital
investment and is easy when built on a small scale. The waste material produced
by livestock on farms can be used to produce biogas on the farm, allowing
farmers to become self-sufficient.

+ Reduces Greenhouse Effect: Biogas is produced by using gases produced by
landfills and thus the greenhouse effect is reduced. It is used as a form of energy.
It uses simple technology and recycles the majority of biodegradable or organic

wastes, so biogas has become an important resource [79].
2.11.2.5 Disadvantages of biogas

+ Little Technological Advancement: Because very few technological
advancements have been made or introduced to streamline and make the process
cost-effective systems that are currently in use are inefficient. Most of the
investors are not ready to put their capital investment in biogas production,
although the investments could be a potential solution to the problems being
faced.

+ It consists of impurities: Despite going through numerous refining processes,
biogas contains several impurities. If this impurity-laden biogas is used as a fuel
after being compressed, the metals in an engine may begin to corrode.

+ Biogas is not appealing on a large scale: Biogas is not economically viable on a
large scale. Improving the efficiency of biogas systems is also very

challenging[79].

2.11.3 Hydrogen

Hydrogen is the simplest and most abundant element on earth. Hydrogen easily
combines with other chemical elements, and is always present as part of another
substance, like hydrocarbon, water, or alcohol. Hydrogen can also be found in natural
biomass, which includes animals and plants. As a result, it is regarded as an energy
carrier rather than an energy source [80]. Hydrogen has many appealing characteristics

as a clean energy carrier for electricity and heat, including a large storage capacity,
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renewable production, high energy conversion, cleanliness and environmental
friendliness, zero emissions, vast specific energy, a wide range of sources, reliability,
and ease of storage and regeneration [81,82]. As a result, it is regarded as the cleanest
and most promising energy source of the twenty-first century. Because hydrogen does
not exist as a molecule in nature, it is created through the conversion of certain
hydrogen-containing sources of materials such as carbohydrates or water. Hydrogen
must be produced using other primary energy sources. Approximately, half (50%) of
the hydrogen (Hz) produced worldwide, comes from natural gas (NG), mainly from
steam methane (CH4) reforming; the rest comes from oil (30%), the majority of which
is used in hydro-processing applications in petroleum refineries; coal (19%), primarily
for the manufacture of ammonia (NHz); and the remaining (4%) comes from water
electrolysis. Unfortunately, the majority of traditional technologies for producing
hydrogen from fossil fuels are associated with significant environmental pollution and
high-energy consumption. As a result, greater emphasis has been placed on the
application of new technologies to produce hydrogen from nuclear and renewable
sources, with increasingly stringent and relevant environmental protection regulations
in place around the world. These techniques include electrolysis of water, biomass

gasification, thermonuclear, and chemical methods.

2.11.4 Fuel variability in the IC Engines and Gas Turbines

Biogas, hydrogen, and biogas+hydrogen blends utilization in IC engines and gas
turbines is cutting-edge and dependable technology. The important factor to consider
in the usage of fuels in the engines is the Wobbe index, which is the most important
criterion for gas exchangeability. Similar Wobbe indices imply that fuel may be
exchanged for a given pressure and valve settings with similar power supplies. Wobbe
index (WI1) is a standard indicator of the fuel characteristics and interchangeability in
the engines, counting both power facilities and original equipment manufacturers
(OEMs). It was developed to describe the natural gas (NG) with different compositions
[83].

HH Vfuel,Vol LHVfuel,Vol (2'8)
’pfuel T pfuel
Pair gas Pair

WI is presented as the fuel higher heating value (HHV) divided by the ratio of fuel

WI =

density to air density. The Modified Wobbe Index (MWI) contains the lower heating
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value (LHV) and the fuel temperature. There are several kinds of Wobbe index (WI1)
that are well described in the literature [83]. Table 2-6 presents Wobbe index values for
biogas-H> mixture and other pure fuels, such as the pure hydrogen and syngas CO and
CHa [84]. It can be seen that hydrogen has a similar Wobbe index as methane. In this
case, the low density of hydrogen compensates for the lower volumetric heating value

to maintain a similar WI.

Table 2-6 Wobbe index ranges at normal condition

Fuel Category Wobbe Index Range (MJ/Nm?)
Biogas-H2 mixture 24.67-25.79
Biogas (90%CHs-10%CO>) 44.41
Biogas (60%CHs-40%CO>) 24.64
Syngas Type 24-29
Natural gas Type 48-53
LPG Type 72-87
Methane 47-53
Hydrogen 40-48

2.11.5 Application of biogas in IC engines and GT Engines

For the biogas, in its purer form (containing more than 95 percent methane), has
calorific values comparable to natural gas and it is suitable for use in all existing natural
gas applications [85]. The performances of enriched biogas and natural gas at constant
velocity IC engines have been compared. In terms of thermal efficiency, fuel economy,
specific gas volume, brake power output, and emissions, the experiments reported
comparable engine performance [70,86]. The biogas, as indicated in Tables (2-7), (2-

8), and (2-9), is a high-octane fuel readily available in the SI, ClI, and GTs engines

+ In the spark ignition engines:

Table 2-7 presents some examples of the use of biogas in spark ignition (SI) internal
combustion engines.

30



Table 2-7 Use of biogas on internal combustion engines for the spark ignition (SI)

Authors Fuel Application Findings
Whiston et al. !t is shown that the rate of turb_ulent combustion
[87] is lowered when concentrations of CO; are
increased.
They discovered that increased biogas CO>
Anand et concentration reduces NOx emissions greatly,
al.[88] and the large proportion of CO, volume can
Biogas assist prevent engine knock.
They discovered that adjusting the compression
Papagiannakis ratio and ignition timing can boost efficiency.
et al. [89] On the other side, increasing the compression
ratio will increase NO emissions, especially
spark- under conditions of lean-burning.
ioniti They discovered that increasing the hydrogen
gnition - .
Chen et al.[90] engine concentration  improves  flame  speed

Park et al.
[91-93]

Biogas+hydrogen

propagation and increases the heat release rate.

The addition of H, to the mixture can enhance
combustion stability. The low-temperature
range can also be expanded by hydrogen and
HC emissions are lower and NOx emissions
increased. Furthermore, as hydrogen increased,
the heat transfer loss increased, lowering
thermal efficiency.

- Hydrogen has been shown to enhance the
stability of biogas combustion, although the
high adiabatic flame temperature can produce
more NOXx emissions.

+ In the compression ignition engines:

Biogas is a high octane fuel that is hard to burn with a homogeneous engine. The

combustion model is considered clean and effective for homogeneous charge

compression ignition.

Table 2-8 Biogas applications in compression ignition engines

Authors Fuel Application Findings

Diethyl By adding diethyl ether, they could create stable
Sudheesh et al. h HCCI combustion. The HCCI model powered by
[94] ether- diethyl ether-biogas emits less smoke, NO, and HC,

Biogas Homﬁgeneous but produces higher CO.

charge
Compregsion They discovered that NO emissions are lowered in
Nathan et al Biogas- ignition biogas/diesel HCCI mode while smoke emissions
' (HCCI) remain extremely low.

[95] diesel The inert gas (CO) in biogas reduces the burn rate of
HCCI in HCCI combustion mode, thereby allowing
the inhibition of knock.

Mustafi et al. The biogas/diesel dual fuel option dramatically
. Dual fuel reduced emissions of NOx. This could be due to the

[96] Biogas- compression high CO- level of the biogas.

Lounici et al. diesel ignition [ They discovered that in dual fuel combustion mode,

[97] combustion | particle emissions are considerably decreased at high

loads (biogas comprising 70% methane).
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+ In the gas turbine engines:

At comparable scales, turbines or micro-turbines are predicted to be marginally more
efficient than 1C engines. A range of fuels, including natural gas, methane, kerosene,

propane, diesel, and biogas, can operate in micro-turbines.

Table 2-9 Application of biogas in gas turbines

Authors Fuel Application Findings
M.G.Rasul et They discovered that in distant rural areas, small-
al. [98] scale micro turbine generation utilizing biogas can

' Micro Gas substitute diesel generators.
Chia-Chi Biogas This study reveals encouraging results with the use
Turbine of biogas in a micro-gas generator, as well as a
Chang et al. considerable reduction in greenhouse gas emissions,
[99] demonstrating  the  circular  economy and
environmental preservation ideas.

Prasad ] They discovered that the micro gas turbine and fuel
Kaparaiuetal | Biogas Gas Turbine | cell* offer significantly reduced NOx and CO
pargj ' g and fuel cell | emissions, as well as decreased maintenance costs.

[100]

2.11.6 Earlier studies on combustion instability in gas turbine

Production of biogas can be operated on micro or industrial scales. Research studies
have presented several important criteria that influence combustion instability
characteristics in gas turbines, for example, the swirl number [101], equivalence ratio,
combustion design, and fuel compositions. Jalalatian et al. [102] performed
experiments on the effect of the Swirl Number, equivalence ratio, and Reynolds
numbers on diffusion flame structure and emissions. They demonstrated that when the
overall equivalence ratio (the global equivalence ratio) increases, there is an enhances
in the flame length, an increase in swirl number leads to a slight decrease in
temperature, CO concentrations, and NO thermal concentrations. Kotb and Saad [103]
have predicted the effect of equivalence ratio on the flame stability and CO
concentration. As a result, the swirl burner displays a lower CO concentration than the
co-flow burner. Yilmaz [104] Conducted research on the Swirl Number effect on
natural gas diffusion flames combustion properties and has been validated and
compared with a simulation using a standard k-epsilon model. He proved that the swirl
number has a strong effect on combustion characteristics like the flame temperature,

the gas CH4, CO2, Oz, and H2O concentrations.
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2.12 Motivation

The following summary can be derived from the above-mentioned literature review.
Biogas consists of CH4, and CO. with lower concentrations of nitrogen, oxygen, and
volatile organic compounds. Biogas is a low-calorie fuel. Because of the high
concentration of diluted carbon dioxide, which varies between 20% and 60% depending
on the source of the biogas [92,105,106], its main composition varies according to the
origin or the conditions of the digestive process [107]. Although carbon dioxide present
in biogas can reduce emissions of pollutants, these studies have confirmed its negative
effects on fuel characteristics [108-111]. Because carbon dioxide has limited flame
stability, lower burning velocity, and lower flame temperature, the biogas combustion
properties are inferior to natural gas (NG) [112-114]. This is because carbon dioxide is
a diluent in the combustion chamber, which absorbs energy from the combustion,
lowers gas temperatures, and affects the flame speed of the biogas + air mixture. The
second major problem with biogas applied in industrial burners is its poor stability.
Several researchers have mentioned the deleterious effect of dilute CO2 on flame
stability[114-116]. Many efforts are devoted to understanding the stability behavior of
biogas [117,118]. The lower heating value, combined with the chemical and thermal
properties of carbon dioxide, can restrict the use of biogas in practical combustion
facilities. The problem of potential instability and low flame temperature, therefore,
limits the application of pure biogas to industrial burners, because the biogas has a

narrow scaling range and lower combustion velocity in nature [119].

In the table below 2-10, the main features of biogas are compared to other typical
gaseous combustible fuels [120]. The table findings show that biogas, with its high
amount of carbon dioxide, have an extremely low energy density based on volumes, a

very low flame speed, and not very broad inflammability limitations.

Biogas burning velocity is only 25cm/s, compared to 275cm/s for hydrogen. In addition,
when compared to other hydrocarbons (HC) fuels, biogas also demands a relatively low
quantity of air for burning by unit mass of fuel, compared to other hydrocarbons (HC)
fuels. Biogas has a high temperature of self-ignition and resists auto-ignition. Because
of the presence of CO., the combustion of the fuel is poor, the correct air-to-fuel ratio
and the spark timing are crucial to maintaining. The relatively poor features of its fuel
can be strengthened by mixing it with other high-quality fuels like hydrogen to improve

the use of biogas. Research efforts were devoted to flame stabilization by adding
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hydrogen. Table 2-10 illustrates some of the most recent research findings, which

include higher reaction rates, higher flame temperature, and lower carbon monoxide

emissions for biogas and hydrogen mixtures compared to raw biogas.

Table 2-10 Comparison biogas with other common gaseous fuels characteristics

. Natural . Producer
Characteristics LPG Gas Hydrogen | Biogas gas
Fuel composition by 30CsHg | 85CHs | 100 H2 60 CHs | 2.2 CH4
volume (%) 70CsH10 | 07 C2Hs 30 COz | 9.3CO;
02 CsHs 0.18CO | 22.6 H>
05 CO2 0.18 H, | 24.3 CO
01 N2 41.2 N
LHV (MJ/kg) at P=1 3500—
atm, and T= 15 <C 45.7 50.1 120 17 6000
KJ/m?
The density at the same |, 5 | 7 0.08 1.2 1.05
conditions
Borning velocity (cm/s) 20-30
(Should
38.25 34 275 25 be a
single
number)
Fuel/air stoichiometric
(kg of air/ kg of fuel) 116 | 120.95-
1.3
15.5 17.3 34.2 Nm3air/ | NmmPair/N
Nm’gas | 3 gas
The flammability limits
(rate of volume in the air)
The leaner mixture 215 5 4 75 7
The richer mixture 9.6 15 75 14 216
The octane numbers
The autoignition
temperature (°C) 405-450 540 585 650 625

The next chapter involves the numerical investigation of the combustion

characteristics of biogas fuel blended with hydrogen at various compositions.
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2.13 Conclusion

This chapter summarizes the experimental and numerical literature review that
examined the effects of the addition of hydrogen to several premixed fuels, non-
premixed, and partially-premixed flame modes under engine relevant conditions.
Several gaps in the literature have been identified based on the brief literature presented.
The motivation for the present study is to address the few identified gaps in the

literature, according to the objectives that have been defined
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CHAPTER 3

3 NUMERICAL MODELLING

3.1 Introduction

Computational simulations are widely utilized by several researchers for examining
combustion characteristics in detail. The numerical model is described in detail in this
chapter. The first part of this work, which includes the computational domain, the
boundary conditions, the chemical kinetics, the radiation model, and the grid
generation, inside the Can-type gas turbine combustor. In the second part of the work,
containing also the computational domain, and the laminar flame velocity correlations,
is used in the present study. The simulations are performed using the commercially
available codes ANSYS-FLUENT, 0-D SENKIN, and 1-D PREMIX. A chemical
kinetics mechanism GRI mech 3.0 having 53 species and 325 elementary reactions.

Details of the grid and the numerical model procedure are presented.

3.2 Governing equations
The governing equations for a steady turbulent non-premixed combustion (continuity,
momentum, energy, and additional equations for the standard k-¢ turbulence model,

radiation, and combustion) solved for the current study are shown below [31,121-124].

3.2.1 Continuity equation

axl-
3.2.2 Momentum equation
0pt;ti; dop 0 (3-2)
ax; - _a_xj-l'a_xi(fu —puu ])

The Reynolds stresses p(u,""u,") are determined using Boussinesq expression

ax, T oxm 3% ax,

o o, o0u, 2 _ Jduy 2 (3-3)
pu Uy = —H

n _—k
+3p

Where ; is a turbulent dynamic viscosity calculated using Eqn. (3-7), with i is the

viscous tensor.
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_ (om 0w 2 _ 0w (3-4)
ty = H (ax,- ax; 3 Yaxg

It was added last term in Eqn. (3-3) to restore the correct expression of the turbulent

kinetic energy k:

1 (3-5)
k — Ez u"ku"k
k=1
The following transport equations for the standard k-& model used to obtain:
3.2.3 Turbulent kinetic energy (k)
d(ptisk)  Ol(pu + pe/ 0y )(0k/0x,)] _ (3-6)
= + Pk — P&
axi axl-
__k? (3-7)
te = pCy &

Where Cu = 0.99 is constant, ok is the turbulent Prandtl numbers for k. Also ok =1 and
Pk is the production of the turbulence kinetic energy, due to the mean velocity gradients,
it defined as:

po = i O (3-9)
= — _
v Ox]
3.2.4 Dissipation of kinetic energy ()
d(ptie)  Ol(u+ p/o.)(0e/0x;)] € g2 (3-9)

Co ~ Py — Corf—
axi axi + Slk k Szpk

Where: C,; = 1.44, C., =1.92 and o, = 1.3 where o. is the turbulent Prandtl
numbers for e.

3.2.5 The energy equation

0 (- 0 cou\\oT
a—Xi(ui(pE + p)) = 6_x]<(k + Pr, ))a—x] + ui(ru)eﬁ + Sn

(3-10)

Where k presents thermal conductivity, Pr; is the turbulent Prandtl number, Sy is the
term source that includes the heat of chemical reaction, radiation, and any other

volumetric heat sources. E is the total energy[121,125-127].
where (ij)eft IS the deviator stress tensor (the viscous heating) which is can be given as

follows:
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() = 0z, 0T, 2 0 (3-11)
Yij)epy = Herf (axj ax) 3% 3%,

3.2.6 The radiation flux equation (qr)

1 (3-12)
- Va
3(& + a5) — Cg,

ar =

where &, os, and C are the absorption, the scattering coefficients, and the linear-
anisotropic phase function coefficient respectively, the G is the incident
radiation[121,128,129].

Where

1 (3-13)

r=-
3(& + a5) — Cg,

The transport equation for G is presented as

V.(I' V G) — &G + 4 & n%eT* =S, (3-14)
Where 7 is the medium refractive index, o is the constant Stefan-Boltzmann, and Sc
is a user-defined radiation source. When the P-1 model is active, this transport equation

is used to determine the local incident radiation.

3.2.7 Mixture fraction f
d , . 0 of _—. (3-15)
a_xi(Pulf) = a—JQ(PDa—xl—Pu of >
Where

f — Zi - Zi,ox (3'16)
Zi,fuel + Zi,ox
Where D is a “mean” species molecular diffusion coefficient, Z is the elemental mass

fraction for element i. the indices ox, fuel present the oxidizer/fuel stream inlets values.

3.3 Chemical Reaction

The chemical composition is calculated using the air/fuel stoichiometric and the mass
flow of air/fuel, the adiabatic temperature, the burner power for the biogas, and biogas-

enhanced.

- Stoichiometric chemical reaction of biogas:
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(1= &)[CH, + (0, + 3.76N,)] + aCO, (3-17)
- C0,+2(1—a&) H,0+ R (1 —a)N,
a: the molar fraction of carbon dioxide, R: the various minimum oxygen requirements

of the fuel species, for a global equivalence ratio ¢=1, 6=0.4:

0.6CH, + 1.2(0, + 3.76N,) + 0.4C0, —» CO, + 1.2H,0 + 4.512N, (3-18)

The chemical reaction of biogas/hydrogen blends (at the stoichiometric) is given by:

(1 -=y)[(1 =& CH, + &CO,] + yH, + (0, + 3.76N,) (3-19)

- (1-y)CO0, + &H,0 +3.768 N,
Where y: the mole fraction of the hydrogen, &: the hydrogen mole fraction of products.
Let’s take the following example, the stoichiometric combustion equation, for fuel

consisting in a volume of 54% methane, 10% hydrogen, and 36% carbon dioxide:

0.9 (0.6 CH, + 0.4 C0,) + 0.1 H, + 1.13 (0, + 3.76 N,) (3-20)
- 0.9 C0, + 1.18 H,0 + 4.2488 N,
One of the properties that is very important in combustion is the equivalence ratio [130],

which is the normalizing of the actual fuel-air ratio by the stoichiometric fuel-air ratio:

Actual F/A  ratio (3-21)
Stoichiometric F /A ratio

(l):

There are three types of flames (mixture), ¢ > 1 is a rich mixture, ¢=1 is a stoichiometric
mixture, and ¢< 1 is a lean mixture, in our case 0.2< ¢ < 0.5 (excess of air), which is

the standard practice for combustion in gas turbines.

The calculations are made by volume (%) since the biogas composition is commonly
measured by Gas Chromatography[131] (GC) in vol.%, and most of the references in
literature use volume unit. The stoichiometric fuel to oxidizer is calculated by the

oxygen required for the mixture.

((2x CH,%) + (0.5 x H,%))
0.21
In this work, the equivalence ratio is kept constant for the biogas and biogas-Ho. In this

stoichiometric A/F = (3-22)

case, the actual fuel to oxidizer is the only variable; the equation of flame power (MW)

is used to infer the volume flows (Q in (m%/s)):

P(MW) = LHVbiogas X Qbiogas + LHVH2 X QHZ (3'23)
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The flame power is chosen constant and equal to 0.06MW or 60 kW. The lower heating

value of the fuel (biogas doped by H2 %) is calculated by:

LHV (Fuel) = (CH,% x LHVcy,) + (Hy% * LHVy, ) (3-24)
With the LHVcna = 35.87 (MJ/m?), and LHV . = 10.75 (MJ/m?®) in the index web.

To obtain the fuel and air mass flows, it has to multiply the volume of the stream by

their densities, the equation that illustrates this is as follows:

m =pXxQ (3-25)
Since p is the mixture of air or fuel density related to their 300k and atmospheric
pressure compositions. The swirl number (SN) is defined as a dimensionless parameter;
the ratio of the tangential momentum flux over the axial momentum flux is used to study
the effect of the airflow swirling inlet on the flame combustion characteristics [62]:

G, R
g _ 2
RG,. = J, puwr? dr

R fy pu?

SN = r dr (3-26)

3.4 Can-Type Combustor Computational Domain

A three-dimensional computational domain of the can-type combustion chamber
inspired by the Siemens SGT-750 dry-low emission (DLE) combustor considering
identical dimensions and computationally solved using 3-D with double precision
ANSYS-FLUENT solver is presented in Figure 3-1. The dimensions of the combustor
chamber are (Z~0.59 m, Y~0.25 m, X~0.23 m). The primary air is directed through the
vanes to supply the air with a swirling velocity. The diameter of the primary air is 0.10
m, and 45° was supposed for the angle, the swirl numbers greater than 0.7 for a typical
can-type combustor, and this allows creating a vortex breakdown reverse flow, the swirl

(SN) and Reynolds (Re) numbers are presented in table (3-1).
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Figure 3-1 Three-dimensional can-type computational domain of combustion chamber
with the mesh, (a) Combustion chamber details with dimensions, (b) air-fuel inlet, (c)
combustor chamber, (d) combustor chamber outlet

The fuel and the secondary air are injected via the six holes; the diameter of the fuel
and the secondary air of holes is 0.0042 m and 0.0016 m, respectively; each one of these
six nozzles has a surface of 3.35 x 10° m?. Fuel and air are injected separately, but the
flame base is lifted and is non-premixed. The secondary air is injected at 0.1 m from
the fuel injector. The outlet has a surface area rectangular form of 0.015 m2. The idea
behind the use of a three-dimensional model is that the curvature of the wall of
combustion will greatly affect the numerical results. This is because the walls of
combustion act as a catalyst to enhance combustion instability which can lead to
massive interactions between the rate of heat release and pressure fluctuations. Thus,
considering the geometrical impact on combustion instabilities necessitates the use of

3-D geometry.

3.5 Boundary Conditions and Meshing for Non-Premixed Model

The turbulence model used is standard k-epsilon. Several studies have used the
Reynolds-averaged Navier Stokes (RANS) approach with the standard k-epsilon model
for swirling flow. Marzouk and Huckaby [132] performed several numerical
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simulations of swirling airflow using three versions of the k-epsilon (k-¢) turbulence
model (standard, realizable, and renormalisation group RNG), their results were
compared with experimental mean velocity profiles. Their results showed that the
standard model (SKE) achieved the best overall performance. Whereas, the realizable
model was unable to predict the radial velocity satisfactorily. It is also the most
expensive model, unlike the (SKE) model. Norwazan and Mohd Jaafar [133] have
focused on the effects of flow axial and tangential velocities to obtain the center
recirculation zone. In this study, the Reynolds-averaged Navier Stokes (RANS) of
various models approached with standard k-epsilon, realizable k-epsilon, and RNG k-
epsilon turbulence was applied. As a result, based on the global performance of the
RANS models, it appears that the standard k-epsilon turbulence model gives more
favorable results due to the center recirculation zone being well presented and

reasonably priced, it is broader and shorter than others.

3.5.1 Studies on Can-Type Combustion with the same modelling Approach

Various studies used the Reynolds-averaged Navier Stokes (RANS) approach with the
standard k-epsilon model, for swirling flow in the same geometry (can-type
combustor). Naitik et al.[134] have performed modeling and CFD analysis of swirl can
type combustion chamber using the standard k-epsilon model. Pathan et al.[135] have
numerically studied the Combustion of Methane Air Mixture in Gas Turbine Can-Type
Combustion Chamber. They have also used the standard k-epsilon turbulence model
for turbulence modeling, PDF Flamelet Model, and Eddy Dissipation Combustion
Model for non-premixed gas combustion. Ghenai [136] has studied the Combustion of

Syngas Fuel in Gas Turbine Can-type Combustor chamber.

3.5.2 Studies using the same modelling approach other than Can-type
combustors
Several studies have used the Reynolds-averaged Navier Stokes (RANS) approach with
the standard k-epsilon model, for swirling flow with different geometries mentions
[11,104,137,138]. Osama et al. [132] studied the Swirling Gas-Particle Flow Using
Different k-epsilon Models and Particle-Parcel Relationships. They have performed
several numerical simulations of swirling airflow a co-axial particle-laden in a vertical
circular pipe using three versions of the k-epsilon turbulence model (standard,

realizable, and renormalization group RNG), this result is compared with experimental
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mean velocity profiles. Their results showed that the standard model (SKE) achieved
the best overall performance. Whereas, the realizable model was unable to satisfactorily

predict the radial velocity. It is also the most expensive model, unlike the (SKE) model.

Norwazan and Jaafar [133] have studied isothermal swirling flows with different
RANS models in unconfined burners. They have focused on the effects of flow axial
and tangential velocities that mainly obtain the center recirculation zone. In this study,
the Reynolds-averaged Navier Stokes (RANS) of various models approached with
standard k-epsilon, realizable k-epsilon, and RNG k-epsilon turbulence was applied. As
a result, based on the global performance of the RANS models, it appears that the
standard k-epsilon turbulence model gives more favorable results due to the center
recirculation zone being well presented and reasonably priced, it is broader and shorter

than others. This model is more economical and time-saving.

3.5.3 About the model limitations

Wen et al. [139] studied various turbulence models to improve reverse combustion
performance. The results showed, when comparing the results with experimental, they
found that the unsteady k-epsilon model performance is best with accuracy and
arithmetic cost. Shamami and Birouk [140] concluded that the Reynolds-Averaged
Navier Stokes (RANS) models can predict the center recirculation zone for the strongly
swirling flow. Zhuowei et.al [141] performed the isothermal flow of low and high SN
using the LES and RANS model. The results illustrate that the LES model displays
improvement results over the RANS model. However, the RANS models are still

significant to use in swirling flow studies.

This k-epsilon model is more economical and time-saving. The present study is applied
to model combustion with the steady laminar flamelet model (SLF). The flamelet model
uses dissipation to account for deviations from equilibrium. In the turbulent CFD
simulation, the turbulent non-premixed flame is thus modeled as an ensemble group of

overlaying laminar flamelets.

3.6 Boundary conditions, solver details

The operating conditions of the fuel and airflow inlets are summarized in Table (3-1),
and as follows: the temperature 300 K, the atmospheric pressure, at the turbulence
intensity is 10%. The fuel mass flow varies by LHV due to the change in fuel

compositions, and the air mass flow is varied with a global equivalence ratio range (0.5
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to 0.2). The power generation is equal to 60 KW. They are reserved constant for all case
simulations, and they are presented in table (3-1). The hydrogen mixing (10% to 50%)
to the pure biogas (60% CHs and 40% COy) is volumetric. The secondary air has the
following operating conditions: the injection of the mass flow rate is 0.002 kg/s, with
the temperature equal 300 K at the turbulence intensity is 10%. The scalar dissipation
rate at the stoichiometric equals 0.01 (1/s), and the maximum number of grid points in
the flamelet equals 64. Convergence is subordinated by the residuals whose
convergence criteria are 10 for all the equations except the energy and radiation
equations, which we consider this criterion is 107

Table 3-1 Can-type gas turbine operational conditions with fuels compositions at 300K
atmospheric pressure

Swirl Reynolds Fuel Mass Air Mass flow
[ number Number P (KW) flow (kg /s)
(SN) (Re) (kg /s) 9
0.5 | 0.77-0.73 | 25810- 24354 4.152-3.88F2
0.4 | 0.89-0.84 | 32626- 30774 3.4E3.04 5.1352-4 8552
60 4552,
0.3 | 1.03-098 | 43943- 41429 = 6.8452.6.46 2
0.2 | 1.22-1.18 | 66842- 62805 1.0351-9.69 52
Fuel Air
compositions compositions Fuel Fuel HHV Fuel Fuel Wobbe
(vol.%) (vol.%) Density MI-m= LHV Specific Index
CHs CO,| H, O, N, gm? MJ-m3 Gravity | MJm?3
60 40 0 1219.564 23.933 21.568 0.943 24.641
54 36 10 1105.772 22.802 20.478 0.855 24.655
48 32 20 992.244 21.675 19.392 0.768 24.740
42 28 30 21 79 878.951 20.551 18.309 0.680 24.923
36 24 40 765.862 19.430 17.228 0.592 25.244
30 20 50 652.947 18.312 16.150 0.505 25.766

In this work, the PDF model (Probability Density Function) was investigated as a
combustion model. The mixture fraction is considered an essential part of the diffusion
model; the steady diffusion flamelet was used the GRI mech 3.0 for modeling the
combustion with 53 species and 325 elementary reactions [142]. The Radiation Model

(P-1) was adopted in this simulation.
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3.7 Grid independence study

A grid independence study was conducted for the three-dimensional computations

using three different meshes of sizes, 31500, 56250, and 91900 nodes, respectively.

Figures 3-2(a-g) show the comparison of mean static temperature, NO, CO3, and CO

emissions, CH4, H20, and H2 mole fractions, respectively. The results demonstrate that

there is no significant difference between the three meshes.
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Figure 3-2 Grid independence study for three different mesh sizes along axial direction; (a)
mean temperature profile, (b) mean NO emissions, (c) mean CO; mole fraction profile, (d)
mean CO mole fraction profile, (¢) mean CH, mole fraction profile, (f) mean Hz mole fraction
profile, and (g) mean H.O mole fraction profile.

The difference is the peak values for mean static temperature, NO, CO2, and CO
emissions, CH4, H20, and H, mole fractions is 10 k, 3.49 ppm, 0.18 %, 0.012 %, 5.8 x
103 %, 2.276 x 10 %, 7.07 x 10 %, respectively. Thus, the mesh with 31k nodes was
chosen in this work to save computing power and time. Table (3-2) shows the details
of the selected 31k nodes mesh. For this mesh maximum cell squish is 0.94, maximum

cell skewness is 0.99, and a maximum aspect ratio is 83.17, respectively.

Table 3-2 Mesh statistics

Cell count (Number of Elements): 106651
1- Number of Nodes 31433
2- Tetrahedral 74189
3- Wedges 30473
4- Pyramids 1989
Face count 234368
Number of Nodes 31433

Ghenai [136] also generated a similar mesh with similar number of nodes and the

current results are validated against his published results in the subsequent section.

3.8 Computational method Biogas+hydrogen combustion characteristics
The main objective of the computations is to investigate the effect of hydrogen mixing
on the combustion characteristics of biogas for a variety of fuel oxidizer mixtures and

initial conditions [143]. To understand the high and low-temperature combustion
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characteristics of the biogas+hydrogen blends, two types of computations were
performed: laminar flame speed (1D) and ignition delay (OD). In general, the laminar
flame speed (LFS) is defined as a high-temperature combustion characteristic, while

the ignition delay is a low-temperature characteristic.

» The laminar flame speed (LFS) represents the overall fuel consumption rate which
mostly occurs at high temperatures and represents high-temperature combustion
characteristics.

» The ignition delay time (ID) is simulated as the combustion process begins before
the stable flame front is formed, and is thus expressed as a low-temperature

combustion characteristic.

First, simulations of the one-dimensional (1 D) freely propagating flame code PREMIX
were performed to determine laminar flame speed [144-146]. Second, the ignition
delay was calculated using the zero-dimensional (0-D) homogeneous reactor model
SENKIN [144-146]. The reaction zone is discretized and the mesh is refined with
gradients and curves to solve the combustion characteristics of the fuel. Each GRID
line contains the coordinate of a mesh point. The adaptive mesh parameters GRAD and
CURV control the number of grid points inserted in high gradient and high curvature
regions, respectively. The grid-independent laminar flame velocity were obtained for
GRAD = 0.05 and CURV = 0.1. It was discovered that the mesh has no effect on the
precise refinement. The thermodynamic databases, species kinetic data, and transport
databases for the reaction mechanism are incorporated using Kee et al. [146] code. All
these databases are studied using TRANFIT values contained in Kee et al [145], Kee et
al. [144] code. The compositions of biogas+hydrogen/air mole fractions inputs for
various equivalence ratios were studied with different temperature and pressure

conditions.

3.9 Laminar flame velocity correlations

The laminar flame speed is affected by the equivalence ratio of the mixture, the
unburned temperature, unburned pressure, and dilution concentrations. The most
common correlation for describing the effect of unburned temperature and pressure on
flame speed or burning velocity at the same time is explained by Liao et al. [147],
Sharma et al. [148], lijima and Takeno [149], and Gu et al. [150]
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B

Sy = S2(,Rip) (Tl) (Pﬁ) (3:-27)

Where a and  are the temperature, and pressure exponents respectively. Yu et al. [151]
also have studied and obtained the linear relationship (Equation. 3-28) for laminar flame
velocity(Sy) as a function of equivalence ratio (¢), and hydrogen mole fraction (Rn)
addition in the fuel [143].

Su (¢, Ry) = Si(,0) + k()Ry (3-28)

In the above (Equation. 3-28), S2(d,0) and S2(¢, Ry) represents laminar flame
velocity for pure biogas-air mixtures(R1=0), and biogas containing the fraction of
hydrogen (v/v) in the fuel (Ru=0.1 to 0.5). In the Equation. (3-28), k(¢) represents the
coefficient of flame velocity related to hydrogen mixing.

S2(,0) = ag+ a1¢ + a,¢p? + az¢p3 + a,p* (3-29)
k(@) =ko+ ki +kod® + ksp® + koyp* (3-30)
The initial boundary conditions for temperature and pressure are T=300 K and P=0.1
MPa, respectively. The mole fraction of hydrogen in the biogas fuel blends (Rw) is given
by:

Ny

Ry = 2 3-31
"7 nen, +neo, + N, (3-31)

Wherency,, nco, and ny, are the mole fractions of methane, carbon dioxide, and
hydrogen, respectively. The volume fraction of hydrogen is varied from (0% to 50%),
thus, the Ry value is between (0-0.5). The composition of air is (21 vol.% O, and 79
vol.% Ny).

Using the thermal theory, the laminar flame velocity is correlated with the initial values
of the physical properties (Eqns. 3-32, 3-33, and 3-34).

Su~ (PR=2)H? (3-32)
=5t (2) 9
,3(4)) =po+ B19 + ,32¢2 (3'34)

Where n is the order of the global chemical reaction. The overall order of the reaction

is
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v’ Less than 2 for flames with (Sy < 0.5 m/s)
v Equal to 2 for those with (0.5 < Sy < 1.0 m/s)
v’ Greater than 2 for those with (Sy > 1.0 m/s)

Lewis' pressure dependence implies that when (Sy > 100 m/s), (0.5 < Sy < 1.0 m/s), and
Su < 0.5 m/s, the pressure exponent is typically positive, zero, and negative,
respectively. For several hydrocarbon fuels, the undergo second-order reactions, the

flame speed is independent of pressure [38].

Although the theoretical dependence of flame speed on unburned temperature and
pressure is simple, straight forward, estimating it in experiments is much more difficult.
When results from different experimental methods are compared on the same scale,

there is substantial scatter.

Similarly, Eqgn. 3-35 shows the laminar flame velocity as a function of unburned
temperature (refer to Akram and Kumar[152,153], Akram et al. [154] for details):

S, =S° (Tl) (3-35)
a(p) = ag + a9 + a,¢? (3-36)

Wher, SO is the laminar flame velocity at reference conditions (T, = 300 K, P, = 1 atm).

The temperature and pressure exponent o and B varies as a function of the equivalence
ratio. The polynomial of the second order is useful to represent the non-linear
dependence of temperature and pressure exponent a and B on the fuel equivalence ratio
as suggested by [153-155].

Considering the correlation that combines the effect of pressure, temperature, and
equivalence ratio on the laminar flame velocity (S,) for various fuel-air mixtures one

can express the correlation for S, by (Egn.3-37)

T a(d) P B(¢p, Ry)
_ co - _ 3-37
so=ster) (1) (5) (3-37)
In the above Eqn. 3-37, a(¢) and B(¢p, Rn ) are the temperature and pressure exponents

given by Egns. 3-36 and 3-38.

B((p' RH) = ,B(Qb' 0) + kﬁ’ (¢)RH (3-38)
Where,
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,B(d" 0) = Bo + b1 + ,824)2
kg = kgo + kg1 + kﬁchz
The laminar flame velocity data generated for the range of equivalence ratios (¢ = 0.7—
1.4), hydrogen fraction in fuel (Rn = 0.0 — 0.5), unburned temperature (T = 300 — 600
K) and unburned pressure (P = 0.1-7 MPa) are used develop analytical correlations for

(3-39)
(3-40)

laminar flame velocity, that is presented in the Eqn.3-37. The correlation data to

interpolate the flame velocity at initial mixture (Ru,¢ ), unburned temperature T, and

unburned pressure P under specified limits are summarized in Table (3-3).

Table 3-3 Summary of the correlations and their coefficients for biogas+hydrogen blends.

Parameter ; - .
aramete Correlations with coefficients R?
Range
S2(¢, Ry) = S%(¢,0) + k(PIRy Sy (¢,0) = 222.05 - 1065.7¢
+1850.6¢% — 1296.5¢3 +
314.64¢* 0.9992
k(¢) = —137.81 + 551.4¢
—839.58¢% + 719.93¢3 — 09973
4
Ru=0.0-0.5 NG 232.3¢
¢ =07-14 Su =S4 (¢, Ry) (—)
T = 300-600 K Ty a(¢) =5.7748 = 743129 + | [ 9979
P=0.1-7.0MPa 3.5201¢2
~ T \*@®  p\B@R) [ B(p,0) = —1.8749 + 2.6829¢
se=st@0.k) (1) () ~1.3163¢2 0.9961
B($,Ry) = B(¢,0) + ks($p)Ry kg =1.1637 —2.2179¢ + | 1 o010
1.1026¢> '

3.10 Conclusion

The numerical model is displayed in detail in this chapter. The governing equations,

boundary conditions, solution methodology, domain and grid independence studies, the

laminar flame velocity correlations, and ignition delay have also been studied and

discussed in detail.
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CHAPTER 4

4 RESULTS AND DISCUSSION

4.1 Introduction

This chapter describes the numerical investigation of the flame temperature contours,
effects of Hx enrichment, and equivalence ratio on temperature, emissions, species,
ignition delay, laminar flame velocity at ambient conditions, high unburned
pressure/temperature, at high pressures and combined between temperature and
pressure, and the flame structure of biogas+hydrogen air mixtures at high unburned

temperatures. In this chapter, the computation validations are presented.

4.2 Gas Turbine Computation Validation

This can-type combustor has been utilized for many experimental fundamental and
numerical investigations using conventional fuel and air mixtures [135,156-160].
Rashwan [101] has examined and validated the k-epsilon model in the Can-type
combustion chamber. The results are validated with an experimental work done by
Alkabie et al. [161], using an identical combustor geometry of Siemens SGT-750. They
found an excellent agreement with the experimental results in terms of the wall
temperature values. Mats Andersson et al. [162] tested the total of lower heating value
range (LHV) of natural gas with the Wobbe index (WI) range of 25-55 MJ/Nm? of
Siemens gas turbine SGT-600 and SGT-700. The results illustrate that it is not
necessary to make any special adjustment to the gas turbine; it allows us to take full
advantage of alternative fuels and provide energy with low fuel costs. This facilitates
the use of biogas-H. mixture fuel because it has the Wobbe index of 25 MJ/Nm? similar
to the natural gas. Additionally and according to the literature, it was chosen the
standard k-& model for the Can-type combustor geometry to validate with available data
in research by Ghenai et al. [136,163,164], where the natural gas (NG) is a reference
fuel. The specific boundary conditions used to validate our model can be found in table
4-1 below:
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Table 4-1 The detail conditions (fuel,

boundary, and operating conditions)

Fuel (compositions)

Natural Gas (95 % CH4- 0% CO2- 2% N.-

3% CzHe)
LHV (MJ/kg) 50
Fuel mass flow rate (kg/s) 1.0 x 1073
The primary air (m/s) 10
The secondary air (m/s) 6
Inlet temperature (fuel/ primary, 300
secondary air) (K)
Pressure atmospheric pressure
the turbulence intensity 10%
Power (kW) 50

Figure 4-1 displays the static temperature distribution of the natural gas composition

with the same operating conditions by Ghenai et al. [163]. It can be observed that the

maximum temperature for natural gas equals 2110 K. It can also be seen from the results

of NG, two different peaks, the first peak int

he zone of the injector with the temperature

equal 1810 K and the other peak in the secondary zone with the maximum temperature

equal 2110 K. Also, a decrease in the temperature after primary zone Z = 0.1 m, because

of the dilution of air. When this result is compared with the work done by Ghenai et al.

[163], it can be seen that the present data result is an excellent agreement with their

results. The average error percentage (%) is

2.79% [124].
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Figure 4-1 Validation of the static temperature profiles of Natural gas as compared to the
work done by Ghenai et al. [136]

Figure 4.2 displays a validation of the static temperature contours of methane in the gas

turbine can combustors as compared to the work done by Ghenai et al. [136] with the
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operating conditions shown in the table (4-2). It can be observed that the maximum
temperature for methane equals 2200 K. In order to validate the combustion model
(SKE), flame temperature predicted for methane (100% CHa4) combustion is compared
to the adiabatic flame temperature (AFT). For initial atmospheric conditions of
methane, theoretical flame temperature molded through the flame with combustion
reaction is 2233 K. Consequently, the expected maximum temperature is well compared
with the theoretical adiabatic flame temperature. It can be seen that the data result

(Ghenai data) [136] is in good agreement with our result[124].

Table 4-2 the operating conditions of Ghenai

Constituents Methane (CHa)
CH4 100
Volumetric heating value (KJ/m?) 33570
Lower heating value (MJ/Kg) 50.1
Fuel mass flow rate (Kg/s) 0.001
With inlet temperature (K) 300
And turbulence intensity (%) 10
The velocity of primary air(m/s) 10
With inlet temperature (K) 300
And turbulence intensity (%) 10
Velocity of secondary air(m/s) 6
With inlet temperature (K) 300
And turbulence intensity (%) 10
Power (KW) 50.1
Torperature J S

2200 2206403
1989 +
1778 H 2016403
1567 . 1826403

1356 1536403
1144 ¢ -
933 1446403

722 / 1.25e+03
511 1.06e+03

300 3706402
(K) ! 6806402
0 0.1 0.2 (m) "
——— 7 k/\-‘\' 400602
0.05 0.15 : 3.00e+02
[k]
(@) (b)

Figure 4-2 Validation of the static temperature contours of methane as compared to the work
done by Ghenai: (a) Present work, (b) Ghenai Data
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4.3 Flame temperature contours

Figure 4-3 presents the contours of the flame temperature distribution and NO
emissions, with the Ha (%) content and for a constant equivalence ratio (¢=0.5). From
these figures, it is observed that hydrogen helps maintain stable flame operation and
that the flame spread along with the combustor chamber without touching the chamber
wall due to the second air dilution effect. The combustion's hot zone is found to be
moving towards the central axis and expanding downstream, as shown in Figure 4-3 for
(biogas doped with 50% H). This indicates improved reactivity and intensifies the
combustion process due to the addition of hydrogen. This is due to the combination of
flow velocity, flow swirl, and enhanced flame speed due to hydrogen mixing and due
to the fact that hydrogen is 6 to 7 times more reactive than methane, thus intensifying
combustion leading temperature. This can be explained by the increase in the radical
pool that accompanies the H» addition, such as H and OH radicals, which improves
mixture reactivity and then flame speed. In other words, increasing flame speed and the
effect of flow swirl will create a robust flame stable enough to resist flame extinction.
The combined effect of these two is that the flame can stabilize at a much higher strain
rate without getting extinguished. Besides, it will enhance premixing between the
combustible gases and incoming mixtures, which helps maintain recirculation zones
that promote flame stability, thus enhancing the combustion rate. It can also be seen
that there is no significant change in flame temperature distribution is almost the same
for a constant ¢ and burner power. Still, the NO emissions are increasing with the

increase in the hydrogen rate[124].
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Figure 4-3 A sequence of images describing the biogas flame temperature distributions [K]
(above) and NO emissions (below), with different rates of hydrogen concentration by Vol%

Figure 4-4 presents the contours of the flame temperature distribution and NO emission,
for the biogas doped with 40% H. for different equivalence ratios (¢). From this figure,
it is observed that the length and thickness of flame decreased gradually with decreasing
in equivalence ratio and increases in swirl number. This is due to increasing air mass
flow and the short time of reaction between the oxygen and nitrogen in the hot zone
(reaction region); ultimately, it produces fewer nitrogen oxides. For that reason, the
NOXx exhaust decreases. It worked on cooling the flame and dropped in the fuel mass

flow when the equivalence ratio decreases for a burner power constant[143].
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Figure 4-4 Comparison of flames temperature distributions and NO emissions, with different
values of equivalence ratio: $=0.3-0.5 (CF: conical flame shape), $=0.2 (VF: "V" shaped
flame)

Despite the large proportion of air for the equivalence ratio of 0.2, the flame is not
extinguished when choosing these new boundary conditions. The length and thickness
of NO emissions decreased; this is because of the decrease of the temperature and the
equivalent between the air primary/secondary and fuel mass flow by keeping the burner
power constant, it can be observed that the effect of the secondary air increases with
decrease in equivalence ratio. It can be found that the flame takes different shapes, for
example, it takes a conical shape for ¢ = 0.3-0.5, it can be observed that the flame
diameter reduces and the "V" shaped flame for ¢ = 0.2, due to the flame stabilization
on the central chamber combustion and the external burner lips, and it takes the (V)
shape, the flame shapes are defined by Candel [165]. Figure 4-5 represents the cross-

sections of flame temperature distribution for the biogas added with 50% H>, at the
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equivalence ratio equal 0.2. This figure explains the cross-sections used to derive the
results (by using surface integrals "Area-Weighted Average"), and it starts from the fuel
inlet section at Z=-0.05m to the outlet section of the combustion chamber at Z= 0.45m

and the secondary air inlets are identified at Z=0.1m[124].

contours
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l 1.85e+03

1.67e+03
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[K] 7=0.1m Z=0.0m  Fyel inlets Z= -0.05m
(the origin point)

Figure 4-5 Flame temperature distributions cross-sections, for 50% H, hydrogen rate.

Figure 4-6 shows the effect of increasing the swirl number (for different equivalence
ratios (¢)) on the velocity, for the biogas doped with 40% H,. The recirculation zones
are formed closer to the inlet section and in the middle of the combustion chamber;
these zones enhance the stability of flames by recycling and mixing the hot gases again
with cold reactants, which produce durable flame. The increase in the swirl number
(SN) leads to growing up the vortex in the middle of the combustion chamber and
decreases the vortex in the corners of the chamber, especially for SN = 1.19. Further,
an increase in the central recirculation zone indicates proper mixing of fuel and air, that
increase may be because of two reasons, first because of the enhance and the increase
in swirl velocity, especially the tangential flow velocity component (1.88 to 4.90), for
(¢ =0.5 to 0.2), respectively. Second because of the deflection of the flow from the
central axis of the chamber, creates a low pressure in this zone, which increases the size
of the vortex in the center of the combustor. Consequently, the (SN) has a significant
effect on the flame size (thickness/length flames). The impact of secondary air was also
considered. The secondary air has a mass flow rate of 0.002 kg / s, with a temperature
equal to 300 K at the turbulence intensity is 10%. However, the secondary air effect is
used to cool the wall and thus protect the combustion chamber and increase its

efficiency[124].
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Figure 4-6 Velocity streamlines for 40% H2 hydrogen rate, with different values of
equivalence ratio: $=0.5-0.2 and different values of swirl number: 0.74-1.19

4.4 Effects of Hz enrichment, and equivalence ratio on temperature

The average static temperature profiles along the central axis of the combustion
chamber for the biogas and biogas doped with Hz is shown in figure 4-7. Biogas (CHa
= 60%, CO2 = 40%), is utilized as the reference fuel. For figure 4-7 (a, b), when the
hydrogen is added, the temperature reaches the maximum temperature (1557-1164 K)
at a height of 0.1-0.75 m for 50% H> at (¢ = 0.5 and 0.2), respectively. Additionally,
the temperature in the absence of hydrogen reaches the maximum (1517-1143 K) at
0.1-0.75 m for the (¢ = 0.5 and 0.2), respectively. Here the peak temperatures increased
by (40-21 K) from the biogas pure to biogas with 40% H; additions at (¢= 0.5 and 0.2),
respectively. As well, there is a significant impact after Z = 0.1 m in the secondary zone
of dilution air. Therefore, the temperature of the fuel decreases due to the secondary
airflow, and this influence gets more significant when the ¢ reduces. The result reveals
that the temperature increases with hydrogen increase, which means the hydrogen
accelerates the reaction of combustion. Figure 4-7 (c) shows an increase in the
temperature of the biogas reference, and the biogas blended with 40% Hz when the (¢)
increases. It can be seen that, almost the flame temperature at ¢ equal 0.2 with a high
rate of hydrogen (40% Hy) close to the results of the pure biogas (0 % Hz) whereas for
an ¢ superior of 0.2 the temperature of hydrogen added to the biogas increases, that due
to the secondary air a significant impact at an ¢ = 0.2, with low flame temperature. It
can be observed that a decrease in the temperature with increases in the swirl number

(0.74-1.19) and decreases in the equivalence ratio (0.5-0.2); because of the
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improvements in (SN) leads the fuel-air mixture streams increases and that makes the

fuel consumed as it presents in figure 4-7(d)[124].
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Figure 4-7 Axials temperature profiles for different hydrogen concentrations (a) $=0.5, (b)
$=0.2, and (c) at different ¢s for biogas and 40% H-Biogas (d) mixture fraction for 40% H,
at different ¢s/ SN

Figure 4-7(d) shows the axial mixture fraction for the biogas doped with 40% H>. It can
be seen, the mixture fraction decreases when the (SN) increases, and the (¢) decreases,
which indicates mixing development; fuel consumption due to combustion. The
mixture fraction can be described as the ratio between the mass flows of fuel and
oxidizer. In this regard, the mixture fraction will be very similar to the equivalence
ratio. From equation (3-16), it can be seen, when the air mass flow increases while
keeping the mass flow of fuel constant, the mixture fraction will decrease, and vice

versa and this is in agreement with Figure 4-7 (d)[124].

Figures 4-8 (a-b) studied the maximum temperature for different values of H, added to
the biogas and different equivalence ratios. The maximum temperatures increase with
the increase in the H» addition, and an increase in the ¢, It can be noticed that the
difference in the temperature when H> added decreases as the equivalence rate
decreases. It can be observed that the highest gradient of the maximum static
temperature is between ¢ =0.3 and ¢$=0.2; this is due to the increased reaction rate, due
to the increase of OH radicals, as shown in the figure.13 (c) between primary and
secondary air, and this is in agreement with the decrease in length and thickness of the

flame, when the ¢ is decreased; this is showed in Figure.4-4[124].
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Figure 4-8 Maximum static temperature profiles (a) at different ¢s (b) at different hydrogen
concentrations (H»%)

4.5 Effects of Hz addition, and equivalence ratio on NO emissions

The impact of the biogas-H2 blend on the distribution of NO emissions is shown in
Figure 4-9. The addition of hydrogen leads to an increase in the flame temperature and
will promote the formation of NO substantially in the injection zone. Thus, it can be
seen at $=0.2; the NO is formed, peaked, and slightly reduced along the axis, while at
¢ = 0.5, it maintained constant. It may be due to the increase in the equivalence ratio
and the weak effect of the secondary air extended into the flame inside the chamber. It
is an essential factor in the formation of NO-thermal and NO-prompt, or the formation
of HCN, C2Ho>. It can also be observed that the creation of NO is better for ¢ equal to
0.2. Peak NO varies as the amount of Hz in biogas increases from 10 to 50% by volume.
This could explain that the addition of H. decreases the NO-prompt because the CH
concentration is reduced, and because of the effect of the triple-bond contained in the

formation of NO-prompt mechanism

CH+ N, > HCN + N (4-1)
CH, + N, > HCN + NH (4-2)
CH, + N, - HCNN + H (4-3)

CH,(S) + N, » NH + HCN (4-4)
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CHZ + NZ g H2CN + N (4'5)
CH + N,(M) - HCNN(+M) (4-6)
C+N,->CN+N (4-7)

The different routes for NOx formation are determined by the broken down of the triple-
bond of N> molecule, whereas the NO-thermal increases due to the higher temperature
in this flames as is shown in figure 4-11(a)[124].
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Figure 4-9 Axial NO emissions profiles at different hydrogen concentrations (a) $=0.5, (b)
¢=0.2.

Figure.4-10 (a, b) displays the distribution of the maximum NO emissions for
different values of H> added to the biogas and different equivalence ratios. It can be
seen that the maximum magnitude of NO (ppm @ 15 vol. % Oy) increases with the
increase in the hydrogen concentration in the biogas and with the increase in the
equivalence ratio from 0.2 to 0.5. A critical observation is that NO emission is lower at
a low H enrichment % and low ¢. According to the literature, NO decreases with
increasing the swirl number [166-168], and due to the perfect premixing of the fuel-

air. Then, the NOx is going to be reduced, as displayed in Figures 4-10.

Figure 4-10 (c) shows the maximum NO emissions in the outlet chamber (ppm @15
vol.% O3), The optimum of the equivalence ratio and the hydrogen enrichment are
identified from this figure. It can be observed that the lower NO emissions values are

recorded for the pure biogas combustion (0.0% H.). In comparison, NO increases from
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(28 to 70 ppm) at (¢=0.2 to 0.5), with an average value of 49.38 ppm @15 Vol.% O-.
This value is close to the case of 50%Ho./biogas at $=0.2 with its temperature equal
1175K. Therefore, this mixture can be considered the optimal fuel for the can-type
combustor. At ¢ < 0.4, and below 30% H: (less than 77.8238 ppm @15 Vol.% O>),
which is also acceptable with temperature less than 1450 K, that because the NOx level
<75 ppm at @15 Vol.% O is correspond to the New Source Performance Standards
(NSPS) of the united states required for any gas turbine engine utility [169]. Therefore,
the optimal mixtures will help flame stabilization, consistent power output, and low NO
emissions, similar to what is usually achieved by the gas turbine engine fuels. Also,
these temperatures can produce a reasonable output power as well as it will reduce the

turbine blade cooling requirement.

Table 4-3 NO maximum emissions in the outlet chamber (ppm @15 vol.% O,)

Biogas 10% H: 20%H> 30% H2 40% H2 50% H:
$=0.2 28.0829 | 30.5699 | 33.9896 | 38.0311 | 43.3161 | 49.2228
$=0.3 42.3834 | 46.4249 | 52.0207 | 58.2383 66.943 76.5803
$=0.4 56.6839 | 61.9689 69.7409 77.8238 | 89.9482 102.383
$=0.5 70.3627 | 76.8912 | 85.9067 96.4767 110.777 126.943
Average | 49.3782 | 53.9637 60.4144 | 67.6424 | 77.7460 | 88.7822
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Figure 4-10 Maximum NO emissions profiles at different hydrogen concentrations (a) at
different ¢s (b) at different hydrogen concentrations (H. %) and (c) different (H, %) at Z=0.45m
The thermal and prompt NO emissions profiles are displayed in Figure 4-11. The NO
thermal used the reaction (O + N, - N + NO) (4-8), and the NOx formation is
determined by how N3 is broken down, and the hard part of NO formation is not the
intermediate species forming NO or NO>. The hardest part of NOx formation is to break
the triple bond of the N> molecule. In this case, to estimate the different NO
mechanisms, each mechanism was isolated by disabling only those breaking down N2

in each route. For example, for NO, there are three reactions as follows:

0+ N, »N+NO (4-8)
N+ 0;— 0+NO (4-9)
N+ OH - H+ NO (4-10)

In order to determine the thermal NO, the reaction (4-8) should be disabled. Because
the intermediate species through other NO routes will still be generated and follow these
reactions [29,170,171]. And it has been confirmed in Figure 4-11(c); where it can
observe that match the result of the use of three reactions, and when using a single
reaction (4-8). NO thermal increases as hydrogen in the biogas mixture increases from
0% to 50% by volume at $=0.5, due to the higher flame temperature displayed in figure
4-7 (a), whereas the NO prompt decreases after injection zone, and this because of the

reduction in the CH concentration, as discussed in the context of Figure 4-9[124].
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Figure 4-11 Axial NO mole fraction profiles (a) NO thermal and (b) NO prompt (c)
comparison the reaction of NO thermal

4.6 Effects of H2, addition on CO and CO, emissions

Figure 4-12 demonstrates the CO and CO2 concentrations along the central axis of the
combustor. It can be seen that the CO formation increases in the primary zone; this is
due to incomplete combustion of fuel in the primary-zone; then, CO emissions are
decreasing until the chamber outlet. The considerable reduction of CO emissions in the
second reaction zone may be attributed to the increase in the OH radical, which favors
the oxidation of CO to CO>. On the other hand, the cooling effect of the secondary air
will reduce CO2 emissions, which implies a reduction in CO emissions. Thus,
decreasing CO, emission is due to the diminution of CO emission and due to the impact
of cooling from the secondary air punctures. As also seen in this figure, CO2 emission

decreases with the hydrogen rate increases in the fuel mixture. The percentage of CO
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reduces dramatically with the addition of hydrogen. This can mainly be due to two

reasons, initially, because of the strain rate, the quantity of the carbon in the fuel mixture

decreases with increasing hydrogen rate. Furthermore, the addition of hydrogen makes

OH concentration increases in the flame, which is the dominant radical for CO mole

fraction, and these results agree with figure 4-13 (c). It can also be seen that the % CO>

decreases when the hydrogen increases because of reducing carbon composition in the

fuel[124].
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Figure 4-12 Axial concentration of CO, and CO profiles (a,b) at different H»%, and $=0.5
(c,b) at 40 H2 % and different ¢s.

4.7 Effects of the equivalence ratio on CHs4, Hz, OH, and O>

The profiles of CH4, Hz, OH, and O, mole fractions of hydrogen-biogas mixture

combustion are presented in Figures 4-13. In the case of biogas +40% H>, the mole
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fraction of CH4 and H> peaks near to the injector zone for ¢ equal to 0.5 and decreasing
with the axial distance. Furthermore, the hydrogen enrichment leads to an essential
increase in the radicals H and OH in the mix. Moreover, the effect of hydrogen mixing
on the O2 mole fraction is studied. In zone near to the secondary air, it is noted that the
mole fraction of O started to increase, whereas there is a reduction in CH4; from that,
we concluded that the hydrogen has an essential effect on the reaction zone and
therefore is having an important impact on the flame thickness. A comparison is made
between the pure biogas and biogas+40% H> mixture and is presented in Figures 4-13.
In figure 4-13 (a), It can observe that the CH4 mole fraction for pure biogas is more
than the case of 40% H,, and this makes sense because, pure biogas contains 60% CHa,
and only 36% CHya for the biogas doped by 40% H.. The OH mole fraction represents
the flame macrostructure, which peaks close to the inlet section at which the flame is
stabilized, as in figure 4-13 (c). Whereas, it can be observed from figure 4-13 (d) that
the H2 mole fraction for pure biogas is less than 40% H. addition. This is because pure
biogas does not contain hydrogen in its compositions. As for the ratio of hydrogen is

caused by interactions between the compositions[124].
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Figure 4-13 Axial mole fractions profiles at different ¢s, and 40 H, % of (a) CH4 mole
fraction(b) O, mole fraction (c) OH mole fraction, and (d) H> mole fraction

4.8 Hydrogen Biogas Combustion Characteristics Computation Data
Validation

4.8.1 Computation Validation of Ignition Delay

The low-temperature oxidation associated with the fuel initial fuel decomposition is
characterized by the ignition delay time. This is an essential performance parameter
that may lead to pre-ignition (cool flames and knocking in IC engines), proper ignition,
and no ignition. For the purpose of validation, standard methane and air mixture is used
with the dilution of different percentages of CO». The ignition delay obtained from the
computational prediction is compared with the experimental data taken from the
existing literature of Zeng et al. [172]. The shock tube was used to obtain the ignition
delay for this mixture as reported by Zhang et al. [173,174]. The ignition delay (in
microseconds on log-scale) is plotted against the 1000 times the unburned gas
temperature (per K), which is the usual practice in combustion researchers, and is
shown in Figure 4-14. The symbols represent experimental data of Zeng et al. [172]
whereas lines represent computation predictions. Both experiments and predictions
suggest that ignition delay shortens with an increase in temperature. However, for the
same temperature, an increase in CO- leads to prolong delay in ignition. Present
computational predictions obtained using GRI mech 3.0 are in remarkably well

agreement with the experiments [143].
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Figure 4-14 Comparison of ignition delay prediction with experiments for stoichiometric
CHa4/CO,-air mixture at unburned pressure of 0.1 MPa. Symbols: experiments; lines:
computations

4.8.2 Laminar flame velocity at ambient conditions

As explained in the previous chapter, laminar flame speed LFS is a fundamental
quantity depicting the burning intensity. The GRI mech 3.0 which was successfully
validated for the ignition delay is tested for the LFS predictions using the experimental
data of Yadav et al. [27]. They measured the LFS of biogas air mixtures blended with
different hydrogen percentages at STP. The LFS is plotted against the mixture
equivalence ratio as can be seen in Fig. 4-15. The open symbols represent present
computational predictions of GRI mech 3.0 and other symbols represent experimental
data of Yadav et al. [27]. A closer look into the graph concludes that flames near
stoichiometry propagates fastest and slows down on both sides of stoichiometry. Pure
biogas air mixture propagates with a maximum speed of around 20 cm/s. The addition
of hydrogen makes the propagation faster. For example, the addition of 40% hydrogen
to the stoichiometric biogas mixture enhances the speed from 20 cm/s to 44.8 cm/s. All
these observation can also be witnessed with the prediction results. This confirms that
present numerical simulation domains, models, and mechanisms are convincingly

validated and can be utilized for further investigations [143].
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Figure 4-15 Laminar flame speed vs equivalence ratio for hydrogen added biogas air
mixtures at STP

The enhancement in the LFS due to hydrogen addition can be associated to the high
radical pool formation and significantly high heat release rates. The heat release rates

(HRR,), average thermal diffusivity (a,), and /a,HRR, are plotted against the
mixture equivalence in Figs 4-16 (a) and (b) for biogas air and 40% hydrogen added

biogas air mixture respectively [143].

28

R,=0.0
S {60CH,/40CO -Air

& 21]T=300K, P=0.1MPa
T

*

8

o141
3 5 3
o o777 = Q10%*HRR (W/m’)
o 0 o
T o 10'2’? +HRR %5
T 77 PR B (% 0
Brr 10%*q_(m’/s)
O ! ! T
0.6 0.8 1.0 1.2 1.4
¢
(a)

71



N
oo

R=04
To) H O
S, |T=300K P=01MPa &~ "%
o .
o 214 o ©
T ’ ‘.
3 8 3
& 10%*HRR _(W/m’)
d’o 144 )
&:O / g ST e O
T 71 © o7 10%*(a *HRR )*°
W
10"*0_(mfs)
0 . . .
0.6 0.8 1.0 1.2 1.4
¢
(b)

Figure 4-16 Variation of average thermal diffusivity («, ), (HRR,) and /a,HRR, Vs
equivalence ratio for (a) Ru =0 (b) Ry =0.4

For biogas air rich mixtures, a, and heat release rate varies in opposite ways. However,
for Ry = 0.4 rich mixtures, a, and HRR both varies in likewise manner. The product

factor /a,HRR, found to dictate the increment and decrement of flame speed with

equivalence ratio [143].

4.9 Ignition delay
The ignition delay time (in microsecond with log-scale) plotted against the 1000 times
the unburned gas temperature reciprocal (A usual practice by combustion researchers)

in Figs. 4-17 (a) 4 MPa and (b) 7 MPa respectively for different biogas+hydrogen air
mixtures [143].
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Figure 4-17 The biogas+hydrogen ignition delay time at (a) 4 MPa and (b) 7 MPa

The ignition delay shortens with the increase in unburned gas temperature for all
mixtures. This shortening in delay time with initial temperature is higher for higher
addition of hydrogen. For same unburned gas temperature and mixture composition,
ignition delay is shortened for high initial pressure as can be seen. The H abstraction
and formation of radical pool are the main corroborators in deciding the ignition delay
as pointed by Hu et al. [175].



The H radical chain branching reactions (for instance H + O2 < O + OH) are
predominantly responsible for ignition delay (refer to Hu et al. [175] for details), the
change in concentration of H radical explains the variation in ignition delay (ti). Figure
4-18 shows the comparison of variation in mole fraction of H-radical (Xn) with
normalized induction time (t/ti) with the increase in hydrogen percentage in
biogas/hydrogen-air mixture at initial P = 4 MPa and T = 1000 K. The induction time
is normalized using the corresponding ignition delay (ti) of a given fuel-oxidizer
mixture [143].
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Figure 4-18 Comparison of variation in mole fraction of H-radical (Xu) with normalized
induction time (t/z;) with increase in hydrogen percentage in biogas/hydrogen-air mixture at
initial P =4 MPaand T = 1000 K.

The data shows that the highest percentage increase in H radical mole fraction is
observed with the initial 10 % hydrogen mixing (Rx = 0.1) in the biogas-air mixture.
For instance, if we take one condition for normalized induction time (say t/t; = 0.5) for
comparison, Xy increase by 17.3 times (6.23e!! to 1.08e%%) with the initial 10 %
hydrogen mixing (R+ = 0.1) in the biogas-air mixture. This leads to maximum
reduction (~ 3.1 times of pure biogas-air mixture) in ignition delay time (t;) for only
10 % hydrogen mixing in the mixture. The next 20 and 40 % increase in hydrogen in
the mixture (Rx = 0.3 and 0.5) leads to minimal change in X (~1.5-2 times increase at
t/t; = 0.5) in comparison to first 10 % hydrogen mixing (17.3 times increase at t/t =
0.5). Hence, no significant improvement in ignition delays (t;) were observed with for

cases Ry = 0.3 and 0.5 in comparison to Ry = 0.1.
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For high-temperature ignition conditions (1800 K), ignition delay shows a continuous
improvement with an increase in hydrogen percentage in the mixture. Figure 4-19

shows the comparison of variation in mole fraction of H-radical (Xn).

Figure 4-19 shows the comparison of variation in mole fraction of H-radical (Xn) with
normalized induction time (t/t;) with the increase in hydrogen percentage in
biogas/hydrogen-air mixture at initial P =4 MPa and T = 1800 K [143].
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Figure 4-19 Comparison of variation in mole fractié)n of H-radical (X) with normalized
induction time (t/t) with increase in hydrogen percentage in biogas/hydrogen-air mixture at
initial P = 4.0 MPa and T = 1800 K.

The data shows that the H radical mole fraction increases significantly with an increase
in hydrogen mixing in the mixture reducing the ignition delay timing. Thus, ignition
delay time shows significant improvement with hydrogen mixing at the unburned
temperature of 1800 K. These observations on ignition delay are consistent with the
earlier works of Aravind et al. [17] on the hydrogen mixing to hydrocarbon fuels. The
next ignition delay comparison was performed for four stoichiometric
biogas/hydrogen-air mixtures under two fixed temperature conditions (T = 1250 and
1500 K) [143].
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Figure 4-20 Variation of ignition delay with an increase in hydrogen fraction added to
biogas-air mixture at stoichiometric conditions against the unburned pressure (a) T = 1250 K

(b) T = 1500 K

Figures 4-20a and 4-20b show the ignition delay of biogas/hydrogen-air stoichio-
metric mixtures with increasing unburned pressure at two different unburned
temperatures (T = 1250 and 1500 K). A substantial shortening of ignition delay is
observed from 0.1 MPa to 1.0 MPa. The slope of ignition delay decreases with further
enhancement of unburned pressure for all the mixtures showing a reduction in the
improvement of ignition delay time. So, from these results is it inferred that for a
particular biogas/hydrogen-air mixture under high-pressure conditions (> 7 MPa),

ignition delays become weakly coupled with unburned pressure. The data shows that
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the addition of 10-50 % of hydrogen mixing has improved the ignition delay timing by

3 to 30 times in comparison to pure biogas-air mixtures [143].

4.10 Laminar flame velocity at amb

ient condition

Figures 4-21a and 4-21b show the variation of laminar flame velocity (Su), adiabatic

flame temperatures (Tad) and their corresponding normalized values for three different
biogas/hydro-air mixtures (¢ = 0.7, 1.0, and 1.2) at ambient conditions (T = 300 K and
P = 0.1 MPa). In the Figs. 4-21a and 4-21b dashed line with open symbols represent

temperature and continuous line with close symbol represents laminar flame velocity

[143].
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Figure 4-21 Variation of laminar flame velocity (Su), normalized laminar flame velocity (left
axis, filled symbols, and continuous lines), adiabatic flame temperature (Tad) and the
normalized flame temperatures (right axis, open symbols, and dash lines) of biogas-air
mixtures

The data show that both the laminar flame velocity (Su) and adiabatic flame temperature
(Tad) increases with increase in hydrogen fraction in biogas/hydrogen-air mixtures.
The data shows that the Su for the rich mixture (¢ = 1.2) and stoichiometric mixture (¢
=1.0) increase with hydrogen mixing and intersect close to Ry = 0.5. Figures 4-22a and
4-22b show the variation of heat release rate profile (HRR) and thermal diffusivity (o)
along the flame thickness for two equivalence ratios (¢ = 1.0 and 1.2) at Ry = 0.5 for
ambient conditions (P = 0.1 MPa and T = 300 K) [143].
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Figure 4-22 Variation of heat release rate profile (HRR) and thermal diffusivity () along
with the flame thickness for two equivalence ratios (® = 1.0 and 1.2) at Ry = 0.5 for ambient
conditions (P =0.1 MPa and T = 300 K)

The data shows that both release rate (HRR) and thermal diffusivity (o) increases for
the rich case (¢ = 1.2) in comparison to the stoichiometric case at R+ = 0.5 for ambient
conditions (P = 0.1 MPa and T = 300 K). The comparison of the average heat release
rate (HRRo) for these two cases shows an increment of 10 % (3.2 to 3.52 kW/cm?®) with
an increase in equivalence ratio from 1 to 1.2. Also, the average thermal diffusivity (c0)
increases by 25 % (3.56 to 4.44 cm?/s) with the increase in equivalence ratio from 1 to
1.2. Since laminar flame velocity is proportional to the square root of product thermal
diffusivity and heat release rate, the overall effect is that laminar flame speeds have a
larger value for rich hydrogen mixtures (¢ = 1.2) at Ry = 0.5 (refer to Fig. 4-16b for
more details) [143].

Adiabatic flame temperature (Tag) exhibits a direct impact on the Su of mixtures through
Arrhenius rate parameters in the kinetics mechanism. It is observed that the addition of
hydrogen increases flame temperature by 5—-7%. The data shows an enhancement in the
adiabatic flame temperature by 54 K, 73 K, and 133 K with an increase in Ry from 0 to
0.5 in mixtures for ¢ = 0.7, 1.0, and 1.2, respectively. It is therefore inferred that the
hydrogen mixing has a profound effect on adiabatic flame temperature (or heat release
rate) and laminar flame velocity for the range of fuel-oxidizer mixtures studied. Figure
4-21b show that for the equivalence ratio of ¢ = 0.7, the adiabatic flame temperature
tends to a maximum of 1800 K at Ry = 0.5, which is the limit for starting of thermal

NOx production. It is observed from Fig. 4-21b that the normalized laminar flame
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velocity increases for the equivalence ratio of 0.7, 1.0, and 1.2 by 20 %, 28 %, and 22
%, respectively [143].

4.11 Laminar flame velocity at elevated unburned pressure

Figures 4-23 a-d show the dependence of the laminar flame velocity on the mixture’s
unburned pressure. Figure 4-23a shows the data at ambient conditions (P = 0.1 MPa
and T = 300 K) explained in detail in the previous section 4.11. Figures 4-23 b-d shows
the laminar flame velocity (Su) data at unburned temperature (T ) of 300 K for three
different pressures (1.0, 4.0, and 7.0 MPa) with different values of hydrogen mixings.
The correlation developed matches closely with the experiments and computations for

the range of conditions studied [143].
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Figure 4-23 The laminar flame velocity with increase in hydrogen fraction added to biogas-
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The data shows that maximum laminar flame velocity increases by 2 to 3 times of the
pure biogas-air mixture with 50 % addition of hydrogen at the four pressure conditions
studied. But, the laminar flame velocity (Su) drops by 4 to 6 times the ambient
conditions values with the increase in unburned pressure from 0.1 to 7 MPa. For 50 %
hydrogen mixing, maximum flame velocity decreases from 54.9 cm/s to less than 10
cm/s with increase in unburned pressure from 0.1 to 7 MPa. This decrease in (Su) with
an increase in pressure can lead to the extinction of the flame inside the engine or gas
turbine combustors with heat lost to the walls. The problem of reduced laminar flame
velocity at elevated pressure leading to flame extinction should be resolved by
increasing the unburned temperature of the biogas/hydrogen-air mixture (refer to
section 4.13 for more details). As the unburned pressure increases, the influence of
hydrogen found to be diminishing slightly for all equivalence ratios and significantly

for stoichiometric fuel-air mixtures. The next part presents these results in more detail.

The flame velocity for Ry = 0.0 and Ry = 0.4 at an unburned temperature of 300 K
different elevated pressures is plotted against the equivalence ratios in Figs. 4-24a and
4-24b. Tt is observed that the maximum flame velocity shifts towards the richer mixtures
as the unburned pressure is varied from 0.1 MPa to 7.0 MPa. The laminar flame velocity
is observed to decrease non-linearly with the increase in unburned pressure for both of

these mixtures [143].
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Figure 4-24 The laminar flame velocity of hydrogen added biogas air mixtures for various
elevated pressures (a) Ru = 0.0 (b) Ry = 0.4 at 300 K. Symbols: present computation; lines:
present correlation
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The pressure exponent of the power-law equation is found to vary non-linearly with
equivalence ratio for all the mixtures as shown in Fig. 4-25. The data suggest that
mixtures near the stoichiometric conditions ( ~ 0.48-0.52) are least dependent on the
pressure compared to highly lean (f ~ 0.56-0.64) and rich mixtures (f ~ 0.6-0.7). The
curvature of the B curves reduces with the increase in hydrogen fraction. Thus reducing
the difference between magnitudes of pressure exponent (p) at different equivalence
ratios. Hence, the pressure de- pendency of flame velocity goes on decreasing with the
addition of hydrogen into biogas-air mixtures. Similar conclusions with hydrogen
mixing in the fuel-oxidizer mixture are also drawn from the recent studies of Konnov
et al. [42], Goswami et al. [176]. To further explore the reason for this pressure
dependence of Su on unburned pressure, sensitivity analysis is performed in terms of

elementary reaction rates [143].
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Figure 4-25 Variation of pressure exponent () against equivalence ratio for various
biogas/hydrogen-air mixtures

The sensitivity coefficient (o) used for the sensitivity analysis is given as follows.

dInS,,
dlnA; (4-11)

In the above Eqgn. 4-11, Su is the laminar flame velocity, and (Ai) is the pre-exponential
factor for the chemical reaction i. Figures 4-26a and 4-26b show the value of reaction
rate sensitivity coefficient for eleven important elementary reactions for
biogas/hydrogen-air mixture at two pressure conditions. These calculations were

performed for pure biogas-air (RH = 0.0) and biogas/hydrogen-air (Ry = 0.5)
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stoichiometric mixtures at two different unburned pressure of 0.1 MPa and 1.0 MPa
[143].
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Figure 4-26 Comparison of sensitivity coefficient (c) of important reaction pathways for
hydrogen added to biogas-air stoichiometric mixtures at T = 300 K and (a) P = 0.1 MPa (b) P
= 1.0 MPa, respectively

The H radical consumption reactions (H + CH3(+M) <> CHa(+M), H + O2 <> O + OH,
and H + O, + H,O < HO2 + H20) are slightly dominant with higher sensitivity

coefficients for hydrogen mixing cases at all unburned pressures.

The reaction OH+H> <« H+H>O is observed to appear only for the hydrogen added
biogas mixtures at these two pressures. Hence, the OH+H, «» H+H>O reaction is the

main reaction for the increase in H-radical concentration with the addition of hydrogen

in the biogas-air mixture for the two pressure conditions studied [143].
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The chain branching reaction (H + O2 <> O +OH) is accelerated by the reaction OH +
H, < H + H20. The chain branching reaction (H+O; <» O+OH) is also observed as the
most sensitive reaction. This leads to the formation of highly reactive OH radical which
enhances the flame velocity with the addition of hydrogen. The higher production of
OH radical is also evident from the reaction HO>+CHs < OH+CH3O having a
significant contribution at high pressures. The data shows that this reaction is absent at
ambient pressure but contributes significantly at high pressure for hydrogen added
biogas-air mixtures. The other important observation made was 1.5 to 2 times increase
in the negative sensitivity coefficient for the third body reaction H + CH3 < CH4(+M).
The negative sensitivity coefficient of the third body included reaction H + CHz(+M)
<> CH4(+M) increases with pressure and will lead to the retardation of flame velocity

at elevated pressures [143].

4.12 Laminar flame velocity at the elevated unburned temperature

Figures 4-27a and 4-27b show the variation of the laminar flame velocity of pure biogas
and biogas+40%H.»-air mixture for a range of equivalence ratios (0.7-1.4) and
temperatures (300-600 K) at 0.1 MPa (symbols represent computations and lines
represents the proposed correlations). The laminar flame velocity at 400 K for Ry = 0.4
is closed to 40-65 cm/s which is in between the S, values for iso-octane and n-decane
at 400 K[42]. The laminar flame velocity of biogas/hydrogen-air mixture at higher
temperatures (300-600 K) is about 1.8 to 2 times of pure biogas-air mixtures[143].

100 O Present T =300 K P =0.1 MPa 200

o Present T =400K
& Present T =500 K
1 Present T =600

80 4 .
|— Correlations

70+

O Present T =300 K P =0.1 MPa
O Present T =400 K RH =04

A Present T =500 K

< Present T =600 K

90 Ry =0.0

180

160
140

120

100
40 80
30; /\ 60; //Q——Q\\
] B/ﬁﬂ\\ o /B/E—EL\Q\E’\E
10; 20;

) a 1 b
0 T T T T T T T T T T T T T T T T T 0 — T T T T T T T T T T T T T T
06 07 08 09 10 11 12 13 14 15 06 07 08 09 10 11 12 13 14 15

(O] )

60 +

50

Laminar flame speed (cm/sec)
Laminar flame speed (cm/sec)

(a) (b)

Figure 4-27 The laminar flame velocity of (biogas/hydrogen)air mixtures at elevated
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Temperature exponent (o) quantitatively represents the enhancement of the flame
velocity with the increase in unburned temperature. Higher the value of a, higher is the
contribution of unburned temperature in the enhancement of flame velocity. Figure 4-
28 shows the temperature exponent (o) of different mixtures of biogas with addition of
hydrogen. The temperature exponent (a) value is least near the stoichiometric mixtures
and rises on both sides (rich and lean mixtures) [143]. This is conformal with the

variation of temperature exponent (a) of other hydrocarbons[42,152,153].
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Figure 4-28 Variation of temperature exponent (o)) against equivalence ratio for various
biogas/hydrogen-air mixtures

4.13 Flame structure of biogas/hydrogen-air mixtures at elevated unburned
temperatures
The increase in the unburned temperature of the mixture affects the flame structure.
This influence is understood using heat release rate (HRR) and important major/minor
species variations with an increase in unburned temperature. A non-dimensional
temperature is a useful parameter to understand the unburned temperature effect which
is defined by Eqn. 4-12
(T; -T) (4-12)
G

In the above Eqn. 4-12, T is the unburned temperature, Ti instantaneous temperature,
and Tad adiabatic flame temperature (for details on the analysis used refer to
Mohammad and Juhany[177]). Figures 4-29a and 4-29b demonstrate the variation of

the volumetric heat release rate for different stoichiometric mixtures against non-
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dimensional temperature. These data were obtained for elevated pressure and
temperature conditions for pure biogas-air and biogas/hydrogen-air mixtures. The
biogas air stoichiometric mixture at 300 K releases the lowest amount of heat, whereas,
Ry = 0.5 stoichiometric mixture at 600 K releases the highest amount of heat
comparatively for both pressure conditions. The amount of heat release and the area
under the curve escalate and shift towards the smaller non-dimensional temperature
with hydrogen mixing and increase in unburned temperature. It can also be observed
that the reaction zone (and flame thickness) becomes thinner with hydrogen mixing.
The results show that the HRR increases with an increase in pressure for all four
conditions. Hence, a reduction in laminar flame velocity with an increase in pressure
should be due to a decrease in thermal conductivity and an increase in the density of

the mixture under elevated pressure conditions[143].
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Figure 4-29 Heat release rates of biogas/hydrogen-air mixtures against the non-dimensional
temperature

Figures 4-30a and 4-30b represent the variation of mole fractions of CO, CO., and H20
against the non-dimensional temperature for R4 = 0.0 and Ry = 0.5 at the unburned
temperature of 300 K and 600 K and unburned pressure of 0.1 MPa and 1 MPa. The
data shows that the mole fractions of CO. decrease and that of H2O increase with
hydrogen mixing due to their participation in fuel components varies. The temperature
and pressure elevation would significantly vary the amount of these species but not their
mole fractions. The CO production has comparatively insignificant variations with both

hydrogen mixing and unburned temperature elevation[143].
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Figure 4-30 Mole fractions of major species against the non-dimensional temperature

Figures 4-31(a-d) show the variation of minor species against the non-dimensional
temperature for Ry = 0.0 and Ry = 0.5 at the unburned temperature of 300 and 600 K
and unburned pressure of 0.1 MPa and 1 MPa respectively. The increase in hydrogen
fraction and the unburned temperature has a significant influence on these species’
production. This corroborates to the escalation in the flame velocity magnitudes (refer
to Fig. 4-27 for details). H and OH’s radical concentration increased in the flame with
an increase of hydrogen fraction, leading to higher flame temperature and enhanced
combustion. In contrast, the CH.O and CHz mole fractions are decreased with the
increase of hydrogen fraction; this indicates the possibility of reducing aldehyde
emissions and reducing the formation of methyl from methane combustion when
adding hydrogen[143].
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With the increase in unburned pressure (0.1 MPa to 1 MPa), a significant decrease in H
radical peak (= 6 times) is observed for Ry = 0.5. This observation is in line with the
sensitivity analysis study performed, which shows the importance of H radical
production/consumption reactions. The last section 4.15 presents the accuracy of these
correlations with the laminar flame velocity predictions at elevated temperature and
pressure[143].

4.14 Laminar flame velocity at elevated pressures and temperatures
combined

The results from the previous sections showed that flame velocity is significantly
increased with an increase in unburned temperature and decreases with an increase in
unburned pressures. Therefore it is important to address the flame speeds at combined
high pressures and temperatures. This is important considering many practical
combustion devices work under these elevated conditions. Figures 4-32a and 4-32b
show the flame velocity at the unburned temperature of 450 K and two unburned

pressures of 1.0 MPa and 4.0 MPa for biogas/hydrogen-air mixtures[143].
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Figure 4-32 Variation of the laminar flame velocity of biogas/air mixtures at elevated
pressure, 4.0 MPa, and fuel temperature, 450 K, for different hydrogen mixings. Symbols:
computations; lines: correlations

The maximum flame velocity for Ry = 0.0 and Ry = 0.5 at 450 K are 16.2 cm/s and 42
cm/s at 1.0 MPa and 10.4 cm/s and 23.6 cm/s at 4.0 MPa, respectively. These
magnitudes are much lower compared to the 24.4 cm/s and 54.9 cm/s for Ry = 0.0 and
Ru = 0.5 at ambient conditions. However, the flame speeds for the mixtures between
Ry = 0.3-0.5 are comparable to various liquid fuels such as n-heptane data form
Konnov et al.[42].

4.15 Conclusion

The numerical investigations clear bring out the effect of hydrogen (H2) content
in the biogas mixture on the combustion characteristics. In the first part, the results
indicate that hydrogen enrichment and the variation of the equivalence ratio and the
swirl numbers significantly impacted the flame macrostructure. Indeed, hydrogen
enrichment will increase the flame temperature, in comparison; the decrease in the
equivalence ratio with high swirl numbers will decrease it. However, the NO maximum
emissions in the outlet chamber have been dropped by 43 and 78 (ppm @15 vol.% O3)
for the biogas and biogas-50% Ho, respectively, due to the reduction in the flame
temperature. Almost the flame temperature and NO emissions at ¢ = 0.2 with a high
rate of hydrogen (50% Hy>) are close to the results of pure biogas (0% H>) at the same
equivalence ratio. The results show that CO and CO. emissions decrease with

increasing hydrogen concentration and decreasing the equivalence ratio; due to a
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decrease in the amount of carbon, the cooling effect, and an increase in the OH
concentration. In the second part, the results show that hydrogen mixing to the biogas
improves both the flame speed and ignition delay. The boost in flame speed due to
elevation of unburned temperature is found to be invariant hydrogen mixing. However,
the extent of reduction in flame speed due to the elevation of unburned pressure is found
to be a linear function of hydrogen concentration added to biogas. Furthermore, the
sensitivity analysis was studied to assess the influence of hydrogen added to the biogas.
The understanding of combustion characteristics of these mixtures at given initial
conditions will lead to feasibility conformity, optimal blends of biogas+hydrogen, and

design improvements.
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CHAPTER S

5 CONCLUSIONS

5.1 Summary

The combustion characteristics, such as temperature distributions, flame stabilization,
emissions, species, laminar flame speed, ignition delay...etc of biogas-H. air mixture
premixed and non-premixed, inside gas turbine and engine, respectively, are
investigated in this thesis. In the first part of the thesis, we have presented an
investigation of the effects of hydrogen blending to biogas mixture and equivalence
ratio/swirl number on the stability of the flame, the temperature distribution,
temperature contours, velocity streamlines contours, emissions of NO, and species
concentrations. The burner power is kept constant at 60 kW, the equivalence ratio is
fixed, and biogas blended with hydrogen at different concentrations (0% to 50%). The
k-¢ standard and steady laminar flamelet (SLF) models are used to study the non-
premixed flame generated by the combustion of the biogas+hydrogen on the can-type
combustor. The numerical model shows that the results are in good accord with
available data in the literature. The most important conclusions of this study can be

summarized as follows:

The addition of H2 in biogas improves the stability of the flame as well as the emissions
(which reinforces the reaction zone). The length and the thickness of the biogas flame

are expanded when hydrogen is introduced to the fuel mixture, also with increasing ¢.

The optimum proportion of hydrogen and equivalence ratio for the combustor chamber
is 50% H. for $=0.2, with its temperature equal to 1175K. At these conditions, the flame
temperature and the NO emissions are close to the results of pure biogas at the same

equivalence ratio and much less for the equivalence ratio in the range of 0.3-0.5.

At ¢ < 0.4 and below 30% Hp, the biogas/hydrogen mixture is acceptable and will help
flame stabilization, reasonable power output, and low NOx emissions, similar to what

is usually achieved by the gas turbine engine fuels.
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v The decrease in the equivalence ratio leads to an increase in the swirl number; this
allows for the creation of the recirculation zone established, enhancing the flame
stabilization.

v Reduces the maximum flame temperature when operating at extra-lean conditions
(b= 0.5 to 0.2) with the presence of hydrogen will decrease the hot zone
temperature, reducing the thermal NOXx.

v" The increase in the swirl number and decrease of equivalence ratio causes a
reduction in the flame macrostructure in terms of length and flame thickness. This
allows the expansion of a surface area for the flame's heat exchange with the wall
of the chamber, especially with the secondary air.

v" Higher swirl numbers lead to improve premixing between air and fuel streams
due to increasing the tangential flow velocity and the deflection of the flow from
the chamber's central axis, which increases the size of the vortex in the center of
the combustor.

v’ Zones of air dilution play an essential role in flame stabilization, which reduces
NOx and CO formation.

The second part of the thesis, was devoted to the laminar flame speed and the ignition
delay of methane/biogas-air mixture blended by H», varying by volume from Ry (0 to
0.5), were simulated for different values of temperature, pressure, and equivalence
ratio. For this purpose, the GRI mech 3.0 mechanism. The numerical validation displays
that the results are in good accord with the available experimental data. The flame speed
correlations of biogas+hydrogen and air mixtures for hydrogen mixing (Rn = 0.0-0.5)
over a range of equivalence ratios (¢ = 0.7-1.4), unburned temperatures (T = 300-600

K), and unburned pressures (P = 0.1-7.0 MPa) are reported in this paper[143]

Pure biogas is found to be the least reactive of all the mixtures studied. An enhancement
of reactivity of the biogas is observed with an increase in hydrogen content. The flame
speed rises with the increase in fuel amount till near the stoichiometric mixture and then
falls for pure biogas mixtures. The peak drifts towards a rich mixture with an increase
in hydrogen content. The boost in flame speed due to elevation of unburned temperature
is found to be invariant hydrogen mixing. However, the extent of reduction in flame
speed due to elevation of unburned pressure is found to be a linear function of hydrogen

mixing to biogas.
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Regarding crude biogas-air mixtures, flame speed is found to increase with the increase
in unburned temperature and decrease in unburned pressure respectively. A nonlinear
trend of flame speed variation with the mixture equivalence ratio is observed with a
maximum magnitude for the slightly rich mixture. The ignition delay is also found to
be dependent on the initial mixture conditions. The sensitivity analysis was studied to
assess the influence of hydrogen added to the biogas. The reaction HO+H, = H+H2O is
considered the principal reaction generating hydrogen pool, through this the hydrogen

fraction increases, thus the chain branching reaction was enhanced.

The H and OH mole fractions are increased in the flame with the hydrogen fraction
added; this leads to enhanced combustion, while the CH>0 and CH3 mole fractions are
decreased with the hydrogen mole fraction added, this indicates the possibility of
reducing aldehydes emissions, and reducing the formation methylene from methane

combustion when adding the hydrogen.

The increase in the normalized laminar flame velocity, the heat release rate, and the
normalized adiabatic flame temperature with an increase in unburned temperature are

due to the large production of the active roots that accelerate the combustion process.

It can be concluded that biogas with RH > 0.3 is comparable to various conventional
fuels as their flame speed, flame structure, and ignition delay data match at various

initial thermo-physical conditions.

5.2 Scope for Future Work
Using syngas as a renewable source of hydrogen and mixing it with biogas gives a good
alternative for fossil fuels. This mixture can be investigated in the future, along with

the thermoacoustic instabilities of gas turbine combustors.
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