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Abstract: Strict regulations and acts have been imposed to limit NOx and carbon emissions. The
power generation industry has resorted to innovative techniques to overcome such a low level of
tolerance. Amongst those in the literature, CO2-argon-steam oxyfuel (CARSOXY) gas turbines have
theoretically been proven to offer an economically sustainable solution while retaining high efficiency.
Although theoretical studies have characterized CARSOXY, no experimental evidence has been
provided in the literature. Therefore, this paper attempts to experimentally assess CARSOXY in
comparison to a CH4/air flame. OH* chemiluminescence integrated with OH Planar Laser-Induced
Fluorescence (PLIF) imaging has been utilized to study flame stability and flame geometry (i.e.,
the area of highest heat intensity (AOHMax center of highest heat intensity (COHMax)) over a range
of working fluid Reynolds’ numbers and oxidizing equivalence ratios. In addition, the standard
deviation of heat release fluctuations (σOH∗/OH) has been utilized as the base-criteria to compare
the stability performance of CARSOXY to CH4/air combustion. Moreover, turbulence-chemistry
interactions have been described using Damköhler numbers and by plotting Borghi regime diagrams.
This paper suggests a modified numerical approach to estimate Damköhler numbers and plot
regime diagrams for non-premixed combustion by utilizing the Buckingham π theorem based on
experimental observations and results. CARSOXY flames showed lower flame intensity than that of
the CH4/air flame throughout the entire Re interval by approximately 16%, indicating higher heat
release. The Damköhler numbers of the CARSOXY flame were also greater than those of the CH4/air
flame in all conditions, indicating more uniform CARSOXY flames. It was found that the tendency
of the CARSOXY flame of approaching the concentrated reaction zone is greater than that of the
CH4/air flame.

Keywords: oxyfuel; CARSOXY; PLIF; chemiluminescence; Damköhler number; Borghi regime diagram

1. Introduction

The vast majority of gas turbines use air as an oxidizer. Such a practice has, cumula-
tively, been accountable for a large part of the greenhouse effect over the last 30 years, with
CO2 and nitrogen oxides (NOx) being significant contributors [1]. To limit NOx and carbon
emissions, strict regulations and acts have been imposed. To name a few, the Clean Air Act
1990 of the United States reduced the tolerated NOx emission level from 75 ppm to 10 ppm
within less than 15 years [2]. Similarly, the Climate Change Act 2008 of the United Kingdom
requires 80% of 1990 carbon emission levels to be reduced within 30 years [3]. An efficient
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approach to comply with these strict emission margins is oxyfuel combustion [4]. By elim-
inating N2, NOx emissions are eliminated, while carbon emission can be captured more
easily by utilizing cost-effective capturing processes [5]. Oxyfuel combustion can enhance
efficiency while maintaining a relatively low level of CO2 emissions by further carbon
capture and storage techniques, which are considered one of the imperative requirements
for future fossil-fueled gas turbines [6]. Theoretical studies [6,7] have been conducted on
oxyfuel gas turbines to cover multidisciplinary issues. The authors of [7] have theoretically
proven that oxyfuel combustion increases cycle efficiency by 13% compared to air-driven
gas turbines.

Nevertheless, using high concentrations of oxygen has several complexities. Most
importantly, oxyfuel flame temperatures exceed those of fuel/air flames. Therefore, these
temperatures tend to be beyond the material design limits of existing gas turbines [8].
However, the flame temperature can be controlled by recirculating the captured carbon
back into the gas turbine to dilute the working fluid (an oxidizing mixture such as air or
CO2-Ar-O2). The literature includes studies that both theoretically and experimentally
characterize O2/CO2/CH4 combustion [9–13]. However, the high level of CO2 circulated
back to the oxidizer typically decreases chemical kinetics and causes a reduction in lam-
inar flame speed [13]. As reported by [13], the addition of CO2 oxy-combustion impacts
kinematic viscosity, thermal conductivity, and mass diffusivity, thus affecting flammability
limits. O2/CO2/CH4 mixtures with an oxygen fraction of 36% can only achieve 79–82%
flammability of air-CH4 in the range of the Reynolds numbers considered [13]. Therefore,
it can be concluded that high oxygen levels are required to maintain the same flammability
region as for air/CH4.

It must also be noted that carbon capture and storage (CCS) techniques reduce the
gas turbine cycle efficiency. As reported by [11], a gas-fired plant’s cycle efficiency without
CCS drops from approximately from 55% to 44% if CCS is integrated. Attempting to attain
the same power output level as that without CCS essentially results in an increase in the
gas turbine size, which reduces the plant’s compactness [13].

Injecting the working fluid with inert gases with high heat capacities, such as ar-
gon, can increase power outputs, making up for the CCS efficiency losses. Moreover,
humidification can also be employed to raise even further power outputs [12–14].

The implementation of these concepts is referred to as CO2-argon-steam oxyfuel
(CARSOXY) gas turbines. Previous research [14,15] clearly shows that a gas turbine’s
performance can be increased by using humidification and evaporation. In addition, heat
exchangers are excellent methods of heat recovery [13]. These methods have a higher
potential to increase the cycle efficiency when a CARSOXY mixture is used as the working
fluid [13,14]. If a suitable cycle configuration is used under specific operation conditions,
high thermo-economic benefits can be reached.

Moreover, a CO2-Ar-Steam mixture can enhance efficiency while maintaining a rel-
atively low level of CO2 emissions by further carbon capture and storage techniques,
which are considered one of the imperative requirements for future fossil-fueled gas
turbines [12–15]. Several theoretical studies have been conducted on CARSOXY gas tur-
bines to cover multidisciplinary issues. Al-Doboon et al. [12] have theoretically proven
that CARSOXY increases cycle efficiency by 13% compared to air-driven gas turbines (the
estimated efficiency is an upper limit). Fawwaz-Alrebei et al. [14] have theoretically identi-
fied the ultimate working conditions of CARSOXY gas turbines and optimized CARSOXY
blends. Moreover, the feasibility of producing CARSOXY through an economically efficient
approach has also been addressed elsewhere [14]. The techno-economic sustainability of
producing a continuous supply of argon for the CARSOXY blend has been analyzed in pre-
vious studies [6,13–15]. As indicated in these studies, the CARSOXY cycle has been shown
to be more cost-effective than an air-driven gas turbine. The CARSOXY cycle’s Modified
Internal Rate of Return (MIRR) is about 2.2 percent higher than that of the air-driven cycle.
Furthermore, the CARSOXY cycle’s profitability index (PI) is 1.72, whereas the air-driven
cycle’s is only 1.28.
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Nevertheless, experimental campaigns are needed to demonstrate the practicality
of this concept. As previously highlighted, experimental studies in the literature [12,13]
characterize O2/CO2/fuel combustion but provide no evidence for CO2/Ar/O2/fuel
combustion (CARSOXY).

Therefore, this paper attempts to experimentally characterize CO2/Ar/O2/fuel flames
in a swirl burner typical of gas turbine systems. A comparative study was conducted to
assess CO2/Ar/O2/CH4’s flame stability compared with that of air/methane flames.

2. Materials and Methods
2.1. Rig

A diffusive 20-kW generic burner was used to compare the CARSOXY to the CH4/air
flames (Figure 1). The flame was stabilized with a quartz cylindrical confinement together
with a swirler. The confinement was 30 cm long with a diameter of 8.5 cm. The confinement
top was open to the environment and fitted on top of the burner exit. A swirl number
of 1.5 was used together with a ninety-degree divergent nozzle (inner diameter = 2.8 cm).
Fuel was supplied to the burner through the fuel intake, which was directly connected to
the diffusive injector. The working fluid was supplied to the burner through the working
fluid intake. Mixing fuel with the working fluid only occurred at the burner exit; the
mixing distance was ∼ 1.5 cm. OH chemiluminescence and planar laser-induced fluores-
cence of OH radicals (OH-PLIF) were used in this study. A CCD camera was integrated
into an Intensified Relay Optic (IRO) high-speed gated image intensifier. The optics as-
sociated with the system was an OH filter fitted on a 78 mm UV fixed-focal-length relay
lens. The image intensifier was controlled by the I/I control unit, which was remotely
controlled by the DaVis 7 software. The LaVision band-pass filter captured the OH radicals
at 315 nm ±15 nm with transmissivity of 70%. The intensifier gate signal pulse width time
was set at 400 µs with a gain of 85% for Chemiluminescence analyses, while the setting
for PLIF was at 0.05 µs and 80%, respectively. The intensified image was finally captured
by the 10 Hz CCD camera, which has a resolution of (688 × 520 pixels) at 16 bits. This
provided an (r × y) field of view (60 × 45 mm) and 0.0113 pixels/µm resolution.

The experiment setup is shown in Figures 1 and 2. As shown in Figure 1, the PLIF
system consisted of a SIrah PrecisionScan dye laser and a Continuum Precision Nd: YAG
laser. The latter pumped the dye laser by a 532 nm beam—Z in Figure 1—with a frequency
of 10 Hz. The pulse duration range for each shot was 5–10 ns at 532 nm. The linewidth of
the SIrah PrecisionScan dye laser was ±2.7 pm at 570 nm using 2400 lines/mm, 60 mm
long grating. The exact wavelength of the OH radical excitation was achieved by using a
solution of Rhodamine 6G dye powder and ethanol. The dye solution had a fundamental
wavelength of 562 nm. However, the grating was remotely controlled and was able to
modify the dye laser fundamental wavelength with an accuracy of 0.001 nm. The grating
was adjusted such that the fundamental wavelength became 566 nm.

The laser beam was then directed to a frequency-doubling crystal, which halved the
beam’s wavelength (∼283 nm) to excite the OH radicals. The dye laser beam’s final wave-
length was tuned to 283.027 nm to consider the OH ground state distribution dependence
on temperature. This wavelength had the lowest Boltzmann factor (the lowest temperature
dependence) for CH4 combustion, at 573 K and 1.1 bar [16] (the operating condition of this
PLIF analysis). The laser-sheet optic was used to illuminate a larger cross section of the
fluid by converting the dot-shaped laser beam into a laser sheet (Figure 1). Sheet-forming
optics were utilized to convert the line beam (at 283.027 nm) into an approximately 20 mm
wide and 1–2 mm thick laser sheet. Finally, the laser sheet passed through the quartz.
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Figure 1. Experimental setup.

Figure 2. The 20-kW generic burner system: (A) working fluid intake, (B) fuel intake, (C) speaker
container, (D) swirler, SN = 1.5, (E) swirler/burner nozzle, divergent angle = 90◦, (F) diffusive injector,
(G) swirl base, (H) confinement base.



Energies 2022, 15, 263 5 of 23

2.2. Uncertainties

The experiment’s used working fluid and CH4 mass flow controllers had an uncer-
tainty of ±1.25% FS [17]; the full ranges were 440 L/min and 4.8 L/min, respectively. Con-
stant uncertainty values of (±1.25% × 440 L/min = ±5.5 L/min) and (±1.25% × 4.8 L/min
= ±0.06 L/min) were concluded for the working fluid and CH4 flow rates, respectively.

The molar fractions of CARSOXY were normalized so that it contained zero H2O
molar fraction (dry combustion). Therefore, a cylinder of 29% carbon dioxide, 32% oxygen,
and 39% argon was used to supply the burner with the necessary working fluid. The
findings of a previous study [18] reveal that adding H2O to the oxyfuel combustion impacts
combustion characteristics, with a longer ignition delay, quicker burnout, and improved
overall combustion characteristics (CCI). Normalizing the molar fractions was performed
using ASPEN PLUS software, as shown in Table 1.

Table 1. The actual filled molar fraction values of carbon dioxide, oxygen, and argon.

Component Non-Normalized
Molar Fraction (Nnn)

Normalized
Molar Fraction (Nn)

(Nn= Nnn
1−NnnH2O )

Absolute
Tolerance

Available
Molar Fraction

CO2 21% 29% ±1.45 27.55–30.45%
O2 24% 32% ±1.65 30.35–33.6%
Ar 29% 39% ±1.95 37.05–40.95%

H2O 26% 0% - -

The cylinder has filling relative tolerances of 5% for each component with respect to
its molar fraction [19]. Therefore, the actual filled molar fraction values of the components
are specified in Table 1. The purity of methane (methane CP grade) was 99.5%, as reported
by the supplier [19]; the 0.5% impurity was due to the content of other gases (Table 2).

Table 2. Methane impurities of methane CP grade [19].

Component Content (ppmv)

Ethane 150
Nitrogen 5200
Oxygen 150

Other hydrocarbons 150
Moisture 3

2.3. Experimental Matrix

The experimental matrix was chosen for the comparison of CARSOXY and CH4/air
flames at constant thermal power (i.e., Pth = 0.556 kW), using 1 L/min of methane at
1.5 bar and 25 ◦C, Equation (1). This thermal power level allows the usage of a low methane
flow rate; thus, the effects of the relatively higher working fluid flow rate on the overall
characteristics of the flame are more significant. As this study focuses on identifying the
effect of the working fluid on the flame, it is crucial to ensure that the flame’s overall
behavior is mainly driven by the oxidizing working fluid rather than the fuel flow rate.
Therefore, the methane flow rate was maintained constant and as low as possible, thus
enabling the study of laminar and transient flow regimes.

The molar fractions of CARSOXY suggested by [12] were normalized such that it
contained zero H2O molar fraction (dry combustion) (Table 3). Working fluids were
supplied to the burner at 1 bar and 25 ◦C. Eight average Reynolds numbers (Re) were
maintained constant for the working fluids (air and CO2-Ar-O2), (2000–3750, with a step
of 250). Moreover, nine oxidizing equivalence ratios (λoxy) were maintained constant for
CH4/air and CARSOXY, (35–70, with a step of 4.375), Equations (1)–(4). The interval of the
equivalence ratio differs from those of the premixed combustion for the following reasons:
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Table 3. Experiment matrix.

Constant Re for CO2-Ar-O2 and Air Constant λoxy for CO2-Ar-O2 and Air

CO2-Ar-O2 Air CO2-Ar-O2 Air

Re λoxy λoxy λoxy Re Re

2000 35 28.5 35 2000 2450
2250 39.4 32.1 39.4 2250 2750
2500 43.8 35.7 43.8 2500 3050
2750 48.1 39.2 48.1 2750 3350
3000 52.5 42.8 52.5 3000 3650
3250 56.9 46.4 56.9 3250 3950
3500 61.3 49.9 61.3 3500 4250
3750 65.6 53.5 65.6 3750 4550

70 4000 4850
CO2/Ar/O2 molar fractions are 0.29/0.39/0.39, respectively. The molar fractions are recommended as the ultimate
blend by a previous study [12–14].

1- The operability limits of non-premixed diffusive combustion are broader than those
of premixed combustion, allowing the combustion to occur at the limits of the equiva-
lence ratio.

2- The equivalence ratios have been calculated based on the oxygen content described in
Equations (2)–(4).

The thermo-fluid properties (µ, moxygen, mfuel, ρ, Re, and V) correspond to the experi-
mental setup as those have been obtained using ASPEN PLUS, in correspondence with the
experiment matrix and conditions, in which the obtained data from ASPEN PLUS were
synchronized to CHEMKIN. Using the thermo-fluid properties (µ, moxygen, mfuel, and ρ) of
CARSOXY and air together with the dimensional properties (A and L) of the burner exit,
Re and V were calculated, Equations (5)–(7). Therefore, the thermo-fluid (µ, moxygen, mfuel,
ρ, Re, and V) properties of CARSOXY and air were obtained by simulating all attempts
under the experiment setup conditions using ASPEN PLUS.

Table 3 shows the corresponding λoxy attempts at constant Re for air and CARSOXY
and displays the corresponding Re of the attempts at constant λoxy for air and CARSOXY.
The full description of equilibrating the equations of reactions is described in a previous
study [20].

Pth =
.

mfLHV (1)

λOxy =
OFRAct

OFRstoic
=

1
∅oxy

(2)

OFRAct =

.
moxygen,Act

.
mfuel,Act

(3)

OFRstoic =
noxygen,stoic

nfuel,stoic
= 2 (4)

Re =
ρVLH

µ
=

VLH

v
(5)

LH = L0 − Li (6)

V =

.
V
A

(7)

This paper has adopted the original method of estimating the Da number of non-
premixed oxyfuel combustion proposed by [21] and then suggests the modified Da number.
Therefore, the chosen interval of Re is based on the recommendation of [21] (i.e., the Re
interval of [1000–4000]).
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2.4. Data Analyses and Numerical Post-Processing

The heat release fluctuation was calculated using the instantaneous and averaged inte-
gral pixel intensities of 500 background-corrected images (OH∗ and OH, using a MATLAB
code to perform Equations (8) and (9), respectively). This technique quantifies chemilu-
minescence based on the summation of all pixel intensities [22]. This paper applies the
standard deviation concept to quantify the chemiluminescence fluctuation (OH∗/OH)
over time. Standard deviation is a statistical technique that measures data points’ ten-
dency to be far from the mean value [23]. This paper utilizes this concept, described in
Equation (10) [23], by processing the chemiluminescence fluctuation datapoints using the
built-in standard deviation statistical function in MATLAB.

[OH∗]n=300
m=1 =

[
688

∑
i=1

520

∑
j=1

I∗OH,ij

]n=300

m=1

(8)

OH =
688

∑
i=1

520

∑
j=1

IOH,ij (9)

σOH∗/OH =

√
1

n− 1

n

∑
m=1

([OH∗/OH]m − 1)
2

(10)

The image processing conducted for the PLIF analyses includes background correction,
noise filtering, correction for the laser sheet intensity distribution, correction for shot-to-shot
laser energy variation, and temporal averaging. Five hundred images were captured for
each PLIF case in accordance with [22,24]. The laser energy for each image was measured
using a LaVision energy monitor. The pixel intensities for each image were normalized
to the maximum measured laser energy. Another 500 background images were captured
with laser firing and with the quartz present in the field of view but without a flame
in the burner. These 500 images were temporally averaged and subtracted from each
instantaneous image (image with a flame). The results of the PLIF images of the area of the
highest heat intensity AOHMax

were obtained for laser energy shot-to-shot, and laser-sheet
corrected images. Figure 3A,B shows sample cases at Reynolds numbers (i.e., 2000–2750)
and at λoxy (i.e., 35–43.75), respectively. As shown in Figure 4A, the laser intensity (I) varied
along the Y axis. Therefore, The Y-I pixel intensities for the laser sheet profile (Figure 4A)
were normalized to the maximum measured laser intensity (i.e., the pixel intensities along
the Y axis were divided by the maximum measured laser intensity). The results of the
normalized intensities were plotted in a Y-I curve, as shown in Figure 4B, blue peaks.
The normalized intensities were then curve-fitted using a Gaussian distribution function
(Equation (11)) in MATLAB-cftool. The curve-fitted laser sheet normalized intensity is
represented in Figure 4B as a red peak.

Figure 3. AOHMax
of CARSOXY and CH4/air over (A) working fluid Re = [2000− 3750] at

.
VCH4 = 1 L/min and (B) λoxy = [35− 70].
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Figure 4. PLIF laser sheet intensity (A) and Gaussian fit to intensity distribution (B) for image correction.

Laser light intensity across the laser sheet follows a Gaussian distribution, which has
the highest laser intensity towards the middle of the sheet and intensity decrease towards
the edges, towards the y-direction of the field of view. Therefore, it was necessary to ensure
that the pixel intensities were increased where the laser energy is lower than the maximum
laser energy across the laser sheet. This was accomplished by converting the averaged
and background corrected laser sheet image into an (X-Y-I) MATLAB matrix. Laser sheet
profiles (Y-I carves) were plotted across the X directions, which were finally averaged into
one curve. Using the curve-fitting built-in “cftool” function in MATLAB, the normalized
laser sheet intensity profile was fitted with a Gaussian distribution. Once the Gaussian fit
was obtained, it was applied to correct images using Gaussian fit at the maximum gradients
(where there was a sudden change of the normalized Gaussian fitted intensity).

After applying the previously mentioned image corrections, a MATLAB code from [25]
was adopted to characterize the main features of a flame. This technique initially found
the maximum pixel intensity, which corresponded to COHMax

. Once this location was
determined, the maximum directional intensity change (maximum gradient) was identified
on either side of the maximum pixel.

This generated a line that corresponded to the flame brush thickness at the highest
OH intensity (δCh). Finally, the corrected images were rescaled to binary images using
a threshold of 70%, as recommended by [16]. This benchmarked the regions with high
intensity and allowed MATLAB to calculate its area (AOHMax

).
The image processing conducted for the PLIF analyses includes background correction,

noise filtering, correction for the laser sheet intensity distribution, correction for shot-to-shot
laser energy variation, and temporal averaging. After applying the previously mentioned
image corrections, an edge detection algorithm was applied to the final image to examine
the qualitative properties of the flame, which were then used to calculate the Damköhler
numbers (Da) under varying operating conditions.

Laser energy shot-to-shot variation: 500 images were captured for each PLIF case of
study; this choice of the number of images is based on the recommendation regarding
PLIF analyses from [15]. The laser energy for each image was measured using the LaVision
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energy monitor. The pixel intensities for each image were normalized to the maximum
measured laser energy by multiplying the pixel intensities of each instantaneous image by
the ratio of its corresponding laser energy to the maximum laser energy.

Background and laser sheet image corrections: 500 images were captured with laser
firing and with the quartz present in the field of view but without a flame in the burner.
These 500 images were temporally averaged and subtracted from each instantaneous image
of the case of study (image with a flame). Laser light intensity across the laser sheet
followed a Gaussian distribution, with the highest laser intensity towards the middle of the
sheet and an intensity decrease towards the edges, towards the y-direction of the field of
view. Therefore, it was necessary to increase the pixel intensities where the laser energy
was lower than the maximum laser energy across the laser sheet. This was accomplished
by converting the averaged and background corrected laser sheet image—Figure 4A—into
an (X-Y-I) MATLAB matrix. Laser sheet profiles (Y-I carves) were plotted across the X
directions, which were finally averaged into one curve (Figure 4B). Using the carve-fitting
built-in “cftool” function in MATLAB, the normalized laser sheet intensity profile was
fitted with a Gaussian distribution, Equation (11), where IGF is the Gaussian fitted intensity
of the normalized intensity at Y position.

The Gaussian fit is utilized for laser sheet profiles because it provides a statistically
symmetric representation of averaged sheet intensity with significant fluctuating com-
ponents [20,23]. The absolute gradient and the Gaussian fit were plotted, as shown in
Figures 3B and 5, respectively.

IGF = 1.2× exp
(
−
(

Y− 38.32

7.1

))
(11)

Figure 5. Absolute gradient of the Laser sheet Gaussian fit.

2.5. Damköhler Number and Borghi Analyses

Once the main features of a flame were obtained, Damköhler numbers and Borghi
regime diagrams were plotted. Damköhler number is a parameter that describes the
turbulence-chemistry interaction by correlating the characteristic flow time to the character-
istic chemical time. Typically, the characteristic flow time is defined by the integral time
scale (τn). In fact, Da is described as the ratio between τn and τch, Equation (12) [26]. τn is
described as the time during which a particle is influenced by its previous position [21].

Da =
τn

τch
(12)
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For Da > 1, τch is shorter than τn, which corresponds to a fast chemical reaction that
occurs in a thin layer [21]. This implies that the flame can be assumed to be “thin” and can
be identified as a laminar flame, called a “flamelet” [21,27].

However, a more specific and numeric definition to describe a non-premixed flame is
provided by [21], Equation (13).

τn =
Lf
uF

(13)

Figure 6 provides visual definitions of the parameters (Lf: the flame base location
where the maximum OH intensity is found and δCh: flame brush thickness), which were
used to perform the Damköhler analyses, Section 3.2. On the other hand, while estimating
the area of the highest heat intensity did not contribute to performing the Damköhler
analyses, it did provide an additional characterization of the flame geometry as detailed in
Section 3.1.

Figure 6. Schematic representation of the flame reproduced from [21].

uF is the injection velocity (velocity of fuel at the diffusive injector outlet) in mm/s.
It can be measured for 1 L/min at the diffusive injector outlet area (1.96 × 10−5 m2)
using Equation (7). The corresponding uF is 1.7 m/s. τch is numerically described for a
non-premixed flame by [21], Equation (14).

τch =
δCh
SL

(14)

Finally, in a similar manner to the approach suggested by [21], the laminar burn-
ing velocity (the speed at which a laminar combustion wave propagates relative to the
unburned gas mixture) at the stoichiometric condition SL (560 mm/s and 399 mm/s for
CO2-Ar-O2/CH4 and CH4/air flames, respectively) was obtained using the CHEMKIN
package of the ANSYS software. The ‘GRI-Mech 3.0’ mechanism was applied to the built-in
‘Flame speed freely propagating’ sample to obtain SL. Figure 7 shows SL for a CH4/air
flame and a CH4/CO2-Ar-O2 flame at a range of equivalence ratios. As far as the flame
speed is concerned (the only parameter obtained from GRI-Mech 3.0 and used in this
paper), its prediction was validated for oxyfuel combustion as reported by [28]. In addition,
other studies [29–32] have used GRI-MECH 3.0 to predict laminar flame speed. Therefore,
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following the approaches adopted in those studies [31–33] on oxyfuel combustion, the
GRI-Mech 3.0 has been adopted for this study. In addition, the results of the laminar flame
speed corresponded to the operability limits that were studied in a previous study [33]
using the same specified parameters (i.e., within the equivalence ratios of 0.4–1.25 and
0.4–1.84 for the CH4/air and CH4/CO2-Ar-O2 flames, respectively).

Figure 7. SL for a CH4/air flame and a CH4/CO2-Ar-O2 flame at a range of equivalence ratios.

As mentioned in Section 2.4, the center of the highest heat intensity (COHMax
) was

measured. However, the significance of those results—Table 4, Figure 8—is not necessarily
to distinguish CARSOXY flame from the CH4/air flame. Instead, those results are used to
highlight the effects of increasing the working fluid velocity Vwf (increasing the Reynolds
number or λoxy) on the COHMax

and Lf, thus justifying the modified versions of the Damköh-
ler number (Da) and Borghi regime diagram, which take into account the working fluid
velocity Vwf, as discussed in Section 2.6.

Table 4. Lf over (A: working fluid Re = [2000− 3750] at
.

VCH4 = 1 L/min) and (B: λoxy = [35− 65.625]).

A B

CO2-Ar-O2 Air CO2-Ar-O2 Air

Re Lf [mm] Lf [mm] λoxy Lf [mm] Lf [mm]

2000 37.55 34.02 35 37.55 34.36
2250 37.36 31.27 39.375 37.36 31.63
2500 36.75 30.85 43.75 36.75 31.81
2750 36.14 30.43 48.125 36.14 31.51
3000 34.36 27.25 52.5 34.36 31.5
3250 35.04 27.35 56.875 35.04 30.2
3500 33.73 27.17 61.25 33.73 28.1
3750 29.52 29.52 65.625 29.52 28.42
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Figure 8. Lf over (A) working fluid Re = [2000− 3750] at
.

VCH4 = 1 L/min and (B) λoxy = [35− 65.625].

2.6. Modified Damköhler Number (Da) and Borghi Regime Diagram

This paper’s novelty is based on suggesting a modified formula of the Damköhler
number based on experimental observations. The authors of [21] defined the characteristic
flow time (τn) as the ratio of the Lf to uF, as it was observed that Lf decreases with
increasing uF, Equation (15).

The same behavior of Lf was also observed in this study when increasing the work-
ing fluid velocity Vwf (increasing the Reynolds number). Therefore, this paper suggests
modifying τn to τn, mod, Equation (16). The proposed Equation of τn, mod was obtained
using the Buckingham π theorem [27]. Similarly, the relative velocity uF/Sl was adjusted
to
√

uFVwf/Sl to modify the Borghi diagram.

τn =
Lf
uF

(15)

τn,mod =
Lf√

uFVwf
(16)

The authors of [21] defined the characteristic flow time (τn) as the ratio of the Lf to
uF as it was observed that Lf decreases with increasing uF. The same behavior of Lf was
also observed in this study when increasing the working fluid velocity Vwf (increasing the
Reynolds number), Figure 9 and Table 4.

The fuel injection flow rate was maintained constant (
.

VCH4of 1 L/min), and thus
uF was constant. This implies that any increase in τn is only due to an increase in Lf.
Similarly, [21] defined τch as the ratio of flame brush thickness at the highest heat intensity
location δCh to the laminar flame speed (δL) at the stoichiometric condition. However,
the experiment was conducted at constant pressures and temperatures, and thus the
stoichiometric δLwas constant. This implies that any increase in τch is only due to an
increase in δCh. Therefore, based on the definitions from [21] of τch andτnand the specific
setup of the experiment, Da patterns are only correlated to Lf and δCh. As a result, Da
increases (the flame becomes more laminar) if Lf and/or δCh increases and/or decreases,
respectively. Therefore, this paper suggests modifying τn to τn, mod. The proposed Equation
of τn, mod was obtained using the Buckingham π theorem [27]. Similarly, the relative
velocity uF/Sl was adjusted to

√
uFVwf/Sl to modify the Borghi diagram. Those results

in Figure 9 and Table 4 are used to highlight the effects of increasing the working fluid
velocity Vwf (increasing the Reynolds number or λoxy) on the COHMax

and Lf, thus justifying
the modified versions of the Damköhler number (Da) and Borghi regime diagram, which
take into account the working fluid velocity Vwf.
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Figure 9. Lf at constant working fluid Reynolds numbers [2000–3750] and
.

VCH4 of 1 L/min Reynolds
numbers [2000–3750] and

.
VCH4 of 1 L/min.

3. Results
3.1. OH Trends

The σOH∗/OH results were limited by the [0–0.45] interval. This interval was divided
into three equally spaced regions (i.e., region 1: [0–0.15], region 2: [0.15–0.3], and region 3:
[0.3–0.45]). Regions 1, 2, and 3 represent low, average, and high heat release fluctuation
compared to the other recorded datapoint, respectively. Figure 10A shows the standard
deviation (σ) of the heat release fluctuations (OH∗/OH) over the working fluid Reynolds
number interval of [2000–3750] at

.
VCH4 of 1 L/min. As a datapoint transfer from region 1,

which is limited by the σOH∗/OH interval of [0–0.15] to 3, it represents an increase in
heat release fluctuation. Those of the CARSOXY flames were mainly focused in region 1
while concentrated in region 2 for CH4/air, indicating a more stable heat release trend for
CARSOXY than CH4/air.

Figure 10. σOH∗/OH of CARSOXY and CH4/air over (A) working fluid Re = [2000− 3750] at
.

VCH4 = 1 L/min and (B) λoxy = [35− 70].
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CARSOXY and CH4/air flames’ tendency to approach higher σOH∗/OH regions (i.e.,
region 2 and 3, respectively) has increased compared to those trends over the working
fluid Reynolds number interval. The fluctuations increased for high reynolds number and
equivalence ratio for both flames.

As the Reynolds number of the working fluid increases, the working fluid velocity
increases. The reduction in the area size in both flames is directly caused by the substantial
increase in turbulence due to the increased working fluid velocity, allowing a higher mixing
level between fuel and the working fluid. Thus, reducing the available time for reactant
particles to spread, and reducing the area of the highest intensity. These findings agree well
with other similar studies [31].

As discussed in Section 2, the results of the PLIF images of the area of the highest
heat intensity AOHMax

were obtained for laser energy shot-to-shot and laser-sheet corrected
images. Figures 7B and 11A show sample cases at Reynolds numbers (i.e., 2000–2750) and
at λoxy (i.e., 35–43.75), respectively. The AOHMax

results of the entire Re and λoxy intervals
are summarized in Figures 3A and 6B.

Figure 11. PLIF sample images at (left-hand side) working fluid Re = [2000− 2500] at
.

VCH4 = 1 L/min
and (Right-hand side) λoxy = [35− 43.75]. The flame centerline is located at x = 30 mm. The
corresponding chemiluminescence images are shown in Appendix A.

The AOHMax
results were limited by the [0–300] mm interval. This interval was divided

into three equally spaced regions (i.e., region 1: [0–100] mm, region 2: [100–200], and region
3: [200–300]). Regions 1, 2, and 3 represent low, average, and high AOHMax

compared to
the other recorded datapoint, respectively. As the datapoint transfers from region 1 to 3,
it represents an increase in the highest heat intensity area. For those of the CARSOXY,
flames were mainly focused in region 1, while concentrated in region 2 for CH4/air,
indicating a more condensed area of highest heat intensity for CARSOXY compared to
CH4/air. Remarkably, as the Re increases—Figure 3A—the difference in AOHMax

between
both flames decreases (i.e., at = 3750, AOHMax

of CARSOXY is only 70% of that of CH4/air).
The AOHMax

pattern for λoxy in Figure 3B approximately followed the same pattern as those
at constant Re.
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Nevertheless, as the working fluid flow rate increases (i.e., λoxy = 70), AOHMax
of the

CH4/air flame is less than that of the CARSOXY flame. However, as has been experimen-
tally observed, further reduction in the AOHMax

of the CH4/air flame is only anticipated up
to the λoxy of 85, since the flame blows out at this limit while the CARSOXY flame blows
out at higher λoxy limits; thus, AOHMax

can be further reduced.
As reported in similar studies [32], flame symmetry is dependent on the choice of the

mass flux of fuel and the equivalence ratio. Thus, ensuring symmetric flames within diffu-
sive flames is achieved by identifying the corresponding experimental matrix. However,
within the chosen experimental matrix (Table 3), which was selected to perform a compara-
tive analysis between CARSOXY and CH4/air over working fluid Re = [2000− 3750] at
.

VCH4 = 1 L/min and λoxy = [35− 70], the loss of flame symmetry occurred. In addition,
the confinement top was open to the atmosphere, possibly allowing external turbulence,
thus causing the loss of flame symmetry. However, as the scope of this study is to character-
ize CARSOXY performance through Borghi diagrams in comparison to CH4/air within the
conditions specified in Table 3, future studies will be necessary to ensure flame symmetry.

3.2. Damköhler Numbers and Combustion Diagrams

As shown in Figure 12A, the Da of the CARSOXY is greater than one in all conditions,
indicating thin uniform flames throughout the Re interval ([2000–3750]). This indicates
that the rate of chemical reaction is faster than characteristic flow velocity. At Re = 3000,
the CARSOXY flame showed the greatest Da = 4.74. However, the Da rapidly decreases
beyond Re = 3000 (i.e., Da = 1.18 at Re = 3750). On the other hand, the Da of the CH4/air
flame was lower than that of the CARSOXY flame. In fact, at Re = 2000, 2500, 3500, and
3750, Da < 1. The greatest combustion condition of the CH4/air flame was identified at
Re = 2750, where τn = 1.32 τch. The Da patterns for the increase in λoxy—Figure 12B—

generally followed the same behavior as in Figure 12A. However, at certain λoxy conditions
(i.e., λoxy = 35, 43.75, and 65.625), the Da of the CH4/air flame was significantly low
(i.e., Da� 1).

Figure 12. Da number over (A) working fluid Re = [2000− 3750] at
.

VCH4 = 1 L/min and
(B) λoxy = [35− 70].

A regime diagram was plotted with axes of the relative velocity (uF/Sl) versus the
relative length scale (Lf/δCh) based on the Borghi proposal [33]. As suggested by [21], the
Borghi diagram for non-premixed flames can be divided into two regions, i.e., a concen-
trated reaction zone and a broken reaction zone. As the relative length scale decreases
and/or the relative velocity increases, the flame exhibits a more broken reaction zone.
Similarly, as the relative length scale increases and/or the relative velocity decreases, the
flame exhibits a more concentrated reaction zone.
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As discussed in Section 2, each flame type (CARSOXY and CH4/air) has its own
laminar speed at stoichiometric conditions (i.e., δL = 559.2 mm/s and 398.837 mm/s for
CO2-Ar-O2/CH4 and CH4/air flames, respectively). Since δL of the CARSOXY flame
is higher than that of the CH4/air flame, the relative velocity of the CARSOXY flame
was lower than of CH4/air. This shifted the CARSOXY data points below those for
CH4/air and towards the concentrated reaction zone in the Borghi diagram, which was
plotted for CARSOXY and CH4/flames at constant Re [2000–3750] and

.
VCH4 of 1 L/min

(Figure 13A). Nevertheless, the CARSOXY flame also approached the concentrated reaction
zone at high relative length scales (i.e., at Re = 3000, 3250, and 2750). The relative length
scale to the relative velocity ratio patterns for the increase in λoxy—Figure 13B—generally
followed the same behavior as those for the increase in the Reynolds number in Figure 13A.
At λoxy = 65.625, both the CH4/air and CARSOXY flames exhibit the highest tendency to
approach the broken reaction zone.

Figure 13. Borghi regime for (A) working fluid Re = [2000− 3750] at
.

VCH4 = 1 L/min and
(B) λoxy = [35− 70]. The segmentation of this figure follows the Borghi combustion regime [33]
convention, in which the broken and connected reaction zones are separated by the Da = 1 line.

As investigated in earlier studies [21], the latter trend appears to be observed due to a
chemical reaction time that is much shorter than the mixing time (i.e., fast chemistry) for
Da > 1. Thus, the flame reaction layer is assumed to be thinner than the diffusion layer,
implying that even the smallest mixing length scale does not affect the structure of the thin
reaction layer [21]. Thus, the flame can be assumed to be very thin, and it can be identified
as a laminar flame element, called a flamelet. As highlighted by a previous study [34],
the increase in Da with increasing Re is observed due to the fast chemistry (as shown in
Figure 7), while the decrease in Da with increasing Re is due to reduction in mixing time
since the turbulent intensity and scalar dissipation rate increase with increasing Re.

As previously mentioned, the flow velocity was also included in the analyses to
provide a more adequate Da (Da, mod) to the conditions analyzed. Although τn,mod just
shifted all Da, mod data points upwards, as compared in Figures 12A and 14A, since the
modified relative velocities

√
uFVwf/Sl were lower than the unmodified relative velocity

uF/Sl, the data points in the Borghi diagram (Figure 15A) were redistributed towards the
concentrated reaction zone in variable magnitudes. Depending on Vwf for each case (see
Table 3), the same effects of the modified characteristic flow time (τn,mod) and relative
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velocity
√

uFVwf/Sl for increasing Re were observed on the Da and Borghi diagram for
increasing λoxy (Figures 14B and 15B).

Figure 14. Da, mod number over (A) working fluid Re = [2000− 3750] at
.

VCH4 = 1 L/min and
(B) λoxy = [35− 70].

Figure 15. Modified Borghi regime for (A) working fluid Re = [2000− 3750] at
.

VCH4 = 1 L/min
and (B) λoxy = [35− 70]. The segmentation this Figure follows the Borghi combustion regime [33]
convention, where the broken and connected reaction zones are separated by the Da = 1 line.

In addition, numerical correlations describing the results with respect to the Re are
shown in Tables 5 and 6. Those numerical correlations have been generated by curve-fitting
the experimentally generated results using MATLAB-cftool, thus anticipating the analyzed
parameters for a broader interval of Re to be related to the Re found in the typical gas
turbine (Tables 5 and 6).
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Table 5. Da correlations as functions of Re.

Da = ARe6 + BRe5 + CRe4 + DRe3 + ERe2 + FRe + G

Flame Type A B C D E F G

CARSOXY −4.70 × 10−17 8.22 × 10−13 −5.93 × 10−9 +2.26 × 10−5 −4.77 × 10−2 5.32 × 101 −2.44 × 104

CH4/air −9.18 × 10−18 1.61 × 10−13 −1.17 × 10−9 4.47 × 10−6 −9.52 × 10−3 1.07 × 101 −4.94 × 103

Table 6. Da, mod correlations as functions of Re.

Da,mod = aRe6 + bRe5 + cRe4 + dRe3 + eRe2 + fRe + g

Flame Type a b c d e f g

CARSOXY −1.0 × 10−16 1.8 × 10−12 −1.3 × 10−8 4.9 × 10−5 −1.0 × 10−1 1.2 × 102 −5.3 × 104

CH4/air −1.97 × 10−17 3.45 × 10−13 −2.50 × 10−9 +9.53 × 10−6 −2.03 × 10−2 +2.27 × 101 −1.05 × 104

As previously mentioned, the flow velocity has also been included in the analyses
to provide a more adequate Da (Da, mod) to the conditions analyzed. Although τn,mod
just shifted all Da, mod data points upwards, as compared in Figures 7A and 9A, since the
modified relative velocities

√
uFVwf/Sl were lower than the unmodified relative velocity

uF/Sl, the data points in the Borghi diagram (Figure 15A) were redistributed towards the
concentrated reaction zone in variable magnitudes.

As discussed in Section 2, the modified approach of estimating the Da number and
plotting the combustion regime diagram considers the effect of the working fluid velocity
Vwf; thus, the variations between the unmodified (Figures 12 and 13) and the modified
approaches (Figures 9 and 10) is directly related to the effect of the working fluid velocity.
Depending on Vwf for each case (see Table 3), the same effects of the modified characteristic
flow time (τn,mod) and relative velocity

√
uFVwf/Sl for increasing Re were observed on the

Da and Borghi diagram for increasing λoxy, Figures 14B and 15B.

4. Discussion

Essentially, the standard deviation (σOH∗/OH) of the CARSOXY flame was lower
than that of the CH4/air flame throughout the entire interval of Re = [2000− 3750] by
approximately 16%, indicating higher heat release than that of the CH4/air flame. In
addition, the σOH∗/OH patterns have been approximated to linear trends, and the σOH∗/OH
slope of the CARSOXY was found to be less than that of the CH4/air flame, indicating that
the difference between the standard deviations of both flames is anticipated to become
more significant as the Re increases (i.e., Re > 3750).

Simultaneously, the average AOHMax
of the CARSOXY flame is 45% of the CH4/air

flame. However, as the Re increases, the difference in AOHMax
between both flames de-

creases. Although the σOH∗/OH criteria provides an indication of flame stability, it does not
highlight the flame turbulence-chemistry interaction. Therefore, the Damköhler number
analyses suggested by [21] for non-premixed combustion have been performed. The Da
of the CARSOXY flame was greater than one and greater than that of the CH4/air in all
conditions, indicating that the rate of chemical reaction is faster than the characteristic flow
velocity in comparison to CH4/air flames throughout the Re interval ([2000–3750]).

By plotting the Borghi regime diagram suggested by [21], it has been found that the
tendency of the CARSOXY flame of approaching the concentrated reaction zone is greater
than that of the CH4/air flame since the relative velocity of the CARSOXY flame was lower
than that of CH4/air. Nevertheless, the CARSOXY flame also approached the concentrated
reaction zone in the Borghi diagram as it exhibits a large relative length scale, thus allowing
the flame to have a higher tendency to approach the concentrated reaction zone, indicating
that the rate of chemical reaction is faster than characteristic flow velocity in comparison to
CH4/air flames.

The modified Damköhler number and Borghi regime diagram, which take into ac-
count the effect of Vwf, have been plotted. The Damod of both flames have been higher
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than the unmodified Da, while maintaining the same order of magnitude and trend. Since
the modified relative velocities

√
uFVwf/Sl were lower than uF/Sl, the data points in the

Borghi diagram were redistributed towards the concentrated reaction zone in variable
magnitudes, depending on Vwf of each case. Therefore, the modified Damköhler number
and Borghi regime diagram have correlated the tendency of the flame to approach the
concentrated reaction zone with the velocity of the working fluid (Vwf). In contrast, the
original approaches anticipated the flame tendencies of approaching the concentrated reac-
tion zone without including the effects of Vwf, which, as shown in Figure 15, have played
an important role in redistributing data points over the modified Borghi regime diagram.

In addition, assessing the performance of the CARSOXY flame against the CH4/air
flame at constant λoxy eliminates the role of high O2 content in CARSOXY and highlights
the combined effect of CO2 and argon in CARSOXY. For the λoxy interval, CARSOXY
patterns in comparison to CH4/air followed approximately the same patterns as those
plotted for the Re interval (i.e., higher oxygen levels in CARSOXY compared to CH4/air).
Therefore, it can be concluded that CO2 and argon have a significant effect on changing the
CARSOXY flame behavior in comparison to the CH4/air flame. CARSOXY flame indicated
a more stable heat release trend and a more condensed area of highest heat intensity than
CH4/air. Moreover, the Da of the CARSOXY was always greater than that of the CH4/air
flame in all conditions, indicating more thin and uniform flames, thus indicating that the
rate of chemical reaction is faster than the characteristic flow velocity in comparison to
CH4/air flames.

However, quantifying the effect of each individual CARSOXY component on the flame
behavior is recommended as a future research goal by testing CH4/CO2-O2, CH4/Ar-O2
flames against CH4/air flame at constant equivalence ratios to identify the role of CO2 and
Ar, respectively.

Finally, the results presented in this paper contribute to the effort of promoting CAR-
SOXY to industry. Previous research [14,15] clearly shows that a gas turbine’s performance
can be increased by using humidification and evaporation. In addition, heat exchangers are
excellent methods of heat recovery [13]. These methods have a higher potential to increase
cycle efficiency when a CARSOXY mixture is used as the working fluid [14,15]. If a suitable
cycle configuration is used under specific operation conditions, high thermo-economic
benefits can be reached.

Moreover, a CO2-Ar-Steam mixture can enhance efficiency while maintaining a rel-
atively low level of CO2 emissions by further carbon capture and storage techniques,
which are considered one of the imperative requirements for future fossil-fueled gas
turbines [13–15]. Several theoretical studies have been conducted on CARSOXY gas tur-
bines to cover multidisciplinary issues. Al-Doboon et al. [12] have theoretically proven
that CARSOXY increases cycle efficiency by 13% compared to air-driven gas turbines.
Fawwaz-Alrebei et al. [14] have theoretically identified the ultimate working conditions
of CARSOXY gas turbines and optimized CARSOXY blends. Moreover, the feasibility
of producing CARSOXY in an economically efficient approach has also been addressed
elsewhere [14,15]. The techno-economic sustainability of producing a continuous supply of
argon for the CARSOXY blend has been analyzed in previous studies [13,14].

Nevertheless, experimental campaigns are needed to demonstrate the practicality
of this concept. As previously highlighted, experimental studies in the literature [14,15]
characterize O2/CO2/fuel combustion but provide no evidence for CO2/Ar/O2/fuel
combustion (CARSOXY).

Therefore, this paper attempts to experimentally characterize CO2/Ar/O2/fuel flames
in a swirl burner typical of gas turbine systems. A comparative study has been conducted
to assess CO2/Ar/O2/CH4’s flame stability compared with an air/methane flame.

5. Conclusions

This paper has experimentally assessed CARSOXY in comparison to a CH4/air flame
using OH* Chemiluminescence integrated with OH PLIF imaging techniques in terms of
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turbulence-chemistry interactions. The main conclusions of this study are summarized
as follows:

Based on the criteria of the standard deviation of heat release fluctuations (σOH∗/OH), the
CARSOXY flame indicated a more stable heat release trend compared to the CH4/air flame.

The CARSOXY flame indicated a more condensed area of the highest heat intensity
compared to the CH4/air flame.

The Da of the CARSOXY was always greater than that of the CH4/air flame in all
conditions, indicating more thin and uniform flames, and also thus indicating, moreover,
that the rate of chemical reaction is faster than the characteristic flow velocity in comparison
to CH4/air flames.

As demonstrated in the Borghi diagram, the tendency of the CARSOXY flame to
approach the concentrated reaction zone was higher than that of the CH4/air flame, thus
indicating more uniform flames with a chemical reaction rate that is faster than the charac-
teristic flow velocity.

Part of the novelty of this paper is the suggestion of a modified formula of the Damköh-
ler number based on experimental observations. The modified Damköhler number and
Borghi regime diagram have correlated the tendency of the flame of approaching the
concentrated reaction zone to the velocity of the working fluid (Vwf), while the original
approaches anticipated the flame tendencies of approaching the concentrated reaction zone
without including the effects of Vwf.
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Nomenclature

AOHMax
Area of the highest heat intensity (mm2)

A Burner Cross-sectional area (m2)
COHMax

Location of the highest heat intensity (mm)
c Background corrected pixel intensity
Da Damköhler number
Da, mod The modified Damköhler number
I Intensity (count)
i Horizontal pixel
j Vertical pixel
LH Hydraulic diameter (m)
L0 The outer diameter of the swirler nozzle (m)
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Lf The flame base location where the maximum OH intensity is found (mm)
LHV Lower Heating Value (kJ/kg)
.

moxygen,Act Actual Oxygen Mass Flow Rate (g/s)
.

mfuel,Act Actual Fuel Mass Flow Rate (g/s)
.

mf Mass flow rate of fuel (kg/s)
noxygen,stoic Number of oxygen molecules in stoichiometric combustion of CH4 (=2)
nfuel,stoic Number of CH4 molecules in stoichiometric combustion (=1)
n Number of images
N Molar fraction
OFRAct Actual oxygen to fuel ratio
OFRstoic Stoichiometric oxygen to fuel (CH4) ratio (=2)
OH∗ Instantaneous heat release
OH Average heat release
OH∗/OH Heat release fluctuation
Pth Thermal power (kW)
Re Reynolds number
SL Laminar flame speed (mm/s)
uF Fuel injection velocity (mm/s)
V Velocity (m/s)
.

V Volume flow rate (m3/s)
.

VCH4 The volume flow rate of fuel (L/min)
.

VWF The volume flow rate of working fluid (L/min)
X Horizontal direction
Y Vertical direction
δCh Flame brush thickness
λoxy Oxygen to fuel equivalence ratio
µ Dynamic Viscosity (kg/ms)
v Kinematic viscosity (m2/s)
ρ Density (kg/m3)
σOH∗/OH Standard deviation of heat release fluctuation (OH∗/OH)
τch Characteristic chemical time (s)
τn Characteristic flow (integral time scale) (s)

Appendix A

Figure A1. Chemiluminescence sample images at A: working fluid Re = [2000− 2500] at
.

VCH4 = 1 L/min.
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Figure A2. Chemiluminescence sample images at λoxy = [35− 43.75].
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