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ARTICLE INFO ABSTRACT

Oxy-colorless distributed combustion is a novel combustion technique to achieve more uniform and controlled
thermal field, enhance flame stability, and reduce emissions including combustion noise. Colorless distributed
combustion (CDC) conditions was achieved through controlled entrainment of hot reactive gaseous species. This
allowed for reduction of oxygen concentration to provide improved mixture preparation for distributed com-
bustion with the reaction zone distributed across the entire volume of the combustor. In this study, oxy-colorless
distributed combustion was examined for fuel flexibility using different mixtures of methane and hydrogen
diluted with 10% each of N, and CO, to represent low heating value fuels. The oxidizer used was an 0,-CO,
mixture that eliminated the formation of NOx from the combustor. The evolved OH* chemiluminescence sig-
natures were recorded for various hydrogen concentrations in the fuel at equivalence ratios in the range of
0.6-0.9 under distributed combustion condition. At ® = 0.9, transition to CDC initiated at oxygen concentra-
tions of 17%, 19% and 21% for fuels having a hydrogen concentration of 60%, 50% and 40% (on volume basis),
respectively. Differences in transition point were attributed to higher flame speed associated with more hy-
drogen in the fuel. Gaseous fuel having high hydrogen concentration provided more distributed OH* flame
structures at lower oxygen concentration while the flame stability enhanced at higher oxygen concentration.
Oxy-colorless conditions provided only 10-30 ppm CO even at high oxygen concentration and high (0.9)
equivalence ratio. The results showed fuel flexibility from different heating value gaseous fuels having high
hydrogen content. The results provided very low CO emission and enhanced flame stability under oxy-colorless
distributed combustion for the low heating value fuels using 0,-CO, mixture as the oxidant.
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1. Introduction

Continuous increase in consumption of fossil fuels has caused
growing concerns on environment and climate issues. This challenge
dictates combustion scientists/engineers to seek novel combustion
methods to utilize fossil fuels at high combustion efficiency, and miti-
gate pollutants emission, including greenhouse gas emissions which
contribute to environmental harm and global warming. Oxy-fuel com-
bustion offers an alternative method to convert chemical energy in
fossil fuels to heat and electricity. During this process, carbon dioxide
and water vapor are produced as the primary combustion products. The
production of higher levels of CO, can be managed via carbon capture
and sequestration (CCS) technologies. Water is condensed out leaving
carbon dioxide, which can be captured, compressed to provide a su-
percritical fluid, then transported and stored [1]. Alternative methods
for the capture of carbon dioxide include, air-fired combustion with
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post-combustion CO, capture or gasification/combined cycle power
plants with pre-combustion CO, capture. Specific CCS technology ap-
plicable will depend on the prevalent technical and economic condi-
tions [1]. Suitability of oxy-fuel combustion with CO, capture offers a
good opportunity for fossil fuel combustion with simultaneous pollu-
tants reduction and higher efficiency. In oxy-fuel combustion technique
an 0,-CO, mixture is used as an oxidizer instead of air. In this way, the
nitrogen present in the product stream is eliminated, mitigating NOx
emission due to the absence of nitrogen in air.

Characteristics of oxy-fuel combustion are different compared to
conventional combustion in terms of flame temperature, flame speed,
and other flame characteristics. Flame temperature, for example, is
generally higher due to absence of free nitrogen which absorbs much of
the heat generated. Adiabatic flame temperature for oxy-fuel combus-
tion is higher than that of normal combustion which uses air as the
oxidizer. Higher flame temperature necessitates introduction of
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combustion products into the reactant stream to reduce peak flame
temperature and lower flame speed to support a stable flame under oxy-
fuel combustion [2]. Higher temperatures pose challenges from in-
creased flame speed in oxy-fuel combustion as compared to conven-
tional flames [3]. This requires one to use either higher inlet velocities
in the mixture, introduction of a non-reactive gas in order to handle the
excess heat, or some combination of the two to stabilize the flame.
Therefore, the reintroduction of combustion products, mostly CO, and
steam in oxy-fuel combustion, enables an increase in mixture velocity
and heat capacity to mitigate flame fluctuations and instabilities pre-
sent at high temperatures and flame speeds [4].

Many studies are reported in the literature on oxy-fuel combustion.
Galmiche et al. [4] investigated dilution effects of methane on laminar
flame speed under premixed conditions. They used several diluents and
concluded that adding diluents lowers flame speed. Nemitallah and
Habib [5] investigated oxy-fuel combustion of methane in a model gas
turbine combustor. They concluded that the flame stability was greatly
affected when the oxygen concentration in the oxidizer was reduced
below 25% and the flame extinguished below 21% oxygen concentra-
tion under all conditions. Heil et al. [6] examined the chemical effect of
CO,-methane combustion under oxy-flame conditions. The results
showed higher levels of CO for O,-CO, mixture than that for O,-N, case.
Ilbas et al. [7] used low calorific value syngases as fuel using pure
oxygen and compared the results with conventional combustion, using
normal air. They reported higher flame temperatures for all conditions
compared to the conventional air case. Williams et al. [8] conducted an
experimental study on the burning of fuels (pure methane, H,-rich and
H,-lean syngas mixtures) using air and O5-CO, mixtures as oxidizers.
They concluded that the presence of hydrogen in the syngas fuel mix-
tures yielded higher temperature flames [8]. Oxy-coal and biomass
combustion studies are also available [9-15]. In these studies, coal [9],
biomass/lignite blends [10], different types of pulverized biomass
[11,12], co-firing of biomass and coal [13,15] and coal and biomass
[14] were examined under different oxy-flame conditions. These stu-
dies concluded that oxy-fuel combustion highly affects the flame
characteristics, flame temperature and pollutants emission.

To mitigate pollutants emission and improve combustion efficiency,
some novel combustion techniques such as High Temperature Air
Combustion (called HiTAC), FLOX (Flameless Oxidation), MILD
(Moderate or Intense Low Dilution) combustion, and Colorless
Distributed Combustion (CDC) and Volume Distributed Combustion
(VDC) have been reported. Results on the operating range for different
fuels under MILD oxy-combustion conditions are reported [16]. Krish-
namurthy et al. [17] used an oxy-fuel burner under conventional and
flameless conditions. The results showed significant changes in tem-
perature distributions between predictions and measurements. Khalil
and Gupta [18] also conducted the experimental study under oxy-col-
orless distributed combustion conditions. They also investigated the
effect of colorless distributed combustion on flame signature [18-24],
emission [18-26], acoustic and heat release [27] and flow field
[28-30].

The available studies examined under MILD, FLOX, CDC or VDC
conditions primarily focus on combustion of methane or LPG fuels,
although other fuels (liquid and solid) have also been reported.
Challenges lie in the combustion of gaseous fuels having high hydrogen
content under oxy-fuel combustion, as the flame characteristics of the
hydrogen-blended gaseous fuels are much different, with greatly in-
creased flame temperature and flame speed for hydrogen enriched fuel
than methane. Therefore, utilization of the gaseous fuels containing
high hydrogen concentration is quite difficult under oxy-fuel combus-
tion so that gas turbine combustors and industrial burners must be
modified in order to burn hydrogen-containing fuels efficiently and
effectively with further consequences to the combustor, system and the
environment. CDC offers enhanced combustion stability while pro-
viding significantly lower pollutants emission without any modification
to the combustion system hardware. Through controlled entrainment of
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Fig. 1. A schematic diagram of the swirl-stabilized test combustor.

hot reactive species prior to ignition into the fresh mixture, the reaction
rate can be controlled to foster enhanced flame stability and mitigation
of flame flashback and combustion instability. The reaction zone in CDC
broadens over the entire volume of the combustor. Therefore, hy-
drogen-blended gaseous fuels can be utilized for industrial gas turbine
application even at near stoichiometric equivalence ratios due to mi-
tigation of hot spot zones and reduced air cooling requirements for the
combustor and turbine blades. This study examines several gaseous fuel
blends having different amounts of hydrogen and methane using a
swirl-stabilized burner under oxy-colorless distributed combustion
conditions. Mixtures of oxygen and carbon dioxide were used here as
the oxidizer. The effect of hydrogen amounts in the fuel was in-
vestigated for transition to CDC using OH* chemiluminescence diag-
nostics. The role of using various O»-CO, mixtures as the oxidizer in-
stead of air on CO emission was examined. The equivalence ratios
examined ranged from 0.9 to 0.6 that unraveled the role of oxidizer
dilution without reducing the oxygen concentration.

2. Experimental set-up

The combustor used is shown in Fig. 1; more details on the com-
bustor used can be found elsewhere [31]. The set-up included fuel and
oxidizer lines to feed gaseous fuels, air and/or O, + CO, mixtures to the
burner. The combustor section constituted of a quartz tube having an
internal diameter of 2.375 in. and a height of 7.874 in., which confined
the burner.

Bottled gases of methane, hydrogen, nitrogen and carbon dioxide
were used to prepare the desired fuel mixture. Compressed air, bottled
oxygen and carbon dioxide were used to prepare the oxidizer mixtures
necessary to achieve conventional or oxy-colorless distributed
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Table 1
Gaseous fuels used (% volumetric basis) and their properties.
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Fuel N, [%] CO, [%] H, [%] CHy4 [%] Calorific Value [kJ/m®] Total Volumetric Flow Rate [L/min]
Gaseous Fuel 1 10 10 50 30 ~16,140 12.0
Gaseous Fuel 2 10 10 60 20 ~13,640 14.3
Gaseous Fuel 3 10 10 40 40 ~18,640 10.5
Table 2 Oxy-Fuel
Experimental parameters. 0:=21% | 02=20%
Fuel Type  Equivalence Air [L/  Oxidizer Oxygen
Ratio min] Concentration ©=0.9
[02% CO, [L/min]  [%]
[L/
min] =0.8
Gaseous 0.9 53.95 N/A N/A 21
Fuel 1 N/A 11.3 29.87-49.30 27.5-19
0.8 60.69 N/A  N/A 21 =07
N/A 12.8 29.75-54.36  30-19
0.7 69.36 N/A  N/A 21
N/A 14.6  30.26-58.28 32.5-20
0.6 80.92 N/A N/A 21 O=0.6
N/A 17.0 31.55-56.90 35-23
Gaseous 0.9 52.94 N/A N/A 21 . . ) . . X )
Fuel 2 N/A 111 33.36-54.20 25-17 Fig. 3. OH* chemiluminescence signatures for gaseous fuel 1 at low intensity
0.8 5956 N/A  N/A 21 scale of 0-0.3.
N/A 125  32.95-61.03 27.5-17
0.7 68.07 N/A N/A 21 . . .
+
N/A 143 37.70-65.14 27.5-18 ﬁltef cente{'ed a.t 307 nm w.1th a FWHM of + 10 nm) that provided the
0.6 79.41 N/A  N/A 21 OH* chemiluminescence signatures. A gas analyzer was used to de-
N/A 16.7  44.00-66.72  27.5-20 termine concentrations of CO, CO, and O,. Carbon monoxide, in ppm,
Gaseous 0.9 5553 N/A  N/A 21 was determined by non-dispersive infrared absorption method. Oxygen
Fuel 3 N/A 11.7  27.21-43.86  30-21 concentration was determined by galvanic method that allowed cor-
0.8 62.48 N/A N/A 21 rections for CO emission at (standard) 15% oxygen concentration.
N/A 1.1 27.25-49.36  32.5-21 Repeatability of CO concentration measured was 0.5% of the full-scale
0.7 71.40 N/A  N/A 21 i
N/A 150  37.86-50.20 35-23 reading.
0.6 83.30 N/A N/A 21
N/A 17.5 32.48-52.47 35-25

combustion condition. Each line included flowmeters to monitor the
flowrates of fuel and oxidizer to the combustor. Laminar flow con-
trollers used for monitoring air and nitrogen flow rates had accuracy
of + 0.8% of the reading and + 0.2% of full scale reading that provided
an overall accuracy of 1.5% of the reading. Methane, hydrogen, carbon
dioxide and oxygen flowrates were also controlled by gravimetric flow
controllers having an accuracy of 1.5% of full scale.

Conventional and oxy-colorless distributed flame structures were
monitored using an ICCD (Intensified Charge-Couple Device) camera.
The camera was also coupled to a narrow band filter (UV interference

3. Experimental conditions

The combustion behavior of several gaseous fuels having different
concentrations of hydrogen and methane were examined in this study.
Concentration of carbon dioxide and nitrogen in the gaseous fuel were
kept the same for all the examined conditions. The hydrogen-enriched
gaseous fuels used along with their properties are presented in Table 1.

Normal air was used to establish the baseline oxidizer case for the
oxy-colorless distributed combustion. After which, the oxidizer was
changed to an 0,-CO, mixture for the oxy-colorless distributed com-
bustion condition. The oxygen concentration in the oxidizer was also
changed until reaching the flammability limits for the gaseous fuels
used. Table 2 presents experimental parameters for all the combustion

Oxy-Fuel

Air-Fuel
0,=21% 0,=32.5%
®=0.9
O=0.8
®=0.7
®=0.6

0,=27.5%

0,=25% | 0,=23% | 0:=21% | 0,=20% | O=19%

Fig. 2. OH* chemiluminescence for gaseous fuel 1 at an intensity scale of 0-1.
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Air-Fuel Oxy-Fuel
02=21% | 02=27.5% | 02=25% 0,=21% | 0,=20% |
=09 -
D=0.8 -
O=0.7 -
D=0.6 ---
0
Fig. 4. OH* chemiluminescence signatures for gaseous fuel 2 at an intensity scale of 0-1.
Oxy-Fuel Oxy-Fuel
0,=20% | 0=19% | 0=18% 0,=23% 0,=21%
®=0.9
0=0.8
©=0.7
. . ) ) . ©=0.6
Fig. 5. OH* chemiluminescence signatures for gaseous fuel 2 at a low intensity
scale of 0-0.3.

conditions at constant heat load, heat release intensity and mixture
temperature of 3.25kW, 5.7 MW/m®.atm and 300K (room tempera-
ture), respectively. Equivalence ratio of the fuel-oxygen was changed
from near stoichiometric (0.9) to fuel-lean mixture (0.6) condition.

4. Results and discussion
4.1. OH* chemiluminescence

Three different gaseous fuels having different volume fractions of
hydrogen and methane as well as nitrogen and carbon monoxide (to
obtain different low heating value gases) were utilized in the swirl-
stabilized combustor. The OH* chemiluminescence signatures for each
fuel were recorded, which provided the effects of fuel composition and
reduced oxygen concentration on flame transition to CDC condition.

Fig. 7. OH* chemiluminescence for gaseous fuel 3 at a low intensity scale of
0-0.3.

Table 3
NO emission (ppm) corrected to 15% O, concentration under normal air
combustion.

o =0.9 & =0.8 o =0.7 o = 0.6
Gaseous Fuel 1 8.7 3.5 1.8 1.2
Gaseous Fuel 2 8.9 7.4 7.1 6.9
Gaseous Fuel 3 12 4.5 2.6 1.5

Fig. 2 shows the effect of reduced oxygen concentration in the oxidizer
for gaseous fuel 1. The OH* chemiluminescence signatures obtained
with normal air (21% O,) for gaseous fuel 1 are given in the first
column in Fig. 2. The flame structure changed considerably with

Air-Fuel

Oxy-Fuel

02=21% | 02=35% | 02=32.5% | 0,=30%

o

02=27.5% | 02=25%

Fig. 6. OH* chemiluminescence signatures for gaseous fuel 3 at an intensity scale 0-1.
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Fig. 8. CO emission (ppm) corrected to 15% O2 concentration for gaseous fuel 1.
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Fig. 9. CO emission (ppm) for gaseous fuel 2.

change in oxidizer from normal air to 0,-CO, mixture. Similar ob-
servation was made in a previous study with oxy-colorless methane
combustion [18]. The oxygen concentration in the oxidizer was reduced
to the lower flammability limit at each equivalence ratio.

At high oxygen concentrations (and equivalence ratios) the flames
exhibited flame instabilities and flashback so that the OH* chemilu-
minescence are not reported under these higher oxygen concentration
conditions. Higher oxygen concentrations increased lower flammability
limits to allow examination at lower equivalence ratios. Thus a reduc-
tion in equivalence ratio enhanced flame stability at higher oxygen
concentration. The flame structures obtained from each condition
changed substantially with reduction in oxygen concentration in the
oxidizer. A reduction in the oxygen concentration provided a more
uniform OH* distribution over the entire reaction zone volume with the
captured flame images showing more distributed behavior. In order to
understand and determine the role of oxygen concentration at which
transitions to CDC occurred, OH* flame signals were also displayed at a
low intensity scale of 0-0.3 in Fig. 3. At ® = 0.9, for example, transition
to CDC started to occur at around 20% O, concentration. At 19% O,
concentration the flame stretched radially outwards to occupy a larger
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volume. At lower equivalence ratios similar behavior was observed
except for ® = 0.8. At reduced equivalence ratios transition to CDC
occurred much faster at higher O, concentrations. Further reduction in
oxygen concentrations caused the flame to approach blow-off condi-
tion. Note that at lower equivalence ratios, the flame was not always
present near the combustor walls due to much higher mixture velo-
cities.

Fig. 4 shows OH* chemiluminescence signatures captured for gas-
eous fuel 2 (with scale of 0-1) that reveal the onset of oxy-colorless
condition at reduced oxygen concentration. The flames obtained under
normal air conditions exhibited flame instabilities and flashback so that
the OH* chemiluminescence signatures are not reported for each
equivalence ratio under these conditions. Flame instabilities and
flashback occurred at higher oxygen concentrations since fuel 2 had
higher hydrogen content (60%) compared to the other fuels examined.
Flame behavior could be observed at oxygen concentration of 27.5% for
® = 0.8 to 0.6, but for ® = 0.9 only at oxygen concentration starting
at ~ 25%. The flame shapes captured exhibited radial broadening with
reduction in oxygen concentration in the oxidizer. Oxygen concentra-
tions at which transition to CDC occurred were approximately 17% for
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Fig. 12. CO emission vs. residence time for gaseous fuel 2.

® =0.9 and ® = 0.8 (Fig. 5). This is attributed to high hydrogen
concentration in the fuel with hydrogen having much higher flame
speed compared to methane. Similar results were reported in the pre-
vious study conducted by Khalil and Gupta [20]. For ® = 0.7 and 0.6,
similar flame shapes were observed for gaseous fuel 2, as with gaseous
fuel 1, due to higher mixture velocities.

Fig. 6 shows OH* chemiluminescence flame signatures for gaseous
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Fig. 13. CO emission vs. residence time for gaseous fuel 3.

fuel 3 which show significantly different behavior than gaseous fuels 1
and 2. The stable oxygen concentrations for each equivalence ratio
were higher than of gaseous fuel 1 and 2. These findings offer direct
value for fuel flexibility. Gaseous fuel 3 had greater methane con-
centration (40%) compared to the other fuels, which provided less
flame instabilities due to flashback at higher oxygen concentration;
however, at lower oxygen concentrations, flame instabilities were ob-
served near lean blow off limits. Reduction in oxygen concentration had
a strong effect on captured flame structures. Close examination of Fig. 7
reveals oxygen concentration at which transition to CDC occurred was
around 21% at @ = 0.9 and ® = 0.8. This observation is similar to that
reported in a previous study by Khalil and Gupta [18] that reported
more uniform combustion at oxygen concentrations of approximately
25% and 23% using methane (100%) as the fuel, but at lower heat
release intensity than reported here.

4.2. CO emission

NOx emission was not reported, except for conventional air condi-
tion case shown in Table 3, as there was no nitrogen in the oxidizer with
the oxy-fuel mixtures (i.e., using O,-CO, oxidizer and fuel mixtures).
Focus here was to understand the effect of reduced oxygen concentra-
tion on the CO emission along with the role of characteristic residence
time. The CO emission levels were corrected to 15% oxygen
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Fig. 14. Adiabatic flame temperature for gaseous fuel 1.
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Fig. 15. Adiabatic flame temperature for gaseous fuel 2.

concentration. Correlations between CO emission measured and char-
acteristic residence times were evaluated.

Fig. 8 shows the effect of reduced oxygen concentrations on CO
emission for fuel 1 at different equivalence ratios. CO emission levels
changed little at ® = 0.9, ® = 0.8 and ® = 0.7 with reduction in
oxygen concentration. In particular, at ® = 0.8 and ® = 0.7, CO levels
were around 10 ppm up until the lower flammability limits. Therefore,
it can be concluded that reduction in equivalence ratio provides neg-
ligible effect on CO emission at these equivalence ratios. However, one
can note that both reduction in the oxygen concentration and equiva-
lence ratio led to more CO levels due to increased mixture velocity.
Dissociation of CO5 to CO also contributed to CO emission from using
0,-CO, as the oxidizer.

The effect of reduced oxygen concentration on CO emission for
gaseous fuel 2 is given in Fig. 9. These results contrast with fuel 1,
revealing CO emissions to be generally higher than fuel 1 except at
higher oxygen concentrations and equivalence ratios. At ® = 0.9 and
® = 0.8, CO levels were in the range of 20-30 ppm at higher oxygen
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concentrations. However, CO emission increased slightly with reduc-
tion in oxygen concentration in the oxidizer. Note that fuel 2 had less
methane content and CO emission were higher for fuel 2 than fuel 1
(Fig. 8) and fuel 3 (Fig. 10). We conjecture that the high hydrogen
content in fuel 2 captured oxygen atoms in the oxidizer much faster
during the reaction, especially at lower oxygen concentrations and
equivalence ratios. Similar results on the presence of hydrogen at low
mixture temperature have been reported [20]. Carbon monoxide levels
for fuel 3 remained almost unchanged at reduced oxygen concentration
for all equivalence ratios examined. Therefore, it can be concluded that
similar hydrogen and methane concentrations in the fuel provides
negligible change in CO emission levels at reduced oxygen concentra-
tion in the oxidizer. The effect of reducing equivalence ratio had neg-
ligible effect on CO emission levels.

In order to explore further higher CO levels at lower equivalence
ratios and oxygen concentrations, the correlation between CO emission
and the characteristic residence time was calculated. The characteristic
residence time (t) can be expressed as [32]:
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Fig. 16. Adiabatic flame temperature for gaseous fuel 3.

(€8]

where, V is the volume of the reactor (m®) and Q is the volumetric flow
rate of the mixture (m3/s).

The characteristic residence time for each fuel was calculated using
Eq. (1) for conditions at ® = 0.7 and ® = 0.6. The correlations between
the measured CO emissions and calculated characteristic residence
times are presented in Figs. 11-13 for gaseous fuel 1, 2 and 3, respec-
tively. For fuel 1, at ® = 0.7 and 0.6, the CO emission decreased
slightly first, and then drastically increased with decrease in char-
acteristic residence time. Though a similar trend was observed for fuel
2, CO emissions increased with decrease in characteristic residence
time. This can be attributed to an increased presence of hydrogen in the
fuel. This can also be explained from Fig. 13 which shows the corre-
lation between measured CO levels and the characteristic calculated
residence times for gaseous fuel 3. For this fuel, at ® = 0.7 and
® = 0.6, as the oxygen concentration was reduced, CO emission de-
creased until 30% oxygen concentration, then began to increase
slightly, until near blow-off conditions wherein the CO levels increased
substantially.

4.3. Adiabatic flame temperature

Adiabatic flame temperature was calculated to examine the role of
reduced oxygen concentration on combustion behavior under dis-
tributed combustion condition. Chemkin-Pro [33] coupled with GRI 3.0
reaction mechanism [34] was used to determine the adiabatic flame
temperatures for the normal air combustion case and oxy-fuel cases.
The results are provided in Figs. 14-16 for gaseous fuels 1, 2, and 3,
respectively.

Adiabatic flame temperatures at the transition points to CDC for all
gaseous fuels at equivalence ratio of 0.9 having 19%, 17% and 21% O,
concentrations, respectively) were approximately 1585 K for gaseous
fuel 1, 1495K for gaseous fuel 2 and 1689 K for gaseous fuel 3. The
differences between the adiabatic flames temperatures under CDC
condition from the different fuels are attributed to differences in ca-
lorific value of the gaseous fuels used. The results showed that the
calculated adiabatic flame temperature decreased with reduction in
oxygen concentration and equivalence ratio for all the gaseous fuels
examined. The adiabatic flame temperature was approximately
20-30% lower under CDC condition as compared to normal air
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combustion case. This helps support the use of CDC, and also oxy-CDC,
at high equivalence ratios for industrial gas turbine applications which
suffers from high flame temperatures. High temperatures and hot spot
zones present from combustor operation near stoichiometric equiva-
lence ratio conditions are therefore alleviated using CDC.

5. Summary and conclusions

Oxy-colorless distributed combustion was examined here for fuel
flexibility and near zero emission. Three different gaseous fuels having
various hydrogen (40-60%) and methane concentrations (20-40%)
along with non-reactive species (10% each of N, and CO,) were utilized
in a swirl-stabilized combustor under oxy-fuel distributed combustion
condition. A mixture consisting of 05-CO, without N, was used as the
oxidizer for each gaseous fuel examined. Results are also reported using
air as the oxidizer, which provided a baseline case. OH* chemilumi-
nescence flame signatures for each fuel type provided the effect of re-
duced oxygen concentration in the oxidizer and fuel property on tran-
sition to CDC to reveal uniform distribution in the entire volume of the
combustor. OH* chemiluminescence signatures showed that peak signal
intensity reduced considerably for each gaseous fuel mixture with re-
duction in oxygen concentration in the oxidizer. At ® = 0.9, transitions
to CDC initiated at oxygen concentration of 19%, 17% and 21% for
gaseous fuel 1 (having 50% H,), fuel 2 (having 60% H,) and fuel 3
(having 40% H,), respectively. These findings are directly attributed to
the effect of hydrogen concentration in the fuel as hydrogen has higher
flame speed that enhances the propensity to flashback. The presence of
hydrogen in the fuel significantly affected transition to CDC without
any flash back. Furthermore, oxy-colorless conditions enabled en-
hanced flame stability during combustion of all the gaseous fuel ex-
amined with no instability or flame flash back. At lower equivalence
ratios, transition to CDC occured at higher oxygen concentrations.

The oxy-colorless conditions provided reduced CO emission; how-
ever, CO levels were somewhat higher at low equivalence ratios and
oxygen concentrations due to lower mixture residence times. For gas-
eous fuel 1, at ® = 0.8 and ® = 0.7, CO levels remained around 10 ppm
up until the lower flammability limits. CO values measured and cor-
rected for gaseous fuel 2 were around 20 ppm at higher equivalence
ratios. For gaseous fuel 3, the CO levels were 50 ppm at ® = 0.9 but
reduction in equivalence ratio reduced the CO to less than 20 ppm.
Lower residence time contributed to higher CO levels.
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The results reveal that there are many benefits of oxy-colorless
distributed combustion as a novel combustion method to achieve more
uniform thermal field, very low CO emission, good fuel flexibility and
no flame flash back or combustion instability. Oxy-CDC offers a bene-
ficial approach for oxy-fuel combustion for use in industrial gas tur-
bines, even at high (near stoichiometric) equivalence ratios. This
technique also enables enhanced flame stability, in particular, for fuels
having high hydrogen concentration. Oxy-colorless technique allows
use of different hydrogen content gaseous fuels to provide very low CO
emission and enhanced flame stability.
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