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ABSTRACT

The objective of this research is to study the key combustion characteristics of reforming
fuels that could be used as a short term solution to the immediate need for CO, and NOy
reductions, and provides a transitional strategy to a carbon free energy system in the future.
The goal is to replace fossil fuel usage as much as possible with environmentally friendly,
clean and renewable energy sources (pure hydrogen or biomass fuels) for greenhouse gas
reduction. Unfortunately, the use of pure hydrogen or gasified biomass fuels in industrial
combustors remains difficulties due to production, storage, cost, and safety concerns.
Therefore, the use of hydrogen addition with traditional fossil fuels is an alternative toward
pollutant emission reductions. Nonetheless, the applications of reforming fuels to practical
combustion systems rely on fundamental understanding of the characteristics of
multi-component fuels.

The main focus of the present study is to thoroughly investigate the detailed laminar
burning velocity, flame stability limits, flame structures, and chemical kinetics mechanisms of
blended fuels (H,/CH4/CO) through experimental measurements and numerical simulations.
Direct photograph of the flame, chemiluminescence emission of OH*, and laser-induced
predissociative fluorescence (LIPF) of OH techniques are employed to determined the flame
front position. Flame temperatures are measured by thermocouple. Particle imaging velocity
(PIV) technique is used to measure the flowfield velocity. While the PREMIX and OPPDIF
codes from CHEMKIN Collection 3.5 in conjunction with GRI-Mech 3.0 chemical kinetic
mechanisms as well as detailed transport properties are used for laminar burning velocity,
flame structure and chemical kinetic structure calculations.

Experimental measurements and numerical simulations of the flame front position,
temperature, and velocity are performed in the stoichiometric CH4/CO/air opposed-jet flames
with various CO contents in the fuel. The measured flame front position, temperature, and
velocity of the stoichiometric CH4/CO/air flames are closely predicted by the numerical
calculations. Detailed analysis of the calculated chemical kinetic structures reveals that as
the CO content in the fuel is increased from 0% to 80%, CO oxidation (R99) increases
significantly and contributes to a significant level of heat-release rate. It is also shown that the
laminar burning velocity reaches a maximum value (57.5 cm/s) at the condition of 80% of CO
in the fuel. Based on the results of sensitivity analysis, the chemistry of CO consumption
shifts to the dry oxidation kinetics when CO content is further increased over 80%.
Comparison between the results of computed laminar burning velocity, flame temperature,
CO consumption rate, and sensitivity analysis reveals that the effect of CO addition on the
laminar burning velocity of the stoichiometric CH4/CO/air flames is due mostly to the

transition of the dominant chemical kinetic steps.
Experimental and numerical studies of the the stoichiometric H,/CH4/CO/air
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opposed-jet flames reveal that the addition of H; to the reforming fuel not only increases the
laminar burning velocity, but also the ratio of CH4/CO at which the maximum laminar
burning velocity occurred is changed. When 10% and 20% of H; are used in the H,/CH4/CO
fuel, the maximum burning velocity occurs at the CH4/CO fuel ratio of 10% CH4-90% CO
and 6% CH4—94% CO, respectively. The analysis of flame structures indicates that the effect
of H, addition on the laminar burning velocity is primary due to the transition of dominant
chemical reaction steps. Although the ratio of CH4/CO at which the maximum laminar
burning velocity occurred is varied with H, addition, the CO oxidation reaction (R99) is still
the dominant and major contributor to the heat-release rate. The major difference is that with
H, addition the reaction location, reaction rate, and heat-release rate of H, reaction (R84)
exceed those of CHy reaction (R98). Sensitivity analysis shows that the variation of important
reaction steps is not affected by H, addition, and the most important reaction step is changed
from the chain-branching reaction (R38) to the reaction of CO fast oxidation (R99) when CO
in the CH4/CO fuel mixture is increased over 80%. Pollutant emission measurements indicate
that the addition of H, to the fuel mixture reduces CO emission, but increases NOy emission
due to increased flame temperature. In addition, the addition of H, (up to 30%) to the fuel

mixture does not reduce CO, emission for stoichiometric H,/CH4/CO/air flames.

Keywords: Reforming fuel, Laminar burning velocity, Flame structure, Chenical kinetic,

Oppsed-jet flame, Numerical simulation.
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CHAPTER |

INTRODUCTION
1-1 Background

According to the energy consumption report [1], the amount of energy (11,769 KLOE)
consumed by the industrial and transportation sectors was 65.37% of the total annual energy
consumption in Taiwan during the year of 2008. In these two sectors, about 90% of energy
sources (fossil fuels) were used to generate power, process heat, and electricity through
combustion. Extensive fossil fuel consumptions have resulted in rapid fuel depletion over
the world as well as atmospheric and environmental pollutions. Consequently, the
terminologies such as global warming, greenhouse effect, climate change, ozone layer
depletion and acid rain have appeared in our daily life quite frequently. It has been
understood scientifically that these pollutions are closely related to fossil fuel uses because
they emit greenhouse gases, the dominant contributor being carbon dioxide (CO,) which
hinder the long wavelength terrestrial radiation to escape into space, and consequently, the
earth troposphere becomes warmer. In order to reduce further impacts of these phenomena,
public awareness and legislation have led to a policy of reduction of greenhouse gas
emissions in most economically developed countries, with the regulations partially driven by
international initiative such as Kyoto protocol and the Intergovernmental Panel on Climate
Change [2]. Taiwan, although is not a member of the United Nations, has taken serious
measures and set forth the first National Energy Conference in 1998 to cope with the
challenges and impacts of the stringent regulations.

In view of CO, reductions, there are two alternatives that are either to improve the
combustion efficiency with considerable reductions in the pollutant emissions into the
atmosphere or more significantly to replace fossil fuel usage as much as possible with
environmentally friendly, clean and renewable energy sources. These two alternatives were
the major topics discussed in the 2005-National Energy Conference [3]. And the goal has
been set to reduce CO, production by an amount of 17,000 million metric-tons compared to
the BAU (Business as Usual) level in 2000 and to increase the energy supply from renewable
energy sources (1.2% in 2004) up to 7.1% of the total energy supply by the end of 2025.
The main renewable energy sources include biomass, hydropower, geothermal, solar, wind,
and wave tidal in which biomass shares 62.1% of total renewable energy sources of the world
in 1995 and it is increasing continuously [4].

Among the renewable energy sources, hydrogen and biomass are two of the attractive
fuels because combustion of hydrogen fuel produces completely no greenhouse gases and
biomass is readily available worldwide [5]. Hydrogen has been used in aerospace
propulsion systems for a long time because of its short ignition delay time, its high energy per
unit weight, and its better cooling ability. Nowadays, it becomes not only the National
Energy Security of the U.S. but also the key to a cleaner energy future [6, 7]. The U.S.

government has committed US$1.2 billion (since FY 2003) over five years for the research,
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development, and demonstration of hydrogen and fuel cell technologies. Their goal is to
make practical and cost-effective fuel-cell vehicles widely available in auto showroom by
2020. Since hydrogen can be produced from many domestic sources of energy, including
fossil fuels, such as natural gas and coal; renewable energy sources, such as solar radiation,
wind, and biomass; and nuclear energy, the diversity of hydrogen sources would make the
widespread use of hydrogen for transportation and stationary power that is an important step
in protecting the future energy security. Although hydrogen is a vision of future energy, the
cost-effective of hydrogen production, delivery, storage, manufacturing, safety, and fuel cell
conversion, etc is a significant challenge. Hydrogen is not a fuel that exists in nature in a
readily usable form, such as oil or coal. It more closely resembles electricity-an energy
carrier that must be generated from another fuel source. Therefore, researches on hydrogen
related technologies are underway all over the world and Taiwan, as a Nation of energy
shortage, should keep upon the research trend of the world.

In addition to hydrogen, biomass is another attractive renewable fuel. The use of
biomass fuels provides substantial benefits as far as the environment is concerned. Biomass
absorbs CO; during growth, and emits it during combustion. Therefore, biomass helps the
atmospheric CO, recycling and does not contribute to the greenhouse effect. Biomass
consumes about the same amount of CO, from atmosphere during growth as is released
during combustion. The average majority of biomass energy is produced from wood and
wood waste (64%), followed by solid waste (24%), agricultural waste (5%) and landfill gases
(5%) [8]. There are three ways to use biomass. It can be burned to produce heat and
electricity directly, gasified to gas-like fuels with composition of hydrogen (H;), methane
(CH4), and carbon monoxide (CO) or changed to a liquid fuel. Liquid fuels, also called
bio-fuels, include ethanol (C,HsOH) and methanol (CH30OH). The most commonly used
bio-fuel is ethanol, which is produced from sugarcane, corn and other grains. The use of
gasoline and ethanol blended fuel for cars has been very popular in Brazil. = Although the use
of biomass energy possesses many unique advantages, the combustion of biomass remains
some technological problems. For instance, the compositions of biomass among fuel types
are considerable variable. Direct combustion of biomass fuel in furnaces and power boilers
may result in the critical problems of fouling and slagging. Therefore, the use of gasified
biomass that contains a mixture of carbon monoxide, hydrogen and methane, together with
carbon dioxide and nitrogen, is more versatile than the original solid biomass. However, it
should be noticed that in comparison with solid fossil fuels, biomass contains much less
carbon and more oxygen and has a low heating value. Thereby, it becomes essential to
develop combustion techniques that can burn the gasified biomass or low-grade syngas
effectively.

In Taiwan, a lot of efforts have been devoted to seeking the way for CO, reduction.
Among these efforts, the research and development of fuel cell related technology is one of

the examples. Indeed, the use of fuel cell that utilizes hydrogen as a fuel not only produces



no greenhouse gases but also reduces fossil fuel usages. However, the application of fuel
cell is mainly limited to transportation and residential sectors. It should be noted that in
Taiwan, more than 90% of total CO, is produced from the industrial sector through
combustion for generating power, process heat, and electricity. The effective way to reduce
CO; production from industrial sector is either to further improve the combustion efficiency
of existing combustors or to replace fossil fuels with hydrogen or biomass or blended fuels in
the future. We believe that the later choice could be more effective and better than the
former. Unfortunately, the use of pure hydrogen or biomass fuels in industrial combustors
remains difficulties due to production, storage, cost, and safety concerns. Therefore, the use
of hydrogen addition with traditional fossil fuels not only yields a short term solution to the
immediate need for CO, and NOy reductions, but also provides a transitional strategy to a
carbon free energy system in the future.

Various types of turbulent flames, premixed, nonpremixed, or partially premixed, are
employed in industrial boilers, process heating burners, internal combustion engines,
hazardous waste incinerators, and both aircraft and land-based gas turbine engine combustors,
etc. The control the turbulent combustion [9, 10] for reducing pollutant emission [11-13],
increasing combustion efficiency [14], and obtaining stable flame holding [15-17] have been
extensively studied. However, all of studies have concentrated on the single-component
fuels. Since the combustion characteristics of biomass or blended fuels may differ
substantially from those of single-component fuels, the applications of blended fuels to
practical combustion systems rely on fundamental understanding of the characteristics of
multi-component fuels. Therefore, the detailed investigations of chemical kinetics, flame
stability limits, flame structures, and pollutant formation mechanism of blended fuels are of
vital importance.

The investigations of hydrogen blended fuels in both practical combustors and
fundamental jet flames are underway. Tests on a Ford F-150 pickup truck using 15 to 50
vol% blends of hydrogen with compressed natural gas (CNG) showed a reduction of 7.5% on
hydrocarbon, 83% on CO, 53% on NOy, and 30% on CO; emissions [18]. Experimental
testing [19] and numerical analysis [20] on gas turbine combustors using hydrogenated fuels
also showed the feasibility of 20-90% CO; reduction with control of NOy emissions to below
10 ppmvd at 15% oxygen. Experiments in a lean premixed combustor were conducted to
obtain data on flame stability/blowout and on emissions of CO and NOy using
hydrogen-enriched methane or natural gas [21]. An experimental and numerical
investigation of flame structure and intermediate radical (OH, O, H, CH) concentrations was
carried out in hydrogen-natural gas hybrid fuel diffusion flames to study the effects of
hydrogen addition on jet flame structure [22]. Recently, the influence of hydrogen injection
on CO, HC, and CO, emissions in hydrocarbon fuelled gas turbine combustor was
investigated and the reduction of these emissions was attributed to hydrocarbon fuel

substitution and chemical kinetics [23]. The above mentioned studies mainly concentrated



on the effects of hydrogen addition on the global performance of gas turbine combustors or jet
flames and the resultant pollutant emissions. None of the studies has focused on the effect

of chemical kinetic of blended fuels on flame stability and pollutant emissions.

1-2 Motivation

In order to understand the effect of chemical kinetics of hydrogen blended fuels on flame
stability and pollutant emissions, laminar jet flames or counterflow (opposed) flames were
frequently employed for such a study [24], due to its experimental simplicity and exclusion of
complex turbulence-chemistry interactions. The effect of hydrogen and methane addition on
the propagation and extinction of atmospheric CO/air flames was investigated experimentally
and numerically [25]. Effects of pressure and dilution on the extinction of nonpremixed
hydrogen-air were also experimentally and computationally studied [26]. Both studies have
used counterflow, twin-flame and laser-Doppler velocimetry (LDV) techniques for the
determination of laminar flame speeds and extinction strain rates. The simulations were
conducted by using the one-dimensional flame code with detailed transport model and C,
chemistry.  Further experimental and numerical study of the strain-rate effects on
hydrogen-enhanced lean premixed methane/air flames was reported [27]. Again, LDV and
1-D flame code were respectively employed for strain rate measurements and for numerical
predictions, while sampling quartz microprobe was used for major species concentration
measurements. Computational studies using a modified version of OPPDIF code [28] and
using direct numerical simulation [29] were performed to investigate the effects of hydrogen
addition on flame stability and pollutant formation of stretched methane/air premixed flames.
The influence of hydrogen addition on the response of lean premixed methane flames to high
strained flows was also experimentally and numerically investigated using LDV and 1-D
flame code, respectively [30]. Experimental and numerical studies on the extinction limits
of counterflow premixed and nonpremixed methanol and ethanol flames were reported
recently [31].

Literature survey indicates that previous studies mainly concentrated on the
characteristics of Hy/CHa/air combustion. Little attention has been paid to the combustion
characteristics of reforming fuels such as H»/CH4/CO/air, which are the major constituents of
biomass fuels. In addition, experimental studies were focused on the velocity derived
laminar flame speed and strain rate measurements. A few of temperature and species
concentration measurements [22, 30] has been made. Thereby, comparisons of experimental
results with numerical predictions were limited to the effect of hydrogen addition on the flame
stability. No detailed comparison of measured thermochemical flame structures with model
predictions has been reported to elucidate the effect of hydrogen addition on chemical kinetics,
laminar burning velocity, and flame structures of reforming fuels and to valid the combustion
models for future applications. This motivates the needs to thoroughly investigate these

issues.



1-3 Objective

The objective of this research is to study the key combustion characteristics of reforming
fuels that could be used as a short term solution to the immediate need for CO, and NOy
reductions, and provides a transitional strategy to a carbon free energy system in the future.
The main focus of the present study is to thoroughly investigate the detailed laminar burning
velocity, flame stability limits, flame structures, and chemical kinetics mechanisms of blended
fuels (Ho/CH4/CO) through experimental measurements and numerical simulations. Direct
photograph of the flame, chemiluminescence emission of OH*, and laser-induced
predissociative fluorescence (LIPF) of OH techniques are employed to determined the flame
front position. Flame temperatures are measured by thermocouple. Particle imaging velocity
(PIV) technique is used to measure the flowfield velocity. While the PREMIX and OPPDIF
codes from CHEMKIN Collection 3.5 in conjunction with GRI-Mech 3.0 chemical kinetic
mechanisms as well as detailed transport properties are used for laminar burning velocity,

flame structure, and chemical kinetic structure calculations.



CHAPTER 11l
METHODOLOGY

2-1 Experimental Methods

The experimental setup is schematically shown in Fig. 1. The opposed-jet burner consists of
two water cold, well-contoured circular nozzles (i.d. = 2 cm) with slow coaxial shielding
flows (Fig. 1a). Two premixed CH4/CO/air jets are directed towards each other to form two
symmetrical, planar flames. Both premixed flames are operated at the fixed stoichiometric
condition while the volumetric concentration of CO is varied from 0 to 100% in the blended
fuel. The separation distance between two nozzles is 2 cm and the bulk velocity at each jet
exit is maintained at 1 m/s for the present study. Research-grade fuels and compressed air are
metered by electronic mass flowmeters and mixed in a mixing chamber prior to the
opposed-jet burner. The compressed air is filtered and dried by using a refrigeration dryer,
and the dew point can be reduced to —20°C. The flame is shielded from ambient air by a
nitrogen coaxial flow with low velocity, which is controlled using a rotameter. The
uncertainties of the rotameter for coaxial nitrogen stream and mass flowmeters for methane
and carbon monoxide are £2.5% and *£1.0% of full scale, respectively. The experimental
conditions and corresponding net heating values of mixtures and adiabatic flame temperatures
of the premixed stoichiometric CH4/CO/air opposed-jet flames are listed in Table 1. Note that
the adiabatic flame temperature is calculated under the unstrained condition and it increases
with the CO content in the fuel mixture. Moreover, in order to clarify the effect of molecular
diffusion of in the stretched flame with different molecular weights, the Lewis numbers,
which are defined as the ratio of thermal diffusivity and mass diffusivity for the mixture of
methane, carbon monoxide and oxygen, are also shown in Table 1. In experiments, the
non-intrusive particle image velocimetry (PIV) and qualitative laser-induced predissociative
fluorescence (LIPF) of OH imaging are applied to measure the flow velocity and flame front
position, respectively. The visible flame features are obtained using a high sensitivity 3-chip
color CCD camera (Sony DXC-9000) and digitized by the frame grabber for further digital
image processing to identify the flame front position. An R-type (Pt/Pt—13Rh) thermocouple
with 25 pm wire diameter is used to measure the flame temperature. BeO and 10-15% Y,0;
coating is applied to eliminate catalytic reactions induced by platinum in the flame [32]. The
measured temperature in the flame is corrected for radiation heat loss by assuming a spherical
thermocouple bead [33, 34].

The PIV system including two Nd:YAG lasers and optics is shown in Fig. 1b. The laser
beams from the two lasers are aligned with the optics through two polarizers and a wave plate.
The resulting beam is then expanded by three cylindrical lenses into a thin sheet of
approximately 0.7 mm thickness, which is actually measured on the projection screen. The
time interval of the PIV system is controlled by a pulse signal/delay generator. The fuel and

air streams are seeded with sieved fine Al,O; particles of sizes less than 10 um. A
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high-resolution, high-sensitivity, and low dark current camera (SharpVision 1300DE) is used
for image recording. This CCD, which is equipped with a progressive scan interline CCD
sensor, is especially suitable for PIV measurements. The image array has 1300 x 1030 pixels
but is limited to 1280 x 1024 pixels in practical use, and the pixel size is 6.7 um X 6.7 pm.
With the current optical arrangement the spatial resolution is 12.5 um/pixel. All images are
captured, digitized through a 16-bit digitizer, and recorded on the hard disk for further
analysis.

In order to control the exposure quality for flame measurements, an additional
mechanical shutter is added to the PIV system. The triggering sequence of the CCD, two
Nd:YAG lasers, and mechanical shutter is shown in Fig. 2. The delay time between two laser
pulses is 50 ps. For data processing, it is impractical to trace every particle displacement
between two sequential images; therefore, a statistical cross-correlation method is applied to a
group of particles in the interrogation window. An interrogation window with 32 x 32 matrix
is used to achieve a spatial resolution of 0.47 mm with fine quality in the resultant velocity
vector plots. In addition to direct photograph of flame features, laser-induced predissociative
fluorescence (LIPF) imaging of OH [35] is also employed to determine the flame front
position. A schematic diagram of LIPF imaging system is shown in Fig. 1c. A narrowband
tunable KrF excimer laser is used to excite the P2(8) rotational line of the A-X (3, 0)
transition at 4 = 248.46 nm. The laser beam is formed to a thin sheet of 34 mm height and 0.2
mm thickness by a single cylindrical lens ( /= 1000 mm); the sheet intersects vertically
through the burner axis. Only the 20 mm central portion of the laser sheet, where the laser
intensity is high and uniform, is used for the imaging. The OH fluorescence signal is imaged
onto an intensified CCD camera (576 % 384 pixels) with an UV camera lens (Nikkor, /= 105
mm, f74.5). A 10-mm thick butyl acetate liquid—filter and a narrow band-pass filter (296.7 +
12 nm) are placed in front of the camera to reject the Rayleigh light and other scattering
signals, respectively. The applications of the LIPF-OH imaging technique to hydrocarbon and
hydrogen jet flames have been reported previously [36, 37].

2-2 Numerical Methods

The adiabatic, unstrained, free propagation velocities of the laminar premixed
CH4/CO/air flames are calculated using the PREMIX code of Chemkin collection 3.5. On the
other hand, the flame structures of the premixed stoichiometric CH4/CO/air opposed-jet
flames are simulated using the OPPDIF package with the GRI-Mech 3.0 chemical kinetic
mechanisms [38] and detailed transport properties. For the opposed-jet flame calculations, the
computation domain and input parameters for each flame condition are in accordance with
experiments. The mixture temperature at the jet exit is set as 300 K. In flowfield computation,
the flow is reduced mathematically to one dimension by assuming that the radial velocity

varies linearly in the radial direction, which leads to a simplified form in which the flowfield



properties are functions of the axial distance only. The adaptive regridding method is applied
to solve the flame structure, and the grid independence of the solutions is achieved by tuning
the GRAD and CURYV parameters in the package. The number of grid lines is set to more than
400 for each case. The minimum grid dimension is approximately 0.1 pm, which is sufficient
to resolve the flame thickness and the steep temperature gradient.



CHAPTER 11l
RESULTS AND DISCUSSION

The discussion of the results is divided into two parts: the first part is for CH4/CO/air
flames and the second part is for the Hy/CH4/CO/air flames.

Premixed Stoichiometric CH4/CO/air Flames
3-1 Laminar Burning Velocity

The computed laminar burning velocities of the premixed CH4/CO/air flames under
various CH4/CO fuel compositions and equivalence ratios are shown in Fig. 3. Note that the
laminar burning velocity is calculated based on the “dry” oxidation condition, i.e., no water
vapor is present in the air. Fig. 3 shows that for a fixed fuel composition the maximum
burning velocity occurs on the rich side of stoichiometry. The maximum burning velocity
increases with increasing CO concentration in the fuel mixture, and it reaches its highest
value (77.43 cm/s) at ¢ = 1.9 of flame 11 (6% CHs—94% CO in the fuel mixture). It then
decreases as CO is further increased. For pure CO combustion, the calculated laminar burning
velocities are much less than those of the flames with CH, content in the fuel, and the
maximum burning velocity
(0.68 cm/s) occurs at ¢ = 1.2. The calculated results are in good agreement with those
predicted using the asymptotic model and simple reaction mechanisms for dry CO—-air flames
at p =1 atm and 7p = 300 K [39]. It is noted that for dry CO—-air flames, convergent solutions
are not obtainable for ¢ < 0.8 and ¢ > 2.2 and the cause of the decrease of burning velocity for
@ = 1.6-1.8 is not clear.

Comparison of the computed maximum burning velocities for different CO contents in
fuel is depicted in Fig. 4. The computed maximum laminar burning velocity increases
monotonically with increasing CO content in the CHs—air mixtures, and it reaches to a
maximum value (77 cm/s) at the condition of 94% of CO in fuel and then decreases rapidly as
CO is further increased. It can be seen that the calculated maximum burning velocities have
the same tendency with those measured by Scholte and Vaags [44].

In order to investigate the effect of fuel variations on the characteristics of blended fuel
combustion, the attention is focused on stoichiometric flames. The numerically calculated
laminar burning velocities are compared with results from the mixing rule of Spalding [41],
Payman and Wheeler [42], and the flame-temperature-based predictions proposed by
Hirasawa et al. [40]. Fig. 5 shows that for the stoichiometric flames the computed laminar
burning velocity increases monotonically with increasing CO content in the CHs—air mixtures,
and it reaches a maximum value (57.5 cm/s) at the condition of 80% of CO in fuel and then
decreases rapidly as CO is further increased. The laminar burning velocity of 20% CH4—80%
CO stoichiometric flame is about a factor of 1.5 higher than that of for the pure methane

flame. This fact suggests that the addition of an appropriate amount of CO to CHy—air



mixtures could increase the flame propagation and influence the chemistry and structure of
premixed CH4/CO/air flames. The results of mixing-rule methods, which are calculated based
on Spalding’s method [41], of Payman and Wheeler’s method [42], and
flame-temperature-based methods [40] show different trends from those of the numerical
simulations. Mixing rules predict a monotonic decrease of the burning velocities with
increasing CO content in the blended fuel, which contradicts the present numerical simulation
and previous experimental studies [44] as it reaches a maximum when CO is increased to
80% in the fuel mixture. Recall that the adiabatic flame temperature increases with an
increase in CO vol% in the fuel, from 2264 K at 10% CO to 2385 K at 96% CO (see Table 1).
The increase in flame temperature should, in principle, increase the burning velocity.
Therefore, it is clear that the mixing rule is not valid for laminar burning velocity predictions
in CH4/CO/air flames. The effect of CO variations on the laminar burning velocity will be

further discussed in Section 3.4.
3-2 Flame Appearance and Flame Front Position

Photographs of the premixed stoichiometric CH4/CO/air opposed-jet flames with
different CO volumetric contents in the CHs—air mixtures are shown in Fig. 6. Fig. 6a shows
that for 100% of CHy in fuel, two symmetrical, planar flames exist and the flames are blue in
color. When 10% of CO is added to the fuel, the postflame zone (region between two planar
flames) immediately becomes orange in color (Fig. 6b). The flame emission becomes bright
as the CO concentration is increased to 70% in volume (Fig. 6h). For the pure CO premixed
flame, the flame becomes silver-white in color around the center and blue near the edge of the
flame as shown in Fig. 6m. It is also noted that the separation distance between the two
symmetrical flames increases with increasing CO concentration. The separation distance
reaches a maximum value for flame 9 (Fig. 61) and then decreases as the CO concentration is
further increased. For the pure CO flame (Fig. 6m), the two symmetrical, planar flames
almost merge into a single flame. Fig. 6 indicates that the addition of CO to the CHy—air
mixtures changes the flame front position. The radiation from the post flame especially for the
cases with higher CO composition is induced from decomposition of metal carbonyls [46].
CO stored in high pressure cylinder results in contamination from iron pentacarbonyl as the
CO reacts with the iron content in the cylinder wall. According to prior papers, addition of
CO pentacarbonyl may affect studies on flame ignition and extinction phenomena. 50 ppm
iron pentacarbonyl addition may reduce laminar burning velocity of stoichiometric
methane—air flames by 20% [47]. In general, averaged concentration of iron pentacarbonyl in
CO from steel cylinder is about 869 ppb [48]. For experiments, semiconductor-grade CO
which has been filtered and stored in alumina cylinder is suggested to apply in further study in
the future. Fortunately, the contamination of iron pentacarbonyl does not seem to severely
affect flame stabilization locations of stretched flame.

In order to determine the flame front position, direct photograph and single-shot
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LIPF-OH imaging measurements are performed in premixed stoichiometric CH4/CO/air
opposed-jet flames. Fig. 7 shows the typical results for flame 4 using both techniques. The
flame front position (the distance from the nozzle exit) is defined at the location along the jet
axis where maximum flame luminosity or maximum OH intensity occurs. Comparison of the
measured and predicted flame front positions is shown in Fig. 8 to examine the effects of CO
contents on the flame structure and to validate the numerical predictions. For the opposed-jet
flames, the calculated flame front position is defined at the axial location of maximum
temperature gradient. Fig. 8 shows the good agreements between the measured and the
predicted results. It can be seen that the flame front position decreases with increasing CO
concentration, and it reaches to a minimum value at 80% of CO in the fuel and then increases
as CO is further increased. It is interesting to note that the profile of the variation of flame
front position with CO contents in the CHs—air mixtures (Fig. 8) looks like an inversion of the
laminar flame velocity profile (Fig. 5). Comparison of Figs. 5 and 8 indicates that flame 9
(20% CH4—80% CO) has the maximum laminar burning velocity and produces the shortest
distance from the nozzle to the flame front position as compared to the other flames studied.
The effects of CO variations on the flame speed and flame front position is closely related to
the chemical kinetics of the blended fuels. Therefore, four characteristic conditions identified
in Fig. 8 are selected to elucidate the effects of CO variations on the chemical kinetic

structures of the flames.
3-3 Temperature and Velocity Measurements

In addition to measurements of the flame front position for premixed stoichiometric
CH4/CO/air opposed-jet flames, temperature and velocity measurements are also performed.
Typical results for flame 2 (90% CH4—10% CO) and flame 10 (10% CH4s—90% CO) coupled
with numerical predictions of temperature and velocity are shown in Figs. 9 and 10,
respectively. For temperature measurements, due to the limitation of the R-type thermocouple
(~2040 K)) only the preheated and partial oxidation zones are measured. Fig. 9 shows that both
flames result in a similar temperature gradient, but the preheat zone for the higher CO
concentration in the fuel (flame 10) shifts closer to the nozzle exit and leads to a slightly
higher calculated flame temperature. The predicted flame temperatures are in good agreement
with the measured data for both flames.

Comparison of the measured and calculated axial velocities for flames 2 and 10 is shown
in Fig. 10. It can be seen that the PIV system is only capable of measuring the region from the
jet exit to the beginning of preheat zone, similar to that reported by Huang et al. [45]. In the
reaction zone, due to high temperature, the gas density decreases by nearly a factor of 7
leading to significant decrease of density and scattering cross-section of the seeding particles
in the PIV images [49]. Fig. 10 shows that the axial velocity decreases flame. In addition, the
model fairly predicts the measured data for both flames. Comparisons of the predicted flame

front position, temperature, and velocity with the measured data indicate that the numerical
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model can accurately predict the general flame characteristics. This, in turn, validates the
correct settings of the boundary conditions in the model and also shows the capability of the
combustion model and mechanism used for the current CH4/CO/air flame calculations. This
fact suggests that the model can be used for further analysis of the flame chemical structures

as the composition of the blended fuel is varied.

3-4 Chemical Kinetic Structures

In order to further understand the effect of the variation of blended fuel composition on
flame characteristics, detailed flame structures of four characteristic flames selected, as
indicated in Fig. 8, are examined. The profiles of the temperature, species mole fraction,
production rate, net reaction rate, and heat-release rate of the major elementary steps along the
jet axis are plotted in Figs. 11, 12, 13, and 14 for flames 1, 5, 9, and 12, respectively. In the
figures the dashed line indicates the axial location of the peak temperature gradient which
separates the preheat zone and the oxidation zone. Figs. 1la and 11b show that the
distributions of temperature, species mole fraction, and production rate are typical of
premixed stoichiometric methane flame. The production of CO is primarily from the
oxidation of CH4 and the CO oxidation starts after the CH4 has been consumed to a large
extent. Figs. 11c and 11d show the net reaction rate and the heat-release rate of major

elementary steps. The most significant reaction is the chain-branching reaction

H+O; < OH+O (R38)
followed by the OH attack on H2 through reaction

OH+H; « H + H,0 (R84)

to form the product H,O and to further build up the H radical pool. Both the reactions

OH+CH4 A CH3 + HZO (R98)
and
H +CH4 > CH3 + Hz (R53)

play an equivalent role in the dehydrogenation of methane in this premixed CH4/air flame,
but the reaction (R98) occurs slightly prior to the reaction (R53). The production of the

intermediate CO is mainly from the reactions

O+CH; - H+H,+CO (R284)
and
0, + HCO < HO, + CO (R168)

The oxidation of CO is mainly through reaction

OH + CO < H + CO, (R99)
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and its rate is slow until the CH4 has been consumed through (R98) and (R53) to a large
extent. Fig. 11d indicates that the major contributions to the positive heat release are the

reactions, including

O+ CH; < H + CH,0 (R10)
O+ CH; — H+H, + CO (R284)
OH + H, & H+ H,0 (R84)
OH + CH, < CH; + H,0 (R98)
OH + CO < H + CO, (R99)
0, + HCO « HO, + CO (R168)
OH + CH,0 < HCO + H,0 (R101)
H + CH,0 < H, + HCO (R58)
HO, + H <> OH + OH (R46)

The major negative contributors are (R38), (R166), and (R167). The major reaction steps
discussed in this paper are summarized in Table 2.

Fig. 12 shows the axial variations of calculated variables for flame 5 (60% CH4—40%
CO). As 40% of CO is added to the fuel mixture, several noticeable features are observed.
The oxidation of the additive CO does not occur during the methane oxidation stage in which
intermediate CO is also produced. The CO mole fraction keeps increasing up to the point
where the OH pool reaches approximately a maximum, and a gradual consumption starts.
This result is also in agreement with the finding of Ref. [25]. In addition, Fig. 12c indicates
that the intermediate CO is mainly produced through reactions

O+CH; - H+H,+CO (R284)
and
0, +HCO < HO, + CO (R168)

which follow the CH4 dehydrogenation reactions (R98) and (R53). Finally, the rate of CO
oxidation (R99) not only increases significantly but also contributes to a significant amount of
heat-release (Fig. 11d) as compared to the premixed pure methane flame (flame 1).

Fig. 13 shows similar axial variations of calculated variables for flame 9 (20% CH4—80%
CO). As the volume fraction of CO increases to 80% in the fuel mixture, the CH4 mole
fraction drops sharply across the maximum temperature gradient, but the CO is decreasing
gradually due to the accompanied production of the intermediate CO from methane oxidation.

However, the dominant chemistry of this flame, unlike that of flames 1 and 5, shifts toward
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the CO kinetics. It can be seen from Fig. 13c that in the preheat zone, the rate of reaction
HO, + H < OH + OH (R46)

for OH production and the rate of reaction (R99) for CO oxidation exceed that of reactions
(R98) and (R53) for the dehydrogenation of methane. Therefore, in the preheat zone, the OH
radicals react with CO through a faster reaction rate compared to that of methane oxidation
and hence, results in a faster CO consumption rate (Fig. 13b). In the oxidation zone, the large
amount of OH produced from reaction (R38) is mainly for CO oxidation reaction, though the
dehydrogenation of methane through reaction (R98) is still very active. Thus the reaction
(R99) almost dominates the overall reaction rate (Fig. 13c) and contributes most of the
positive heat-release in the preheated and oxidation zones (Fig. 13d).

As the concentration of CO is further increased to 96%, the calculated axial distribution
of variables is shown in Fig. 14 for flame 12 (4% CH4—96% CO). For such a large amount of
additive CO in the fuel mixture, the CH4 chemistry plays only a minor role in the overall
reaction as evident by the consumption rates of CH4 and CO (Fig. 14b). Fig. 14c also shows
that the rate of methane dehydrogenation reactions (R98) and (R53) is much less than the rate
of OH production reactions (R38) and (R46). The produced OH radicals accelerate the CO
oxidation through reaction (R99) which contributes to the overall heat release of this flame.

Comparison of the computed chemical kinetic structures reveals that for a fixed
stoichiometry of the CH4/CO/air flame, the flame temperature and the reaction rate of reaction
(R99) increase with increasing CO content in the fuel mixture; and they reach a maximum
value at 80% of CO in the fuel and then decrease beyond this fuel mixture. Moreover, the
overlap of heat release rate distributions of reaction (R10), reaction (R284), and reaction (R99)
in Fig. 13d imply that higher heat release density is found at reaction zone when 80% of CO
is added in the fuel. These facts suggest that the reactions which have high heat release rate
and CO consumption rate (R99) play an important role in affecting the heat release behavior
and the laminar burning velocity as the CO content in the fuel is varied. Sung et al. [24]
reported that the increase in the laminar flame speed with CO addition to n-C4H;¢/air flames
results from changes in the adiabatic flame temperature (thermal effect) and from an increase
in active radicals during combustion (chemical effect). They found that the laminar flame
speed increases linearly with the amount of CO addition and the thermal effect on the laminar
flame speed is more significant than the chemical effect with CO addition for rich and lean
mixtures. They also explained that the effect of CO addition is thermal in nature which is
based on the findings of Vagelopoulos and Egolfopoulos [25] that the added CO will not react

until most of the hydrocarbon species have been consumed.

3-5 Sensitivity Analysis
To interpret the influence of chemical reaction effect on the flame phenomena of

CH4/CO/air premixed flame, the first-order sensitivity coefficients of selected reactions with
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respect to the reaction rate constants for CH4 and CO are calculated and shown respectively in
Fig. 15. It can be seen that the sensitivities of (R53) and (R98) become lower as the
concentration of CO is increased. For CO, the oxidation of CO is mainly through (R12) (dry
oxidation step) and (R99) (H atom assisted step). The sensitivities of (R12) and (R99) become
higher and lower respectively as the concentration of CO is increased in fuel mixture. In
addition, the oxidation of CO is dominated by (R12) as the concentration of CO is higher than
80% in fuel mixture. The reactions (R166) and (R167), which are the main reaction process of
CO production in CH4 oxidation, become less important when CO concentration is increased.
According to the results shown in Figs. 12—-15, the laminar burning velocity is depends on
heat release rate of (R10), (R284) and (R99) and their spatial distribution. When
concentration of CO is increased, heat release rate contributed from (R99) is increased and
becomes comparable to that from (R10) and (R284) in Fig. 13d when the laminar burning
velocity reaches a maximum. As the concentration of CO is higher than 80%, due to
insufficient H atom in flame, the oxidation of CO is dominated by dry oxidation step (R12)
which has a lower heat release rate and leads to a slower reaction. This suggests that the
insufficient amount of H atom, due to the limited amount of CHy in the fuel, decelerates the
reaction of (R99), generates less heat release and hence results in a significantly decrease of
laminar burning velocity. Reviewing the adiabatic flame temperatures and net heating value
listed in Table 1 and results shown in Fig. 5, it becomes clear that the variations of laminar
burning velocity for such kind of blended fuels can not be determined solely based on
adiabatic flame temperature. This fact suggests that the concept of pure thermal effect [50] on
the laminar burning velocity is not applicable for blended stoichiometric CH4/CO/air flames.
This finding seems contradictory to the conclusion made by Sung et al. [50] that the effect of
CO addition on the laminar burning velocity is thermal in nature. However, a detailed
examination of the results of Sung et al. [50] reveals that the thermal effect is more significant
for rich and lean n-C4H;¢/CO/air flames, whereas the chemical effect is more significant for
stoichiometric flame at atmospheric pressure condition. On the other hand, the Lewis numbers
of methane, carbon monoxide, and oxygen almost remain constant for different cases in this
study. Hence, it also suggests that the effect of Lewis number on the temperature and laminar
burning velocity of stretched flame in the present study could be minor. In summary, we find
that the effect of CO addition on the laminar burning velocity of the stoichiometric
CH4/CO/air flames is most likely dominated by the chemical effect of the transition of
dominant reaction steps. This, in part, explains the failure in prediction of laminar burning

velocity using the flame-temperature-based mixing rules.
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Premixed Stoichiometric H,/CH./CO/air Flames
3-6 Adiabatic Flame Temperature

For premixed stoichiometric H,/CH4/CO/air flames, the experimental conditions are
shown in Table 3. The effect of H, addition on the adiabatic flame temperatures of premixed
stoichiometric Hy/CH4/CO/air flames is shown in Fig. 16. The adiabatic flame temperatures
are calculated using the STANJAN code [51]. It can be seen that the adiabatic flame
temperature increases with increasing H, concentration in the Ho/CH4/CO fuel mixture. For a
fixed H, concentration the adiabatic flame temperature increases with increasing CO content
in the CH4/CO fuel ratio and it reaches to a maximum value when CO is increased to 100%.
However, the maximum adiabatic flame temperature does not increase significantly with
increasing H, concentration when the fuel is a purely stoichiometric H»/CO mixture. This fact
suggests that at stoichiometric condition the effect of H, addition on the adiabatic flame

temperature is lager for the H,/CH4 flames than for the Ho/CO flames.
3-7 Laminar Burning Velocity

The computed laminar burning velocities of the premixed stoichiometric H,/CH4/CO/air
flames under various H,/CH4/CO fuel compositions are shown in Fig. 17. Note that the
laminar burning velocity is also calculated based on the “dry” oxidation condition, i.e., no
water vapor is present in the air. Fig. 17 shows that with 0% of H; in the fuel mixture, the
laminar burning velicity increases with increasing CO content in the CHy-air mixture, and it
reaches to a maximum value (55 cm/s) at the condition of 80% of CO in fuel and decreases
rapidly as CO is further increased.

When 10% of H; is added to the fuel mixture, the laminar burning velocity is increased,
especially for the condition of 100% of CO in the CH4/CO mixture. Note that the burning
velocity has increased from near zero for the pure CO flame to a value of 46 cm/s for the 10%
H,—(100% CO+0% CH,) flame. In addition, the increase of H, content in the blended fuel not
only increases the burning velocity, but also shifts the maximum burning velocity form that
occurred at the condition of 10% H,—~(85% CO+15% CHy) to 50% H,—(100% CO+0% CHy).
Comparison of Figs. 16 and 17 indicates that the adiabatic flame temperature and laminar
burning velocity are not only infuenced by the content of H,, but also by the CO
concentration in the fuel mixture. This fact suggests that further investigations of the flame
and chemical kinetic structures of the premixed stoichiometric Ho/CH4/CO/air flames are

needed.

3-8 Flame Appearance and Flame Front Position
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Photographs of the premixed stoichiometric Ho/CH4/CO/air opposed-jet flames with 0%,
10% and 20% of H, and various CO contents in the fuel mixture are shown in Fig. 18. Fig. 18
shows that for 0% of H; in fuel, the flame appearences are similar to those previously shown
in Fig. 6. When 10% and 20% of H, are added to the fuel mixture, the overall flame
appearences are similar to those of pure CH4/CO/air flames except for the case of 100% CO
in fuel. At low CO concentrations (< 10%), two symmetrical, plannar flames exist and the
flames are blue in color. As the CO concentration is increased, the postflame zone (region
between two plannar flames) immediately becomes orange in color and extends in lateral
direction. It is noted that the separation distance between two symmetrical flames increases
with increasing CO concentration. The separation distance reaches to a maximum value at the
conditions of 90% CO-10% CH4 and 94% CO-6% CH,4 for 10% and 20% of H, additions,
respectively. Fig. 18 also indicates that the increase of H, addition to the CH4/CO/air mixtures
increases the separation distance and changes the flame front position.

In order to determine the flame front position, direct photographs of the premixed
stoichiometric Ho/CH4/CO/air opposed-jet flames are performed. The flame front position
(the distance from the nozzle exit) is determined at the location along the jet axis where
maximum flame luminosity occurs. Comparison of the measured and predicted flame front
positions is shown in Fig. 19 to examine the effects of H, and CO contents on the flame
structure and to validate the numerical predictions. For the opposed-jet flames, the calculated
flame front position is defined at the axial location of maximum temperature gradient. Fig. 19
shows the good agreements between the measured and the predicted results. It can be seen
that for 0%, 10%, and 20% of H, additions the flame front position decreases with increasing
CO concentration, and it reaches to a minimum value at 80%, 90% and 94% of CO in the
CH4—CO fuel and then increases as CO is further increased. It is interesting to note that the
profile of the variation of flame front position with CO contents in the H,/CH4/CO/air
mixtures (Fig. 19) looks like an inversion of the laminar flame velocity profile (Fig. 17).
Comparison of Figs. 17 and 19 indicates that 0% H,—20% CH4—80% CO, 10% H>-9%
CH4+-81% CO, and 20% H»4.8% CH4+75.2% CO flames have the maximum laminar
burning velocity and produce the shortest distance from the nozzle to the flame front position
as compared to the other flames studied. The effects of H, and CO variations on the flame
speed and flame front position are closely related to the chemical kinetics of the blended

fuels.
3-9 Temperature Measurements

In addition to measurements of the flame front position for premixed stoichiometric
H,/CH4/CO/air opposed-jet flames, temperature measurements are also performed. Typical
results for 0%, 10%, and 20% of H, additions with various CO and CH4 contents coupled

with numerical predictions of temperature are shown in Fig. 20. For temperature
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measurements, due to the limitation of the R-type thermocouple (~2040 K) only the preheated
and partial oxidation zones are measured. Fig. 20 shows that for 0% of H, addition, four
flames result in a similar temperature gradient, but the preheat zone for the 80% CO-20%
CH,4 flame shifts closest to the nozzle exit and leads to a slightly higher calculated flame
temperature. When 10% and 20% of H, are added to the fuel mixture, the preheated zone
closest to the nozzle exit occurs at the condition of 90% CO-10% CHy4 and 94% CO—-6% CHs,
respectively. The predicted flame temperatures are in good agreement with the measured data

for all the flames measured.

3-10 Chemical Kinetic Structures

In order to understand the effect of H, addition and the variation of CHs and CO fuel
compositions on flame characteristics, detailed flame structures for the premixed
stoichiometric H,/CH4/CO/air flames are examined. The chemical kinetic structures of
CH4/CO/air flames with various CO contents in fuel have been presented in previous section
and shown in Ref. [51]. Here we only present the calculated results for 10% H, with 10%
CO-90% CHy, 50% CO-50% CHi, 80% CO-20% CHi, 90% CO-10% CHs, and 98%
CO-2% CH4 in CH4/CO fuel and 20% H, with 10% CO-90% CHas, 50% CO-50% CHa, 80%
CO-20% CHa, 94% CO—-6% CHai, and 98% CO-2% CH4 in CH4/CO fuel. The profiles of the
temperature, species mole fraction, production rate, net reaction rate, and heat-release rate of
the major elementary steps along the jet axis are plotted in Figs. 21-25 and 26-30 for 10%
and 20% H,, respectively. In the figures the dashed line indicates the axial location of the
peak temperature gradient which separates the preheat zone and the oxidation zone. It can be
seen form Figs. 21a, 22a, 26a and 27a that when the CO concentration in fuel is low (10% and
50%) the production of H, and CO is primarily from the oxidation of CH, and the H, and CO
oxidations start after the CH4 has been consumed to a large extent. The production of H,O is
prior to that of CO,. As the volume fraction of CO increases to 80% in the fuel mixture (Figs.
23a and 28a), the oxidation of Hj starts slightly earilier than that of CH4 and CO. The CHy
mole fraction drops sharply across the maximum temperature gradient, but the CO is
decreasing gradually due to the accompanied production of the intermediate CO from
methane oxidation. However, the dominant chemistry of these flames, unlike the 10% and
50% CO flames, shifts toward the CO kinetics. When the concentration of CO is increased to
90% (Fig. 24a) and 94% (Fig. 29a), the oxidation of CH4 and CO occurs almost at the same
time. Similar behavior is observed for the production of H,O and CO,. The CH4 chemistry
plays only a minor role in the overall reaction as evident by the consumption rates of CH4 and
CO (Figs. 24c and 29c). As the concentration of CO is further increased to 98%, the dry
oxidation of CO becomes the dominant reaction in the flame.

Computed net reaction rates indicate that with H, addition, the reaction (R38) dominates

the overall reaction for the CO volume fraction less than 90%. The maximum reaction rate of
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R38 occurs at 20% H, and 80% CO. When the CO is increased to 90% and higher, the
reaction rate of R99 exceeds that of R38. The maximum reaction rate of R99 appears at the
condition where the maximum laminar burning velocity occurs, i.e. at 10% H,—90% CO-10%
CH4 and 20% H,—94% CO—-6% CHs. The reaction rate of R84 is always higher than that of
R53 and R98, but its reaction location occurs later than R53 and R98 for CH4/CO/air flames.
When H, is added to the fuel, the reaction location of R84 shifts closer to that of R98. The
reactions (R84) and (R98) occur at the same location when the maximum burning velocity
also occurs. As the CO is increased to 98%, the reaction (R84) occurs before the reaction
(R98). When 20% of H; is added to the fuel, the reaction location of R84 is different from that
with 10% H, addition. The reactions (R84) and (R98) occur at the same location at 80% CO.
As the CO is increased to 94%, the reaction (R84) occurs before the reaction (R98) and its
rate is also higher in the preheated zone. It is noted that the addition of H, increases the
overall reaction rate, especially for the reactions (R38) and (R84).

Computed heat-release rates reveal that the major contributions to the positive heat
release are the reactions including R10, R284, R84, R98, R99, R168, R101, R58, and R46.
The major negative contributors are R38, R166, and R167. The contribution of heat release
from R99 increases with increasing CO content. It reaches to a maximum value at the
condition where maximum burning velocity occurs and then decreases as the CO is further

increased.
3-11 Sebsitivity Analysis

In order to understand the effect of H, addition on the reaction steps, the sensitivity
analysis with respect to temperature are made and shown in Figs. 31-33. Fig. 31 shows that
with 0% of H, addition, the sensitivity of (R38) is the highest for 10% CO-90% CH4 and
50% CO-50% CH,4 flames and it becomes lower as the CO is increased over 80%. When the
concentration of CO is larger than 80%, the oxidation of CO through R99 becomes the
dominant reaction. Figs. 32 and 33 also show similar results for 10% and 20% H, additions.
This fact suggests that the addition of H, does not affect the transition of dominant reaction
steps as that for CH4/CO/air flames.

3-12 Pollutant Emissions

The pollutant emissions of CO, NOy, and CO, are measured for the the premixed
stoichiometric Ho/CH4/CO/air flames. Fig. 34 shows that with 10% and 20% of H, additions
the CO emissions are lower than those without H, addition. And, as expected, the CO
emission increases with increasing CO content in the fuel mixture. Fig. 35 shows the
measured NO, emissions for flames with 0%, 10%, and 20% of H, additions. It can be seen
that with H, addition to the fuel the NOy emissions are higher than those without H, addition
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for the CO content in fuel mixture up to 80%. The flame with H, addition results in lower
NOy emissions than that without H, addition when the CO volume fraction is larger than 80%.
This could be due to the effect of the change of dominant reaction steps. In general, the
increase of H, in fuel would increase the adiabatic flame temperature, and hence, increase the
NOy emission. For the CO, emission, it increases with increasing CO content in fuel mixture
as shown in Fig. 36. The addition of H, (up to 30%) to the fuel mixture does not reduce the

CO, emission.
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CHAPTER IV
CONCLUSIONS

In the present study, the effect of H, and CO additions on the characteristics of
methane/air flames is examined systematically. The study is divided into two parts due to
thermophysical complexity of the blended fuel. The first part focuses on experimental
measurements and numerical simulations of the flame front position, temperature, and
velocity in the stoichiometric CH4/CO/air opposed-jet flames with various CO contents in the
fuel. While the second part concentrates on experimental and numerical studies of the
stoichiometric Hy/CH4/CO/air opposed-jet flames.

The laminar burning velocities of the CH4/CO/air flames under various equivalence
ratios and fuel compositions are firstly calculated using the PREMIX code of Chemkin
collection 3.5. Computed results show that for a fixed fuel composition the maximum burning
velocity occurs at the rich side of stoichiometry. The maximum burning velocity increases
with increasing CO concentration in the fuel mixture, and it reaches its highest value (77.43
cm/s) at ¢ = 1.9 (6% CH4—94% CO in the fuel mixture) and then decreases as CO is further
increased. The calculated results are also in good agreement with reported experimental data
[44].

In order to investigate the effect of fuel variations on the flame structure, stoichiometric
CH4/CO/air opposed-jet flames are examined in detail. Experimental measurements and
numerical simulations of the flame front position, temperature, and velocity under various
fuel compositions are performed. The flame structures are simulated using the OPPDIF
package with GRI-Mech 3.0 mechanisms and detailed transport properties. Computed results,
again, show that the laminar burning velocity increases monotonically with increasing CO
content in the CHy—air mixtures, and it reaches a maximum value (57.5 cm/s) at the condition
of 80% of CO in fuel and then decreases rapidly as CO is further increased. In contrast to
these results, the flame-temperature-based mixing rule predicts a monotonic decrease of the
burning velocities with increasing CO content in the blended fuel, indicating the invalidity of
the mixing rule for laminar burning velocity predictions in CH4/CO/air flames. Comparisons
of the predicted flame front position, temperature, and velocity with the measured data
indicate that the numerical model can accurately predict the general flame characteristics.
This, in turn, validates the correct settings of the boundary conditions in the model and also
shows the capability of the GRI-Mech 3.0 mechanisms for CH4/CO/air flame calculations.

Finally, the calculated chemical kinetic structures for flames 1 (100% CH4—0% CO), 5
(60% CH4—40% CO), 9 (20% CH4—80% CO), and 12 (4% CH4+—96% CO) are compared and
the key reactions that affect the flame structure and laminar flame speed are identified. For
flame 1, both reactions (R98) and (R53) play an equivalent role in the dehydrogenation of
methane in CHy4/air flame, the reaction (R98) occurs slightly prior to the reaction (R53). The
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production of the intermediate CO is mainly from the reactions (R284) and (R168). The
oxidation of CO is mainly through reaction (R99) and its rate is slow until the CH4 has been
consumed through (R98) and (R53) to a large extent. As 40% of CO is added to the fuel
mixture, the oxidation of the additive CO does not occur during the methane oxidation stage
in which intermediate CO 1is also produced. However, the rate of CO oxidation (R99)
increases significantly and contributes to a significant amount of heat-release as compared to
the premixed pure methane flame. As the volume fraction of CO is increased to 80% in the
fuel mixture, the chemistry of this flame shifts toward the kinetics of the additive CO.
Thereby, the reaction (R99) almost dominates the overall reaction rate and contributes to most
of the positive heat-release in the preheated and oxidation zones. As the concentration of CO
is further increased to 96%, the rate of methane dehydrogenation reactions (R98) and (R53) is
much less than the rate of OH production reactions (R38) and (R46). The produced OH
radicals accelerate the CO oxidation through reaction (R99) which still contributes to the
overall heat release to this flame even though reaction (R99) is not dominant. Comparison of
the computed laminar burning velocity, flame temperature, and CO consumption rate (R99)
reveals that the effect of CO addition on the laminar burning velocity of the stoichiometric
CH4/CO/air flames is due mostly to the transition of the dominant chemical kinetic steps.

For H,/CH4/CO/air flames, the addition of H, to the fuel mixture not only increases the
overall burning velocity, but also changes the characteristics of flame velocity. When 10%
and 20% of H; are added to the CH4/CO fuel mixture, the maximum laminar burning velocity
occurs at 90% CO-10% CHy and 94% CO-6% CHa, respectively. This is also confirmed by
experimental measurements of temperature and flame front position.

Computed chemical kinetic structures indicate that with H, addition, the reaction (R38)
dominates the overall reaction for the CO volume fraction less than 90%. The maximum
reaction rate of R38 occurs at 20% H, and 80% CO. When the CO is increased to 90% and
higher, the reaction rate of R99 exceeds that of R38. The maximum reaction rate of R99
appears at the condition where the maximum laminar burning velocity occurs, i.e. at 10%
H,—90% CO-10% CH4 and 20% H,—94% CO—-6% CHa. The reaction rate of R84 is always
higher than that of R53 and R98, but its reaction location occurs later than R53 and R98 for
CH,4/CO/air flames. When H; is added to the fuel, the reaction location of R84 shifts closer to
that of R98. The reactions (R84) and (R98) occur at the same location when the maximum
burning velocity also occurs. As the CO is increased to 98%, the reaction (R84) occurs before
the reaction (R98). When 20% of H, is added to the fuel, the reaction location of R84 is
different from that with 10% H, addition. The reactions (R84) and (R98) occur at the same
location at 80% CO. As the CO is increased to 94%, the reaction (R84) occurs before the
reaction (R98) and its rate is also higher in the preheated zone. It is noted that the addition of
H; increases the overall reaction rate, especially for the reactions (R38) and (R84). The major
contributions to the positive heat release are the reactions including R10, R284, R84, R98,
R99, R168, R101, R58, and R46. The major negative contributors are R38, R166, and R167.
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The contribution of heat release from R99 increases with increasing CO content. It reaches to
a maximum value at the condition where maximum burning velocity occurs and then
decreases as the CO is further increased. Sensitivity analysis suggests that the addition of H,
does not affect the transition of dominant reaction steps as that for CH4/CO/air flames.
Pollutant emission measurements indicate that the addition of H, to the fuel mixture reduces
CO emission, but increases NOy emission due to increased flame temperature. In addition, the
addition of H, (up to 30%) to the fuel mixture does not reduce CO, emission for
stoichiometric H,/CH4/CO/air flames.

23



[10]

[11]

[12]

[13]

[14]
[15]

[16]

[17]

[18]

[19]

[20]

[21]

REFERENCES

Bureau of Energy, Ministry of Economic Affairs. http://www.moeaec.gov.tw/ecw.asp
IPCC, http://www.ipcc.ch

Energy Policy White Paper, Bureau of Energy, Ministry of Economic Affairs.
http://www.moeaec.gov.tw/policy/Energy WhitePaper/94/main/main.html

Demirbas, A., Global energy sources, energy usage and future development, Energy
Sources, 26, 2004, 191-204.

Demirbas, A., Potential Applications of Renewable Energy Sources, Biomass
Combustion Problems in Boiler Power Systems and Combustion Related
Environmental Issues. Progress in Energy and Combustion Science, 31, 2005,
171-192.

The President’s Hydrogen Fuel Initiative. http://www.hydrogen.gov./president.html
Quakernaat, J., Hydrogen in a global long-term perspective. Int. J. Hydrogen Energy,
20: 485-492 (1995).

Demirbas, A., Combustion characteristics of different biomass fuels. Progress in
Energy and Combustion Science, 30, 2004, 219-230.

Johnson, C. E., Neumeier, Y., Lieuwen, T. and Zinn, B. T., Experimental
Determination of the Stability Margin of a Combustor Using Exhaust Flow and Fuel
Injection Rate Modulations. Proc. Comb. Inst. 28: 757-763 (2000).

Neumeier, Y. and Zinn, B. T., Active Control of Combustion Instabilities with Real
Time Observation of Unstable Combustor Modes. AIAA-96-0758 (1996).

Lefebvre, A. H., Gas Turbine Combustion (2nd Ed.). Taylor & Francis, Philadelphia,
1999.

Grosshandler, W., Hamins, A., McGrattan, K. and Rao Charagundla, S. and Presser,
C., Suppression of a Non-Premixed Flame behind a Step. Proc. Comb. Inst. 28:
2957-2964 (2000).

Demayo, T. N., Miyasato, M. M. and Samuelsen, G. S., Hazardous Air Pollutant and
Ozone Precursor Emissions From a Low-NOx Natural Gas-Fired Industrial Burner.
Proc. Comb. Inst. 27: 1283-1291 (1998).

Kuo, K. K., Principles of Combustion. John Wiley and Sons, Inc., NY, 1986.

Hayashi, S., Yamada, H., Shimodaira, K. and Machida, T., NOx Emissions From
Non-Premixed, Direct Fuel Injection Methane Burners at High-Temperature and
Elevated Pressure Conditions. Proc. Comb. Inst. 27: 1833-1839 (1998).

Lieuwen, T. and Zinn, B. T., The Role of Equivalence Ratio Oscillations in Driving
Combustion Instabilities in Low NOx Gas Turbines. Proc. Comb. Inst. 27: 1809-1816
(1998).

Paschereit, C. O., Gutmark, E., and Weisenstein, W., Control of Thermoacoustic
Instabilities and Emissions an Industrial-Type Gas-Turbine Combustor. Proc. Comb.
Inst. 27: 1817-1824 (2000).

Karner, D. and Francfort, J., Low-Percentage Hydrogen/CNG Blend Ford F-150
Operations Summary. U.S. Department of Energy, FreedomCAR & Vehicle
Technologies, Advanced Vehicle Testing Activity, Report INEEL/EXT-03-00007~8
(2003).

Todd, D. M. and Battista, R. A., Demonstrated Applicability of Hydrogen Fuel for
Gas Turbines. Proceedings of Gasification 4 the Future, Noordwijk, The Netherlands,
(2000).

Chiesa, P., Lozza, G. and Mazzocchi, L., Using Hydrogen as Gas Turbine Fuel. J. of
Engineering for Gas Turbines and Power, 127: 73-80 (2005).

Schefer, R. W., Wicksall, D. M. and Agrawal, A. K., Combustion of
Hydrogen-Enriched Methane in a Lean Premixed Swirl-Stabilized Burner. Proc.

24



[22]

[23]
[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Comb. Inst. 29: 843-851 (2002).

Choudhuri, A. R. and Gollahalli, S. R., Intermediate radical concentrations in
hydrogen-natural gas blended fuel jet flames. Int. J. Hydrogen Energy, 29: 1293-1302
(2004).

Juste, G. L., Hydrogen injection as additional fuel in gas turbine combustor:
Evaluation of effects. Int. J. Hydrogen Energy, 31: 2112-2121 (20006).

Law, C. K. and Sung, C. J., Structure, aerodynamics, and geometry of premixed
flamelets. Progress in Energy and Combustion Science, 26: 459-505 (2000).
Vagelopoulos, C. M. and Egolfopoulos, Laminar Flame Speeds and extinction Strain
rates of Mixtures of Carbon Monoxide with Hydrogen, Methane, and Air. Proc.
Combust. Inst. 25: 1317-1323 (1994).

Papas, P., Glassman, I. And Law, C. K., Effects of Pressure and Dilution on the
Extinction of Counterflow Nonpremixed Hydrogen-Air Flames. Proc. Combust. Inst.
25: 1333-1339 (1994).

Ren, J.-Y., Qin, W., Egolfopoulos, F. F. and Tsotsis, T. T., Strain-Rate Effects on
Hydrogen-Enhanced Lean premixed Combustion. Combust. Flame, 124: 717-720
(2001).

Sankaran, R. and Im, H. G., Effect of Hydrogen Addition on the Flammability Limit
of Stretched Methane/Air premixed Flames. Proceedings of the Third Joint Meeting of
the U.S. Section of the Combustion Institute, (2003).

Hawkes, E. R. and Chen, J. H., Turbulent Stretch Effects on Hydrogen Enriched Lean
Premixed Methane-Air Flames. Proceedings of the Third Joint Meeting of the U.S.
Section of the Combustion Institute, (2003).

Jackson, G. S., Sai, R., Plaia, J. M., Boggs, C. M. and Kiger, K. T., Influence of H, on
the response of lean premixed CHs flames to high strained flows. Combust. Flame,
132: 503-511 (2003).

Seshadri, K., Counterflow Extinction of Premixed and Nonpremixed Methanol and
Ethanol Flames. Report, University of California Energy Institute, paper FSE007,
(2005).

Kent, J.H., A noncatalytic coating for platinum-rhodium thermocouple. Combust.
Flame 14:279-281 (1970).

Becker, H.A., Yamazaki, S., Entrainment, momentum flux and temperature in vertical
free turbulent diffusion flames. Combust. Flame 33:123-149 (1978).

Chao, Y.-C., Jeng, M.S., Behavior of lifted jet flame under acoustic excitation. Proc.
Combust. Inst. 24:333-340 (1992).

Andresen, P., Bath, A., GrOger, W., LUlf, H. W., Meijer, G., and ter Meulen, J. J.,
Laser-induced fluorescence with tunable excimer lasers as a possible method for
instantaneous temperature field measurements at high pressure: checks with an
atmospheric flame. Appl. Opt. 27, 365-378 (1988).

Cheng, T.S., Chao, Y.-C., Wu, D.-C., Yuan, T., Lu, C.-C., Cheng, C.-K., Chang, J.-M.,
Effects of Fuel-Air Mixing on Flame Structures and NOx Formations in Swirling
Methane Jet Flames.Proc. Combust. Inst. 27:1229-1237 (1998).

Cheng, T.S., Wu, C.-Y., Chen, C.-P., Li, Y.-H., Chao, Y.-C., Yuan, T., Leu, T.S.,
Detailed measurement and assessment of laminar hydrogen jet diffusion flames.
Combust. Flame 146:268-282 (2006).

Smith, G., Golden, D., Frenklach, M., Moriaty, N., Eiteneer, B., Goldenber, M.,
Bowman, C., Hanson, R., Song, S., Gardiner, W., Lissianski, V., Qin, Z., GRI-Mech
3.0, 1999, http://euler.me.berkeley.edu/gri_mech.

Rightley, M.L., Williams, F.A., Burning velocities of CO flames. Combust. Flame
110:285-297 (1997).

Hirasawa, T., Sung, C.J., Joshi, A., Yang, Z., Wang, H., Law, C.K., Determination of

25



laminar flame speeds using digital particle image velocimetry: binary fuel blends of
ethylene, n-butane, and toluene. Proc. Combust. Inst. 29:1427-1434 (2002).

Spalding, D.B., Fuel 35:347-351 (1956).

Payman, W., Wheeler, R.V., Fuel (London) 1:185 (1922).

Yumlu, V.S., Prediction of burning velocity of carbon monoxide-hydrogen-air flames.
Combust. Flame 11:190-194 (1967).

Scholte, T.G., Vaags, P.B., Burning vlocity of mixtures of hydrogen, carbon monoxide
and methane with air. Combust. Flame 3:511-524 (1959).

Huang, Y., Sung, C.J., Eng, J.A., Laminar flame speeds of primary reference fuels and
reformer gas mixtures Combust. Flame 139:239-251 (2004).

Williams, T.C., Shaddix, C.R., Contamination of carbon monoxide with metal
carbonyls: Implications for combustion research. Combust. Sci. Technol.
179:1225-1230 (2007).

Lask, G., Wagner, H.G., Influence of Additives on the Velocity of Laminar Flames.
Proc. Combust. Inst. 8:432—438 (1960).

Wyse, C., Vininski, J., Watanabe, T., Solid State Technol. 45 (2002) 125-129.
Schefer, R.W., Goix, P.J., Mechanism of flame stabilization in turbulent, lifted-jet
flames. Combust. Flame 112:559-574 (1998).

Sung, C.J., Huang, Y., Eng, J.A., Laminar flame speeds of primary reference fuels and
reformer gas mixtures. Combust. Flame 126:1699-1713 (2001).

R R B TR ROEE T L PR AR B
<~ iy 7128 LA L %2 (2010) -

26



Table 1 Experimental condition of the premixed stoichiometric CH4/CO/air opposed-jet
flames

*Net heating value Adiabatic flame

Fuel Mixture 3
Flame (MJ/nm”) temperature (K) Leo, Lecns Leco
CH, (vol%) CO(vol%) Air(vol%) (o=1) ¢=1)
1 100 0 90.49 3.4106 2258.3 1.08 0.89 N/A
2 90 10 89.80 3.4218 2263.8 1.08 0.90 1.02
3 80 20 89.00 3.4346 2270.2 1.07 0.90 1.02
4 70 30 88.06 3.4497 2277.6 1.07 0.90 1.02
5 60 40 86.95 3.4676 2286.2 1.07 0.90 1.03
6 50 50 85.61 3.4891 2296.5 1.07 091 1.03
7 40 60 83.96 3.5156 2308.8 1.07 091 1.03
8 30 70 81.89 3.5489 2323.8 1.07 0.92 1.03
9 20 80 79.20 3.5922 2342.6 1.07 0.93 1.03
10 10 90 75.57 3.6505 2366.8 1.07 094 1.04
11 6 94 73.74 3.6799 2378.6 1.07 094 1.04
12 4 96 72.72 3.6964 2384.8 1.07 0.95 1.04
13 0 100 70.41 3.7334 2398.9 1.07 N/A 1.04

*Net heating value: CH,=35.88MJ/nm’ ; CO=12.62 MJ/nm®

27



Table 2 Summary of the major reaction steps.

Reaction number Reaction step

R10 O + CH; & H + CH,O

R12 O+CO(+M) «CO; (+tM)
R38 H+0O, < OH+O0

R46 HO; + H <> OH + OH

R53 H+ CH4 < H, + CH;

R58 H + CH,0 < H, + HCO
R84 OH + H; < H+ H,O

R97 OH + CHj3 <> CHx(S) + H,O
R98 OH + CH4 < CHs + H,O
R99 OH+ CO < H+ CO,

R101 OH + CH,0 < HCO + H,0
R119 HO; + CH; <> OH + CH30
R166 HCO + H,O <> H+ CO + H,O
R167 HCO+M - H+CO+M
R168 0, + HCO < HO, + CO

R284 O+CH; - H+H,+CO
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Table 3 Experimental condition of the premixed stoichiometric H,/CH4/CO/air opposed-jet
flames.

H,/CO/CH4 Fuel mixture (vol%) CO/CH4 Fuel mixture Air (F/A)stoich
(vol%) (vol%)

H, CO CH4 CO CH4
0 0 100 0 100 90.49 0.1050
0 10 90 10 90 89.80 0.1136
0 50 50 50 50 85.61 0.1681
0 80 20 80 20 79.20 0.2626
0 85 15 85 15 77.53 0.2898
0 90 10 90 10 75.57 0.3232
0 94 6 94 6 73.74 0.3561
0 98 2 98 2 71.61 0.3964
0 100 0 100 0 70.41 0.4202
10 0 90 0 100 89.80 0.1136
10 9 81 10 90 89.09 0.1225
10 45 45 50 50 84.83 0.1788
10 72 18 80 20 78.56 0.2728
10 76.5 13.5 85 15 76.98 0.2991
10 81 9 90 10 75.14 0.3308
10 84.6 5.4 94 6 73.44 0.3616
10 88.2 1.8 98 2 71.50 0.3986
10 90 0 100 0 70.41 0.4202
20 80 0 100 89.00 0.1236
20 8 72 10 90 88.26 0.1330
20 40 40.0 50 50 83.96 0.1910
20 64 16 80 20 77.89 0.2839
20 68 12 85 15 76.40 0.3089
20 72 8 90 10 74.69 0.3388
20 75.2 4.8 94 6 73.14 0.3673
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Fig. 5. Comparison of the calculated laminar burning velocities with mixing rule predictions
for the stoichiometric CH4/COYair flames with various CO contents in the fuel mixture.
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Fig. 6. Photographs of the premixed stoichiometric CH4/CO/air opposed-jet flames (a): flame
1 (100%CH4—0%CO), (b): flame 2 (90%CH4—10%CO), (c): flame 3 (80%CH4—20%CO), (d):
flame 4 (70%CH4-30%CO), (e): flame 5 (60%CHs—40%CO), (f): flame 6
(50%CH4—50%CO0), (g): flame 7 (40%CH4—60%CO), (h): flame 8 (30%CH4—70%CO), (i):
flame 9 (20%CH4—80%CO), (j): flame 10 (10%CH4—90%CO), (k): flame 11
(6%CH4—94%CO0), (1): flame 12 (4%CH4—96%CO), (m): flame 13 (0%CH4—100%CO).
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Fig. 7. (a) Photograph and (b) LIPF-OH imaging for flame 4 (70%CH4-30%CO).
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Fig. 8. Comparison of the calculated and measured flame front position for premixed
stoichiometric CH4/CO/air flames.
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Fig. 12. Computed axial distributions of temperature, species mole fraction, production rate, net
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Fig. 15. The first-order sensitivity coefficients with respect to the chemistry reaction rate
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Fig. 17. Computed laminar burning velocity of the premixed stoichiometric H,/CH4/CO

flames with various H, and CO contents in the fuel mixture.
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Fig. 18. Photographs of the premixed stoichiometric H/CH4/CO flames with 0%, 10% and

20% of H, and various CO contents in the fuel mixture.
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Fig. 21. Computed axial distributions of temperature, species mole fraction, production rate,
net reaction rate and heat-release rate for 10%H,— (90%CH4—10%CO) flame.
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Fig. 22. Computed axial distributions of temperature, species mole fraction, production rate,
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Fig. 23. Computed axial distributions of temperature, species mole fraction, production rate,
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Fig. 24. Computed axial distributions of temperature, species mole fraction, production rate,
net reaction rate and heat-release rate for 10%H,— (10%CH4—90%CO) flame.
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Fig. 25. Computed axial distributions of temperature, species mole fraction, production rate,
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Fig. 26. Computed axial distributions of temperature, species mole fraction, production rate,
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Fig. 27. Computed axial distributions of temperature, species mole fraction, production rate,
net reaction rate and heat-release rate for 20%H,— (50%CH4—50%CO) flame.
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Fig. 28. Computed axial distributions of temperature, species mole fraction, production rate,
net reaction rate and heat-release rate for 20%H,— (20%CH4—80%CO) flame.
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Fig. 30. Computed axial distributions of temperature, species mole fraction, production rate,
net reaction rate and heat-release rate for 20%H,— (2% CH4—98%CO) flame.
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Fig. 31. The first-order sensitivity analysis with respect to temperature for premixed

stoichiometric CH4/COQair flames.
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Fig. 32. The first-order sensitivity analysis with respect to temperature for premixed
stoichiometric H,/CH4/COair flames (10% H>).
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Fig. 33. The first-order sensitivity analysis with respect to temperature for premixed
stoichiometric H/CH4/COair flames (20% H,).
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Fig. 34. The CO emission measurements for premixed stoichiometric Hy/CH4/COair flames
with various H; (0%, 10%, and 20%) and CO contents in fuel mixture.
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Fig. 35. The NOy emission measurements for premixed stoichiometric Hy/CH4/COair flames
with various H; (0%, 10%, and 20%) and CO contents in fuel mixture.
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Fig. 36. The CO; emission measurements for premixed stoichiometric Hy/CH4/COair flames
with various H; (0%, 10%, and 20%) and CO contents in fuel mixture.
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