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ABSTRACT

Biomass, as one of the important renewable energy resources for maintaining
sustainable energy development and reducing air pollutions as well as greenhouse
gas emissions, has attracted global attention in recent years. The synthesis gas
obtained from the gasification of biomass, known as bio-syngas, has complex fuel
composition due to the different feedstocks and processing techniques and thereby it
is increasingly difficult to control the combustion process of bio-syngas in practical
combustion systems. Many studies have been conducted on the laminar burning
characteristics of single-component fuels such as H, and CHa, or binary fuels such
as H»-CO and H,-CH4 mixtures, but the related investigation of bio-syngas, which is
composing of H2/CO/CH4/N2/CQOg, is rarely conducted. Therefore, a comprehensive
understanding of the laminar premixed combustion characteristics of bio-syngas is

the most important issue at present.

In this study, the laminar premixed combustion and flame dynamics of bio-syngas
has been systematically studied using a constant volume combustion bomb at an
initial temperature of 303 K, equivalence ratios of 0.6-1.5 and initial pressures of
0.1-0.5 MPa for a wide range of Ho/CO/CH4 fuel compositions and N2/CO dilution
ratios (0%-45%). The research includes investigating the laminar flame speeds,
analyzing the instability of the flame front propagation, and studying the explosion

characteristics of the bio-syngas/air mixtures. Moreover, a one-dimensional freely
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propagating flame was simulated using the PREMIX code in the CHEMKIN
package with the Li mechanism for analyzing the experimental results. The main

conclusions and innovative achievements are as follows:

For the laminar flame speeds of various bio-syngas/air mixtures, the experimental
data and predicted results show good agreement with each other under various fuel
compositions and dilution ratios at atmospheric pressure, while there exists
discrepancy in the laminar flame speeds at elevated pressures between the
experimental data and predicted results. The laminar flame speed decreases with the
increase of initial pressure under the tested equivalence ratios which is mainly due to
the increasing unburned mixture density and decreasing key radicals (H, OH, and O)
concentrations. With the increase of H> fraction in the fuel, the laminar flame speed
increases significantly, but the CH4 enrichment flame has the lowest laminar flame
speed. With the increase of CO fraction in the fuel, the laminar flame speed does not
change much. The thermal and chemical kinetic analyses indicate that the CO
addition has more effect on the adiabatic flame temperature but only plays a small
role in the chemical effect compared to that of the H» addition. Moreover, the
laminar flame speed decreases with the increase of No/CO> dilution ratio in the fuel
mixture. CO> dilution has stronger dilution effect, thermal effect, and chemical
effect than those of N> dilution, and thereby it can substantially decrease the laminar

flame speeds of H2/CO/CHa/air mixtures.
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For the intrinsic instability of the flame front propagation at atmospheric pressure
for various bio-syngas/air mixtures, the results of flame morphology and Markstein
length show that, the flame front can remain fairly smooth at atmospheric pressure
except for some large wrinkles caused by the ignition disturbance. The Markstein
length is decreased with the increase of H» fraction in the fuel mixture indicating the
decrease of stability of the flame front, while the Markstein length is slightly
increased with CH4 or CO addition suggesting the enhancement of the flame front
stability. With N»/CO; dilution, the Markstein length decreases at all dilution ratios,
suggesting that the addition of N2/CO» promotes the flame instability at atmospheric

pressure.

For the intrinsic instability of the flame front propagation at elevated pressures for
various bio-syngas/air mixtures, the results clearly show that with the increase of
initial pressure, irregular wrinkles appeared at the flame surface and the higher the
initial pressure, the more advance the onset of cellular instability of the flame is
observed. The cellular instability of the flame front is significantly promoted with
the increase of H» fraction in the fuel mixture and the earlier onset of cellular flame
structure is also observed, while the cellular instability is suppressed and the
moment for onset of cellular flame structure is postponed with the increase of CO
fraction in the fuel mixture. With increasing CH4 concentration in the fuel mixture,

the cellular instability is found to be significantly inhibited and the moment for onset
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of cellular flame structure is also significantly delayed. On the other hand, the
suppression effect of cellular instability with N»/CO» dilution is observed and CO;
dilution has stronger effect in suppressing the cellular instability at elevated

pressures.

For the explosion characteristics of various bio-syngas/air mixtures, the results show
that the concentration of H> or CHy in the fuel mixture has a great influence on the
explosion characteristics of bio-syngas/air mixtures, while the concentration of CO
in the fuel mixture plays a mild role in affecting the explosion behaviors. Moreover,
it is observed that the addition of N2/CO: to the fuel mixture can significantly reduce
the potential of explosion hazards of bio-syngas/air mixtures, and CO> dilution has
stronger suppression effect on the explosion characteristics due to its larger negative
influence on the thermal effect and the chemical effect in comparison to that of N>
dilution. The corresponding correlations of Pua/Po=fZaiwiion), tec =[Zditusion), and
(dP/dt)max =AZainiion) are developed for predicting the explosion behaviors of

N2/CO; diluted bio-syngas/air mixtures at various dilution ratios.

In conclusion, since the diverse biomass feedstock and processing techniques lead to
considerable variations in the fuel composition of bio-syngas, its fundamental
combustion characteristics should be well understood because the components of a
bio-syngas and their proportions have significant influences on the laminar flame

speed, flame instabilities and explosion characteristics of the bio-syngas. It can be
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concluded that Hx-enriched condition has much higher laminar flame speed than
other conditions, but the intrinsic instabilities of flame and explosion hazard are
significantly prompted. For the CH4-enriched condition, the behaviors are quite the
contrary to that of the H»-enriched condition. CO addition is found to play a mild
role in affecting the laminar burning and explosion characteristics of bio-syngas. On
the other hand, it can be concluded that N»>/CO> diluted bio-syngas has much lower
laminar flame speed and suppressed intrinsic flame instabilities as well as explosion
hazard than that of non-diluted bio-syngas. Therefore, the different combustion
behaviors of diverse bio-syngas fuels need to be fully considered for optimizing the

combustion of bio-syngas in practical combustors.
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CHAPTER 1 INTRODUCTION

1.1 Background

Energy is essential to our existence on this planet. Every great progress in
productivity and economy of the world has been accompanied by an explosion in
energy demand. According to the production process, energy can be divided into
primary energy and secondary energy. Primary energy refers to the natural energy
that forms naturally during the evolution of earth. Most of the primary energy
sources can be converted and used directly. Secondary energy refers to the energy
derived from the transformation of primary energy sources, including petrol, electric
energy, and hydrogen, and so on. In general, primary energy can be divided into the
following categories.

1) Conventional non-renewable fossil fuels such as coal, oil, and natural gas;

2) Renewable energy sources such as solar energy, wind energy, and water energy;

3) Emerging energy sources such as nuclear energy.

Since 1970, with the continuous and fast development of the world’s economy, the
demand for energy continues to explode. According to the BP Statistical Review of
World Energy 2018 [1], global primary energy consumption grew strongly in 2017,
by 2.2% on average. Figure 1.1 shows the outlook of global primary energy

consumption and shares of primary energy [2].
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Figure 1.1 Outlook of global primary energy consumption and shares of each kind of

primary energy (2019 edition) [2]

A quick glance at the past forty years, because of the widespread convenience and

availability of fossil fuels, including oil, coal and natural gas, there is increasing
2
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reliance on them to fulfill the global energy demand with respect to electricity
generation, transportations, and heating appliances. At present, the world’s energy
system is still dominated by the use of non-renewable fossil fuels. However, when
we look at the downside issue associated with energy usage, there are serious
problems coming along such as environmental deterioration due to air pollution
emissions and global warming due to greenhouse gas emissions. In addition, it is
acknowledged that the formation of fossil fuels requires millions of years typically,
thus the reserve of existing fossil fuels is considered difficult to accommodate the
increase of world energy demand in the future. The drastic increasing consumption
of fossil fuels leads to a large amount of pollutant emissions released into the
atmosphere, for instance, unburned and partially burned hydrocarbons, nitrogen
oxides (NO and NO>), sulfur oxides (SO2 and SOs3), carbon dioxide (COz2), carbon
monoxide (CO), and particulate matter in various forms. To achieve the worldwide
goal of energy conservation and air pollution control, massive efforts have been
made in recent decades to develop more efficient energy conversion techniques and
replace fossil fuel utilization as much as possible with sustainable and
environmentally friendly alternative fuels. It is seen from Figure 1.1(b) that
renewable energy resources are playing increasingly important roles in the world’s
energy system, while the roles of oil and coal in energy supply are decreasing
gradually. In the next 20 years, the transition to a low-carbon energy system will

continue in global energy supply, with renewable energy and natural gas gaining in
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more importance relative to oil and coal. The BP Company indicates that renewable
energy is the fastest growing source of energy, contributing half of the growth in
global energy, with its share in primary energy increasing from 4% by 2018 to

around 15% by 2040 [1].

Ol W Hydroelectricity M Other %

m Coal Nuclear energy
W Naturalgas M Renewables

30

85 87 89 91 93 95 97 9 01 03 05 07 09 " 13 15 17 0

Figure 1.2 Share of global electricity generation by fuel [1]

According to the statistical results of the BP Company, over 40% of primary energy
went into the power generation sector in 2017. The power generation sector plays a
central role in the development of global energy markets. It is not only the single
biggest market for energy consumption by far, but also accounting for over a third of
carbon emissions in 2017 [1]. Therefore, it is at the leading edge of the energy
transition, in terms of both improvements in energy efficiency and the shift toward a
lower-carbon fuel mix. Figure 1.2 shows the share of global electricity generation by

different fuels. In the past, the world’s electricity needs are met primarily by burning
4
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coal. Because of the huge efforts to encourage a shift away from coal into cleaner
and sustainable fuels, the share of renewable energy sources in power generation has
risen 6% since 2007. However, it is seen that coal is still the world’s dominant
source for power generation, with a share of 38% in 2017. Therefore, the search for
sustainable and clean fuels is still a crucial factor in economic development and

environmental protection.
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Figure 1.3 Distribution of the world’s primary energy consumption [3]

Among the various renewable energy sources, biomass has been widely recognized
as one of the most promising alternative fuels and will play a vital role in the global
energy supply system in the near future. At present, worldwide biomass ranks fourth
as primary energy and its share in the world’s total primary energy consumption is
about 12%, as shown in Figure 1.3 [3]. With the deterioration of environment as
well as the global warming issues due to heavily dependent on fossil fuels, the
utilization of biomass in the energy supply system is constantly growing due to the

needs for alternative energy sources and low emissions [4]. Many studies [3-7]
5
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indicate that biomass is neutral in CO; circulation, that is, the amount of CO; it
consumed through photosynthesis is the same as that given off by combustion, and
therefore contributing to mitigate greenhouse gas emissions. Moreover, biomass
offers some important advantages as feedstock for combustion due to its wide
availability and contribution to diversification of energy supply and rural
development. Since the use of biomass fuels provides substantial benefits as far as
the environment is concerned, it is essential to conduct a comprehensive

investigation of using such kind of fuels.

1.2 Bio-syngas

Formerly, biomass was usually used in direct combustion. In recent years,
conversion technologies such as pyrolysis, gasification, anaerobic digestion and
alcohol production have widely been applied to biomass in order to obtain its energy
content [6]. In a gasification process, the solid biomass can be converted to gaseous
products, namely bio-syngas, containing major components H>, CO, CH4, and other
species such as No, CO», and very small amount of high order hydrocarbons (C»+).
Because of the production of cleaner gaseous fuel as well as the almost complete
conversion of biomass, the gasification process in converting biomass is becoming
progressively attractive [8]. The synthesis gas obtained from gasification of biomass
fuel is called bio-syngas. The diverse biomass feedstock and gasification techniques

lead to considerable variations in the composition of a bio-syngas.
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Figure 1.4-1.7 show the statistical results of various compositions of bio-syngas
reported in the literature [8-16]. It is seen that a bio-syngas mostly has high
concentrations of H, and CO but a relatively low concentration of CHs. The
volumetric fraction of H; in the main fuel components H2/CO/CH4 can vary from 20%
to 80%. The H»/CO ratio in a bio-syngas varies from 1:5 to 5:1 or so. In general, the
other species such as N2 and CO> are about half of the total composition, but they
can be removed through purification processes such as pressure swing adsorption,

amine scrubbing, and membrane reactors [17].

H, (%)

Figure 1.4 Statistical results of bio-syngas composition for the main species

H»/CO/CH4 on volumetric basis [8-16]
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Figure 1.7 Statistical results of bio-syngas composition for the ratio between other

species (CO2, N2, Cz+) and total components [8-16]

The variable fuel compositions in bio-syngas lead to unpredictable combustion
performance and increasing difficulties of combustion control and chamber design.
Therefore, it is necessary to carry out the fundamental research on bio-syngas
combustion to understand its combustion behaviors under various fuel compositions

and operating conditions.

1.3 Laminar premixed flame

Today, our dependence on the service of combustion is almost total, ranging from
heating and lighting our homes to powering the various modes of transportation
vehicles. Combustion transforms energy stored in chemical bonds to heat that can be

utilized in a variety of ways [18]. It is comprised of branches of nonlinear science,
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such as thermodynamics, chemical kinetics, fluid mechanics, and transportation
phenomena. According to different classification methods, fundamental combustion
phenomena can be divided into laminar versus turbulent combustion, premixed
versus non-premixed combustion, subsonic versus supersonic combustion, and
homogenous versus heterogeneous combustion [19]. Combustion occurring in a
practical combustor is a complex turbulent combustion process involving a wide
range of coupled problems such as fluid mechanics, transport phenomena, detailed
chemical reaction schemes, and heat transfer. The accurate control of turbulent
flames is a real challenge since all the aspects of the problem are not fully addressed
in the present state [20]. In order to deal with this problem, simplified combustion
modes are often adopted to study the local combustion characteristics and

mechanisms.

For turbulent premixed combustion, the turbulence and chemical reactions are
coupled intimately in the flame with a wide range of time scale and length scale. On
the one hand, the turbulence affects the structure of the flame and the affected flame
structure adversely influences the flow characteristics of the turbulence due to the
changes in physical quantities such as the temperature field. Figure 1.8 shows the
regime of turbulent premixed combustion [21]. On the basis of velocity and length
scale ratios, three regimes of turbulent premixed combustion can be defined, namely,
the broken reaction zone, the thin reaction zone, and the flamelet zone. In practical

combustors, turbulent premixed combustion is mainly located in the flamelet zone,

10
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where chemical reactions proceed in a thin layer owing to its fast reaction rate while
the turbulence can only distort this reaction layer and enlarge the flame front rather
than entering the reaction zone [21]. Since the chemical reactions in this thin layer
are unaffected by the turbulent fluctuations, the turbulent premixed flame front can
be considered to be composed of continuous quasi-steady laminar premixed
flamelets which can reveal the global combustion features of turbulent premixed

flame to some extent.

1000
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Figure 1.8 Regime diagram for premixed turbulent combustion [19]

Therefore, laminar premixed flame is a common combustion mode adopted in
massive researches to simplify problems related to real complex combustion
processes. The study of laminar premixed flame is a prerequisite to the study of
turbulent flames since in both laminar and turbulent flows, the same physical

processes are active, but the flow in a laminar flame is relatively simple and can be
11
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clearly quantified and defined. In addition, qualitatively describing the essential
characteristics of laminar premixed flames and developing simplified analysis of
these flames can directly reflect the essential characteristics of the fuel utilized and
allow us to identify the factors influencing the important combustion parameters

such as laminar flame speed and flame thickness.

Flame dynamics, which mainly involved in the flame stretch, intrinsic flame
instability, and cellular structure of wrinkled flame front, is also an interesting and
important topic for laminar premixed flame propagation [22]. The wrinkled flame
front is mostly due to the interaction among stretch, chemical reaction and transport
[23]. Moreover, it has been indicated by previous studies [24, 25] that intrinsic flame
instability will have a great influence on turbulent premixed flame and the turbulent
premixed flame may be induced as cellular flame structures continuously evolve.
Therefore, investigations on the intrinsic flame instability and cellular structure of
the wrinkled flame front of bio-syngas under various operating conditions can help
improve the understanding of the fundamental flame dynamics for utilization of

bio-syngas.

Moreover, safety issues are also very important for production, transportation,
storage, and usage of bio-syngas due to the variability of bio-syngas composition.
Explosion characteristics of a combustible mixture can provide a basis for assessing

the hazards of a chemical process and the design of explosion-proof vessels to avoid

12
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damage from gaseous explosions [26, 27]. In this regard, understanding the pressure
history during combustion in a constant volume combustion bomb can help evaluate
the hazards of bio-syngas explosion and provide fundamental data for the design of

bio-syngas combustion system.

1.4 Scope and objectives of the present study

Due to global environmental threats as well as heavy reliance on fossil fuels, it is
very urgent to either improve the combustion efficiency with considerable
reductions in fuel consumption and pollutant emissions, or more significantly, to
replace fossil fuel utilization as much as possible with other environmentally
friendly, clean, and renewable energy resources. Synthesis gas derived from biomass
(bio-syngas) is expected to have the potential to substitute fossil fuel in heating and
power generation, as it allows for a reduction in environmental impact as well as
offering a diverse solution to sustainable development. Thus, it is of vital importance
to have a comprehensive investigation and in-depth understanding of the laminar
premixed combustion and flame dynamics of bio-syngas. Unlike the
single-component fuel, it is increasingly difficult to control the combustion process
of bio-syngas due to its diversity in fuel composition. A detailed study on the
combustion characteristics of bio-syngas can not only improve the understanding of
this kind of fuel regarding energy utilization and combustion behavior but also

provide some useful information and guidelines for its practical application. The

13
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objectives of the present study are shown below:

1. To obtain laminar flame speeds of various bio-syngas/air mixtures using a
constant volume combustion bomb system. To investigate the effect of
equivalence ratio, initial pressure, the variation of fuel composition
(H2:CO:CHy4), and dilution ratio (CO2/N2/CO>+Ny : total fuel components) on
laminar flame characteristics of bio-syngas (H2/CO/CH4/CO2/N>).

2. To numerically study the chemical kinetics of bio-syngas/air laminar premixed
flame using the CHEMKIN software. To verify the chemical mechanism by
comparing the experimentally obtained laminar flame speed and simulated
results. To analyze the effect of different initial conditions on bio-syngas/air
laminar premixed combustion by conducting sensitivity analysis, consumption
pathway analysis, and chemical flame structures to identify the key reactions and
intermediate species that affect the laminar flame speed of bio-syngas.

3. To observe the propagation of laminar flame front of bio-syngas/air premixed
flame at different initial pressures. To analyze the factors for changes in flame
morphology at elevated initial pressure and measure the critical flame radius of
bio-syngas/air mixtures under different initial conditions. To calculate the critical
Peclet number, critical flame radius, and instability parameters such as effective
Lewis number, thermal expansion ratio, and flame thickness; and theoretically
study the effect of fuel composition variation and diluents on the intrinsic flame

instabilities of bio-syngas laminar premixed flame at elevated initial pressure.

14
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4. To investigate the explosion characteristics of bio-syngas/air mixtures at
different equivalence ratios, initial pressures, fuel compositions, and dilution
ratios. To analyze the effect of these initial conditions on the explosion
characteristics parameters, such as the maximum explosion pressure, explosion
time, the maximum rate of pressure rise, and the deflagration index.

5. To analyze the effect of each fuel component, including the diluents, on the
physics and the chemical kinetics behind that lead to change in the laminar flame

speed and the flame dynamics of the bio-syngas.

1.5 Thesis organization

Chapter 1 mainly introduces the research background and the objectives of this study.
The related previous researches are reviewed and discussed in Chapter 2. Chapter 3
gives the experimental apparatus and numerical methodology adopted in the present
investigation. Detailed experimental and numerical results are given and discussed
in Chapter 4, Chapter 5 and Chapter 6, which mainly involve in the laminar flame
speeds of bio-syngas in a wide range of conditions, analyzing the instability of the
flame front propagation under various initial pressures, and studying the explosion
characteristics of the bio-syngas/air mixtures, respectively. Chapter 7 presents the
main conclusions of this study, as well as the recommendations emerged from the

current study.
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CHAPTER 2 LITERATURE REVIEW

A review of the basic theory of laminar premixed combustion is firstly presented to
provide the fundamental information for understanding this kind of flame.
Specifically, laminar flame speed, intrinsic flame instability, and explosion
characteristics are emphasized in this work. Moreover, a detailed review of the
current conversion technologies of biomass fuels is conducted to provide
information for the investigation of bio-syngas fuel. The recent research progress in
the combustion of bio-syngas and the efforts on exploring the combustion
characteristics of this fuel are reviewed to identify the blanks and provide a solid

foundation for the present study.

2.1 Laminar premixed combustion

Laminar flame has been widely used to study and understand the controlling physics
of a variety of phenomena which are difficult to be accessible under turbulent
conditions [28]. This section firstly introduces the basic theories related to laminar
premixed flame, then introduces the common methods adopted in the laboratory for

measuring laminar flame speed.

2.1.1 Basic theory of laminar premixed flame

For an ideal standard laminar premixed flame, which is the simplest combustion
mode, the flow field has no influence on the chemical reactions in the flame. Then,

the flame structure can be considered at three levels of detail [19], which are given
16
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in Figure 2.1.
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Figure 2.1 Schematic of the laminar premixed flame structure at three levels of detail:
(a) The hydrodynamic, flame-sheet level; (b) The transport, reaction-sheet level; (¢)

Detailed structure including the reaction zone [19].

The first is the hydrodynamic level of the flame structure, as shown in Figure 2.1(a).

In the flame-stationary frame, the upstream mixture, namely unburned mixture,
17



Chapter 2 Literature Review

approaches the flame with velocity U’, which is equal to the laminar flame speed
SZ (Sz is used interchangeably throughout the present study). The temperature of the
unburned mixture is 7. After passing through the flame sheet, the velocity and
temperature of the burned mixture are changed to UY and 70, respectively.
Regardless of the chemical reactions in the flame, the flame sheet is simply an
infinitely thin interface separating the unburned and burned gases that are in
thermodynamic equilibrium. The unburned gas and burned gas are related by the
overall conservation of mass, species concentrations, and energy. However, it can be
clearly seen that the temperature 7, and reactant concentration Y, have a sudden
change to 7] and Y’ =0 respectively after passing through the flame sheet,

which is discontinuous at this flame sheet.

Figure 2.1(b) gives the second level of the flame structure which is dominated by
transport diffusion. In this configuration, the description of the flame structure is
more detailed, including a preheat zone and reaction zone. The preheat zone is
governed by heat and mass diffusion processes with a characteristic thickness £%.
When the unburned gas approaches the flame, it is gradually heated up by the heat
conducted forward from the chemical heat release region until the temperature 7
is reached. The continuous heating of the unburned gas will eventually lead to its
ignition and subsequent reaction. However, due to the presence of convective

transport, the profile of increasing temperature is not linear.
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The third description is the most detailed level of the flame structure containing the
reaction zone, as shown in Figure 2.1(c). Here, the flame structure can be divided
into two distinct zones, namely, the preheat zone in which the convection and
diffusion dominate and balance, and the reaction zone in which the reaction and
diffusion dominate and balance. The reaction rate profile is a highly peaked function,
consisting of a rapid increasing portion due to the activation of the reaction,
followed by a rapid decreasing portion due to the depletion of the reactants. Since
the characteristic thickness £% <« £9Y, this rapid rate of property change within a
narrow region indicates that diffusive transport described by a second-order
differential has a greater influence than convective transport described by a

first-order differential.

According to the third level of flame structure description, Law [19] theoretically
analyzed the process of flame propagation based on a one-reactant reaction

hypothesis,
Reactant — Products (2-1)
and obtained the following relationship for a laminar premixed flame,

2-2
> (M/C,)LeBced s (2-2)

ze’

)

where f” is the mass flow rate of unburned gas, kg.(m2.s)"; C, is the constant

pressure specific heat capacity, J.(kg.K)™!; 4 is the thermal conductivity, W.(m.K)!;
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Le is the Lewis number, which measures the relative rates of thermal conduction to
mass diffusion; Bc is the density-weighted collision rate of the reaction, gm.s.cm™;
Ze is the Zel’dovich number, which measures the combined effects of the

temperature sensitivity of the reaction and the extent of heat release relative to the

initial content of the mixture’s sensible energy [19].

It should be noticed that the derivation process uses the assumption of a one-reactant
reaction, and there is a clear difference from the practical chemical reactions which
contain thousands of elementary reactions. However, Equation (2-2) clearly shows
that there is a close correlation between the laminar burning characteristics and the

physicochemical properties of the mixture itself for laminar premixed flame.

2.1.2 Laminar flame speed and measurement methods

Laminar flame speed is considered one of the most important physicochemical
parameters of a combustible fuel mixture. It is a function of the exothermicity,
diffusivity, and reactivity of the mixture and a basic parameter for turbulent flame
speed determination [19]. In addition, it can be used to develop and validate the
chemical reaction mechanism, and it is of great importance in the design and
optimization of practical combustors. Therefore, considerable efforts have been
taken towards their determination. In the following, several measurement methods

that have been widely used in previous studies are discussed.
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2.1.2.1 Bunsen flame method

Bunsen burner plays an important role in studying laminar and turbulent flames in a
laboratory. Figure 2.2 shows the schematic diagram of a Bunsen flame. The
upstream unburned mixture flow in the Bunsen flame is non-uniform and the flame

surface is also curved [29].

u,
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Figure 2.2 Schematic diagram of a Bunsen flame [19]

In general, there are two ways to obtain the laminar flame speed of a fuel from the
Bunsen flame. The first way is the flame area method. The laminar flame speed

calculated in this method is an area-weighted flame speed over the entire flame
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surface Ay If the mass flow rate of the gas is 7z, considering the overall mass

conservation, we have

. j 2-3
m=p S,A; or Su=piAf (2-3)

u .

This method is useful for rough estimation since the area of the photographed flame
front can be easily determined graphically [19]. The second way is called the flame
angle method. In this method, the determination of S, can be more accurately
achieved by using an aerodynamically contoured nozzle, which gives a uniform exit
velocity profile. As shown in Figure 2.2, if the velocity at the nozzle exit is uy and

the half cone angle is o = au, the laminar flame speed is given by:
S, =uysina, (2-4)

The advantage of the Bunsen flame method is that the experimental equipment is
very simple and low cost. However, the shortcomings are also obvious that it
neglects the influence of the stretch on the measured flame speed. The flame
curvature and flame thickness make it difficult to accurately determine the local

flame speed.
2.1.2.2 Stagnation flame method

The stagnation flame method was first proposed by Wu and Law [30] and later was
widely used to measure the laminar flame speeds of different fuels [31-33]. A typical

stagnation flame is shown in Figure 2.3. It can be seen that by impinging two
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identical, nozzle-generated combustible flows onto each other, two symmetrical flat

flames are situated on the two sides of the stagnation surface.

Stagnation /

planc DDA RN

Flame

Figure 2.3 Schematic diagram of a typical counterflow, twin stagnation flame [19]

For a typical counterflow flame, it is assumed that the axial velocity v varies linearly,
v=ay, in accordance with the characteristics of stagnation flow, where a=dv/dy is the
velocity gradient. It should be noticed that the stagnation flame is also stretched, but
for an ideal stagnation flow, the stretch intensity can be represented by the velocity
gradient a [34]. Therefore, there are two quantities that can be experimentally
measured, namely the velocity gradient a in the hydrodynamic zone and the
minimum velocity point v.i» which can be approximately identified as a reference
flame speed S, s at the upstream boundary [28]. Then, by extrapolating v, to zero
a, the intercept of vuin at a=0 can be identified as the laminar flame speed S.,

evaluated at the upstream boundary. This method can greatly reduce the effects of
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heat transfer on flame propagation and laminar flame speed measurement because
the upstream heat loss from the nozzle-generated flow is small while the
downstream heat loss is also small due to the symmetry. The stagnation flame
method is very convenient for controlling the fuel mixture and is capable of
obtaining the stretched laminar flame speed at a fixed stretch intensity. However, the
biggest disadvantage of this method is that it is difficult to conduct the experiments

under elevated pressure condition.

2.1.2.3 Flat and one-dimensional flame method

| _—Flame

\

| — Porous plug

\

-,_/ Screens and
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f !
Nitrogen

Premixture

Figure 2.4 Schematic diagram of a typical flat flame burner [19]

The flat flame method was firstly proposed by Botha and Spalding [35] in 1954. As
shown in Figure 2.4, they manipulated the heat loss rate by cooling the porous plug.

Thus, by continuously varying the mixture flow rate and noting the corresponding
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cooling rate needed to obtain a flat flame, the burning velocity without heat loss can
be estimated by extrapolating the cooling rate to zero. However, there are certain
difficulties in measuring the heat loss rate, and the flame is inherently non-adiabatic
relative to the enthalpy of the free stream. Therefore, the burning velocity

determined by this method is lower than Sg based on the free stream.

cooling
[ jacket

pll
=

Figure 2.5 Schematic diagram of a flat flame experimental system using heat flux

method [37]

De Goey et al. [36] improved this method by providing additional heat to the
unburned mixture to compensate for the heat loss of the flame, keeping the
stabilized flame in an approximately adiabatic state. Figure 2.5 shows the schematic
diagram of the flat flame experimental system. This method is also called the heat
flux method. The advantage of this improved method is that instead of estimating

the heat loss by extrapolating the cooling rate like the traditional flat flame method,
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it is possible to directly measure the laminar flame speed and improve the reliability
and accuracy of the experimental results. However, the main drawback of this
method is similar to the stagnation flame method that it is difficult to obtain the

laminar flame speed at elevated pressures.

2.1.2.4 Outwardly propagating spherical flame method

The outwardly propagating spherical flame method has been widely used for
measuring the laminar flame speed of a fuel. This method was firstly proposed by
Stevens [38] in the 1920s. In 1934, Lewis and Von Elbe [39] first proposed a method
in determination of the laminar flame speed using a spherical propagating flame
from time-pressure explosion records. However, the method of calculating the
laminar flame speed based on the pressure curve ignores the influences of the stretch
rate and the flame instability on the burning velocity, so that there is a large

difference between the measured laminar flame speed and the actual value.

With the development and improvement of flame dynamics theory, the concept of
the stretch rate in a flame has been developed in 1980s [40-42]. Moreover, with the
development of optical equipment and high-speed camera technology,
high-frequency flame front images can be obtained through experiments. Currently,
the laminar flame speed can be determined mainly by taking images of the flame
propagation process and extrapolating using a linear or nonlinear method. Figure 2.6

shows a typical constant volume combustion bomb system developing outwardly
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propagating spherical flame.
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Figure 2.6 Schematic diagram of a constant volume combustion bomb developing

outwardly propagating spherical flame [43]

The outwardly expanding spherical flame method has the following disadvantages.
First, when the burning velocity is very low, the flame is easily deformed by the
influence of buoyancy. Therefore, conventional outwardly expanding spherical
flame method is not suitable for a fuel having a relatively low laminar flame speed.
Second, the electrodes used for ignition can cause a disturbance in the propagation
of the flame, and there is radiative heat loss from the large volume of the burned gas
behind the flame. These factors affect the propagation of the flame, especially in the
early stage of flame propagation. Third, the development of intrinsic pulsating and
cellular instabilities over the flame surface leads to self-acceleration of the flame
propagation, which cannot be used to measure the laminar flame speed at this point.

However, this method has unparalleled advantages compared to other measurement
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methods. Since a spherical propagating flame can usually be produced in a confined
vessel, the design of the experimental equipment can be relatively simple and the
amount of gas consumed is small. It is also particularly suitable for the
determination of laminar flame speeds at high temperatures and pressures. Therefore,
the outwardly propagating spherical flame method is also adopted in the present
study to study the laminar burning characteristics of bio-syngas under various initial

conditions.

2.2 Biomass fuels

2.2.1 Biomass sources

As introduced in Chapter 1, renewable energy sources play an increasingly
important role in the world’s energy system not only for fulfilling the growing
energy demand for sustainable development of society but also for mitigating
environmental pollution and greenhouse gas emission. Among various forms of
renewable energy sources, including solar, wind, water, and biomass, biomass has
notable advantages in terms of its wide availability and capability for producing
different useful chemicals that can be modified according to various conversion

technologies which are absent in other sources of energy [44].

In general, biomass is defined as living matters on earth in which solar energy is
stored through the photosynthesis process [45, 46]. To be specific, biomass is

essentially biological material from agriculture, forestry, and related industries and
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municipal solid waste (MSW), which excludes the material embedded in geological
formations and transformed into fossil fuel. [47, 48]. The energy stored in these
substances can be accessed in a variety of ways, ranging from direct burning to
complex conversion processes. A wide-accepted classification of biomass sources is
based on their origination, which is shown in Table 2-1 [47]. It gives a detailed

classification of biomass sources and examples of representative materials of every

type.

Table 2-1 Classification of biomass sources according to their origination [47]

Categories Representative materials
Sugar cane; Corn; Sweet
Carbohydrate g ’ ’
sorghum
Starch Maize; Cassava; Sweet potato
Terrestrial Tropical gr ; Poplar;
errestria Cellulose opical grasses; Poplar;
Sycamore
Hydrocarbon Eucalyptus; Green coral
Grease Oil palm; Rapeseed; Sunflower
Freshwater Water hyacinth
. n Large kel
Aquatic Ocea arge kelp _
. . Green algae; Photosynthetic
Microorganism .
bacteria

Wheat bran; Straw; Vegetable

Agriculture residues; Processing residues
Residues from Animal Animal manure; Farm residues
Agriculture/Forestry/Husbandr Husbandry
g y y Secondary forest; woodland
Forestry remnants; Crippled material in
plants
Fisheries Jettisoned and dead fish
Municipal ..
Waste Waste Municipal and pulp sludge
Garbage Family garbage; Feces
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The use of biomass as feedstock for conversion to various biofuels depends on its
chemical constituents and physical properties. In fact, the varied feedstock types can
affect the carbon content of the biofuels and require different treatment for the
conversion of biomass to biofuel, and consequently changing the processing
techniques and product quality. If we restrict the feedstock to include only the plant
material, vegetation, or agricultural waste, these types of biomass chemically consist
of three major components, namely, (1) cellulose; (2) hemicellulose; and (3) lignin,
with a small amount of proteins, sugars, aliphatic acids, and fats [44-46, 48]. The
combustion behaviors and degradation patterns of these components are so different

that the energy released depends on the type of biomass and its composition.

Figure 2.7 gives a schematic diagram of cellulose, hemicellulose, and lignin in plant
cells [48]. As shown in Figure 2.7, cellulose, hemicellulose, and lignin are unevenly
distributed in the cell wall, and the structure they formed is called microfibril.
Cellulose is the main structural component in plant cells, which consists of a long
linear chain of glucose molecules linked by B(1-4)-glycosidic bonds. Cellulose
connects with hemicellulose and lignin mainly through hydrogen bonds.
Hemicellulose, the second abundant constituent of biomass, is a complex mixture of
polysaccharides, composed of various 5- and 6-carbon sugars such as glucose,
mannose, xylose, galactose, and arabinose [45]. Hemicellulose links cellulose fibers
into microfibrils and cross links with lignin, forming a complex network of bonds

that provide structural strength [49]. Lignin is a highly branched, substituted,
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mononuclear aromatic polymer consisting of phenolic components, and often found
to be adjacent to cellulose fibers working like cellular glue to provide compressive

strength and stiffness [50].

Figure 2.7 Cellulose, hemicellulose, and lignin in plant cells [48]

All these components of biomass have different reaction behaviors upon degradation
into different chemicals, and their contents in biomass also vary significantly,
depending on the type of biomass. Normally, the cellulose content can reach
40%-60%, which is the largest fraction followed by hemicellulose (15%-30%) and
lignin (10%-25%) [48]. Thus, an appropriate conversion technology has to be
designed according to the different types of biomass as feedstock for conversion to

meet the desired needs.

2.2.2 Current biomass conversion technologies

Biomass can be utilized by either direct combustion or converted to solid, liquid,
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and gaseous fuels and chemical products through thermochemical and biochemical
processes. Direct combustion is the old way of using biomass to obtain its energy
content in the form of heat [6]. The flame temperature can be beyond 2000 °C,
depending on various factors such as the heating value and moisture content of the
biomass [51]. Some researches [52, 53] show that co-firing of biomass with coal can
reduce the emissions and lower the cost per unit energy produced in comparison to
single coal firing. The thermochemical processes mainly include pyrolysis,
gasification, hydrogenation, and liquefaction [46, 54]. On the other hand, digestions
such as anaerobic and aerobic fermentation are typical biochemical processes used

to produce biofuels and chemical products [55, 56].

Figure 2.8 shows the different processing technologies for biomass and the
respective products [44]. All these processing techniques have been extensively
developed and reported in the past decades, and the biofuels generated from diverse
biomass have been improved through various treatments and procedures such as
reduced pressurized distillation and purification processes. According to the
origination of biomass source, the produced biofuels can be divided into two types,
namely, (1) conventional or first-generation biofuel; and (2) advanced or

second/third/fourth generation biofuel [57].
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Figure 2.8 Biomass processing technologies and respective products [44]

For biochemical processes, the biomass can firstly be subjected to acid, alkaline or
steam explosion pre-treatments to break the cellulose-hemicellulose-lignin structures
to make biomass more accessible to microbial reactions [58]. The organic matter is
then decomposed by various groups of microorganisms in an environment with or
without oxygen [55]. However, biochemical processes face several challenges such
as high cost of pre-treatment, low fermentability of mixed sugar stream in biomass,
and generation of inhibitory soluble compounds [59]. There are two thermochemical
conversion processes, namely pyrolysis and gasification. Both of them can divert the
end-products’ yield according to the desired outcome with properly selected

feedstock [44]. Pyrolysis is a process of heating the organic materials in biomass in a
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limited or oxygen-free environment at an elevated temperature (< 700 °C) [44, 60].
It mainly contains three subcategories, namely, (1) fast pyrolysis; (2) intermediate
pyrolysis; and (3) slow pyrolysis. On the other hand, the gasification of biomass also
plays an important role in converting biomass into diverse biofuels, and it is
regarded as one of the most effective techniques for the utilization of carbon-based
feedstock [61]. In a gasification process, biomass is converted into not only a
gaseous biofuel which can be further burned to release energy but also chemical
feedstock which can be used to produce valued-added chemical products by using

the Fischer-Tropsch (FT) process or by using fermentation.

2.2.3 Gasification of biomass

The gasification of biomass is a process of partial oxidation of biomass at high
temperature (700-900 °C) yielding mainly combustible producer gas/syngas, in the
presence of insufficient supply of air [46]. The principal steps of a gasification
process are (1) drying; (2) pyrolysis; (3) oxidation; and (4) reduction. Despite the
relative similarity between gasification and pyrolysis, gasification is not only simply
pyrolysis of biomass but also involves sub-stoichiometric combustion of the
pyrolysis products (oxidation), and further react with char (reduction), leading to a
typical product—a gas mixture of hydrogen (Hz), carbon monoxide (CO), methane
(CHa), carbon dioxide (CO,), as well as some light hydrocarbons generated through
tar decomposition, higher molecular compounds such as tars, and remaining

nitrogen (N2) or water vapor (H20), in proportions depending on the feedstock and
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gasifying agents used [62].

Most of the gasifiable biomass sources are chemically composed of cellulose,
hemicellulose, and lignin [63]. The reactors used to gasify the biomass are usually
called gasifiers. According to their configurations, they can be divided into four
main categories: (1) moving bed; (2) fixed bed; (3) fluidized bed; (4) entrained flow
gasifier. Henrich and Weirich [64] indicated that an entrained flow gasifier produces
cleaner bio-syngas compared to other types of gasifiers, but it also requires more
pre-treatment steps to achieve the size reduction of biomass which significantly
increases the cost. More detail on the advantages and disadvantages of different
gasifiers have been reported in previous studies [51, 57, 62, 65]. Moreover, the
influence of different gasifying agents on the efficiency of a gasification process has
been widely investigated in previous literature [66-69]. There are three commonly
used gasifying agents, namely, air, steam, and carbon dioxide. If air is the gasifying
agent, the conversion pathway moves toward the oxygen-driven reactions, leading to
more CO production with a relatively low amount of oxygen content or more CO>
production with a relatively high amount of oxygen content. Gasification is a
sub-stoichiometric oxidation process, which means fuel-rich condition is needed for
producing the combustible gases (H2/CO/CHs). Therefore, if the amount of oxygen
exceeds the stoichiometric level, the overall process moves from gasification to
combustion. On the other hand, if steam is the gasifying agent, the conversion

pathway moves toward the hydrogen-dominated reactions, leading to more hydrogen
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production with a higher H/C ratio. Steam gasification of biomass has been
extensively adopted to generate hydrogen-rich bio-syngas [70-72]. The influence of
CO, as a gasifying agent also has been studied [73, 74]. Under an atmosphere of
COa», the production of CO; is drastically decreased and the production of CO is

increased as a result of the positive promotion of the reaction: C + CO; «» 2CO.

Since biomass diversifies in various parameters, such as chemical composition,
moisture content, and ash content, the composition of the produced bio-syngas
varies significantly depending on the feedstock, the gasification technologies, and
operating conditions. It is important to select an appropriate gasification technology
according to different chemical and physical properties of diverse biomass sources

to improve the efficiency of the thermochemical conversion process.

2.3 Research progress in combustion of bio-syngas

2.3.1 Applications of bio-syngas in power plants and IC engines

Bio-syngas produced by thermochemical conversion of biomass has been widely
investigated for use in practical combustors such as internal combustion engines and
power generation sectors. Gupta et al. [75] developed a catalytic combustion system
for use with syngas (20% Ha, 20% CO, 2% CHa4, 12% CO: and 46% N) of a hybrid
heating source for solar-thermal power generation. The system exhibited stable
operation, quick startup and high turndown ratio, which confirmed the suitability of
the syngas fuel as an important component of a hybrid heating source for
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solar-thermal power generation. Kohsri et al. [76] evaluated the potential of a hybrid
solar PV/biomass syngas system with battery energy storage for off-grid application.
They found that the combination of two renewable energy sources can guarantee a
continuous 24h electricity supply in case of shortage of solar energy. In addition,
many researchers tried to find efficient coupling between the gasification of biomass
and fuel cells [77-80]. Donolo et al. [78] numerically studied energy production
from biomass by molten carbonate fuel cells (MCFC). They indicated that the
efficiency obtained by coupling the biomass gasifier and the MCFC system is
around 36%-40%, depending on the type of biomass used. Tomasi et al. [79]
investigated a molten carbonate fuel cell (MCFC) power plant fed with a biomass
syngas. They found that the proposed coupling of a recirculated fluidized-bed
gasifier with an MCFC system had high conversion efficiencies of 43%-49%, which

is better than those reached by traditional fossil-fuel plants of the same size.

On the other hand, bio-syngas produced through gasification of biomass can also be
fed to internal combustion (IC) engines to obtain its energy content. Indrawan et al.
[81] developed a small scale power generation unit which consisted of a downdraft
gasifier and an internal combustion engine to generate electricity by co-gasification
of municipal solid wastes (MSW) and agricultural biomass. They demonstrated that
the co-gasification system could provide a basis for the future development of
small-scale power generation to utilize local wastes. Kohn et al. [82] studied the

performance of an internal combustion engine operating on landfill gas and the
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effect of syngas addition. Their results showed that as the quality of landfill gas
decreased due to the increase of CO» content, the CO and unburned hydrocarbon
emissions significantly increased while NOx emissions slightly decreased. Syngas
addition to the landfill gas could not only reduce the pollutant emissions but also
improve the fuel conversion efficiency due to the positive effect of H, and CO in
syngas. Hagos et al. [83] comparatively studied the effect of methane-enrichment of
syngas (H2/CO) on combustion, performance, and emissions of a spark ignition
direct injection engine. They stated that methane-enriched syngas could extend the
operation, maintain the faster and smoother combustion compared to the syngas or
compressed natural gas (CNG) single mode operating at the same engine speed. Kan
et al. [84] investigated the utilization of biogas and syngas respectively generated
from biomass waste through the anaerobic digestion process and gasification process
in a premixed spark ignition engine. They found that the utilization of syngas and
biogas under blended-fuel mode could lead to a reduction of engine knocking and

NOx emissions.

Integrated gasification combined cycle (IGCC) is one of the most promising
technologies for designing bio-power plants assisted with the biomass gasification
process. The principal advantage of IGCC is the ability to use diverse fuels and
lower emissions [85]. In IGCC power plant, the post-treatment of the produced
syngas is considered to ensure the versatility of the process to be employed for a

variety of applications such as power and heat generation, production of chemicals,
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liquid fuels and hydrogen fuel. Many researchers studied the feasibility of biomass
utilization in IGCC power plants based on the biomass gasification/gas turbine
concept [86-91]. Minguez et al. [90] studied the behavior of an IGCC power plant
fueled with different kinds of biomass waste by simulation. They indicated that the
high overall waste to power process efficiency (45-48% with no CO; capture and
38-42% with CO; capture) made bio-IGCC power plant one of the most promising
technologies for large-scale power generation from waste. Baratieri et al. [92]
comparatively investigated the use of biomass syngas in IC engines and combined
cycle gas turbine (CCGT) plants and studied several types of biomass feedstock to
assess their potential energy production and effect on the environment. They found
that the use of biomass syngas in these two power generators is a valid way to
reduce environmental impact and compared with application of biomass syngas in
IC engine, CCGT plants using biomass syngas has better electrical efficiency (about

40%).

Co-gasification of coal and biomass in IGCC power plants offers a better prospect
for cleaner coal utilization and a way to dispose of wastes/biomass in an economical,
safe, and environmentally acceptable manner [93]. The most attractive benefit of
co-firing coal and biomass is certainly the reduction of greenhouse gas emissions
and environmental pollution, considering biomass is a carbon-neutral sustainable
energy source [94, 95]. Reichling and Kulacki [96] comparatively studied the

biomass utilization via Fischer-Tropsch (FT) conversion process and IGCC power
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plant. In the IGCC system, biomass was co-firing with coal, comprising 10% of the
fuel input by energy content. Based on the overall performance of the two processes,
they suggested that co-fired with coal conversion for electrical generation has lower
capital costs compared to the biomass-only FT fuel plants. Bhattacharaya and Datta
[97] investigated the effects of supplementary biomass firing on the performance of
a natural gas fired combined cycle (NGCC) and IGCC power plant. They identified
a critical degree of supplementary firing for the slag free operation of the biomass
combustor. Wu and Ouyang [98] analyzed co-gasification of coal and biomass based
on the IGCC system with a two-staged entrained-flow bed gasifier. They found a
nonlinear correlation of biomass blending ratio and technical, economic indicators.
In addition, the content of H> and CO both increased and reached the maximum at
10% biomass blending ratio. Thallam Thattai et al. [99] experimentally and
numerically investigated a high percentage (up to 70%) biomass co-gasification with
coal in an IGCC system. Such a high percentage of biomass co-gasification at a
large scale power plant demonstrated that existing coal-based IGCC system can be
operated with an increasing percentage of biomass substitution without extensive

modification of the power plant.

2.3.2 Laminar burning characteristics of bio-syngas

2.3.2.1 Laminar flame speed

Laminar flame speed, as a fundamental physiochemical parameter, is critical to
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understand the combustion characteristics of a combustible fuel mixture, since it
determines the flame burning rate and the flame stability in practical combustors. In
addition, it is an important target for validating chemical reaction mechanisms and
developing surrogate fuel models. In section 2.1, we have introduced the definition
of laminar flame speed and various experimental approaches for the measurement of
laminar flame speed. In the open literature, plenty of experiments have been
conducted to investigate the laminar flame speed of various fuel mixtures, such as
H-air mixtures [100-102], CHs-air mixtures [103-106], high order hydrocarbon-air
mixtures [107-111], H>-CHy-air mixtures [43, 112-116], and syngas (H2/CO)-air

mixtures [117-123].

Hydrogen has a much higher laminar flame speed than that of hydrocarbon fuels
[124]. In fact, pure hydrogen combustion is restricted considerably in practical
applications for safety consideration due to its high reactivity and diffusivity.
Therefore, hydrogen is generally adopted as an excellent addition to adjust the
combustion performance of hydrocarbon fuels. One of the effective methods to
solve the problem of the slow burning velocity of methane is to mix the methane
with a fuel that has higher burning velocity, such as hydrogen [112]. Halter et al.
[115] investigated the effect of initial pressure and hydrogen concentration on the
laminar burning velocities of CHs-H»-air mixtures using the spherical flame method.
Their results showed that the laminar burning velocity increased with increasing

hydrogen content in the fuel blends and decreases with increasing initial pressure.
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Tang et al. [125] experimentally studied the effects of hydrogen addition on the
laminar flame speed of hydrocarbon-air mixtures. They found that hydrogen
addition could affect the laminar flame speed of a fuel mixture via three mechanisms,
including thermal effect, diffusion effect, and chemical kinetic effect. Among these
mechanisms, the kinetic effect was found to be the most important, which enhances

the burning intensity due to the strong reactivity of hydrogen.

On the other hand, the combustion characteristics of CO, which is one of the major
species in bio-syngas, are different from those of hydrogen and hydrocarbons.
According to previous literature [126, 127], the “dry” oxidation of CO: CO + O2 —
CO,+ O, CO+ 0O+ M — CO2+ M is not observed in practical combustion
processes because the concentrations of hydrogen-containing species are always
sufficiently high that the reaction: CO + OH — CO;+ H is much more rapid. Many
researchers studied the laminar burning velocities of H>-CO-air mixtures. Li et al.
[119] measured the laminar burning velocities and Markstein lengths of lean and
stoichiometric syngas premixed flames under various hydrogen fractions. Their
experimental results showed that the unstretched burning velocities of lean and
stoichiometric syngas premixed flames increased with the increase of hydrogen
fraction and equivalence ratio. Varghese et al. [121] experimentally and numerically
investigated the effect of CO content (15%, 20%, 25% by volume) on the laminar
burning velocities of syngas-air premixed flames at elevated temperatures using an

externally heated diverging channel method. They found that the laminar burning
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velocity increased with the increase of CO content. The effects of initial pressure
and temperature on the laminar flame speed and Markstein length of syngas were
studied by Ai et al. [128]. They found that the laminar flame speed increased with
the increase of the initial temperature, and decreased with the increase of the initial
pressure. Moreover, the Marksein length decreased with the increase of initial

pressure and temperature.

As mentioned before, the main fuel component in bio-syngas derived from biomass
is normally a mixture of H», CO, and CH4. So far, the laminar flame speeds of
H>/CO/CHgd/air mixtures have rarely been reported. The Ho/CO/CH4 fuel blend is
more complex than a single component fuel or binary fuel in terms of fuel
composition and combustion characteristics. Lee et al. [129] investigated the fuel
composition effects of H»/CO/CH4 syngas on the combustion instability
characteristics of a partially premixed swirl-stabilized gas turbine model combustor.
They indicated that the combustion frequency appeared to be linearly proportional to
the adiabatic flame temperature and laminar flame speed for all test conditions.
Vagelopoulos and Egolfopoulos [130] experimentally and numerically studied the
effect of H> and CH4 additions on the propagation and extinction of atmospheric
CO/air opposed-jet flames. They found that the addition of a small amount of H> or
CHa4 to CO flames increased the laminar flame speeds and extinction strain rates by
accelerating the main CO oxidation reaction. Wu et al. [131] also studied the effect

of CO addition on the characteristics of premixed CHa/air opposed-jet flames.
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Detailed analysis of the calculated chemical kinetic structures revealed that as the
CO content in the fuel was increased from 0% to 80%, the “wet” oxidation of CO:
CO + OH <> H + CO; increased significantly and contributed to a significant level
of heat-release rate, while the chemistry of CO consumption shifted to the dry
oxidation kinetics when CO content was over 80%. Yan et al. [132] measured the
laminar burning velocities of four biomass-derived gases at atmospheric pressure
over a range of equivalence ratios using the heat flux method on a perforated flat
flame burner. The studied gases were bio-methane (upgraded landfill gas), two
gasification gases (one from an industry demonstration plant, and one model gas
studied in the literature), and one co-firing gas made up of an industry gasification
gas and methane. They found that the peak burning velocities of the two gasification
gases/air mixtures and the co-firing gases/air mixtures were higher than that of the
bio-methane/ air mixtures due to the presence of H, and CO in the gasification gases.
Monteriro et al. [133] also experimentally determined the laminar burning velocities
and Markstein numbers of three types of syngas produced from wood gasification
using spherical flame method at normal temperature and pressure. The Markstein
number results showed that the three syngas-air flames were generally unstable and
the maximum laminar flame speeds were observed at stoichiometric equivalence

ratio.

Some researchers [134-136] numerically studied the physicochemical properties and

laminar flame speed of bio-syngas (H2/CO/CH4) combustion using GRI Mech 3.0
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[137] and San Diego Mech [138]. The results demonstrated that the different
chemical kinetic mechanisms gave reasonable agreement with each other and with
experimental data. Vu et al. [139] experimentally and numerically studied the
laminar burning characteristics of three biomass-derived gases. They reported that
the experimental results and predicted results using GRI Mech 3.0 agreed well at
lean and stoichiometric conditions, and the peak burning velocity was found at the
equivalence ratio of 1.4. Cheng et al. [17] experimentally and numerically
investigated the effect of variations in fuel composition on the characteristics of
H2/CO/CHa/air opposed-jet flames. They found that the laminar burning velocity
increased with increasing Hz or CO addition to the CHas/air flame. Moreover, they
stated that the increase in the laminar flame speed with H» addition was most likely
due to an increase in active radicals during combustion (chemical effect), rather than

from changes in the adiabatic flame temperature (thermal effect).

In addition, bio-syngas usually contains a considerable amount of diluents such as
N2 and CO». These diluents can be removed by post treatment process, such as
pressure swing adsorption, amine scrubbing, and membrane reactors. However, the
dilution gas can be deliberately introduced into the unburned mixtures to reduce the
NOx emissions [140]. In previous literature, researchers have studied the effect of
different diluents on the laminar burning velocities of H»-air, CHy-air, or syngas
(H2/CO)-air mixtures [140-147]. Zhang et al. [140] pointed out that with N> or CO;

dilution in the fuel mixture, the thermal effect dominated the reduction of laminar
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flame speed while the diffusivity change effect was negligible for both N> and CO»
dilution. Prathap et al. [146, 147] investigated the No/CO> dilution effect on the
laminar burning velocity of syngas at atmospheric condition. They found that the
laminar burning velocity decreased with N dilution in the syngas due to the
reduction of thermal diffusivity and flame temperature of the mixture with N>
dilution. In addition, according to their results, CO; has a stronger inhibiting effect
on the laminar burning velocity than N». Shang et al. [148] also studied the laminar
flame speeds of syngas with N2 and CO; dilution. According to their results, CO2
dilution has stronger the negative effect on the flame propagation than that of N>
dilution due to its stronger thermal and chemical kinetic effects. In fact, Liu et al.
[149] stated that unlike other dilution gases, such as N2, CO; can directly participate
in the chemical reaction primarily through the intermediate reaction CO + OH <~ H

+ COz rather than acting as an inert gas in the overall reaction process.

2.3.2.2 Laminar flame front instabilities

One of the most fascinating phenomena in flame dynamics is the presence of
instabilities in the forms of cells and ridges of characteristics size over the flame
surface [19, 150-152]. The formation of laminar flame front cellular instabilities will
increase the flame speed and enhance the engine knock [153]. At present, the
theoretical study of laminar flame front instabilities suggests that there are three

mechanisms generating cellular instabilities, namely buoyancy-driven instability,
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hydrodynamic instability [154, 155], and diffusional-thermal instability [156, 157].

First, buoyancy-driven instability is commonly known as the Rayleigh-Taylor
instability [19, 158] which occurs for two fluids with different densities. For an
expanding spherical flame, there is a large amount of unburned mixture outside the
burned mixture region. Since the density of the burned mixture is significantly
lighter than the density of the unburned mixture, the buoyancy caused by the density
difference pushes the burned mixture to the opposite direction of gravity. If the
flame propagates slowly, the velocity of the burned mixture region in the direction
of gravity is also slow, and then the body force caused by buoyancy from the
unburned to the burned mixtures will obviously affect the stability of the flame
surface. However, this instability usually occurs when the corresponding laminar

flame speed is slow (<0.15 m/s).

Second, the hydrodynamic instability, also known as the Landau-Darrieus instability
[154, 155], is caused by the density jump across a flame. It is assumed that an
infinitely thin flame surface separates the unburned mixture of constant density pu
from the burned mixture of constant density ps, and the flame surface propagates
with a constant flame speed, which is the laminar flame speed, SZ Therefore, as
long as there is a thermal expansion ratio between the burned and unburned mixtures,
the flame front is absolutely unstable in the hydrodynamic mode to disturbances of

all wavelengths.
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Third, the diffusional-thermal instability is mainly caused by the competition
between the thermal diffusivity and the mass diffusivity [159]. Due to different
influences of heat diffusion (smoothing effect) and mass diffusion (enhancement
effect) on the flame wrinkles [19], the combined effect of heat diffusion and mass
diffusion depends on the relative magnitudes of thermal diffusivity (a) and mass
diffusivity (D). The ratio between the thermal and mass diffusivities is called the
Lewis number (Le=o/Dy,). For a Le > 1 flame, the heat diffusion is stronger than the
mass diffusion, leading to the suppression of the flame surface wrinkles. Conversely,
if Le < 1, the mass diffusion is stronger than the heat diffusion, then the flame

surface wrinkles are enhanced.

Laminar flame front instabilities of various fuel mixtures with or without diluents
have been widely studied, including H»-air flame [101, 160-164], CHs-air flame
[105, 161], syngas (H2/CO)-air flame [23, 165-168], H-air flame or syngas
(H2/CO)-air flame with addition of various hydrocarbons [114, 153, 159, 169-173],
and other alternative fuels such as n-butanol [108, 174]. Many studies indicated that
with the increase of H> fraction in the fuel mixture, the cellular instabilities of the
flame front were significantly promoted by enhancing both the hydrodynamic and
diffusional-thermal instabilities [114, 139, 172, 175]. Law and Kwon [169] and Law
et al. [170] studied the effects of hydrocarbon substitution (CH4/C>H4/C3Hg) on
H;-air spherical premixed flames propagation at atmospheric and elevated pressures

respectively. They found that a small or moderate amount of hydrocarbon addition
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would suppress the propensity of onset of both diffusional-thermal instability and
hydrodynamic cellular instability in Hp—air flames. Lapalme et al. [159] studied the
characterization of thermodiffusive and hydrodynamic mechanisms on cellular
instability of syngas fuel blended with CH4 or CO,. The results showed that the
variation of critical radius was mostly controlled by the variation in the laminar
flame thickness for the near-equidiffusive H2/CO/CH4 flames, where Le~1. Vu et al.
[139] investigated the flame instabilities of three biomass derived gases. According
to their experimental results, the cellular instability was promoted with hydrogen
enrichment but diminished with methane enrichment. Meanwhile, similar behavior

was observed for CO enrichment condition.

Moreover, Tse et al. [164] examined the cellular structures of H2/O, flames diluted
with nitrogen or helium at initial pressure up to 60 atm. They found that helium
dilution was able to suppress cellular instabilities for Ho/O2/He flames from lean to
rich conditions. The effect of various diluents (N2/CO2/He) on cellular instabilities
of syngas-air spherical premixed flames was studied by Vu et al. [168] at elevated
pressure. They stated that the cellular instabilities for the N»>-diluted and CO»-diluted
syngas-air flames were not suppressed compared to that of the He-diluted syngas-air
flames. Li et al. [167] studied the flame intrinsic instability of N»/CO. diluted
H2/CO/air mixtures under different hydrogen fractions. They stated that for 30%
H2/70% CO premixed flames, the flames became more stable with increasing

dilution fractions. Lapalme et al. [159] pointed out that adding CO; to the syngas
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promoted thermodiffusive instability through a decrease in Lewis number, but this
instability would be counterbalanced by the hydrodynamic one through an increase
in the laminar flame thickness, leading to a net result of a nearly constant critical

radius.

In the literature, it is seen that studies related to laminar flame front instabilities of
bio-syngas (H2/CO/CH4/N2/CO2) have rarely been investigated, especially at
elevated pressures. As mentioned before, a deep understanding of combustion
behavior of cell formation in laminar premixed flames is very important in designing
combustion devices since the formation of flame front cellular instabilities will
increase the flame speed and promote the engine knock. Therefore, it is meaningful
to investigate the laminar flame front instabilities of bio-syngas at various fuel

compositions and initial pressures.

2.3.2.3 Explosion characteristics

Explosion characteristics of a combustible mixture are very essential and useful for
the evaluation of the hazards of a chemical process and design of explosion-proof
vessels to avoid damage from gaseous explosions [26]. The pressure history during
explosion in a confined vessel can provide a basis for explosion hazard assessment.
The characteristic parameters of a confined vessel explosion are the explosion
pressure (Pmax), the explosion time (z.), the rate of pressure rise (dP/dt), and the

deflagration index (Kg) [176]. These parameters are strongly affected by initial
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pressure, initial temperature, fuel composition, volume and shape of the combustion
vessel, ignition style and level of turbulence [177-182]. It has been reported that the
maximum rate of pressure rise and the deflagration index depend to a small extent
on the initial temperature, but are strongly influenced by the initial pressure [180,
183]. This is primarily due to a higher amount of flammable mixture with the
increase of initial pressure, which delivered an increased amount of heat [184].
Kindracki et al. [177] experimentally studied the influence of ignition position and
obstacles on explosion development. According to their results, the position of the
ignition can affect the maximum combustion pressure and the rate of pressure rise.
Compared to central ignition, the maximum combustion pressure decreased for
bottom/top ignition because of a longer time of heat exchange between the
combustion products and the vessel walls. Razus et al. [182] reported the rates of
pressure rise of propylene-air explosions in spherical and cylindrical vessels. They
found that the maximum rates of pressure rise (dP/dt)max and the deflagration index
K¢ observed during explosions in a cylindrical vessel were systematically lower than
that of a spherical vessel. This is consistent with the observation of Movileanu et al.
[176] that in comparison to the spherical vessel, the heat loss starts much earlier in
the case of cylindrical vessel because the flame front comes into contact with the
side wall long before the end of the combustion. Therefore, the heat loss is higher in
a cylindrical vessel compared to that of a spherical vessel, and the larger the L/D

ratio of the cylindrical vessel is, the larger amount of heat loss will be observed.
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Massive researches have been conducted to study the explosion characteristics of
various fuels, such as H» [27, 185-188], different hydrocarbon fuels [176, 184,
189-197], H>-CH4 mixture [183, 198-200], and H>-CO mixture [201-204], for
providing hazard and risk assessment. It is acknowledged that hydrogen has higher
flammability and explosive hazard compared to the traditional fuel sources of
gasoline and methane. H> leakage in a confined space is very dangerous due to its
wide flammability limits and high burning velocity [185]. Faghih et al. [183] also
found that for H>-CHs mixtures with hydrogen blending level above 70%, the
deflagration index was observed to increase exponentially with hydrogen blending
level. For syngas fuel mixture, increasing H> content in the fuel blends also
significantly increased the maximum rate of pressure rise and deflagration index and
shortened the explosion time [202]. Dupont et al. [205] experimentally studied the
explosion characteristics of a synthesized biogas (50%CH4-50%CO-) at atmospheric
pressure and various initial temperatures. Their results showed that the biogas had
less violent explosion than pure methane due to the presence of CO,. Tran et al. [206]
investigated the effects of hydrocarbon additions (CHs and CsHg) and diluent
additions (He and N>) on the explosion behaviors of syngas/air mixtures. They found
that for hydrocarbon additions, both the maximum explosion pressure and the
explosion time increased linearly with the increase of hydrocarbon concentration,
while the maximum rate of pressure rise decreased nonlinearly. For diluent additions,

the maximum explosion pressure decreased linearly, the explosion time increased
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linearly, and the maximum rate of pressure rise reduced significantly with the
increase of dilution ratio. Razus et al. [191] also indicated that the addition of
diluents could effectively decrease the peak explosion pressures, rates of pressure

rises and severity factors at all initial pressures.

In regard to the safety issues for production, transportation, storage and use of
bio-syngas, knowledge of its pressure history during the explosion in a confined
vessel is very essential and useful. So far, the explosion characteristics of bio-syngas
(H2/CO/CH4/N2/COz)/air mixtures have rarely been reported in publications. Safety
problems persist in using bio-syngas due to the damages of the fire and explosion
resulting from gas leakage. In addition, the variability of bio-syngas composition has
a significant influence on its combustion and explosion characteristics, making the
design of combustion chamber and the prevention of bio-syngas explosion hazards
even more complex. Therefore, investigations on the explosion characteristics of
bio-syngas at various fuel compositions are of great importance to understand the

safety issues for its production, transportation, and utilization.

2.4 Summary

From the above literature review, it can be found that the combustion of bio-syngas
(H2/CO/CH4/N2/CO32) has both merits and demerits in various aspects. Bio-syngas
can be used in many applications ranging from industrial process heaters to IGCC

for power generation. However, the diversity of the fuel composition in bio-syngas
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leads to increasing difficulty of the combustion control and chamber design. In order
to solve this problem, it is necessary to carry out the fundamental research of
bio-syngas combustion to understand the combustion behaviors under various fuel

composition and conditions.

A lot of investigations have been conducted by different researchers to study the
laminar burning characteristics of pure hydrogen, pure methane, methane/hydrogen
mixture and traditional syngas (H2/CO mixture) using various experimental and
numerical methods, but the related investigations of bio-syngas-air mixtures are
rarely conducted. A literature survey indicates that systematic investigations,
especially on the laminar flame speed, the flame structures, the flame front
instabilities, and explosion characteristics of the Ho/CO/CH4/N2/CO: blended fuels
are still deficient, since most of the previous investigations on the combustion
characteristics of H2/CO/CH4 fuel blends are limited by the variability of fuel
composition or elevated pressure conditions. The variability of fuel composition in
bio-syngas can lead to different combustion performance, and thereby impose
considerable technological challenge in the designing of practical systems. Detailed
investigations on the laminar premixed combustion characteristics of bio-syngas can
not only improve the comprehensive understanding of this kind of fuel in the aspect
of combustion behaviors but also provide useful information and guidelines for its
practical utilization. Moreover, analysis on the effect of each fuel component on the

physics and the chemical kinetics behind that affect the laminar flame speed and

54



Chapter 2 Literature Review

flame dynamics will provide fundamental knowledge on the combustion

characteristics of the multi-component fuel.

55



Chapter 3 Experimental apparatus and numerical methodology

CHAPTER 3 EXPERIMENTAL APPARATUS AND
NUMERICAL METHODOLOGY

3.1 Introduction

This chapter introduces the experimental apparatus and numerical methodology
adopted in the present study. A constant volume combustion bomb combined with a
high-speed schlieren system was utilized to develop an expanding spherical flame
for investigating the laminar burning characteristics of bio-syngas/air mixtures under
various operating conditions. In addition, a numerical model of one-dimensional
freely propagating plane premixed flame was used to calculate the laminar flame
speed for comparison with the measured values and for analysis on the influences of
fuel composition and initial conditions. The procedures of experimental
measurements, an introduction of the fuel blends used in the present study, and

uncertainty analysis are also provided in this chapter.

3.2 Experimental apparatus

In the present study, the experiments were conducted in a constant volume
combustion bomb system, which consisted of a constant volume combustion bomb,
gas control system, ignition system, high-speed schlieren photography system, and

data acquisition system, as shown in Figure 3.1.
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Figure 3.1 Experimental setup of constant volume combustion bomb system

The constant volume combustion bomb was in a cylindrical shape and made of
stainless steel with an inner diameter and length of 180 mm and 210 mm,
respectively. The detailed structure of the combustion bomb is shown in Figure 3.2.
Two quartz windows with diameters of 80 mm each were located at the two sides of
the combustion chamber for optical access. The high-pressure seal between the two
quartz glasses and the combustion chamber was achieved by the high

temperature-resistance fluoroelastomer gasket and the preload force provided by the
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bolts. A K-type thermocouple was mounted on the combustion chamber to measure
the temperature with an uncertainty of =3 K. Moreover, pressure transmitter,
pressure transducer, inlet and outlet valves were mounted on the chamber body. Two
ignition electrodes with diameters of 1 mm were symmetrically located at the center

of the bomb to create a uniform controllable spark to ignite the combustible mixture.
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Figure 3.2 Schematic of the constant volume combustion bomb

The gas control system included gas distribution pipelines, vacuum pump, and a gas
mixing tank which was made of stainless steel with the maximum working pressure
of 2 MPa. Two static pressure gauges (Rosemount 3051 TG1) with an error of 0.075%
were installed in the combustion chamber and the gas mixing tank respectively to

measure the pressure.

The pressure acquisition system consisted of a pressure transducer (Kistler 7001)
mounted on the inner wall of the combustion chamber, a charge amplifier (Kistler

5011), and a data collector (YOKOGAWA DL850) for recording the pressure data.
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The charge amplifier output signal ratio is 10 V~ 5 MPa, and the frequency of the

data collector sampling is 1 MHz.

The high-speed schlieren photography system included a high-speed digital camera
(Phantom V611) and a schlieren optical system. The schlieren method is based on
the principle that the refractive index gradient of light in the measured flow field is
proportional to the gas density in the flow field, and then the change of the density
gradient in the flow field is transformed into the change of the relative light intensity
on the recording plane, so that the regions with a sharp change in density such as the
flame front can be distinguished and observed through the flame images [170]. The
maximum sampling frequency of the high-speed digital camera is 680,000 frames
per second. To ensure the resolution of the captured images, the sampling frequency

used in the present study was set as 10,000 frames per second.

The high-speed schlieren photography system, the pressure acquisition system, and
the ignition system were controlled by a digital delay pulse generator (Model
DG535). The trigger signals for the high-speed schlieren photography system and
the pressure acquisition system were sent simultaneously, and the ignition system

was delayed for 1 ms.

3.3 Experimental procedures

In the present study, the initial temperature was set as 303 K, and the initial pressure
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was set as 0.1, 0.3, and 0.5 MPa, respectively. The equivalence ratio ranged from 0.6

to 1.5. Before the start of each set of experiment, it was first necessary to calculate

the partial pressure of each component according to the operating condition. The

procedures of the experiment are shown below:

(1) The vacuum pump and the connected valves were opened to pull out all the air

in the combustion chamber and the pipelines. The vacuum pump was kept
working until the reading of the pressure gauge no longer changed. Then, the
vacuum pump and the connected valves were closed, and the reading of the
pressure gauge was recorded for calibration. Then, the inlet valve was open on
the side of the combustion bomb. Both fuel and air (N2:O> = 3.762:1) were
supplied into the bomb through the inlet valve. Since all the reactants were gases,
the fuel mixture was prepared by delivering the reactants one by one into the
combustion bomb according to the pre-calculated partial pressure of each
component until the total pressure inside the combustion chamber reached the
preset initial pressure of 0.1 MPa/0.3 MPa/0.5 MPa. After finishing the intake
process, all the valves were closed and a 5-minute interval was spent before

ignition to allow the reactants to become fully mixed with each other.

(2) A trigger signal was given using a digital delay pulse generator (Model DG535).

Then the high-speed schlieren photography system and the pressure acquisition

system were activated. After 1 ms, the fuel mixture in the combustion bomb was
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ignited by the centrally located electrodes to form an outwardly propagating
spherical flame. The flame images and pressure data were saved through the

computer and the pressure data collector, respectively.

(3) After combustion, the exhaust valve was opened immediately to expel the
high-temperature and high-pressure combustion products. Then, the vacuum
pump was turned on to pull out the remaining combustion products. During the
pumping process, the valve for atmospheric air on the top of the combustion
bomb was opened intermittently to allow fresh air to enter in and flush away the
residual combustion products until no residual gas was remained, and the
temperature inside the combustion bomb was reduced to around 303 K. After
flushing the combustion bomb, a near vacuum condition was created again by
the vacuum pump, then, the next experiment could be conducted. Each operating
condition was repeated at least three times to inspect the repeatability of the

experimental results and the average data were used in the analysis.

3.4 Fuels

In the present study, the main fuel components in bio-syngas were prepared by
mixing the appropriate amount of pure H> (99.99% purity), CO (99.99% purity), and
CH4 (99.99% purity). The main oxidizer used was air, which was prepared by
mixing 21% O3 (99.995% purity) and 79% Nz (99.995% purity) volumetrically. For

the measurements of laminar flame speed at elevated pressure conditions (0.3 MPa
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and 0.5 MPa), helium (He, 99.99% purity) was utilized as a substitution for N> to
suppress cellular instabilities and acquire more accurate experimental data. The ratio
of helium and oxygen was fixed at 7:1 which was widely used in previous studies
[164, 207, 208] to produce adiabatic flame temperature comparable to that of the

flames combusted in the air (N2/O3).

The volumetric percentage of a specific fuel component (i) in a Ho/CO/CH4 fuel

blend, a(i), is defined as,

(3-1)

X;
a(i)= x 100%
XHZ +XCO+XCH4

where X; is the volume fraction of the specific fuel component (7). According to the
statistical results of fuel composition of bio-syngas shown in section 1.2, we found
that bio-syngas mostly has high concentration of H> and CO, but relatively low
concentration of CHa. The ratio between H> and CO usually equals to 1. Therefore,
in the present study, the basic condition (H2/CO/CH4 = 2:2:1), namely aBasis, was
set as a reference for the convenience of variable control. When the proportion of
one of the three fuel components was changed, the mole ratio between the other two
fuel components was kept constant to examine the effect of fuel composition
variation on flame characteristics. Besides the basic condition, six other fuel blends
were also studied, namely, aH2-60, aH2-80, aCO-60, aCO-80, aCH4-60, and
aCH4-80. Detailed compositions and properties of the investigated fuel blends are

shown in Table 3-1.
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For the dilution gas study, the diluents used in the present study were pure N>
(99.995% purity) and CO2 (99.995% purity). In each case, the ratio of the main fuel
components H2/CO/CHjy in the fuel blend was kept constant at aBasis (40%/40%/20%
by volume fraction) condition and the air was also introduced by mixing 21% O>
and 79% No». Therefore, the equivalence ratio is not affected by the percentage of
diluents added. The dilution ratio is defined as the volumetric fraction of diluents

added to the fuel blend,

Vdilution (3-2)
Z pirion = ——in_ . 100%
Hution Vdilution—i_Vfuel

where Viiion and Vier are the volumetric fractions of diluents (N2 or CO») and fuel
(H2/CO/CHy) in the fuel mixture, respectively. The dilution ratio was changed from
0% to 45%, at an interval of 15%. Moreover, for Ziiuion =30% condition, there was
an extra condition for Zy.-co,, which means that N> and CO: coexisted in the

bio-syngas mixture at a ratio of 1:1.

Table 3-1 The fuel blends investigated

Fuel mixture

Flame (vol%) Fuel mixture density St0|ch|omet_r|c air/fuel
Xuz  Xco  XcHa @b ratio
aBasis 40 40 20 0.604 3.808
aH>-60 60 26.7 13.3 0.429 3.332
aH>-80 80 133 6.7 0.255 2.856
aCO-60 26.7 60 133 0.773 3.332
aCO-80 133 80 6.7 0.943 2.856
aCHs-60 20 20 60 0.621 6.664
aCHs-80 10 10 80 0.629 8.092
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3.5 Data processing method

3.5.1 Extraction of laminar flame speed

By using the experimental apparatus introduced in section 3.2, an outwardly
propagating spherical flame was developed, and the data of flame radius Ry versus
time ¢ were collected from the flame images captured by the high-speed digital
camera, as shown in Figure 3.3 and Figure 3.4, respectively. It can be noticed that
there is a large bright circle in the pictures which is the combustion bomb, and the
two horizontally placed black lines are the electrodes. After ignition, combustion
starts from the center of the combustion bomb, which is located between the two
electrodes. The flame gradually propagated and expanded from the burned gas to the

unburned gas. The smaller bright circle found in the figure is the flame front.

t=1ms 2 ms 3 ms 4 ms 5 ms

Original
flame
images

radius

Figure 3.3 Images of measuring the flame radius
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Figure 3.4 Typical relationship between flame radius and time

According to the theoretical assumptions of an expanding spherical flame, the flame
is close to an adiabatic condition and the unburned gas remains stationary during its
propagation. When the flame radius is small, the pressure inside the combustion
bomb is almost unchanged, which can be considered as the isobaric developing
process [209]. The stretched flame speed S», also known as the flame propagation

speed, can be calculated using Equation (3-3) [210, 211]:

Sp=dR/dt (3-3)
where S}, is the stretched flame speed (m.s™); Ry is the flame radius of the spherical

flame (mm).

However, a practical expanding spherical flame possesses a curvature in the flame
front during its propagation [19]. A general definition of the stretch rate x at any
point on the flame surface is the Lagrangian time derivative of the logarithm of the

area Ay of an infinitesimal element of the surface [30]. For an outwardly propagating
65



Chapter 3 Experimental apparatus and numerical methodology

spherical flame, the flame stretch rate can be derived in the following Equation:

where Ay is the area of the flame surface (m?); « is the flame stretch rate (s). A
typical relationship between the flame propagation speed S, and the flame stretch

rate x is shown in Figure 3.5.
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Figure 3.5 Typical relationship between flame propagation speed and the flame

stretch rate: (a) ¢=0.6; (b) ¢=1.4

In addition to the effect of flame stretch rate, ignition disturbance could also affect
the propagation of a flame at the early stage of expanding spherical flame
development [101, 212]. According to Bradley et al. [210] and Lamoureux et al.
[213], the measured values of laminar flame speed using the outwardly propagating
spherical flame method are independent of disturbance from ignition energy when

the flame radius is larger than 5 mm. On the other hand, the pressure increment at
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the early stage of flame propagation can be neglected since the total volume of
burned gas is less than 0.5 % of the volume of the combustion bomb [214], however,
with the pressure rise in the combustion chamber, the confinement effect is stronger
when the flame radius is large enough to approach the wall [215]. Kelley and Law
[216] indicated that there are three distinct periods in the flame propagation process,
namely, the initial period which is influenced by the ignition energy input, followed
by a quasi-steady period of stretched flame propagation process which is suitable for
the extraction of laminar flame speed, and the final period which is affected by the
chamber confinement effect. Figure 3.6 shows these three periods of the flame
propagation process. In a previous study, the upper limit of the extraction data range
was found to be 25% of the combustion bomb radius [217]. According to the
specification of the constant volume combustion bomb used in the present study, the
flame images with flame radius ranging from 10 mm to 20 mm were chosen to
measure the laminar flame speed for eliminating the influences of ignition

disturbance and chamber confinement.
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Figure 3.6 Three periods of the flame propagation process

After determining the appropriate extraction data range, the post processing of data

is applied to eliminate the stretch rate and obtain the unstretched flame speed S,
and then the laminar flame speed S. can be calculated according to the law of mass

conservation [19]:

p
Sp=Sj =2 (3-5)
where S, is the laminar flame speed (m.s™); S is the unstretched flame speed
(m.s™); pand p, (kg.m”) are the densities of unburned and burned mixtures,

respectively.

There are several theoretical models for the extraction of laminar flame speed. The
linear model proposed by Wu and Law [30] suggested that for a moderate stretch
rate, there exists a linear relationship between the unstretched flame speed S§ and

the stretch rate x at the early stage of flame expansion:
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S9=8, — L,k (3-6)
where L is the Markstein length with respect to the burned mixture. This linear
model has been widely adopted in previous investigations [43, 101, 105, 115, 164,
218, 219]. However, based on the assumption of a weakly stretched flame, the linear
model sometimes performs unsatisfactorily in situations such as high stretch rates or

strong non-equidiffusion mixtures [220].

The first nonlinear model was proposed by Markstein [221] and theoretically
verified by Frankel and Sivashinsky [222], suggesting that the flame propagation

speed S» changes linearly with the flame curvature, 2/Ry:

Sp=Sh — SpLy2/Ry (3-7)
Another nonlinear model was used by Kelly and Law [216] in the extraction of Sg

and Lp:

In(S,) =In(Sh) — SpLy'2/(R;S) (3-8)
This model describes that In(S») changes linearly with 2/(RsSp). Then Sg and L, can
be obtained through linear extrapolation based on the plot of In(S») versus 2/(RsSp).
The accuracies of these three models were found to strongly dependent on the Lewis
number of the fuel mixture [212, 223, 224]. Chen [223] presented a detailed analysis
of these three extrapolation methods. It was demonstrated that the first nonlinear
model as shown in Equation (3-7) is the most accurate for mixtures with large Lewis

numbers. This nonlinear model was also used in the present study to obtain the Sf,)
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and Lp results.

3.5.2 Parameters for intrinsic flame instability

Thermal expansion ratio (¢), laminar flame thickness (/y), Lewis number (Le), and
global activation energy (E,) are considered as the four most important parameters
in inducing hydrodynamic instability and diffusional-thermal instability. The

calculations of these four parameters are specified as follows.

Hydrodynamic instability is mainly caused by the density jump across the flame,
which is represented by the thermal expansion ratio (o), the ratio between the

densities of the unburned mixture and the burned mixture:

o=p/b, (3-9)
The thermal expansion ratio is the most sensitive parameter controlling the onset of
hydrodynamic instability. In addition to the thermal expansion ratio, the laminar
flame thickness /ralso has a strong influence on the hydrodynamic instability since a
thinner flame weakens the stabilizing effect of curvature on the flame surface and
increases the density gradient and the pressure gradient along with the flame,
leading to the enhancement of hydrodynamic instability [225]. Herein, the laminar
flame thickness was calculated on the basis of the temperature distribution [170,
174]:

[ = Tad - Tu (3'10)
1™ (dT/dx)

max
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where 7. and T, are the adiabatic flame temperature and initial temperature,
respectively. (dT/dx)max 1s the maximum gradient of the temperature profile of the

flame extracted from the PREMIX calculations.

On the other hand, the development of diffusional-thermal instability is caused by
the competition between thermal diffusivity and mass diffusivity. An appropriate
parameter representing the effect of non-equidiffusion is the Lewis number, which

can be calculated by Equation (3-11), as shown below:

Le;=a/D;=A/pC,D; (3-11)
where a is the thermal diffusivity of the fuel-air mixture; D;; is the binary mass
diffusivity of the deficient species (i) into the abundant species (j), and the deficient
species (i) means the fuel or the oxidizer for lean and rich fuel mixtures respectively;
A is the thermal conductivity; C, is the mixture specific heat; p is the mixture

density.

It should be noticed that the definition of Le in a single-component fuel mixture is
quite straightforward, while in a multi-component fuel mixture, the calculation of Le
is more complex since the diffusivity of each component in the fuel mixture needs to
be considered. There are three calculation methods proposed in the literature
regarding Le for multi-component fuel mixtures, namely the volume-based method
[226], the diffusion-based method [227], and the heat release-based method [170].

Lapalme et al. [173] performed an investigation to assess these three methods for
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calculating the Le of Ho»/CO/CHs mixtures and the volume-based method was found
to be the most accurate one for all the investigated fuel blends. Therefore, the
volume-based method was adopted in the present study to calculate the Les based on

the volume fraction (x,) of the fuel (i) in the multi-component fuel mixture, as shown

below:

f
(3-12)
Le~= Z xLe;
i=1

where x; is the volume fraction of the fuel (i) in the multi-component fuel mixture

and Le; was calculated using Equation (3-11).

The effective Lewis number Le.; was used in the present study to calculate a
weighted average of the Lewis numbers of a fuel-air mixture, which is the

combination of the Lewis number of the fuel with oxidizer [228]:

(Leexc - 1)+(Ledef_ I)AI
144,

Leyy=1+ (3-13)

where Leex. and Leger are the Lewis numbers of the excessive and deficient reactants
in the fuel-air mixture, respectively. That is to say, for the fuel-lean condition, the
excessive reactant is the oxidizer and the deficient reactant is the fuel in the fuel-air
mixture, and vice versa. The parameter 4; is a measurement of the mixture strength,
which can be represented by A;=1+Ze(® — 1). Here, @ is defined as the ratio of the

mass of excess-to-deficient reactants in the unburned fuel mixture relative to their
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stoichiometric ratio (@ =1/¢ for ¢ < 1; @ = ¢ for ¢ > 1) [114, 168]. Ze is the
Zel’dovich number given by Ze=E, (T,; — T,)/R’T2,. E. is the global activation

energy shown in Equation (3-14),

£ ol {M} (3-14)
%

ol/T,y)
where R is the universal gas constant; SZ is the unstretched laminar flame speed of

the unburned gas, also means the laminar flame speed S;.

Moreover, the critical conditions for the onset of cellular instabilities can be

expressed by introducing a critical Peclet number given by Law et al. [170]:

Pe.,=w{Q,+B(Ley-1)0,/(0-1) +PrQ,} (3-15)

where the Pr is the Prandtl number. The constants w, QO,, 0,, and Q, depend on
the wavenumber, n, which can be found in Addabbo et al. [228]. Then, the

corresponding critical radius, R.,, can be obtained from:
Rcr:Pecr * lf (3'16)

3.5.3 Uncertainty analysis

According to previous studies [28], various factors can affect the uncertainty of the
measurement of laminar flame speed using the outwardly propagating spherical
flame method, including the effects of ignition [43, 210, 229, 230], buoyancy [231,

232], radiation [217, 233-236], flame instability [164, 237, 238], chamber
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confinement [215, 239-241], mixture preparation [136, 242, 243], and nonlinear
stretch behavior [216, 224, 244-246]. As mentioned in section 3.5.1, the present
study chose the experimental data within the flame radius of 10 to 20 mm and
abandoned the data of full-fledged cellular flames to minimize the effects of ignition,
chamber confinement, and flame instability. Therefore, the total experimental
uncertainty of the laminar flame speed measurements can be evaluated through the
method proposed by Moffat [247], which takes both systematic uncertainty and
random uncertainty into account. This method has been widely used to evaluate the
overall uncertainty in experimental laminar flame speed measurements [248-252],

and can be expressed as:

19555, (3-17)

55, j (B@M’W)

where Sg, is the standard deviation of S at each condition, derived from the
laminar flame speeds of repeated experiments; M represents the repeat times for
each experimental condition; #y.;.951s the student’s value at the confidence interval
of 95% with the freedom degrees of M-1; Bg, is the total systematic uncertainty of
the measurement method, and can be calculated by,

i=1

where x; indicates each factor affecting the uncertainty of the laminar flame speed
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measurement; u; represents the fixed error of each factor x;.

Then, with the experimental data at various operating conditions, the laminar flame
speed can be correlated with equivalence ratio, initial temperature and pressure
through Equation (3-19) [110]:

T, P

ug

Tu ar(E, ¢) Pu Bp(E, ¢) (3_19)
sso(r)  (7)

ug

where the subscript 0 refers to the initial conditions, in which 7, =303 K and
P,,=0.1/0.3/0.5 MPa according to the actual operating conditions. S;(4) is the
laminar flame speed under the referenced condition. ar(E, ¢) and B,(E, ¢) are the
temperature and pressure exponents, respectively, which can be obtained by fitting
with the experimental data. It should be noticed that the uncertainty of ¢ is mainly
caused by the measurement of partial pressure when introducing the fuel (Hz, CO,
CHs) and the oxidizer (O2 and N»), which was estimated to be £0.003~0.12. The
accuracies of the initial temperature and pressure are controlled to within +£3 K and
43 KPa, respectively. Finally, the overall experimental uncertainty was estimated to
be in the range of £0.8-4.6 cm/s by using Equation (3-17) for all the investigated

fuel mixtures.

3.6 Numerical methodology

3.6.1 Introduction to CHEMKIN code

In the present study, a one-dimensional freely propagating plane premixed flame
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was adopted to numerically study the laminar burning characteristics of premixed
bio-syngas/air flames using the PREMIXED code [253] in the CHEMKIN package
[254]. In 1980, Kee et al. [255] at the Sandia National Laboratory first developed the
CHEMKIN software package to simulate gas-phase chemical reactions. After
continuous development and improvement, the latest CHEMKIN package contains
various modules that can simulate a variety of chemical reaction devices. Figure 3.7
shows the structure of the CHEMKIN package and the basic process for the
simulation of one-dimensional laminar premixed flame using the PREMIXED code
in the CHEMKIN package. The operation process of CHEMKIN is mainly divided
into three parts, namely, gas-phase chemical reactions, transport, and fundamental
equations for solving the laminar premixed combustion. During operation, the
complier first obtained the reaction rates and thermal properties of each substance
and the elementary reactions from the user-supplied mechanism file, and stored
them in the linked file. Then, the software obtained transport data including viscosity,
thermal conductivity, and diffusion coefficient from the transport file and the linked
file generated in the previous step, and stored all the data in another linked file.
Finally, the energy and momentum equations of the premixed combustion were
solved based on the input parameters that the user defined according to the initial

conditions, transport linked file, and chemical reaction linked file.
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Figure 3.7 Flow chart of laminar premixed flame simulation using the CHEMKIN

package

3.6.2 Numerical simulation and mechanisms

In the present study, the Li mechanism [256] was adopted for comparing the
experimental data with simulated results. This mechanism was updated from the
sub-mechanism for the hydrogen-oxygen [257, 258], carbon monoxide (CO),

formaldehyde (CH20), and methanol (CH3OH) kinetics. The detailed reaction
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mechanism consists of 84 reversible reactions and 21 species. This mechanism has
been compared against a wide range of experimental results, such as laminar flame
speed, shock tube ignition delay data, and species profiles measured in flow reactors
[256, 259]. For the present calculation, the Soret effects and multicomponent
diffusion model were taken into consideration in the simulation. To assure a fully
converged flame speed prediction, above 900 grid points were imposed in the
PREMIX calculation. Moreover, the GRAD and CURYV values were set at 0.02 to

ensure the independence of grid solution.
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CHAPTER 4 LAMINAR FLAME SPEEDS OF
BIO-SYNGAS/AIR MIXTURES

4.1 Introduction

This Chapter presents the experimental and numerical results of laminar flame
speeds of bio-syngas/air mixtures under various operating conditions [260, 261].
The effect of fuel composition, initial pressure, and dilution were studied
experimentally and numerically. A constant volume combustion bomb combined
with a high-speed schlieren system was utilized to measure the laminar flame speeds
of bio-syngas/air mixtures. Moreover, by using the PREMIXED code in the
CHEMKIN package with the Li mechanism, the thermochemical parameters
including thermal diffusivity and adiabatic flame temperature were calculated.
Chemical kinetic analyses were also conducted to identify the chemical effects of
fuel composition, initial pressure, and dilution on the laminar flame speeds of

bio-syngas/air mixtures.

4.2 Effect of fuel composition variation

4.2.1 Experimental conditions

For this part of the study, seven H2/CO/CH4 fuel blends were investigated at the
initial temperature and pressure of 303 K and 0.1 MPa, respectively. The
composition of the fuel blends can be found in Table 3-1. The equivalence ratio

ranged from 0.6 to 1.5.
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4.2.2 Flame and stretch interaction

Figure 4.1 shows the schlieren photographs of stoichiometric H»/CO/CHg/air flame
at aBasis fuel composition. It can be seen that at the initial temperature and pressure
of 303 K and 0.1 MPa, the expanding spherical flame propagates outward smoothly
from the center of the combustion bomb, which is located between the two
electrodes. At the early stage of flame development, the two electrodes are found to
impede the combustion of fuel mixture due to the cooling effect [112], leading to a
relatively slow flame propagation speed along the direction of the electrodes. This
cooling effect of the electrodes becomes negligible when the flame radius has

developed to a certain value.

t=1ms 2 ms 3 ms 4 ms 5 ms

Figure 4.1 Schlieren photographs of H»/CO/CHa4/air flame at aBasis condition,

T=303 K, P=0.1 MPa, ¢=1.0

Figure 4.2 and Figure 4.3 show the variation of flame radius with time at different
equivalence ratios and fuel compositions. It can be noticed that there exists a linear
relationship between the flame radius against the time after ignition start, except for
the very early stage of flame propagation when the flame radius is smaller than 5

mm, when the flame propagation is influenced by the ignition energy and the
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electrodes. As shown in Figure 4.2, the slope of the radius versus time line increases
with increase of the equivalence ratio especially from the fuel-lean conditions to the
stoichiometric condition. For the fuel-rich conditions, the maximum value of the
slope is found at ¢= 1.2. Then, the slope of the radius-time line slightly decreases

with the increase of equivalence ratio to 1.4.
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Figure 4.2 Flame radius versus time at different equivalence ratios

On the other hand, it can be seen from Figure 4.3 that with the increase of hydrogen
fraction in the fuel mixture, the slope of the radius-time line increases significantly,
which indicates the increase of flame propagation speed as hydrogen concentration
is increased. Both the CO-enriched and CHgs-enriched fuel mixtures have smaller
slopes compared to that of the aBasis condition, indicating smaller flame
propagation speeds of the CO-enriched and CHy-enriched flames. The increase of

CHj fraction in the fuel mixture leads to an evident decrease of slope of the
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radius-time line, while the slopes of the radius-time lines of aCO-60 and aCO-80

conditions decrease slightly compared to the aBasis condition.
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Figure 4.3 Flame radius versus time at different fuel compositions

The variations of stretched flame propagation speed Sp with flame radius at different
equivalence ratios and fuel compositions are shown in Figure 4.4 and Figure 4.5,
respectively. As stated in section 3.5.1, the stretched flame propagation speed is the
derivative of the flame radius with respect to time. For the flame radius ranging
from 10 mm to 20 mm selected in the present study, it can be seen that in the case of
#<1.0 under obasic condition, the stretched flame propagation speed fluctuates
slightly when the flame radius is relatively small. For stoichiometric and fuel-rich
conditions, there is a slight increase in the stretched flame propagation speed with
the increase of flame radius. The maximum value of the stretched flame propagation

speed is also found at ¢= 1.2. When ¢ < 1.2, the flame propagation speed increases
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significantly with the increase of equivalence ratio. But for ¢ > 1.2, the flame

propagation speed is slightly decreased with the increase of equivalence ratio to 1.4.
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Figure 4.4 Stretched flame propagation speed versus flame radius at different

equivalence ratios

As shown in Figure 4.5, there is no evident change of the stretched flame
propagation speed with the increase of flame radius for different fuel compositions
at stoichiometric equivalence ratio. S, increases significantly with the increase of
hydrogen content in the fuel mixture especially when the hydrogen fraction is larger
than 60%, while for the CO-enriched and CHy-enriched fuel mixtures, S, decreases
evidently with the increase of CH4 fraction and decreases slightly with the increase

of CO fraction.
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Figure 4.5 Stretched flame propagation speed versus flame radius at different fuel

compositions

Figure 4.6 and Figure 4.7 show the variation of stretched flame propagation speeds
with flame stretch rate at different equivalence ratios and fuel compositions
respectively. In the early stage of flame development when the flame radius is small,
the stretch rate of the flame surface is very large [262]. As the flame propagates
outward, the stretch rate is decreased. After removing the data obtained at the early
stage of flame development which is affected by the ignition energy and the
electrodes, and the data obtained at large flame radius which is affected by the
confinement effect, an approximately linear correlation between the stretched flame
propagation speed and the flame stretch rate can be found at different equivalence
ratios and fuel compositions. It is seen from Figure 4.6 that in the case of ¢ > 0.8,
the flame propagation speed is slightly decreased with the increase of the flame

stretch rate, while for the case of ¢ < 0.8, the flame propagation speed is slightly
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increased with the increase of the flame stretch rate. At ¢ = 0.8, the variation of

stretched flame propagation speed with flame stretch rate is insignificant.

6 AR
- WOOOOOQOOO Vv
°o
5k
Q)
E 4
o (920020085000 o ¢=0.6
o ¢=0.8
3r P=0.1 MPa $¢=1.0
T=303 K v ¢=1.2
ok oBasis O ¢=1.4

200 400 600 800 1000 1200
x (1/s)

Figure 4.6 Stretched flame propagation speed versus flame stretch rate at different

equivalence ratios

In regard to the variation of stretched flame propagation speed with flame stretch
rate for different fuel compositions at the stoichiometric equivalence ratio, it can be
seen from Figure 4.7 that the stretched flame propagation speed decreases with the
increase of stretch flame rate for all fuel compositions. The results also show that the
stretched flame propagation speed is increased significantly with the increase of
hydrogen content in the fuel mixture. However, for the CO-enriched and
CHgs-enriched flames, the stretched flame propagation speed is decreased compared
to that of the aBasis condition. Thus, it can be seen that the flame stretch rate is

lower with the increase of CO and CH4 concentration in the fuel mixture at the same
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flame radius, and the stretched flame propagation speed varies with a narrower

range of flame stretch rate compared to the H»-enriched condition.
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Figure 4.7 Stretched flame propagation speed versus flame stretch rate at different

fuel compositions

4.2.3 Laminar flame speed

Figure 4.8 gives the variation of laminar flame speed of premixed H>/CO/CHy/air
mixtures with equivalence ratio for different fuel compositions. The results predicted
by using the PREMIX code in the CHEMKIN package with the Li mechanism are
also plotted for comparison. A comparison of the experimental and predicted results
shows that the Li mechanism can have a good prediction on the laminar flame speed
of the Hy/CO/CHy4/air mixtures, especially in fuel-lean conditions. For fuel-rich
conditions, differences between the experimental and predicted results are small.
Previous studies [120, 259] also indicated that the Li mechanism was better in
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predicting the laminar flame speed in fuel-lean conditions for syngas (H>/CO) /air
mixtures. In general, this good agreement between the experimental and the
predicted results using the Li mechanism is considered to be satisfactory in the

determination and prediction of laminar flame speeds of bio-syngas/air mixtures.
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Figure 4.8 Laminar flame speed of H2/CO/CHa/air mixtures versus equivalence ratio

at different fuel compositions

For the effect of fuel composition, the following results are observed. First,
compared to the aBasis condition, the laminar flame speed increases significantly
with the increase of H» fraction in the fuel mixture for the tested equivalence ratios.
Second, the difference in laminar flame speed between the aCO-60 and the aBasis
conditions is small, while the laminar flame speed for the aCO-80 condition is
slightly decreased compared to that of the aBasis condition. Third, with the increase

of CH4 fraction in the fuel mixture, the laminar flame speed decreases evidently
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compared to that of the aBasis condition. It can be observed that the laminar flame
speeds for the CHy-enriched conditions are lower than that of the CO-enriched
conditions, which is consistent with results presented by Wu et al. [131] that the
addition of an appropriate amount of CO to a CHa/air mixture could increase the
propagation speed of premixed CH4/CO/air flame. Finally, the maximum laminar
flame speed always occurs on the fuel-rich side for all the tested fuel blends. The
peak laminar flame speeds for the CHg-enriched conditions occur at ¢=1.1, while
with the increase of CO and H; fraction in the fuel mixture, the peak values of S
shifts toward more fuel-rich condition, especially for the H»-enriched cases, as a

result of the higher diffusivity of hydrogen [169].

4.2.4 Numerical simulation and analysis

4.2.4.1 Thermal diffusivity and adiabatic flame temperature

The thermal diffusivity and adiabatic flame temperature of the tested fuel mixtures
are shown in Figure 4.9, calculated by using STANJAN [263] and EQUIL [255]
respectively. The thermochemical and transport properties were provided by the
CHEMKIN thermodynamic database [264]. According to the classic laminar flame
theory [265], St & (aRR )", the laminar flame speed is proportional to the thermal
diffusivity (a) and the reaction rate (RR), which has a positive correlation with the
adiabatic flame temperature (7.4). Law [19] also stated that the adiabatic flame

temperature could not only indicate the exothermicity and maximum attainable
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temperature of the fuel mixture when equilibrium was attained, but also represent

the reactivity of the various chemical processes.
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Figure 4.9 Thermal diffusivity and adiabatic flame temperature versus equivalence

ratio for different fuel compositions

It is seen from Figure 4.9 that the adiabatic flame temperature always reaches its
peak value at around ¢=1.1 regardless of the variation of fuel composition, while the
thermal diffusivity monotonically increases with the increase of equivalence ratio

from ¢=0.6 to ¢=1.5. With the increase of H» fraction in the fuel mixture, the
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thermal diffusivity increases significantly with increasing equivalence ratio, leading
to the right shift of the peak laminar flame speed of Hz-enriched flames as observed
in Figure 4.8. On the contrary, with the increase of CO or CH4 fraction in the fuel
mixture, the thermal diffusivity increases modestly or changes little with increasing
equivalence ratio, and thereby the peak laminar flame speed for the CO-enriched or
the CHas-enriched flames shift left compared to the Hz-enriched flames. Moreover,
compared with the oBasis case, the thermal diffusivity and adiabatic flame
temperature both increase for the H»-enriched flames but decrease for the
CHgy-enriched flames. This is consistent with the results in Figure 4.8 in which the
laminar flame speed increases with the increase of H» fraction but decreases with the
increase of CHy4 fraction in the fuel mixture. However, for the CO-enriched flames,
the thermal diffusivity is decreased compared to that of the aBasis case, while the
adiabatic flame temperature is increased with the increase of CO fraction in the fuel
mixture. The adiabatic flame temperatures of the CO-enriched flames are even
higher than that of the Hz-enriched flames. This is different from the laminar flame
speed results which indicate that the laminar flame speeds of the CO-enriched
flames are lower than that of the H»-enriched and aBasis flames. Xie et al. [145] also
found that the adiabatic flame temperature increased with the increase of CO/H»
ratio in the fuel mixture. This is consistent with the results found in the present study
which indicate that the addition of CO in the H»/CO/CHs mixture has more

influence on the adiabatic flame temperature than that of H> addition. However, it is
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noted that the variation of laminar flame speed for a multi-component fuel cannot be
determined solely based on the adiabatic flame temperature [131]. Chemical effect
analysis will be presented in the following sections to clarify the factors that
influence the complicated variation of laminar flame speed of H»/CO/CHa/air

mixtures.
4.2.4.2 Sensitivity analysis

A comprehensive analysis was conducted to identify the most important elementary
reactions that affect the variation of laminar flame speed of Ho/CO/CHa/air mixtures.
Figure 4.10 gives the logarithmic sensitivity coefficients of the laminar flame speed
of various stoichiometric H2/CO/CHu/air flames at different fuel compositions. The
sensitivity coefficient (S;) is defined as the sensitivity of one variable (4) with the
change of another variable (B), and the formula is expressed as S=04,/0B. The
greater the sensitivity coefficient is, the greater the change of variable 4 (AA4) will be
when the variable B is changed by a certain amount AB. In the present study, the
sensitivity analysis was carried out by calculating the sensitivity coefficient of the
laminar mass burning rate with respect to the reaction rate constant, as shown in
Equation (4-1) using the CHEMKIN package:

oinm’  k; om’ (4-1)
S: [ —
51n ki mo (3/{,

where m" is the laminar mass burning rate and k; is the reaction rate constant for the
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Figure 4.10 Logarithmic sensitivity coefficients of laminar flame speed for various

H,/CO/CHg4/air mixtures

In general, the major chemical reactions involved in premixed H>/CO/CHa/air
combustion are the Ho/O; reactions, the oxidation of CO and CHa4, and the reactions
that lead to the production of intermediate CO. As shown in Figure 4.10, the
following three elementary reactions are the most important ones in the

H,/CO/CHy/air flames for all the tested conditions:

H+0, <> O+OH (R1)

CO+0OH < CO2+H (R29)
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CH3+O < CH20+H (R48)
The reaction (R1) is the dominant chain branching reaction, which produces a lot of
OH and O radicals during the combustion. The oxidation of CO through the reaction
(R29) and consumption of CH3 through the reaction (R48) contribute to building up
the H radical pool. These reactions contribute significantly to increase the
concentration of active radicals (H, OH, and O), and thereby have a positive

influence on the laminar flame speed.

With the increase of H» fraction in the fuel mixture, besides the reactions (R1),
(R29), and (R48), the reactions H>+O <« H+OH (R2), H>+OH < H,O+H (R3), and
HO>+H < OH+OH (R15) also play an increasingly important role in promoting the
overall reaction process. When the CO fraction in the fuel mixture increases to 80%,
it can be seen that the reaction H+O> «+» O+OH (R1) becomes insignificant, because
it has the lowest positive sensitivity coefficient compared to that of the other
conditions, while the reaction CO+OH < CO2+H (R29) plays a dominant role in the
overall reaction process. Chaos and Dryer [266] also indicated that the reaction (29)
was of critical importance in the combustion of Hz/CO/O; mixtures and was
responsible for a major fraction of heat release during combustion [259]. Moreover,
it is seen that for the aCH34-80 condition, the reaction (R1) has the highest positive
sensitivity coefficient compared to other conditions, and the reaction HCO+M «
H+CO+M (R30) and CH,OH+H < CH3;+OH (R61) become more important. The

major negative contributors are the reactions H+tOH+M < H;O+M (R12),
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H+O02+(M) <> HO>+(M) (R13), and CH3+H+(M) <> CH4+(M) (R53), together with
the reactions HCO+H <> CO+H; (R32) and CH4+H < CH3z+H> (R54). They all
have negative sensitivity coefficients resulting in an effective termination of the

radical chain reaction.

4.2.4.3 Chemical kinetic analysis

To further understand the effect of fuel composition variation on the flame
characteristics, detailed chemical kinetic structures of stoichiometric laminar
premixed H>/CO/CHs flames, including oH2-60, oH>-80, aCO-60, oCO-80,
aCH4-60, aCH4-80, and oBasis, were investigated via numerical simulation using
the Li mechanism. Figure 4.11-Figure 4.14 show the profiles of species mole
fraction, production rate, net reaction rate, and heat release rate of the major
elementary reaction steps at various fuel compositions. First, for the aBasis
condition (40% H»-40% CO-20% CHas), Figure 4.13(g) shows that the chain cycle
(R1)-(R3) of the H»-O; reaction scheme plays an important role in the overall
reaction process, contributing to producing abundant amount of H, OH, and O
radicals. With these active radicals, the dehydrogenation of CHjy is achieved by the
reactions CHs4+H < CH3+H:z (R54), CH4+O <« CH3+OH (R55), and CH4+OH «
CH3+H20 (R56). Moreover, it is seen from Figure 4.11(g) that the decrease of H»
mole fraction occurs earlier than those of CO and CH4. The consumption of CO

starts after the CH4 has been consumed to a large extent due to the positive
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production rate of CO as demonstrated from Figure 4.12(g). With the oxidation of
CHs, the intermediate CO is produced mainly through the following reactions
CH3+O < CH;O+H (R48), CH,O+H < HCO+H» (R42), and HCO+M «
H+CO+M (R30) as shown in Figure 4.13(g). This is consistent with the results of
Vagelopoulos and Egolfopoulos [130] and Wu et al. [131] who observed the added
CO in the fuel mixture would not react until most of the hydrocarbon species had
been consumed. On the other hand, it is noteworthy that some CHjs radicals also
react with H through the reaction CH3+H+(M) <> CHs4+(M) (R53), leading to the
termination of the radical chain process. Figure 4.14(g) indicates the major

elementary reactions contributing to the positive heat release include the following:

CH3+0 < CHO+H (R48)
CHa+H+(M) « CHs+(M) (R53)
H2+OH « H,O+H (R3)
CO+OH « COz+H (R29)
HCO+H — CO+H (R32)
H+0z+(M) <> HO2+(M) (R13)
H+OH+M < H20+M (R12)
HO>+H « OH+OH (R15)
CH0+H < HCO+H; (R42)

The major negative contributor is:

H+0z <> O+OH (R1)
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Figure 4.11 Computed species mole fraction of stoichiometric laminar premixed
H»/CO/CHa/air flames at T=303 K, P=0.1 MPa: (a) aH»>-60; (b) aH>-80; (¢) aCO-60;

(d) aCO-80; (e) aCH4-60; (f) aCH4-80; (g) aBasis condition
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With the increase of H, fraction in the fuel mixture, i.e., for aH2-60 and oH2-80
cases, it can be noticed from Figure 4.11(a) and (b) that the mole fraction of CHj
radical decreases gradually compared to that of the aBasis condition due to the
lower concentration of CHs in the fuel mixture. However, the consumption of CO
still does not occur during the stage of CH4 oxidation, as demonstrated by the
positive production rate of CO in the beginning, as shown in Figure 4.12(a) and (b).
It is seen from Figure 4.13(a) and (b) that with the increasing H> concentration in the
fuel mixture, the chain cycle (R1)-(R3) in the H»-O; reaction scheme plays a
dominant role in the overall reaction process, and the net reaction rates of these
reactions are much higher than that in other conditions. It can be seen that the rate of
reaction (R3) increases significantly, contributing to the maximum positive heat
release as shown in Figure 4.14(a) and (b). Moreover, the formation and
consumption of HO, are observed through the reactions H+O+(M) <> HO>+M)
(R13) and HO>+H <->OH+OH (R15), which also generate the active radicals (H, OH,
and O) to again speed up the overall reaction process and contribute to a significant
amount of positive heat release. Therefore, with the larger pool of H, OH, and O
radicals combined with the increasing reaction rate and heat release, the Sy of

Hz-enriched flames are significantly increased compared to that of the aBasis flame.
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Figure 4.12 Computed production rate of stoichiometric laminar premixed

H»/CO/CHa/air flames at T=303 K, P=0.1 MPa: (a) aH»>-60; (b) aH>-80; (¢) aCO-60;

(d) aCO-80; (e) aCH4-60; (f) aCH4-80; (g) aBasis condition
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For the CO-enriched flames, i.e., aCO-60 and aCO-80 cases, it can be seen from
Figure 4.11(c) and (d) that the mole fraction of CH3 radical decreases with the
increase of CO fraction in the fuel mixture, and is lower than that of the aBasis and
H»-enriched conditions. With the higher CO concentration in the fuel mixture, the
dominant chemistry shifts to the CO kinetics as revealed by Figure 4.13(c) and (d).
The net reaction rate of CO+OH < CO>+H (R29) for oxidation of CO increases
significantly with increasing CO concentration in the fuel mixture and even exceeds
those of the reactions (R1-R3) at aCO-80 condition. The H radicals produced in
(R29) can feed the chain branching reactions (R1-R3) together with the formation
and consumption of HO> (R13, R15), and thereby accelerate the CO oxidation rate
contributing to a significant amount of positive heat release as shown in Figure
4.14(d). However, it can be found in Figure 4.13 and Figure 4.14 that the magnitude
for both net reaction rates of overall reactions and heat release rates of CO-enriched
conditions are lower than those of the aBasis and Hz-enriched conditions. Referring
to the results of laminar flame speed shown in Figure 4.8 and adiabatic flame
temperature shown in Figure 4.9(b), although the increasing addition of CO to the
fuel mixture will slightly increase the adiabatic flame temperature, the chemical
effect of CO addition is not comparable to that of H> addition. Consequently, there is
no significant difference between the S; of aBasis and aCO-60 conditions, and the
S1 of aCO-80 condition is even lower than that of the aBasis condition due to less

H> in the fuel mixture.
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Figure 4.13 Computed net reaction rate of stoichiometric laminar premixed

H»/CO/CHa/air flames at T=303 K, P=0.1 MPa: (a) aH»>-60; (b) aH>-80; (¢) aCO-60;

(d) aCO-80; (e) aCH4-60; (f) aCH4-80; (g) aBasis condition
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Finally, for the CHs-enriched flames, i.e., aCH4-60 and aCH4-80 cases, it can be
noticed from Figure 4.11(e) and (f) that the mole fraction of CH3 radical increases
obviously with the increase of CH4 concentration in the fuel mixture. Moreover,
there is an increasing amount of CO produced mainly through the reactions CH3+O
< CH20+H (R48), CH,O+H < HCO+H: (R42), CH20+OH < HCO+H2O (R44),
and HCO+M < H+CO+M (R30), as shown in Figure 4.12(e) and (f), and the net
reaction rates of these reactions increase accordingly in Figure 4.13(e) and (f). The
most significant reaction for the CHy-enriched flames is still the chain branching
reaction H+O> < O+OH (R1), followed by the reaction H>+OH <« H,O+H (R3)
and the oxidation of CHj4 through the reaction CH3+O «» CH2O+H (R48). These
reactions provide the necessary active radicals H, OH, and O for proceeding the
overall reaction process. The dehydrogenation of CHj4 plays an increasing role with
the increase of CH4 concentration in the fuel mixture by following the reactions
CH4+OH < CH3+H20 (R56), CH4+H < CH3+Hz (R54), and CH4+O < CH3+OH
(R55). It can be noticed that in these reactions, the active radicals H, OH and O are
exchanged for the less active radical CH3, leading to a weakening of the reactivity of
the overall reaction process and the evident decrease of the laminar flame speed
compared to the other cases. Moreover, it is noteworthy that with abundant CH3
radicals in the reaction pool, some of them can react by themselves through the
reaction CH3+CH3+(M) < CoHe+(M) (R52), as shown in Figure 4.14(e) and (f).

This reaction is a radical termination step, which can inhibit the ignition and
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combustion process, and thereby for some fuel-rich conditions, it is hard for the
CHjs-enriched fuel mixture to be ignited. Table 4-1 gives a summary of the major

reaction steps discussed in this chapter.

Table 4-1 Summary of the major reaction steps

Reaction No. Reaction step

(R1) H+0; <> O+OH

(R2) O+H; «» H+OH

(R3) H2+OH <« H2,0+H

(R12) H+OH+M < H,O+M
(R13) H+02+(M) <> HO2+(M)
(R15) HO,+H < OH+OH
(R17) HO2+OH < H20+0:
(R29) CO+OH < CO2+H

(R30) HCO+M < H+CO+M
(R32) HCO+H < CO+Hz

(R42) CH>0+H < HCO+H>
(R44) CH20+OH « HCO+H20
(R48) CHs+O <> CH,O+H
(R52) CH3z+CHs+(M) <> Cz2Hs+(M)
(R53) CHa+H+(M) <> CHa+(M)
(R54) CH4+H < CHs+H,

(R55) CH4+0 «> CHs+OH

(R56) CH4+OH < CH3s+H20
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Figure 4.14 Computed heat release rate of stoichiometric laminar premixed

H»/CO/CHa/air flames at T=303 K, P=0.1 MPa: (a) aH»>-60; (b) aH>-80; (¢) aCO-60;

(d) aCO-80; (e) aCH4-60; (f) aCH4-80; (g) aBasis condition
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4.3 Effect of initial pressure

4.3.1 Experimental conditions

For studying the effect of initial pressure (0.1 MPa, 0.3 MPa, and 0.5MPa) on
laminar flame speed, as introduced in section 3.4, in order to acquire accurate
experimental results, helium (He) was used as a substitution for N> to suppress the
cellular instabilities of the premixed H2/CO/CHa/air flames, as shown in Figure 4.15.
The ratio of He and O was fixed at 7:1 which is widely adopted in the literature
[164, 207, 208] to produce the comparable adiabatic flame temperature to that of the
fuel mixture burned in air (N2/O2). The Ho/CO/CHs4 ratio was kept at the aBasis

condition (40%H>2-40%C0O-20%CH4) during all the experiments. All the

experiments were carried out at the initial temperature of 303 K.

aBasis-02/N2 aBasis-02/He aBasis-02/N2 aBasis-02/He
D=3.763, T=303K, P=0.3 MPa D=7, T=303K, P=0.3MPa D=3.762, T=303K, P=0.5 MPa D=7, T=303K, P=0.5 MPa

Figure 4.15 Schlieren photographs showing cellular instability of various
H>/CO/CHa/air and H2/CO/CH4/He mixtures at aBasis condition, T=303 K,

P=0.3/0.5 MPa, ¢=1.0
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4.3.2 Laminar flame speed

Figure 4.16 gives the variation of laminar flame speed with equivalence ratio for
H2/CO/CH4/He mixture at different initial pressures. The prediction results of S;
calculated using the CHEMKIN package with the Li mechanism are also plotted for
comparison. It shows that the Li mechanism slightly overestimates the laminar flame
speeds of Ho/CO/CHa4/He mixtures at fuel-lean conditions but underestimates the
laminar flame speeds at fuel-rich conditions for the tested initial pressures. It is seen
that the laminar flame speed decreases with the increase of initial pressure under the
tested equivalence ratios and S; reaches its peak value around ¢=1.0-1.2 under each
initial pressure. With the increase of initial pressure, the peak value of laminar flame
speed shifts slightly closer to the ¢=1.0 side due to the slight decrease of thermal

diffusivity of the fuel mixture with the increase of initial pressure.
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Figure 4.16 Laminar flame speed of Ho/CO/CH4/He mixtures versus equivalence

ratio at different initial pressures
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4.3.3 Numerical simulation and analysis

4.3.3.1 Thermal diffusivity and adiabatic flame temperature

Figure 4.17 and Figure 4.18 show the adiabatic flame temperature and thermal
diffusivity of Ho/CO/CH4/He mixtures respectively at different initial pressures. It
can be noticed that there is no significant change in the adiabatic flame temperature
under different initial pressures and it reaches its peak value at around ¢=1.0
regardless of variation of the initial pressure. This suggests that the adiabatic flame
temperature is not a strong function of the initial pressure [19]. However, it is seen
from Figure 4.18 that the thermal diffusivity decreases significantly with the
increase of initial pressure. This leads to the slight left shift of the peak laminar

flame speed at higher initial pressure.

2300
2200
2100 |
g 2000 |
©
" 1900 |
1800 k aBasis
—— P=0.1 MPa
1700 f —— P=0.3 MPa
— P=0.5 MPa
1600 |
L L L L L
06 08 1.0 0 12 14 16

Figure 4.17 Adiabatic flame temperature of Ho»/CO/CH4/He mixtures at different

initial pressures
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4.3.3.2 Sensitivity analysis

Figure 4.19 gives the logarithmic sensitivity coefficients of the laminar flame speeds
of stoichiometric Ho/CO/CH4/He flames at different initial pressures. It can be
noticed that the positive sensitivity coefficient of the chain branching reaction H+O»
<> O+OH (R1) increases evidently when the initial pressure is increased. Moreover,
the positive sensitivity coefficients for the chain carrying reactions CO+OH «
CO2+H (R29) and CH3+O <> CH>O+H (R48) are also slightly increased with the
increase of initial pressure. These results are consistent with the observation found
by Law [267] that as the initial pressure is increased, the collision between
molecules and free radicals becomes more frequent and reactions are facilitated.
However, it should be noted that the three-body, chain termination reactions with

large negative sensitivity coefficients, including the reactions CH3+H+(M) <
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CH4+(M) (R53), H+O2+(M) <> HO»*+(M) (R13), and H+OH+M < H,O+M (R12),
play an increasing role in the overall reaction process when the initial pressure is
increased. These reactions are found to be sensitive to the variation of initial
pressure [268] and they can remove active radicals such as H and OH from the
reaction pool, producing the relatively inactive radicals such as HO» or stable
molecule such as CHa. A retarding effect is thereby imposed on the overall reaction

process, leading to a decrease of laminar flame speed with the increase of initial

pressure.
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Figure 4.19 Sensitivity analysis for different initial pressures
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4.3.3.3 Chemical kinetic analysis

The effect of initial pressure on the chemical kinetic in the flame is further analyzed.
Figure 4.20 gives the calculated mole fraction of H, OH and O radicals at different
initial pressures under the stoichiometric aBasis condition. Previous studies [145,
269] indicated that there is a strong positive correlation between the laminar flame
speed and the concentrations of the key radicals H, OH, and O in the reaction zone.
It is seen that the maximum concentrations of H, OH, and O radicals decrease with
the increase of initial pressure, indicating that the decrease of laminar flame speed
with the increase of initial pressure is indeed related to the reduction of

concentrations of H, OH, and O radicals in the reaction pool.
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Figure 4.20 Mole fraction of H, OH, and O radicals at different initial pressures
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4.3.3.4 Consumption pathway analysis

Figure 4.21 presents the results of integrated species consumption pathway analysis
for P=0.1 MPa and P=0.5 MPa under the stoichiometric aBasis condition. The
results clearly show that the consumption of H» is through the two reactions Hy+O«
H+OH (R2) and H>+OH < H>O+H (R3); the consumption of CO is mainly through
the reaction CO+OH < CO;+H (R29); and the consumption of CHy is through the

three reactions CH4+H < CH3+H> (R54), CH4+O < CH3+OH (R55), and CH4+OH

<> CH3+H>0 (R56).
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Figure 4.21 Integrated species consumption pathways of stoichiometric

H»/CO/CHa/air mixtures at different initial pressures

As stated above in the sensitivity analysis under different initial pressures, the
three-body, pressure-sensitive, chain termination reactions H+OH+M « H,O+M
(R12), H+O2+(M) <> HO+(M) (R13), and CH3+H+(M) < CH4+(M) (R53) are
favored as the initial pressure is increased. The consumption pathway analysis also
shows the reduction of concentration of the key radicals. It is seen that although the
production of OH radicals is increased through the reaction O+H>O < OH+OH
(R4), marked by an increase in the consumption percentage of O radical from 18%
to 54%, the production of OH through the reaction HO,+H < OH+OH (R15)

decreases substantially from 55% to 33%. Moreover, the consumption of OH
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radicals through the reaction HO>+OH < H>O+02 (R17) increases greatly from 24%
to 50% as the initial pressure is increased from 0.1 MPa to 0.5 MPa. Similarly, with
the increase of initial pressure, H radicals produced by the reaction CH3+O «
CH20O+H (R48) are reduced from 27% to 9%, and H radicals consumed through the
three-body reaction H+O>+(M) <> HO>+(M) (R13) are increased from 15% to 19%.
Consequently, the chain-branching cycle (R1) to (R3) is broken as the initial
pressure is increased, leading to a fall in the total concentration of H and OH
radicals. Therefore, the radical pool is reduced quantitatively, which has a retarding

effect on the overall reaction activity.
4.3.3.5 Laminar burning flux

The sensitivity analysis (Figure 4.19) and chemical kinetic analysis (Figure 4.20 and
Figure 4.21) both indicate that a strong retarding effect of the chain termination
reactions is imposed on the overall reaction process, and consequently the key
radicals responsible for chain branching, namely, H, OH, and O, are diminished with
the increase of initial pressure. Previous literature [268, 270] also suggested that the
decreasing trend of laminar flame speed with increasing initial pressure is a
manifestation of the dominance of the three-body termination reactions at high
pressure. On the other hand, according to Law and Sung [211], there is a
density-weighted fundamental parameter, the laminar burning flux, f 0 =p,Sr, which

allows for density weighting in the interpretation of combustion phenomena due to
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the pressure variation. It can manifest reactivity, diffusivity, and exothermicity of a
combustible fuel mixture. Figure 4.22 gives the variation of laminar burning flux of
the Ho/CO/CH4/He mixtures with equivalence ratio at different initial pressures for

the aBasis condition.
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Figure 4.22 Laminar burning flux of Ho»/CO/CH4/He mixtures at different initial

pressures

According to Law and Sung [211], we have 5§~[(/1/ Cp) bwb]l/z/pb, which shows that
laminar premixed flame depends on the flame kinetic through the characteristic
reaction rate wj, and on the transport processes through the density-weighted
transport coefficient (4/c,),. Therefore, it is important to take density into account
because the density weighting intrinsically affects the interpretation of the role of
diffusive transport as well as that of bulk mass flow rate. Recall that the laminar

flame speed decreases with the increase of initial pressure as shown in
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Figure 4.16, however, the laminar burning flux f ¥ increases with the increase of
initial pressure. This is consistent with the result of a previous study [267] which
stated that as the initial pressure is increased, the significant increasing density of the
fuel mixture could also lead to the decrease of laminar flame speed at elevated

pressure.

4.4 Effect of diluents (N2/CO2)

4.4.1 Experimental conditions

Experiments were conducted under various dilution ratios Zgiunsion and equivalence
ratios, which ranged from 0% to 45% and 0.6-1.5, respectively. The Ho/CO/CHy
ratio was fixed at the aBasis condition (40: 40: 20 by volume fraction) and the initial

temperature and pressure were set as 303 K and 0.1 MPa respectively.

4.4.2 Laminar flame speed

Figure 4.23 gives the experimental and predicted results of laminar flame speeds of
H>/CO/CHa/air mixtures with N> and CO; dilution at various equivalence ratios and
dilution ratios. According to a previous study [142], there are mainly three effects
that a diluent can impose on the laminar flame speed, namely, dilution effect,
thermal-diffusion effect, and chemical kinetic effect. The dilution effect means that
the percentage of fuel and oxidant in the fuel mixture is decreased when a diluent is
added. The thermal-diffusion effect is that the physical properties of the fuel mixture

such as the specific heat capacity and thermal diffusivity are changed as a diluent is
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added. The chemical effect means that the diluent can directly participate in the

chemical reactions.
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Figure 4.23 Laminar flame speed of Ho/CO/CHa/air mixture with N> and CO; dilution

at T=303 K, P=0.1 MPa

A comparison of the experimental and calculated results shows that the Li
mechanism can have a good prediction of the laminar flame speed of a

H»/CO/CHa/air mixture especially in the case of no dilution. With the addition of N»
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or CO; to the fuel mixture, it is seen that the Li mechanism slightly overestimates
the laminar flame speed for the fuel-rich conditions. Moreover, as shown in Figure
4.23(a), the laminar flame speed decreases evidently with the N»/CO, addition at all
equivalence ratios and the peak values of S; for the Zuiuion=0%, Zn~=30%, and
Zco~=30% conditions occur at around ¢=1.2. Figure 4.23(b) also clearly shows that
the laminar flame speed decreases significantly with the increase of dilution ratio. In
the following analysis from thermal and chemical kinetics aspects, we can find that
the decrease of laminar flame speed of bio-syngas with N2/CO; dilution is mainly
due to the evident decrease of thermal diffusivity, adiabatic flame temperature and
concentrations of key free radicals with N2/COz dilution. Moreover, it is seen that
the S of the CO»-diluted flames are lower than that of the N2-diluted flames at all
dilution ratios. Hu et al. [142] indicated that the higher specific heat capacity and
radiation of COz lead to a more substantial reduction of S, compared to the case with

N> dilution.

4.4.3 Numerical simulation and analysis

4.4.3.1 Thermal diffusivity and adiabatic flame temperature

Figure 4.24 and Figure 4.25 give the thermal diffusivity and adiabatic flame
temperature of H2/CO/CHgs/air mixture with N2 and CO> dilution at various
equivalence ratios and dilution ratios respectively. For the plotted results of the

equivalence ratios, i.e., ¢=0.8, ¢=1.0, and ¢=1.2, it can be noticed that for the
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No-diluted and CO»-diluted fuel mixtures, the thermal diffusivity increases with the
increase of equivalence ratio, while the adiabatic flame temperature reaches its peak
value at ¢=1.0. The combination results of thermal diffusivity and adiabatic flame
temperature versus equivalence ratio indicate that the peak value of the laminar
flame speed occurs at fuel-rich condition, which is consistent with the results shown
in Figure 4.23. Moreover, it is seen that with N or CO: dilution, the thermal
diffusivity and adiabatic flame temperature of the fuel mixture both decrease
approximately linearly with the increase of dilution ratio. At the same dilution ratio
and equivalence ratio, the CO»-diluted flame has both lower thermal diffusivity and
adiabatic flame temperature compared to that of the N»-diluted flame. Therefore, the
thermal-diffusion effect of CO» dilution is stronger than that of the N> dilution in

reducing the laminar flame speed of the H2/CO/CHa/air fuel mixture.
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Figure 4.24 Thermal diffusivity of N2/COz diluted Ho/CO/CHa/air mixture at various

dilution ratios (T=303 K, P=0.1 MPa)
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Figure 4.25 Adiabatic flame temperature of N2/CO2 diluted H2/CO/CH4/air mixture

at various dilution ratios (T=303 K, P=0.1 MPa)

4.4.3.2 Sensitivity analysis

The logarithmic sensitivity coefficients of stoichiometric N2/CO> diluted
H2/CO/CHgd/air flames are shown in Figure 4.26. From the positive sensitivity
coefficient side, it is seen that the chain branching and chain carrying reactions play
important roles in promoting the combustion process, including the reactions H+O>
< O+OH (R1); O+H2 < H+OH (R2); H>+OH < H;O+H (R3); HO>*H «
OH+OH (R15); CO+OH « CO2+H (R29); HCO+M < H+CO+M (R30); CH3+O
< CH,O+H (R48). The reaction H+O; <> O+OH (R1) has the highest positive
sensitivity coefficient, followed by the reaction CO+OH < CO>+H (R29). All these
reactions contribute to increasing the concentration of the key free radicals (H, OH,

and O) in the reaction pool, and thereby they have a positive impact on the laminar
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flame speed. For the negative sensitivity coefficient side, the following chain
termination reactions are involved: H+OH+M < H>O+M (R12); H+O+(M) «
HO>+(M) (R13); CH3+tH+(M) < CHs4+(M) (R53). These chain termination
reactions consume the key free radicals H and OH to produce unreactive
intermediates such as HO» or stable products such as CHg, resulting in a retarding
effect on the overall reaction process and a negative impact on the laminar flame
speed. When the N2 or CO; is added to the fuel mixture, it can be seen that the
negative sensitivity coefficients of the chain termination reactions (R12), (R13), and
(R53) are substantially increased, and the effect of CO; dilution is stronger than that
of N> dilution. As mentioned above, these three-body chain termination reactions
can strongly restrain the reaction process. The increase of the negative sensitivity
coefficients of these reactions suggests that with the N2/CO; addition, chain
termination reactions play an increasingly important role in the overall reaction
process, leading to a decrease in the concentration of the key free radicals, and
consequently, the laminar flame speed is decreased. In the case of CO»-diluted flame,
Liu et al. [149] pointed out that the CO; dilution can directly participate in the
chemical reactions primarily through the reaction CO+OH < COx+H (R29),
resulting in the competition for H radicals with the most important chain branching
reaction H+O> < O+OH (R1). Consequently, the CO»-diluted flames have lower
laminar flame speed than that of the N»-diluted flames at all the reported

equivalence ratios and dilution ratios. In fact, some researchers indicated that the
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chemical effect of N> dilution is so small that it can be neglected compared to its

dilution effect [142, 149].
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Figure 4.26 Sensitivity analysis for different diluents

4.4.3.3 Chemical kinetic analysis

As mentioned in section 4.3.3.3, there is a strong positive correlation between the
laminar flame speed and the concentrations of key free radicals in the reaction zone.
Figure 4.27 shows the variation of the maximum H+OH concentrations of N2/CO»
diluted Ho/CO/CHq/air flame at various equivalence ratios and dilution ratios. With
the N»/CO» addition, it is seen that the maximum H+OH concentration decreases
with the increase of dilution ratio. Consequently, there is an inhibiting effect

imposed on the overall reaction process, leading to a decrease in the laminar flame
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speed. Moreover, compared to the N»-diluted flames, reduction of the maximum
H+OH concentration for the CO;-diluted flames is more substantial at all the
reported equivalence ratios. This is consistent with the results observed in Figure
4.26 that CO> dilution has stronger chemical effect on the laminar flame speed than

that of N dilution.
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Figure 4.27 Maximum mole fraction of H+OH radicals of N»/CO; diluted

H>/CO/CHg/air mixture at various dilution ratios (T=303 K, P=0.1 MPa)

4.5 Summary

Experiments were conducted to investigate the laminar flame speed of
bio-syngas/air mixtures with various fuel compositions (H2/CO/CHs), initial
pressures (0.1 MPa/0.3 MPa/0.5 MPa), and different diluents (N»/CO>) under the

initial temperature of 303 K and a wide range of equivalence ratios (0.6-1.5).
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Besides the experimental study, a numerical simulation was conducted to validate
the chemical mechanism and clarify the thermal and chemical effects of these
parameters on the variation of laminar flame speed. The following results are

obtained:

For the effect of fuel composition variation, the experimental results and predicted
results using the Li mechanism show good agreement with each other, especially at
fuel-lean conditions. With the increase of H» fraction in the fuel mixture, the overall
reaction activity is strongly promoted, resulting in a significant increase in the
laminar flame speed of Hz-enriched flames compared to that of the aBasis flame.
For the CO-enriched flames, the laminar flame speed of the aCO-60 flame changes
little compared to that of the aBasis flame, while the laminar flame speed of the
aCO-80 flame is slightly decreased. It is observed that CO addition has more impact
on the adiabatic flame temperature, but it plays a smaller role in the chemical kinetic
effect compared to that of H» addition. For the CHs-enriched flames, the laminar
flame speed decreases evidently compared to that of the aBasis flame, and also
lower than that of the CO-enriched flames due to the combination of thermal and

chemical kinetic effects of CH4 addition.

Regarding the effect of initial pressure, the Li mechanism slightly overestimates the
laminar flame speed for fuel-lean conditions, but slightly underestimates for the

fuel-rich conditions at elevated initial pressures. The laminar flame speed decreases
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with the increase of initial pressure. This is mainly caused by the growing
importance of the chain termination reactions in the overall reaction process and the

increase of fuel mixture density as the initial pressure is increased.

For the study of the effect of diluents, the Li mechanism slightly underestimates the
laminar flame speed of H»/CO/CHas/air mixture with N2/CO» dilution at fuel-rich
condition. As N»/CO; is added to the fuel mixture, the laminar flame speed
decreases obviously with the increase of dilution ratio. Furthermore, the results
show that the reductions of laminar flame speeds for CO»-diluted flames are more
substantial than that of the N»-diluted flames due to the stronger dilution effect,
thermal-diffusion effect, and chemical effect of CO, dilution than those of N»

dilution.
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CHAPTERS5 LAMINAR FLAME INSTABILITIES OF
BIO-SYNGAS/AIR MIXTURES

5.1 Introduction

The intrinsic flame instability of a laminar flame front has been a classic problem in
the field of laminar flame dynamics for a long time. During the propagation of an
outwardly expanding spherical flame, the flame front can be relatively smooth at the
early stage of development. With the increase of the flame radius, some cracks grow
and branch until eventually cellular structure appears over the entire flame surface.
The onset of cellularity often depends on the initial conditions including the initial
pressure, the fuel composition, and the diluent. As stated in section 2.3.2.2, there are
three mechanisms generating cellular instabilities, namely buoyancy-driven
instability, hydrodynamic instability, and diffusional-thermal instability. Figure 5.1
shows the three typical instabilities observed in the present study. Buoyancy-driven
instability usually occurs when the corresponding laminar flame speed is slow
(<0.15 m/s). Diffusional-thermal instability is caused by the competition between
the thermal diffusion and the mass diffusion. Hydrodynamic instability is caused by
the density jump across the flame front. Moreover, the flame stretch rate also plays
an important role in flame instability. At the early stage of flame propagation,
hydrodynamic instability is suppressed due to the strong effect of flame stretch

while diffusional-thermal instability plays a dominant role in the instability of the
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flame. With the propagation of the flame and increase of flame radius, the flame
stretch rate decreases and its inhibiting effect on flame instability is weakened. The

flame morphology is then determined by both hydrodynamic and diffusional-thermal

instabilities [260].

Figure 5.1 (a) Buoyancy-driven instability; (b) Diffusional-thermal instability; (c)

Hydrodynamic instability observed in the present study

In this chapter, the flame instability of bio-syngas/air mixtures was quantitatively
analyzed by means of experimental measurements and theoretical calculations. The
propagation of laminar flame front of bio-syngas/air premixed flame was
investigated at various initial pressures. The effects of fuel composition variation
and diluents on the intrinsic flame instability of bio-syngas laminar premixed flame
were analyzed through the critical Peclet number, the critical flame radius and
instability parameters such as effective Lewis number, thermal expansion ratio, and

laminar flame thickness.
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5.2 Propagation of laminar flame front at atmospheric initial

pressure

5.2.1 Effect of fuel composition variation

5.2.1.1 Flame morphology

Figure 5.2-5.4 present the schlieren photographs of various H»/CO/CHs mixtures
under fuel-lean (¢ =0.6), fuel stoichiometric (¢ =1.0) and fuel-rich (¢ =1.4)
conditions at initial pressure P=0.1 MPa and initial temperature T=303 K. Since the
flame propagation speed is greatly influenced by the equivalence ratio, the time slots
chosen for the fuel-lean, fuel stoichiometric, and fuel-rich conditions are 1.5-7.5 ms
(at an interval of 1.5 ms), 1.5-3.5 ms (at an interval of 0.5 ms) and 1-3 ms (at an
interval of 0.5 ms), respectively. The flame instability can be directly observed from
the schlieren photographs. The curves and cracks on the flame fronts appearing at
the burned zone indicate the instability of the flame front. In general, it can be seen
that at the initial pressure P=0.1 MPa, initial temperature T=303 K, usually a single
curve is formed on the flame especially in the early stage of flame propagation under
each equivalence ratio. There are only a few cracks on the flame normally due to the

effect of ignition energy and the influence of the electrodes.
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Figure 5.2 Schlieren photograph of various fuel composition of H»/CO/CHa4/air

mixtures under fuel-lean (¢=0.6) condition at 0.1 MPa, 303K

For fuel-lean condition, it can be seen from Figure 5.2 that curves and cracks appear
at the flame fronts of almost all the fuel compositions. The irregular flame shape

also indicates the incomplete combustion of all bio-syngas/air mixtures at ¢=0.6
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condition. Compared with the aBasis condition, fewer wrinkles appear at the flame
front for the CO-enriched and CHs-enriched conditions, while for the Hz-enriched
conditions, wrinkle structure appears at the flame front even when the flame radius
is still small, which suggests that H, addition reduces the flame stability of the

bio-syngas/air mixture at atmospheric pressure and fuel-lean condition.

At stoichiometric equivalence ratio, as shown in Figure 5.3, smooth flame fronts
appear in different fuel compositions. It seems that the increase of equivalence ratio
can slightly weaken the instability of the flame front. However, compared with other
conditions, there are still more wrinkles at the flame front for the H»-enriched
conditions. This is consistent with the results of Hu et al. [112] which indicated that
with the increase of H> fraction in the fuel mixture, the flame behavior tends to be

similar to that of pure H> flame, which is diffusional-thermally unstable.

When the fuel mixture becomes richer (¢=1.4), it is seen from Figure 5.4 that there
are fewer curves and cracks at the flame front, indicating that the flame tends to be
stable with the increase of equivalence ratio at atmospheric pressure. Moreover, it is
noted that as more CHy is added to the fuel mixture, the flame propagation speed
decreases significantly, leading to a slight upward floating of the flame at aCH4-60
condition due to the low laminar flame speed of the CH4-enriched flame. And also,
we can notice that due to the significant decrease of reactivity of the overall reaction

process with CH4 addition, the aCH4-80 fuel mixture cannot be ignited at fuel rich
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condition.

1.5 ms 20ms 25ms 3.0ms 3.5 ms

oBasis
d=1.0

aH2-60 |
®=1.0 |

oH2-80
®=1.0

aCO-60
®=1.0

aCO-80
®=1.0

aCH4-60
®=1.0

aCH4-80
®=1.0

Figure 5.3 Schlieren photograph of various fuel composition of H2/CO/CHa4/air under

fuel stoichiometric (¢=1.0) condition at 0.1 MPa, 303K

129



Chapter 5 Laminar flame instabilities of bio-syngas/air mixtures

1.0 ms I.5ms 2.0ms 2.5 ms 3.0 ms

oBasis
o=14

oH2-60 |
o=14

aH2-80
d=14

aCO-60
d=14

aCO-80
d=14

aCH4-60}
d=1.4 |

Figure 5.4 Schlieren photograph of various fuel composition of H2/CO/CHa/air

mixture under fuel rich (¢=1.4) condition at 0.1 MPa, 303K

5.2.1.2 Markstein length

As stated in section 3.5.1, the negative value of the slope of the best straight-line fit
between the stretched flame speed and the flame stretch rate is defined as the burned

gas Markstein length, L, which indicates the relationship between the flame speed
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and the flame stretch rate. According to previous studies [105, 210], for the case of a
negative value of Ly, the flame speed increases with the increase of the flame stretch
rate. Therefore, in this case, any disturbance occurring at the flame front can
increase the flame speed, leading to the enhancement of instability [139]. On the
contrary, if L,>0, the flame speed decreases with the increase of the flame stretch
rate, contributing to the flame stabilization. Figure 5.5 gives the measured Markstein
length L, versus equivalence ratio at different fuel compositions. It is seen that the
Markstein length increases with the increase of equivalence ratio under each fuel
composition, which suggests that the increase of equivalence ratio contributes to the
flame stabilization. However, it is noted that this increase behavior is weakened at a
high equivalence ratio condition, and the curve of Ly- ¢ tends to be flat in the rich
mixture region. With the increase of H» fraction in the fuel mixture, the Markstein
length decreases compared to the other conditions. This indicates that the increase of
H> concentration in the fuel mixture will decrease the stability of the flame front.
According to Manton et al. [271] and Markstein [272], the laminar premixed flame
tend to be unstable due to the effects of preferential diffusion under the conditions
where the fast-diffusing component, such as H> in the present study, is deficient,
which corresponds to the fuel-lean condition in our study. On the other hand, it is
seen that the increase of CH4 and CO fraction in the fuel mixture slightly increases
the Markstein length, and the increases of the CHy-enriched flames are more

substantial than that of the CO-enriched flames, suggesting that the flame front
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stability is slightly enhanced with CH4 addition.
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Figure 5.5 Markstein length L at different fuel compositions for Ho/CO/CHa/air

mixture

5.2.2 Effect of different diluents (N/CO>)

5.2.2.1 Flame morphology

Figure 5.6-5.8 show the schlieren photographs of N»/CO> diluted H>/CO/CHy/air
mixtures under fuel-lean (¢=0.8), fuel-stoichiometric (¢=1.0), and fuel-rich (¢=1.2)
conditions at 0.1 MPa, 303K. The time slots chosen for the fuel-lean,
fuel-stoichiometric, and fuel-rich conditions are 1.5-7.5 ms (at an interval of 1.5 ms),
1.5-5.5 ms (at an interval of 1.0 ms) and 1.5-5.5 ms (at an interval of 1.0 ms),

respectively.
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Figure 5.6 Schlieren photograph of No/CO; diluted Ho/CO/CHa4/air mixtures under

fuel-lean (¢=0.8) condition at 0.1 MPa, 303K
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Figure 5.7 Schlieren photograph of No/CO; diluted Ho/CO/CHa4/air mixtures under

fuel-stoichiometric (¢=1.0) condition at 0.1 MPa, 303K
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Figure 5.8 Schlieren photograph of No/CO; diluted Ho/CO/CHa4/air mixtures under

fuel-rich (¢=1.2) condition at 0.1 MPa, 303K

It is obvious that with N2/CO, addition, the flame propagation speed decreases

significantly, and the propagation speed of the CO,-diluted bio-syngas/air flame is

lower than that of the N»-diluted bio-syngas/air flame at all dilution ratios due to the

135



Chapter 5 Laminar flame instabilities of bio-syngas/air mixtures

higher specific heat capacity and radiation of CO» than that of N». As shown in the
figures, the flame front of diluted bio-syngas/air flame appears as smooth surface at
atmospheric pressure under each operating condition, although some large cracks are
observed due to ignition disturbance. It is difficult to tell which flame is more stable
by referring to the number of curves/cracks. Therefore, the measured data of
Markstein length are still required for analyzing the flame stability at atmospheric

pressure.

5.2.2.2 Markstein length

Figure 5.9 gives the Markstein lengths of N2/CO; diluted H2/CO/CHa/air premixed
flames at the initial pressure of 0.1 MPa for various equivalence ratios and dilution
ratios. As stated earlier, Markstein length represents the sensitivity of flame
propagation to the stretch rate and also reflects the variation of flame instability. A
larger Markstein length indicates that the flame front is less likely to form wrinkled
flame front. It can be seen that the Markstein length increases with the increase of
equivalence ratio for all the diluted flames. At fuel-lean condition, the Markstein
length is even negative, which means that the flame front is more susceptible to the
stretch rate effects [146]. It is seen from Figure 5.9(b) that with the N»/CO> dilution,
the Markstein length decreases at all dilution ratios. This indicates that the dilution
makes the flame front more sensitive to the stretch rate effects and promotes the

flame instability at atmospheric pressure. This observation is consistent with the
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results presented by Vu et al. [168]. They reported that the addition of N2/CO»
causes the Markstein length to decrease, and normally the Markstein lengths of CO»
diluted flames are lower than that of the N> diluted flames at the initial pressure of
0.1 MPa. Prathap et al. [147] also indicated that a fuel mixture with CO> dilution is

more affected by preferential diffusion instabilities than that with N> dilution.
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Figure 5.9 Markstein length at different dilution ratios for N»/CO> diluted

H,/CO/CHg4/air mixtures
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5.3 Effect of fuel composition variation on cellular instabilities at

elevated initial pressures

5.3.1 Flame morphology

Figure 5.10 presents the schlieren photographs of Ho/CO/CHuy/air flames at different
initial pressures under ¢=0.8, T=303 K, aBasis condition. The effective Lewis
number (Lecy), the laminar flame thickness (), and the thermal expansion ratio (o)
are provided along with the photographs. It can be seen that the flame front remains
fairly smooth at atmospheric pressure except for some large wrinkles caused by
ignition disturbance. With the increase of initial pressure, irregular wrinkles
appeared at the flame surface. Moreover, the higher the initial pressure, the more
advance the onset of cellular instability of the flame is observed. It is noted that the
effective Lewis number does not change with the variation of initial pressure,
indicating that the diffusional-thermal instability does not change with the increase
of initial pressure. On the other hand, when the initial pressure is increased, the
thermal expansion ratio slightly increases while the flame thickness decreases
significantly. Therefore, the wrinkles formed at the flame surface as the initial

pressure is increased must be dominated by the hydrodynamic instability.
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Figure 5.10 Schlieren photographs of Ho/CO/CHa/air flames at different initial

pressures (¢=0.8, T=303 K, aBasis)

Figure 5.11 shows the schlieren photographs of Ho/CO/CHg/air flames at different
fuel compositions under ¢=0.8, T=303 K, P=0.3 MPa condition. As shown in the
figure, the variation of composition of Ho/CO/CHas/air mixture can have a strong

influence on the cellular instabilities of the flame front at elevated initial pressure.

With the increase of H» fraction in the fuel mixture, it is seen that the cellular
instabilities of the flame front are stronger and onset of the cellular flame structure

occurs earlier at the aH>-60 condition compared to that of the aBasis condition. The
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effective Lewis number is decreased with H> addition as shown in the data on the
right side of the figure, suggesting that the increase of H» fraction in the fuel mixture
increases the diffusional-thermal instability. This is consistent with the result of Hu
et al. [114], in which the flame becomes diffusional-thermally unstable at large
hydrogen fraction. In addition, it is seen that both the laminar flame thickness and
the thermal expansion ratio decrease with the increase of hydrogen concentration.
According to a previous research [159], the laminar flame thickness plays a more
significant role in affecting the hydrodynamic instability of the flame front than that
of the thermal expansion ratio for a near-equidiffusive Ho/CO/CH4 flame (Le~1) at
elevated initial pressure. Therefore, the earlier onset of the cellular instability of the
Hz-enriched flame is caused by the dominant role of enhanced diffusional-thermal
instability due to the decrease of effective Lewis number and the less dominant role
of hydrodynamic instability due to the decrease of laminar flame thickness [114,

273].

On the other hand, it is seen that with the increase of CO fraction in the fuel mixture,
both the effective Lewis number and the laminar flame thickness are slightly
increased and the thermal expansion ratio is slightly decreased, and consequently
both the diffusional-thermal instability and hydrodynamic instability are inhibited

with increasing CO concentration in the fuel mixture.
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Figure 5.11 Schlieren photographs of H2/CO/CHad/air flames at different fuel

compositions (¢=0.8, T=303 K, P=0.3 MPa)

Finally, a comparison of the schlieren photographs of the aCH4-60 flame with the
aBasis flame shows that the cellular instabilities of the flame front are significantly
suppressed with increasing CHs concentration in the fuel mixture. In fact, the
effective Lewis number is slightly increased with CH4 addition, indicating that the

diffusional-thermal instability can be suppressed. Concerning the hydrodynamic
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instability, it is noted that the thermal expansion ratio varies little at different CH4
fractions while the laminar flame thickness is increased with the increase of CHgy
concentration in the fuel mixture. Therefore, CH4 addition to the bio-syngas/air
mixture can suppress both the diffusional-thermal instability through the slight
increase of the effective Lewis number and the hydrodynamic instability through the

increase of the flame thickness.

5.3.2 Instability parameters

5.3.2.1 Effective Lewis number
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Figure 5.12 Effective Lewis numbers of H2/CO/CHa4/air mixtures versus equivalence

ratio at different fuel compositions

Figure 5.12 gives the effective Lewis numbers (Leey) of H2/CO/CHa/air mixtures

versus equivalence ratio at different fuel compositions. As mentioned in section
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3.5.2, the calculation of effective Lewis number in the present study takes both the
fuel and oxidizer into account. Therefore, it is seen that the trends of Le.y for
different fuel compositions at the fuel-lean condition and fuel-rich condition are
quite different but it always increases with the increase of equivalence ratio. This
suggests that the diffusional-thermal instability can be inhibited with the increase of

equivalence ratio at various fuel compositions of bio-syngas/air mixtures.

For fuel-lean condition, the three fuel components H>/CO/CH4 are deficient
reactants in the mixture. By using the volume-based mixing rule, as mentioned in
section 3.5.2, Equation (3-12), we can found that most of the effective Lewis
numbers for all the reported fuel compositions are smaller than 1 and thus these
flames are unconditionally diffusional-thermally unstable at fuel-lean condition.
Moreover, compared to the aBasis condition, Le.y decreases with the increase of H»
fraction in the fuel mixture but increases with the increase of CHs4 or CO fraction in
the fuel mixture, indicating that the diffusional-thermal instability is promoted with
H: addition and suppressed with CH4 or CO addition. For fuel-rich condition, since
O: is a single deficient reactant in the mixture now, it is noted that all the effective
Lewis numbers for all the reported fuel compositions are larger than 1, leading to the

suppression of diffusional-thermal instability.

5.3.2.2 Thermal expansion ratio and laminar flame thickness

Figure 5.13 and Figure 5.14 give the thermal expansion ratios (o) and laminar flame
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thicknesses (/) of Ho/CO/CHy/air flames versus equivalence ratio at different fuel
compositions and the elevated initial pressure P=0.3 MPa. According to the
hydrodynamic theory of Darrieus [154] and Landau [155], the flame is absolutely
unstable to disturbance of all wavelengths. Since the growth rate is proportional to
the density jump across the flame, namely thermal expansion ratio, the
hydrodynamic instability is increased with increasing ¢ [225]. Next to the thermal
expansion ratio, the laminar flame thickness is also expected to have a strong
influence on the hydrodynamic instability, in which the thinner the flame, the
stronger is the hydrodynamic instability. It is seen from Figure 5.13 that the thermal
expansion ratio first increases with the increase of equivalence ratio and always
reaches its peak value at around ¢=1.0 regardless of the variation of fuel
composition, after that it decreases with increasing equivalence ratio. On the other
hand, as shown in Figure 5.14, the laminar flame thickness decreases with the
increase of equivalence ratio and its decrement tends to be small gradually and even

starts to increase for more rich mixture for the aCH4-60 flame.

With the increase of H» fraction in the fuel mixture, it is noted that both the thermal
expansion ratio and the flame thickness are decreased for all the tested equivalence
ratios. As shown in Figure 5.11, it is obvious that increasing H> concentration in the
fuel mixture can significantly promote cellular instability at elevated initial pressures.
Although the thermal expansion ratio is decreased with H» addition, this suppressing

effect on hydrodynamic instability is far lower than the promoting effect of
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diffusional-thermal instability due to the decrease of effective Lewis number and
hydrodynamic instability due to the decrease of flame thickness [274]. Moreover,
with the increase of CO fraction in the fuel mixture, the thermal expansion ratio is
slightly decreased and the flame thickness is slightly increased compared to that of
the aBasis condition at all equivalence ratios. This indicates that adding CO to the
fuel mixture can inhibit the hydrodynamic instability at elevated initial pressure.
With the increase of CHy fraction in the fuel mixture, it is seen that the thermal
expansion ratio is slightly increased which promotes the hydrodynamic instability,
while the flame thickness is also significantly increased which strongly inhibits the
hydrodynamic instability, with a net result of suppression of hydrodynamic

instability at all reported equivalence ratios.
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Figure 5.13 Thermal expansion ratios of Ho/CO/CHa/air flames versus equivalence

ratio at different fuel compositions
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Figure 5.14 Laminar flame thicknesses of Ho/CO/CHuy/air flames versus equivalence

ratio at different fuel compositions

5.3.3 Critical flame radius and Peclet number

As mentioned in section 3.5.2, critical flame radius R. and critical Peclet number
Pe., are two important parameters to illustrate the onset of cellular instability, when
the cellular structures can no longer be suppressed and cover the entire flame front
surface. In the early stage of flame front evolution, the flame stretch rate is large
enough to maintain the flame front to be stable. As the spherical flame front
propagates outward, the flame stretch rate is decreased and large cracks appearing
on the flame surface starts to branch gradually. Once beyond a certain flame radius,
a coherent cellular structure appears on the whole flame surface spontaneously and
uniformly. This experimental critical flame radius R.-Exp can be obtained from the
schlieren photographs when cellular structures appeared uniformly over the flame
front surface. Then, the experimental critical Peclet number, Pe.-Exp, can be
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calculated through: Pe.=R./[;. On the other hand, as previously mentioned,
Addabbo et al. [228] and Law et al. [170] proposed a theoretical model to predict the
onset of cellular instability. The detailed expression of the critical Peclet number
Pe,, is shown in Equation (3-15) as: Pe,=w'{Q,+B(Leys-1)0,/(0-1) +PrQ,}.
Then, the corresponding theoretical critical flame radius can be obtained by:

Rcr:Pecr * l_f

Figure 5.15 and Figure 5.16 show the experimental and predicted critical flame
radius and critical Peclet number of Ho/CO/CHu/air flames versus equivalence ratio
at different fuel compositions, respectively. It is seen that the theoretical results can
predict the general trends of the experimental data, but not the absolute values, that
is, there are some discrepancies between the experimental data and the predicted
results using the theoretical model. There are two reasons for the discrepancies
between the experimental and theoretical calculated results of critical flame radius
and Peclet number. First, there should be inaccuracies when we obtained the
experimental results directly from the flame images. Second, the theoretical model
developed for predicting the onset of cellular instability is actually not fully
developed and completed at the present state. Both of them contribute to the
differences between the experimental and theoretical calculated results. As shown in
Figure 5.15 and Figure 5.16, compared to the aBasis condition, both the
experimental determined critical flame radius R.-Exp and the critical Peclet number

Pe.-Exp decrease with the increase of H» fraction in the fuel mixture and increases
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with the increase of CO fraction in the fuel mixture at all the reported equivalence
ratios. This indicates that the moment at which the cellular structures distributing
uniformly over the entire flame surface is advanced and the intrinsic flame
instability is promoted with increasing H> concentration in the fuel mixture, while
the moment is postponed and the intrinsic flame instability is suppressed with
increasing CO concentration in the fuel mixture. Moreover, recall that with the
increase of CHy fraction in the fuel mixture, the diffusional-thermal instability is
slightly suppressed by a small increase of the effective Lewis number and the
hydrodynamic instability is significantly suppressed by a significant increase of the
laminar flame thickness. Therefore, the moment for the onset of cellular structure is
also significantly delayed with CH4 addition. Limited by the size of the combustion
bomb chamber used in the present study, the experimental critical flame radius and
critical Peclet number of the CHg-enriched condition could not be obtained.
However, as presented in Figure 5.15, the theoretical results show that the aCH4-60
flame has the largest critical flame radius compared to the other flames, suggesting a
strong inhibiting effect on the cellular instability of the flame front with CHa
addition. Meanwhile, it can be noted that the equivalence ratio has different effects
on the critical flame radius and critical Peclet number for various fuel compositions.
It is obvious that the critical Peclet number increases with the increase of
equivalence ratio for all the reported fuel compositions. However, the critical flame

radius has little variation with the increase of equivalence ratio for the aBasis and
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aH>-60 conditions, while it decreases slightly with the increase of equivalence ratio
for the aCO-60 and aCH4-60 flames. This could be explained by the variation of
laminar flame thickness with equivalence ratio. It is seen from Figure 5.14 that with
the increase of equivalence ratio, the flame thickness decreases more significantly
for the aCO-60 and aCH4-60 conditions, implying that hydrodynamic instability has
been promoted with increasing equivalence ratio for these two conditions.
Combined the promoting effect of increasing equivalence ratio on the hydrodynamic
instability and inhibiting effect on diffusional-thermal instability, the critical flame
radius slightly decreases with the increase of equivalence ratio for the aCO-60 and

oCH4-60 conditions.
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Figure 5.15 Critical flame radius of H2/CO/CHa/air flames versus equivalence ratio

at different fuel compositions
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Figure 5.16 Critical Peclet number of Ho/CO/CHa/air flames versus equivalence

ratio at different fuel compositions
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5.4 Effect of diluents (N2/COz) on cellular instabilities at elevated

initial pressures

5.4.1 Flame morphology
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Figure 5.17 Schlieren photographs of stoichiometric No/ CO; diluted Ho/CO/CHy/air

mixture at T=303 K: (a) Pressure effect (Zn:-c0.=30%, N2:CO,=1:1); (b) Dilution

effect (P=0.3 MPa)
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Figure 5.17 shows the schlieren photographs of stoichiometric No/CO; diluted
H»/CO/CHy/air flames at different initial pressures and dilution ratios. The effective
Lewis number (Le.y), the flame thickness (/y), and the thermal expansion ratio (o) are
also provided along with each photograph. It can be seen from Figure 5.17(a) that
for No/CO; diluted Ho/CO/CHua/air flames, the flame front also remains smooth at
the initial pressure of 0.1 MPa. With the increase of initial pressure, the onset of
cellular instability of the flame occurs at earlier position, which is similar to the
non-diluted flames. The effect of diluents on the instability of flames at elevated
initial pressures is shown in Figure 5.17(b). With N, or CO; dilution, the effective
Lewis number decreases compared to the no dilution condition, which means that
the diffusional-thermal instability of the flame is increased. However, it is seen that
with N2/COz dilution, the flame thickness and thermal expansion ratio increases and
decreases, respectively. These indicate that the hydrodynamic instability of the flame
can be suppressed by the addition of N»/CO>. A comparison of the CO»-diluted
condition with N»z-diluted condition shows that CO; dilution has stronger effect in

suppressing the flame instability at elevated initial pressures.

5.4.2 Instability parameters

5.4.2.1 Effective Lewis number

Figure 5.18 shows the effective Lewis numbers (Lec,s) of N/CO; diluted

H»/CO/CHa/air mixtures at various equivalence ratios and dilution ratios. It is seen
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that the effective Lewis number increases with the increase of equivalence ratio,
which implies that the diffusional-thermal instability of the N»/CO, diluted
H»/CO/CHy/air flames can be suppressed by increasing the equivalence ratio. When
the No/CO; diluent is added to the fuel mixture, the effective Lewis number slightly
decreases with the increase of dilution ratio, and thereby the diffusional-thermal
instability is promoted by N2/CO; dilution. This is consistent with the results of
Markstein length at atmospheric pressure, as shown in Figure 5.9, which shows that
N2/CO; dilution makes the flame more diffusional-thermally unstable. Moreover, it
is seen that the effective Lewis numbers of CO»-diluted mixtures decrease faster
than those of the N»-diluted mixtures, which means that CO2 dilution has a stronger
influence on the diffusional-thermal instability of the flame compared to that of N»

dilution.
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Figure 5.18 Effective Lewis numbers of N2/CO; diluted Ho/CO/CHa4/air mixtures at

various equivalence ratios and dilution ratios (T=303 K)
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5.4.2.2 Thermal expansion ratio and laminar flame thickness

Figure 5.19 and Figure 5.20 give the thermal expansion ratios and the laminar flame
thicknesses of N2/CO; diluted H2/CO/CHg4/air flames at P=0.3 MPa for different
equivalence ratios and dilution ratios, respectively. As previously mentioned, these
two parameters are critical to characterize the hydrodynamic instability of a flame. It
is seen from Figure 5.19 that the thermal expansion ratios are higher under
stoichiometric condition, compared to those under fuel-rich condition and fuel-lean
condition. With an increase of the N2/CO; dilution ratio, the thermal expansion ratio
decreases obviously and the thermal expansion ratios of the CO»-diluted flames
decrease faster than those of the N»-diluted flames. On the other hand, as shown in
Figure 5.20, the flame thickness decreases with the increase of equivalence ratio and
increases with N2/CO» addition, respectively. Moreover, it is seen that the flame
thicknesses of the CO>-diluted flames are larger than those of N»-diluted flames at
all the dilution ratios. In general, the results indicate that at elevated initial pressures,
CO; dilution is better in suppressing the hydrodynamic instability of a flame
compared to N2 dilution because of its strong ability in decreasing the thermal

expansion ratio and increasing the flame thickness.
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Figure 5.19 Thermal expansion ratios of N2/CO diluted Ho/CO/CHad/air flames at

various equivalence ratios and dilution ratios (P=0.3 MPa, T=303 K)
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Figure 5.20 Laminar flame thicknesses of N2/CO; diluted Ho/CO/CHa/air flames at

various equivalence ratios and dilution ratios (P=0.3 MPa, T=303 K)
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5.4.3 Critical flame radius and Peclet number

As shown in Figure 5.21 and Figure 5.22, the critical Peclet number (Pe.) and the
critical flame radius (R.) are also introduced to reveal the onset of cellular
instability of No/CO; diluted Ho/CO/CHa4/air flame at P=0.3 MPa for various dilution
ratios. The calculated results show similar behavior with the experimental results
that with the increase of the N2/CO; dilution ratio, the critical flame radius increases
and the critical Peclet number decreases, respectively. This is due to the substantial
increase of the flame thickness and decrease of the thermal expansion ratio with
N2/CO; addition as illustrated by the results shown in Figure 5.19 and Figure 5.20,
respectively. Hence, the cellular instability of the flame is suppressed with N»/CO»
addition at elevated initial pressures as a combination result of diffusional-thermal
instability and hydrodynamic instability, that is, adding N2/CO; to the bio-syngas/air
mixture can slightly promote the diffusion-thermal instability through a decrease in
the effective Lewis number while significantly suppressed the hydrodynamic
instability by the substantial increase in the flame thickness and decrease in the
thermal expansion ratio. In addition, the results also illustrate that CO> dilution has a
stronger inhibiting effect on the onset of cellular instability of the flame than N»
dilution at elevated initial pressures as evidenced by the larger critical flame radius

and smaller critical Peclet number at all dilution ratios associated with CO» dilution.

156



Chapter 5 Laminar flame instabilities of bio-syngas/air mixtures

55} & N, dilution exp
0 o CO, dilution exp
50 I
T N, dilution theory
£ 45— CO, dilution theory
a |
= 40}
g 0
© 35F
(&)
s A
O 30F
- S
25} Q
O
20 L i L i L i L i L i
0 10 o 30 40 50
Zdilution (/0)

Figure 5.21 Critical flame radius of stoichiometric N2/CO; diluted Ho/CO/CHa/air

flame at various dilution ratios (P=0.3 MPa, T=303 K)
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5.5 Summary

Experiments and theoretical calculations were conducted to study the intrinsic flame
instabilities of outwardly expanding spherical flames of the bio-syngas/air mixtures
at various fuel compositions, dilution ratios and equivalence ratios under
atmospheric pressure and elevated initial pressures. The following results are

obtained:

For the propagation of laminar flame front at atmospheric pressure, the results of
flame morphology and Markstein length show that the flame front tends to be stable
with the increase of equivalence ratio at atmospheric pressure. With the increase of
H: fraction in the fuel mixture, the Markstein length decreases, indicating that the
increase of H> concentration in the fuel mixture decreases the stability of the flame
front. Moreover, adding CH4 or CO to the fuel mixture slightly increases the
Markstein length, and the increases of the CHgs-enriched conditions are more
substantial than those of the CO-enriched conditions, suggesting that the flame front
stability is slightly enhanced with CH4 addition at atmospheric pressure. For the
effect of different diluents (N2/COz) on the propagation of laminar flame front at
atmospheric pressure, the results show that the Markstein length decreases at all
dilution ratios, suggesting that the addition of N2/CO> makes the flame front more
sensitive to the stretch rate effects and promotes the flame instability at atmospheric

pressure. Moreover the COz-diluted mixture is more affected by preferential
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diffusion instabilities than the N»-diluted mixture.

For the propagation of laminar flame front at elevated initial pressures, the results
clearly show that with the increase of initial pressure, irregular wrinkles appeared on
the flame surface. Moreover, the higher the initial pressure, the more advance the
onset of cellular instability of the flame is observed. The variation of composition of
H2/CO/CHg4/air mixture has a strong influence on the cellular instabilities of the
flame front at elevated initial pressures. With the increase of H» fraction in the fuel
mixture, the cellular instabilities (including the diffusional-thermal instability and
the hydrodynamic instability) of the flame front are significantly promoted due to
the decrease of effective Lewis number and flame thickness, moreover, the earlier
onset of cellular flame structure is also observed. With the increase of CO fraction in
the fuel mixture, both the effective Lewis number and the laminar flame thickness
are slightly increased and the thermal expansion ratio is slightly decreased.
Consequently, both the diffusional-thermal instability and hydrodynamic instability
are inhibited and the moment for onset of cellular flame structure is postponed.
Finally, the results show that with CH4 addition, the cellular instabilities of the flame
front are significantly suppressed. The moment for the onset of cellular instability of

the flame front is also significantly delayed.

On the other hand, the results show that with N> or CO; dilution, the

diffusional-thermal instability of the flame front is increased by a decrease of the
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effective Lewis number, while the hydrodynamic instability of the flame front is
significantly suppressed by an increase of the flame thickness and a decrease of the
thermal expansion ratio, and thereby with a net result of suppression of cellular
instability. Moreover, CO» dilution has stronger effect in suppressing the flame

instability at elevated initial pressures than that of N> dilution.
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CHAPTER 6 EXPLOSION CHARACTERISTICS OF
BIO-SYNGAS/AIR MIXTURES

6.1 Introduction

The combustion process of a combustible fuel mixture is commonly accompanied
by a lot of heat release. When the combustion process occurs in a confined vessel,
the intense heat release will lead to a sharp increase in pressure inside the
combustion chamber. If there is no suitable relief device to guard against the damage
from gaseous explosion, when the pressure exceeds the acceptable upper limit of the
combustion vessel, the high explosion pressure and rate of pressure rise will lead to
serious hazards. Therefore, it is of great importance to know the explosion
characteristics of bio-syngas with various fuel compositions to ensure safety in
practical applications. This chapter presents the explosion characteristics of
bio-syngas/air mixtures at different fuel compositions, dilution ratios and initial
pressures over a wide range of equivalence ratios. The characteristic parameters
such as explosion pressure (Pnax), €xplosion time (z.), maximum rate of pressure rise
(dP/dt)max and deflagration index (Kg) were obtained to evaluate the hazards of

bio-syngas/air mixtures explosion.

6.2 Controlling factor of explosion parameter

Theoretically, assuming that the combustible fuel mixture is approximately an ideal
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gas during the explosion process and the flame propagation is a constant volume and
adiabatic process, thus, at the beginning and end of the explosion, the mixture

follows the ideal gas law. At the initial moment, that is,

P() V=n0RT0 (6'1)
where Py and 79 are the initial pressure and temperature respectively; n is the initial
number of moles of the unburned fuel mixture. Adiabatic combustion results in a

maximum pressure P, at the end of combustion, then we have,

PV =R T (6-2)
where P,,. is the adiabatic explosion pressure; T is the maximum flame
temperature, namely the adiabatic flame temperature in accordance to the
assumption; #mq: is the number of moles of the burned fuel mixture. Then, the
relationship between the adiabatic explosion pressure P,’,mx and the initial pressure

Py can be obtained by combining the above two equations,

: Mpax 1

Pmax === PO (6'3)
ng Ty

It is seen from Equation (6-3) that the adiabatic explosion pressure P mainly

depends on the variation of number of molecules and temperature before and after

the explosion. Thus, there exists a positive correlation between the explosion

pressure and the adiabatic flame temperature. Moreover, it should be noticed that the

experimental explosion pressure Punq is not only determined by the adiabatic

explosion pressure P, .. but also the heat loss form the combustion chamber to the
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surrounding. Thus, the experimental explosion pressure P is always lower than

the adiabatic explosion pressure P,,,. [203,275].

Lewis and von Elbe [276] proposed that the increment of instant pressure P inside

the combustion chamber is proportional to the mass of burned mixture,

m, my, P—-P,
—=l - (6-4)
m m  P... =Py

max

where mp and m, are the burned mass and unburned mass of the fuel mixture,
respectively. By differentiating Equation (6-4) with respect to time, the formula of

rate of pressure rise is obtained,

P ;lzax - P d u
dp/dt = ’ (— ” ) (6-5)
m dt
For an outwardly expanding spherical flame, the consumption rate of unburned fuel

mixture can be expressed by the mass burning rate,

dm,,
— 47R’p,Si (6-6)
where Ryis the flame radius; p,, is the density of the unburned fuel mixture; Sy is the

laminar flame speed. Substitute Equation (6-6) into Equation (6-5), we can obtain,

'

P,..—P
dP/dt =—"2—" - 4zR?p S, (6-7)
m u
From Equation (6-7), we can see that the rate of pressure rise not only depends on
the explosion pressure but also on the mass burning rate of the unburned fuel

mixture.
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6.3 Data processing of pressure curve

Figure 6.1 shows the typical pressure evolution during explosion of a bio-syngas/air
mixture in a confined vessel. Since the experimental pressure-time curve contained
pressure oscillations, a smoothing filter was used to determine the mean
pressure-time curve and its derivative before further processing. In this study, the
explosion pressure evolution was filtered by means of the Savitzky-Golay method
[277], using the ORIGIN software with a second order polynomial and 21 points (10
on the left and 10 the right) data window. This method has the advantage of
producing a smoothed first derivative without filtering the data [182]. The dP/dt

curve was obtained from the smoothed P(?) curve.

P/P, 50
—— dP/dt 0
5F .
aBasis, Z, .. =0% E
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o P,=0.1 MPa 253
3 3

Figure 6.1 Definition of the explosion parameters and typical pressure evolution

during explosion of a bio-syngas/air mixture
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As observed in Figure 6.1, after ignition, the fuel mixture in the combustion
chamber expands rapidly due to the large heat release from combustion, and the
pressure increases progressively until the pressure rise rate reaches to its maximum
value, then the pressure continues to increase with a decreasing pressure rise rate,
and after the maximum pressure is achieved, the pressure begins to decrease

accordingly due to the significant heat loss and the end of combustion.

It is seen that for the explosion experiments, the important explosion parameters
such as explosion pressure (Pmax), €xplosion time (z.), and maximum rate of pressure
rise (dP/dt)max, can be obtained directly from the explosion pressure-time curves.
The explosion pressure Pna: is defined as the highest pressure reached during the
explosion. The explosion time #. is the time interval between ignition and the
moment when P is achieved [193]. It is also defined as the combustion duration
in previous studies [26, 184, 195]. A previous study indicated that the explosion time
suggested the moment when the heat release due to the combustion is equal to the
heat loss [203]. For a spherical combustion vessel, this moment occurs when the
combustion process is ended and the flame front starts to collide with the
combustion chamber wall. However, for a cylindrical combustion vessel, the
explosion time is not associated with the moment when the combustion is ended
[176]. In fact, the pressure increases with the propagation of the flame front and
reaches its maximum value at the moment before the combustion ended when the

flame front collided with the combustion chamber wall, which means the
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combustion has not ended. Therefore, it is seen from Figure 6.1 that there exists a
time #, indicating the end of combustion, instead of 7., for the cylindrical vessel used
in the present study when the pressure rise rate reaches its minimum value. The
maximum rate of pressure rise (dP/dt)max 1s defined as the highest value of pressure
rise rate observed and also refers to the value of the maximum slope of the
pressure-time curve. Previous studies [182, 278-281] showed that the maximum
rates of pressure rise in confined vessels not only depend on the composition,
pressure and temperature of the fuel/air mixture (factors which also determine the
rate of heat release) but also are influenced by the volume and shape of the
combustion vessel, the size, energy, and position of the ignition source (factors
which determine the amount of generated heat as well as the heat losses during
explosion). Thus, the deflagration index (K¢) is often introduced to eliminate the

influence of the volume of the combustion vessel according to the cubic-root law:

dP
Kg=(—) xv'’ (6-8)
dt max
where V is the volume of the combustion vessel. This law was originally proposed
for a spherical combustion vessel. It was also demonstrated that it can be applied in
cylindrical vessel with the length to diameter ratio (L/D) lower than 2 [282]. In the
present study, the L/D ratio is equal to 1.167, which conforms to the requirement.
Since K¢ is assumed to be independent of the size of the combustion vessel, and

depends only on the properties of the fuel mixture (composition, initial pressure and

temperature) now [282, 283], it can be used for evaluating the gas explosions in the
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confined vessel used in the present study under different initial conditions. The
higher the deflagration index is, the more intense and dangerous the combustion
process will be. Consequently, the explosion will be more robust and damaging. In
the present study, the deflagration index (K¢) is also calculated to evaluate the

explosive consequence of the bio-syngas/air mixtures.

6.4 Dependence of pressure evolution on initial conditions

6.4.1 Dependence of pressure evolution on equivalence ratio

Figure 6.2 and Figure 6.3 give the pressure evolution and the rate of pressure rise
during the combustion process of Ho/CO/CHg4/air mixtures under aBasis condition
and atmospheric pressure at different equivalence ratios. All the pressures are

normalized with respect to the initial pressure (Py).
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Figure 6.2 Pressure history for different equivalence ratios
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Figure 6.3 The rate of pressure rise for different equivalence ratios

It is seen from Figure 6.2 that the explosion pressure (Pmax) increases with the
increase of equivalence ratio and occurs slightly on the fuel rich side, ¢=1.2. Law et
al. [284] suggested that for hydrocarbon as well as H> and CO, the maximum value
of the adiabatic flame temperature (7us) also peaks on the rich side of stoichiometry

which is caused by the reduced heat release in the presence of product dissociation.

Figure 6.4 shows the adiabatic flame temperature and laminar flame speed of
H»/CO/CHa/air mixtures under aBasis condition and atmospheric pressure at various
equivalence ratios. A slight shift to the fuel rich side is also observed for the
maximum adiabatic flame temperature. This suggests that there is a strong
correlation between the explosion pressure and the adiabatic flame temperature,

which also can be verified by Equation (6-3). Moreover, from Figure 6.3, we can see

168



Chapter 6 Explosion characteristics of bio-syngas/air mixtures

that, for the very lean fuel mixture, ¢=0.6, the rate of pressure rise during
combustion is very slow because there is significantly excessive oxidizer provided
in the fuel mixture. As the equivalence ratio increases, the heat release of the fuel
mixture is increased due to the increase of the fuel concentration in the mixture, and
the combustion becomes more violent, leading to a significant increase of pressure
inside the vessel. It is noted that at ¢=1.2, the rate of pressure rise reaches its
maximum value due to the complete combustion of the fuel mixture. However, as
the equivalence ratio is further increased, there is excessive fuel provided and the
combustion is incomplete, leading to a decrease of pressure rise rate and explosion

pressure.
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Figure 6.4 Laminar flame speed and adiabatic flame temperature of H»/CO/CHa/air

mixtures at various equivalence ratios
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6.4.2 Dependence of pressure evolution on initial pressure

Figure 6.5 and Figure 6.6 present the pressure-time curves and the rates of pressure
rise at different initial pressures under aBasis condition, respectively. The pressure

has been normalized with respect to the initial pressure (Py).
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Figure 6.5 Pressure history for different initial pressures
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Figure 6.6 The rate of pressure rise for different initial pressures
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Compared with the Py=0.1 MPa condition, both the normalized explosion pressure
(Pmax) and time for reaching P slightly increase for the Py=0.3 MPa condition,
while for the Py=0.5 MPa condition, the increases of the normalized explosion
pressure (Pmax) 1s still small but the increases of the time for reaching Pax1s more
substantial. Recall that the adiabatic flame temperature is not a strong function of
pressure and it only slightly increases with increasing initial pressure as shown in
Figure 4.17. Therefore, the maximum value of the normalized explosion pressure is
also not sensitive to the initial pressure. On the other hand, as shown in Figure 4.16,
the laminar flame speed is decreased with the increase of the initial pressure, leading
to a significant increase of the time for reaching the explosion pressure, as well as to
the time for reaching the maximum value of the pressure rise rate, as shown in
Figure 6.6. Moreover, there is a significant increase in the rate of pressure rise with

increasing initial pressure.

6.5 Explosion characteristics of different bio-syngas/air mixtures

6.5.1 Effect of fuel composition variation

Figure 6.7 gives the pressure-time curves of stoichiometric Ho/CO/CHua/air mixtures
for different fuel compositions. The corresponding adiabatic flame temperature and
the laminar flame speed are given in Table 6-1. It is seen that the fuel composition

variation has a significant influence on the explosion pressure evolution.
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Figure 6.7 Pressure evolution during explosions of Ho/CO/CHa/air mixtures for

different fuel compositions

Table 6-1 T,s and S;, of stoichiometric Ho/CO/CHu/air mixtures for different fuel

compositions
Fuel mixture Tad (K) SL (cm/s)
aBasis 2316.2 77.0
aH2-60 2331.4 104.4
aH2-80 2353.5 155.2
aCO-60 2335.1 76.8
aCO-80 2358.7 61.2
aCH3s-60 2259.1 45.3
aCH;4-80 2243.7 38.5

As shown in Table 6-1, with the increase of H> concentration in the fuel mixture, the

adiabatic flame temperature increases slightly and the laminar flame speed increases

significantly, resulting in a slight increase in the maximum explosion pressure and

significant advancement of the timing of the peak pressure compared to that of the

aBasis condition, as observed in Figure 6.7. On the contrary, with the increase of
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CHj4 fraction in the fuel mixture, the maximum explosion pressure decreases and the
timing of the peak pressure is retarded evidently. This is consistent with the results
presented by Tang et al. [184], in which the addition of CH4 to the fuel mixture
could decrease the explosion pressure and delay the timing of the peak pressure due
to the decrease of adiabatic flame temperature and laminar flame speed. For the
CO-enriched cases, it is seen from Table 6-1 that the adiabatic flame temperature
slightly increases with increasing CO concentration in the fuel mixture, and the
increment is even higher than that of the H»-enriched conditions. The increase in
flame temperature, in principle, should have a positive effect on the flame burning
velocity. However, it is clear that the difference between the laminar flame speed of
aBasis condition (77.0 cm/s) and aCO-60 condition is small (76.8 cm/s), and the
laminar flame speed decreases to 61.2 cm/s when the CO concentration is further
increased to 80% at the aCO-80 condition. This indicates that the effect of CO
concentration on the burning characteristics of bio-syngas cannot be solely
determined based on the adiabatic flame temperature, but the competition between
the thermal effect and the chemical effect contributes to this result [131, 261].
Compared to the oBasis condition, the aCO-60 condition has a comparable
explosion pressure and the time for reaching the peak pressure is slightly advanced
mainly due to the dominant role of thermal effect of CO addition, while for the
aCO-80 condition, the concentration of CO is so high that the negative chemical

effect is more significant, leading to a decrease of the explosion pressure and an
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increase of the timing for the peak pressure.
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Figure 6.8 Normalized explosion pressure and explosion time versus equivalence

ratio at different fuel compositions: (a) Puax/Po; (b) te

Figure 6.8 presents the influence of fuel composition variation on the normalized
explosion pressure (Pna/Po) and the explosion time (z.) versus equivalence ratio. As

shown in Figure 6.8(a), the behavior of the normalized explosion pressure has
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similar trend with the adiabatic flame temperature such that P,./Po has its peak
value at a slightly fuel rich equivalence ratio with ¢=1.0-1.2 for all the presented
conditions. For fuel-lean condition, there is a decrease of the explosion pressure
which is caused by the decreasing combustion rates due to the lower fuel content per
unit volume and lower combustion temperature at fuel-lean condition, while for
fuel-rich condition, the lack of oxygen leads to incomplete combustion and then the
decrease of explosion pressure [26]. Moreover, it is seen in Figure 6.8(b) that the
explosion time, ., also decreases to its minimum value around ¢=1.1. As mentioned
earlier, the explosion time (#) corresponds to the occurrence of the maximum
explosion pressure (Pmax). Movileanu et al. [176] indicated that in the case of a
cylindrical closed vessel with central ignition, the time for reaching the maximum
explosion pressure always occurs at the moment before complete combustion of the
fuel mixture. At this moment, the heat release rate due to the combustion equals to
the heat loss caused by thermal convection, conduction, and radiation [203]. Thus,
there exists a correlation between the explosion time and the laminar flame speed
such that the higher the laminar flame speed, the faster the consumption of the
combustible mixture in the combustion chamber, and then the shorter the explosion
time. Compared with the aBasis condition, with the increase of Hz content in the
fuel mixture, Pna/Po slightly increases and ¢. decreases as a result of the increase of
both the adiabatic flame temperature and the laminar flame speed with H>

enrichment [202]. For the CHy-enriched condition, it has lower explosion pressure
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and much longer explosion time. It is expected that the addition of CHs to the fuel
mixture can significantly decrease the adiabatic flame temperature and laminar
flame speed, resulting in the observed postponed pressure evolution [184]. However,
it is seen that the differences in Puw/Po and f. between the aBasis and the
CO-enriched conditions are not significant. The main reason is that the addition of
CO to the fuel mixture plays a small role in the chemical kinetic effect compared to
that of the H, or CH4 addition, resulting in an insignificant change in the laminar

flame speed [261].

As mentioned earlier, the maximum rate of pressure rise and the deflagration index
are indications of the hazards of the explosion. Figure 6.9 presents the maximum
rate of pressure rise (dP/dt)max and the calculated deflagration index (K¢) versus
equivalence ratio at different fuel compositions. It can be seen that both (dP/df)max
and K¢ reach their maximum values at a slightly fuel rich equivalence ratio for all
the presented conditions. The deflagration indices, K¢, are lower than 30 MPa.m.s™!
in all cases, suggesting that the bio-syngas (H2/CO/CHy4) fuel compositions tested in
this study are within a relatively safe level [27, 285]. According to Bradley et al.
[286] and Movileanu et al. [287], the rate of pressure rise and the deflagration index
in a confined vessel are closely related to the variation of the overall reaction rate in
the reaction zone, which is the most important factor correlated to the laminar flame
speed and the explosion pressure. Increase of the H> content in the fuel mixture can

significantly increase the laminar flame speed and shorten the explosion time.
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Therefore, there is a substantial increase in the maximum rate of pressure rise and
the deflagration index for H»-enriched conditions. For CHy-enriched conditions,
both (dP/df)max and K¢ decrease with the increase of CHy fraction in the fuel mixture.
This is consistent with the results presented by Tran et al. [206], which shows that
the addition of a small amount of hydrocarbon can significantly suppress the
explosion hazard of a syngas/air mixture. Additionally, the maximum rate of
pressure rise and the deflagration index change little for CO-enriched conditions
compared to that of the aBasis condition, indicating that the increase of CO fraction
in the fuel mixture plays a mild role in affecting the explosion hazard of bio-syngas.
For the aCO-80 condition, the explosion hazard of the mixture is slightly suppressed
at fuel-lean and stoichiometric equivalence ratios due to the slight decrease of the

laminar flame speed [261].
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Figure 6.9 Maximum rate of pressure rise and deflagration index versus equivalence

ratio at different fuel compositions
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6.5.2 Effect of diluents (N»/CO3)
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Figure 6.10 Pressure evolution during explosion of N»/CO; diluted H>/CO/CHg/air

mixtures at different (a) equivalence ratios; (b) dilution ratios

As mentioned earlier, bio-syngas usually contains a considerable amount of diluents,
such as N2 and CO;. In some practical applications, these dilution gases are

deliberately introduced to the unburned mixtures to reduce the NOx emission [140].
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Therefore, it is necessary for us to investigate the explosion characteristics of
bio-syngas/air mixtures with No/CO; dilution. Figure 6.10 gives the pressure-time
curves of Ho/CO/CHuy/air mixtures with No/CO» dilution at different equivalence
ratios and dilution ratios. It can be seen from Figure 6.10(a) that the maximum
explosion pressure decreases with No/CO; addition at all the reported equivalence
ratios and the time for reaching the maximum explosion pressure increases with
N2/CO; addition. Additionally, Figure 6.10(b) shows that the maximum explosion
pressure and the time for reaching peak pressure substantially decrease and increase

with increasing dilution ratio.

Table 6-2 gives the calculated adiabatic flame temperatures using the Li mechanism
and the experimental laminar flame speeds of stoichiometric N2/CO; diluted
H>/CO/CHg4/air mixtures at different dilution ratios. It is seen that both of them
decrease significantly with increasing dilution. Qiao et al. [288] indicated that the
addition of diluents to a fuel mixture can reduce the laminar flame speed due to the
increase of specific heat of the non-fuel gases per unit oxygen concentration. Hence,
the maximum explosion pressure is decreased and the pressure rise becomes slower
with increasing dilution in the bio-syngas/air mixture. Moreover, since both the
adiabatic flame temperature and laminar flame speed of CO> diluted Ho/CO/CHy/air
mixture are lower than that of the N> diluted Ho»/CO/CHa/air mixture at each dilution
ratio, it is obvious that CO; dilution has a stronger influence on the explosion of

bio-syngas/air mixture than N dilution. This is consistent with the results of
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previous studies [287, 289] that CO» is more efficient in decreasing the explosion
pressure and postponing the explosion time than that of N». This is mainly because
CO; can significantly increase the specific heat of the fuel mixture in comparison to
No, resulting in a substantial decrease of the flame temperature and the combustion

rate.

Table 6-2 T.s and Sy of stoichiometric N,/CO; diluted H2/CO/CHa4/air mixtures at

different dilution ratios

Fuel mixture Tad (K) Si (cm/s)
Zgiluton=0% 2316.2 77.0
Zn2=15% 2274.9 69.1
Zn2=30% 2218.7 62.6
ZnN2=45% 2133.1 49.7
Zco2=15% 2240.5 63.8
Zc02=30% 2144.1 46.3
Zco2=45% 2009.9 29.6

Figure 6.11 presents the normalized explosion pressure (Pma/Po) and the explosion
time (z:) of N2/CO; diluted bio-syngas/air mixtures at various dilution ratios. It is
apparent that Pna/Po decreases and ¢ increases significantly with increasing dilution
ratio in the fuel mixture. As dilution gases, the presence of N2/CO: in the fuel
mixture leads to a decrease of the fuel content and an increase of specific heat of the
fuel mixture, leading to a much lower burning velocity and heat release rate during
flame propagation. These contribute to the substantial decrease of explosion pressure
and increase of explosion time with increasing dilution ratio. Compared to the

Nz-diluted bio-syngas/air mixture, the CO»-diluted bio-syngas/air mixture shows a
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progressive decrease in Pna/Po, and a significant increase in #. at all the reported
equivalence ratios, indicating that CO addition can more effectively reduce the

explosion severity of a bio-syngas/air mixture.
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Figure 6.11 Normalized explosion pressure and explosion time of N2/CO» diluted

H»/CO/CHa/air mixture at various dilution ratios (a) Pmax/Po; (b) t.

Moreover, the relationships between the normalized explosion pressure/explosion
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time and dilution ratio can be depicted using a second order polynomial curve fitting
method as Pra/Po =Cr+ar* Zuuion ™2 Zaituion a4 te =Crtb1" Zguion™b2* Zinusion
respectively. Table 6-3 and Table 6-4 give the fitted parameters and the correlation
coefficients. These equations can be useful for predicting the explosion pressure and

explosion time of a bio-syngas/air mixture at different dilution ratios.

Table 6-3 Fitted parameters a;, a2, and C; of Puax/Po =fZaiuion) and correlation
coefficients R’ for the deflagration of bio-syngas/air mixture diluted with N2/CO, at

different equivalence ratios

C1 ai az R?

$=0.8
N> 6.75240.073 -0.00640.008 -2.66E-4+1.67E-4 0.957
CO2 6.72940.026 -0.02740.003 -1.69E-445.90E-5 0.998

$=1.0
N> 7.18340.019 -0.00440.002 -2.48E-444.24E-5 0.996
CO, 7.16640.055 -0.02240.006 -2.87E-4+1.26E-4 0.993

$=1.2
N> 7.20940.008 -0.00740.008 -2.57E-4+1.76E-5 0.999
CO2 7.21240.007 -0.02040.007 -5.32E-441.66E-5 0.999

Table 6-4 Fitted parameters b;, bz, and C of tc =f(Zaiusion) and correlation

coefficients R’ for the deflagration of bio-syngas/air mixture diluted with N2/CO, at

different equivalence ratios

C b1 b2 R?

5=0.8

N> 56.86+40.262 -0.00940.028 -0.01940.001 0.999
COq 57.7043.923 0.153+40.420 0.031+40.009 0.983
4=10

N> 48.59+42.659 0.359+40.285 0.00340.006 0.920
COq 49.68+2.092 -0.27540.224 0.03540.005 0.993
6=1.2

N2 41.2842.092 -0.11540.224 0.01740.005 0.974
CO; 42.0045.231 -0.01340.560 0.03840.012 0.976
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Figure 6.12 gives the maximum rate of pressure rise (dP/dt)max and the deflagration
index (K¢) of N2/CO» diluted bio-syngas/air mixtures at various dilution ratios. It is
seen that (dP/df)max and K¢ are significantly decreased with increasing N»/CO»
dilution. Movileanu et al. [287] also observed that N> and CO» have strong influence
on the maximum rate of pressure rise and the deflagration index. As mentioned
earlier, the rate of pressure rise in a closed vessel has a strong correlation with the
laminar flame speed and the explosion pressure [286]. The suppression influence of
N2/CO. dilution on (dP/df)max and Kg can be explained by the change in
thermo-physical properties of the unburned mixture and the overall reaction rate in
the reaction zone with addition of N2/CO; to the fuel mixture, contributing to the
decrease of adiabatic flame temperature, the total amount of heat release, and the
laminar flame speed of the diluted bio-syngas/air mixture. Previous studies [287,
289] stated that the addition of CO> has a stronger radiation effect and greater
negative influence on the thermal effect than N> addition. Moreover, it should be
noted that unlike N2, CO2 can be directly involved in the chemical reactions
primarily through the reaction: CO+OH < CO>*H in addition to acting as an inert
gas in the fuel mixture [260]. Consequently, the CO,-diluted fuel mixture has much
lower laminar flame speed than that of the N»-diluted fuel mixture, resulting in
lower (dP/df)max and K in all the reported equivalence ratios. An approximate linear
correlation of the maximum rate of pressure rise (dP/df)max and dilution ratio (Zaiuzion)

is observed and can be depicted as (dP/dt)max= C3tdi Zainion, With the fitted
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parameters given in Table 6-5. Such correlation is also useful for the determination
of the maximum rate of pressure rise in any closed vessel within the investigated

range of parameters.
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Figure 6.12 Maximum rate of pressure rise and deflagration index of N2/CO; diluted

H,/CO/CHg4/air mixture at various dilution ratios

Table 6-5 Fitted parameters Cs, d; of (dP/dt)max =f(Zaiwion) and correlation coefficients
R? for the deflagration of bio-syngas/air mixture diluted with No/CO at different

equivalence ratios

Cs di R?

$=0.8
N> 40.785%2.420 -0.44940.080 0.896
CO2 38.42340.315 -0.61540.011 0.999

$=1.0
N> 57.21440.870 -0.57940.031 0.991
CO2 56.1054+).386 -0.93240.014 0.999

$=1.2
N2 61.958+1.600 -0.68640.050 0.979
CO2 60.317+1.170 -1.09740.041 0.996
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6.6 Summary

In this chapter, the effects of fuel composition variation (H2/CO/CH4) and diluents
(N2/CO2) on the explosion characteristics of bio-syngas/air mixtures were
experimentally investigated in a constant volume combustion vessel over a wide
range of fuel compositions and dilution ratios. Moreover, the dependence of pressure
evolution on the initial pressure and equivalence ratio were also studied. The main

results are summarized as follows:

It is found that the equivalence ratio has a strong influence on the pressure evolution
during the explosion of a bio-syngas/air mixture. On the one hand, the explosion
pressure increases with the increase of equivalence ratio and the maximum value of
Puax occurs slightly on the rich side of the equivalence ratio. On the other hand, the
maximum value of the normalized explosion pressure is not sensitive to the variation
of initial pressure. However, the time for reaching the maximum explosion pressure
and the maximum value of pressure rise rate significantly increases with the increase

of initial pressure due to the decrease of the laminar flame speed.

For the effect of fuel composition variation, the results clearly show that the
explosion pressure increases and the explosion time decreases with the increase of
H; fraction in the fuel mixture. Moreover, there is a substantial increase in (dP/dt)max
and K¢ as the H> concentration is increased. This is mainly because the addition of

H: can significantly increase the adiabatic flame temperature as well as the laminar
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flame speed of the fuel mixture. However, the CHs-enriched mixture has much
lower explosion pressure and longer explosion time. (dP/dt)max and K¢ also decrease
with the increase of CHy fraction in the fuel mixture, indicating that increasing the
concentration of CH4 in the fuel mixture can significantly suppress the explosion
hazard of a bio-syngas/air mixture. However, the explosion behaviors of
CO-enriched mixtures change little compared to that of the basic condition,
suggesting that increasing the concentration of CO in the fuel mixture plays a mild

role in affecting the explosion characteristics of a bio-syngas.

With respect to the effect of diluents (N2/COy), it is observed that when N2/CO; is
added to the fuel mixture, the explosion pressure decreases and the explosion time
increases significantly with the increase of dilution ratio. The maximum rate of
pressure rise and the deflagration index also progressively decrease with increasing
dilution ratio. This is mainly because the addition of N2/CO; to the fuel mixture can
cause a decrease of the adiabatic flame temperature and the laminar flame speed due
to the decrease of fuel content and total heat release. CO2 is found to be more
effective in suppressing the explosion hazard of a bio-syngas/air mixture than N>
due to its stronger influence on the dilution effect, thermal effect, and chemical
kinetic effect. In addition, corresponding correlations have been developed between
the explosion pressure/explosion time/maximum rate of pressure rise and dilution
ratio, which are useful for predicting the deflagration of bio-syngas/air mixture at

various dilution ratios.
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CHAPTER 7 CONCLUSIONS AND
RECOMMENDATIONS

7.1 Conclusions of the present work

In this thesis, a detailed experimental and numerical investigation into the laminar
premixed combustion and flame dynamics of bio-syngas fuels was conducted, with
the main goal being to characterize the effect of fuel composition variation, different
diluents, and initial conditions on their combustion behaviors. More specifically, this
work first involved the experimental measurements of laminar flame speeds of
bio-syngas under various operating conditions. The corresponding numerical
simulation was also conducted by using the PREMIXED code in the CHEMKIN
package with the Li mechanism to validate the chemical mechanism and clarify the
thermal and chemical effects. Second, the intrinsic flame instabilities of the flame
front of various bio-syngas/air mixtures were quantitatively analyzed by means of
experimental measurements and theoretical analyses. Third, the explosion
characteristics of various bio-syngas/air mixtures were also studied to evaluate the
hazards of bio-syngas/air mixtures explosion. This study contributes several
valuable insights and findings to improve the understanding on the combustion
behaviors of bio-syngas fuels and provide some useful in information and guidelines
for its application in practical combustors. The main conclusions drawn from this

study are shown as follows:
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7.1.1 Laminar flame speeds of bio-syngas/air mixtures

Experiments and numerical simulations were conducted to investigate the laminar
flame speeds of bio-syngas/air mixtures under different fuel compositions
(H2/CO/CHa), initial pressures (0.1 MPa/0.3 MPa/0.5 MPa), and different dilution
ratios (N2/COz, from 0% to 45%) at initial temperature of 303 K and wide range of
equivalence ratios (0.6-1.5). For the effect of fuel composition variation, the
experimental and predicted results using the Li mechanism show good agreement
with each other, especially at fuel-lean conditions. With the increase of H» fraction
in the fuel mixture, the overall reaction activity is strongly promoted, resulting in a
significant increase in the laminar flame speed of H»-enriched conditions compared
to that of the aBasis condition. For the CO-enriched conditions, the laminar flame
speed of the aCO-60 condition changes little compared to that of the oBasis
condition, while the laminar flame speed of the aCO-80 condition is slightly
decreased. It is observed that CO addition has more impact on the adiabatic flame
temperature, but it plays a small role in the chemical kinetic effect compared to that
of H, addition. For the CH4-enriched conditions, the laminar flame speed decreases
evidently compared to that of the aBasis condition, and is also lower than the
CO-enriched conditions due to the combination of thermal and chemical kinetic

effects of CH4 addition.

For the effect of initial pressure study, the Li mechanism slightly overestimates the

laminar flame speed for fuel-lean conditions, but slightly underestimates for the
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fuel-rich conditions at elevated initial pressures. The laminar flame speed decreases
with the increase of the initial pressure. This is mainly caused by the growing
importance of the chain termination reactions in the overall reaction process and the

increase of fuel mixture density as the initial pressure is increased.

For the effect of diluents study, the Li mechanism slightly underestimates the
laminar flame speed of H>/CO/CHys/air mixture with N2/CO; dilution at fuel-rich
condition. As N2/CO; is added to the fuel mixture, the laminar flame speed
decreases obviously with the increase of dilution ratio. Furthermore, the results
show that the reductions of laminar flame speeds for CO»-diluted conditions are
more substantial than that of the N»-diluted conditions due to the stronger dilution
effect, thermal-diffusion effect, and chemical effect of CO dilution than that of N»

dilution.

7.1.2 Laminar flame instabilities of bio-syngas/air mixtures

Experiments and theoretical calculations were conducted to study the intrinsic flame
instabilities of outwardly expanding spherical flames of the bio-syngas/air mixtures
at various fuel compositions, dilution ratios and equivalence ratios under
atmospheric pressure and elevated initial pressures. For the propagation of laminar
flame front at atmospheric pressure, the results of flame morphology and Markstein
length show that the flame front tends to be stable with the increase of equivalence
ratio at atmospheric pressure. With the increase of H» fraction in the fuel mixture,

the Markstein length decreases compared to the other conditions, indicating that the
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increase of H» concentration in the fuel mixture will decrease the stability of the
flame front. Moreover, adding CHs or CO to the fuel mixture slightly increases the
Markstein length, and the increases of the CHy-enriched conditions are more
substantial than that of the CO-enriched conditions, suggesting that the flame front
stability is slightly enhanced with CH4 addition at atmospheric pressure. For the
effect of different diluents (N2/CO;) on the propagation of laminar flame front at
atmospheric pressure, the results show that with N»/CO; dilution, the Markstein
length decreases at all dilution ratios, suggesting that the addition of N2/CO; makes
the flame front more sensitive to the stretch rate effects and promotes the flame
instability at atmospheric pressure. Moreover, the CO;-diluted mixture is more

affected by preferential diffusion instabilities than that of the N>-diluted mixture.

For the propagation of laminar flame front at elevated initial pressures, the results
clearly show that with the increase of initial pressure, irregular wrinkles appear at
the flame surface. Moreover, the higher the initial pressure, the more advance the
onset of cellular instability of the flame is observed. The variation of fuel
composition of Ho/CO/CHgs/air mixture has a strong influence on the cellular
instabilities of the flame front at elevated initial pressure. With the increase of H»
fraction in the fuel mixture, the cellular instabilities (including the
diffusional-thermal instability and the hydrodynamic instability) of the flame front
are significantly promoted due to the decrease of effective Lewis number and flame

thickness, moreover, the earlier onset of cellular flame structure is also observed.
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With the increase of CO fraction in the fuel mixture, both the effective Lewis
number and the laminar flame thickness are slightly increased and the thermal
expansion ratio is slightly decreased. Consequently, both the diffusional-thermal
instability and hydrodynamic instability are inhibited and the moment for onset of
cellular flame structure is postponed with increasing CO concentration in the fuel
mixture. Finally, the results show that the cellular instabilities of the flame front are
significantly suppressed with increasing CHa concentration in the fuel mixture. The
moment for the onset of cellular instability of the flame front is also significantly

delayed with CH4 addition.

Regarding the effect of different diluents (N2/CO2) on the propagation of laminar
flame front at elevated initial pressures, the results show that with N2 or CO»
dilution, the diffusional-thermal instability is increased by a decrease of the effective
Lewis number, while the hydrodynamic instability is significantly suppressed by an
increase of flame thickness and decrease of thermal expansion ratio, and thereby
with a net result of suppression of cellular instability. Moreover, a comparison of the
CO»-diluted condition with N»-diluted condition shows that CO; dilution has

stronger effect in suppressing the flame instability at elevated initial pressure.

7.1.3 Explosion characteristics of bio-syngas/air mixtures

Experiments and theoretical calculations were conducted to study effects of fuel
composition variation (Ho/CO/CHs), dilution ratios (N2/CO>), and initial conditions

on the explosion characteristics of bio-syngas/air mixtures. It is found that the
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equivalence ratio has a strong influence on the pressure evolution during the
explosion of bio-syngas/air mixtures, showing that the explosion pressure increases
with the increase of equivalence ratio and the maximum value of Puna occurs
slightly on the rich side of the equivalence ratio. On the other hand, the maximum
value of normalized explosion pressure is not sensitive to the variation of initial
pressure. However, the time for reaching the maximum explosion pressure
significantly increases with the increase of initial pressure, so is the time for
reaching the maximum value of pressure rise rate due to the decrease of laminar

flame speed.

For the effect of fuel composition variation on the explosion characteristics of
bio-syngas/air mixtures, the results clearly show that the explosion pressure
increases and the explosion time decreases with the increase of H» fraction in the
fuel mixture. Moreover, there is a substantial increase in (dP/df)max and K¢ as H»
concentration is increased. This is mainly because the addition of H» can
significantly increase the adiabatic flame temperature as well as the laminar flame
speed of the fuel mixture. However, the CHy4-enriched mixture has much lower
explosion pressure and longer explosion time. (dP/df)max and K¢ also decrease with
the increase of CHs4 fraction in the fuel mixture, indicating that increasing
concentration of CHs in the fuel mixture can significantly suppress the explosion
hazard of a bio-syngas/air mixture. Additionally, the explosion behaviors of

CO-enriched mixtures change little compared to that of the basic condition,
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suggesting that increasing concentration of CO in the fuel mixture plays a mild role

in affecting the explosion characteristics of bio-syngas.

For the effect of diluents (N2/CO.) on the explosion characteristics of bio-syngas/air
mixtures, it is observed that when N»/CO; is added to the fuel mixture, the explosion
pressure decreases and the explosion time increases significantly with the increase
of dilution ratio. The maximum rate of pressure rise and the deflagration index also
progressively decrease with increasing N2/CO» dilution. This is mainly because the
addition of N2/CO; to the fuel mixture can cause a decrease of adiabatic flame
temperature and laminar flame speed due to the decrease of fuel content and total
heat release. CO2 is found to be more effective in suppressing the explosion hazard
of a bio-syngas/air mixture than N> due to its stronger influence on the dilution
effect, thermal effect, and chemical kinetic effect. In addition, corresponding
correlations have been developed between the explosion pressure/explosion
time/maximum rate of pressure rise and dilution ratio, which are useful for

predicting the deflagration of bio-syngas/air mixture at various dilution ratios.

From the results of all the tested fuel mixtures in the present study, it can be
concluded that H> addition can significantly increase the laminar flame speed of a
bio-syngas/air mixture. The laminar flame front instability and explosion hazard are
also strongly promoted by increasing H» fraction in the fuel mixture. But for the

CHgy-enriched fuel mixtures, the combustion behaviors are quite the contrary, in
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which CH4 addition can evidently decrease the laminar flame speed and suppress the
flame front instability as well as explosion hazard of a bio-syngas/air mixture. CO
addition is found to play a mild role in affecting the laminar burning characteristics
and explosion characteristics of a bio-syngas/air mixture. On the other hand, for the
effect of different diluents, it can be concluded that bio-syngas with N»/CO, dilution
has much lower laminar flame speed, moreover, the intrinsic flame instability as
well as explosion hazard are found to be suppressed compared to that of non-diluted
bio-syngas. Unlike the single-component fuels, bio-syngas has multiple fuel
components, which significantly increases the difficulty in controlling the
combustion process. Therefore, the different combustion behaviors of diverse
bio-syngas fuels need to be fully understood and considered for optimizing the
combustion process of burning bio-syngas in practical combustors. Based on the
experimental results of this study and the theoretical analysis on the effect of each
fuel component on the combustion performance of bio-syngas, the potential
bio-syngas users can predict the expected performance based on the composition of
their bio-syngas and the requirements of their combustors to plan for the application

and design of the combustors involved.

7.2 Recommendations

In this study, the fundamental investigation on the laminar premixed combustion and

flame dynamics of bio-syngas has been systematically studied using a constant
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volume combustion bomb system. Based on the results of the present study, the

following are some recommendations for potential improvements and future work.

1. Our experimental data and numerical calculations using the Li mechanism show
that there exist discrepancies in the laminar flame speeds of bio-syngas,
especially at fuel-rich condition and elevated initial pressures. Previous
researches [134, 139] found that the predicted results of laminar flame speeds of
biomass derived gases using other chemical kinetic mechanisms such as the GRI
3.0 mechanism and San Diego mechanism also shown discrepancies compared
to the experimental data. Therefore, it is necessary to continue to improve the
accuracies of the prediction of laminar flame speeds using chemical kinetic

mechanisms, especially at fuel-rich condition and elevated initial pressures.

2. On the other hand, it is important to recognize that although the effect of stretch
rate and ignition disturbance have been eliminated in the extraction of
experimental data for determining the laminar flame speed of bio-syngas in the
present study, some degree of uncertainty may still exist in the rigor of the
extrapolation methodologies (linear versus non-linear extrapolations) and the
extraction range of the experimental data. More investigations are needed to
improve the accuracy of the experimental data in the future. Moreover, due to
the limitation of the experimental device used in the present study, the initial

pressure can only be raised up to 0.5 MPa, it would be meaningful to measure
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the accurate laminar flame speed of bio-syngas at high initial pressures and high
initial temperatures since many practical combustors operate near these

conditions.

For intrinsic flame instability study, although the existing linear theories of
intrinsic flame instability can predict the onset of cellular flame structure by
calculating the critical Peclet number and critical flame radius, there are large
discrepancies between the experimental data and the predicted results as shown
in Chapter 5. Therefore, efforts need be spent on further developing more
accurate theoretical model for predicting the onset of cellular instabilities
especially at elevated initial pressures. Massive experimental data concerning the
evolution and development of the cellular flame structures on the flame surface
for bio-syngas/air mixture are needed to support the completion of theoretical
modeling. In addition, it would be meaningful to study the self-acceleration of
cellular flames of bio-syngas/air flames at elevated initial pressure since
previous studies [25, 175] have pointed out that the wrinkled flame front could

accelerate the flame propagation speed and may even induce turbulent flame.

In the present study, the explosion characteristics of various bio-syngas/air
mixtures were experimentally studied in a cylindrical constant volume
combustion vessel. Numerical simulations and more theoretical analyses will

help to validate the experimental data obtained using propagating spherical
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flames. Moreover, as presented in Chapter 6, the correlations of
Pa/Po=fZditution), te =K Zaiusion), and (dP/dt)max = Zaision) have been developed
for predicting the explosion behaviors of N»/CO; diluted bio-syngas/air mixture
at various dilution ratios. To improve the accuracy and reliability of the
correlations, it would be useful to study a larger range of dilution ratios for

providing more experimental data.

Since bio-syngas is expected to have the potential to substitute fossil fuel in heat
and power generation, further attempts can be made on investigating the
pollutant emission characteristics of burning various bio-syngas fuels. This will
help us to have a comprehensive understanding and evaluation for the utilization

of bio-syngas in practical combustion devices.
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