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Abstract

In this work, the effect of O2 concentration on soot formation in inverse co-flow flames is
comprehensively investigated. The fuel stream consists of a mixture of methane and CO2, and
the oxidant stream consists of O2 and N2. Diagnostic methods such as Laser-Induced
Incandescence (LII) and Luminescence were employed. These techniques were used to probe
soot volume fraction (SVF) and OH* intensity signals. Four sets of experiments were carried out
at 4 bar to observe the effects of varied O2 concentrations. In experiments, the O2 concentrations
were varied (70%, 58%, 46%, and 33% by volume) while the total oxidant stream was kept
constant (i.e. 800 mL/min). Flowrates for both CH4 and CO2 were kept constant (1200 mL/min
and 800 mL/min, respectively). Results reveal that soot loading in inverse co-flow flames
decreases as O2 concentration increases.
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1. Introduction:
The global shift from fossil fuels to clean and renewable energy is imminent. Hydrogen is a
promising candidate to replace conventional sources of energy in the near future; due to its nonpolluting nature [1]. Natural gas reforming has been proven to become a leading method for
industrial hydrogen production, hydrogen is obtained from natural gas through a series of catalytic
reactions [2]. Soot produced during the thermal reforming process does not only compromise the
efficiency of catalysts used but it can deactivate the catalyst by depositing on the surface.
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Therefore, increased attention can be noticed by researchers to understand the soot formation in
such flames [3, 4].
Studying different flame operating parameters is essential to have a holistic understanding of soot
formation. Oxygen concentration is largely important in combustion processes, as illustrated by
oxy-fuel combustion. The effects of oxygen concentration in normal co-flow diffusion flames on
soot formation at 1 bar have been investigated by Sun et al. [5], concluding that the increase in O2
concentration would diminish soot formation. However, very few research studies were identified
in the open literature on the oxygen concentration effects on soot formation in inverse co-flow
flames at elevated pressures. An inverse co-flow flame at high pressure (where the central tube of
the burner is the oxidizer and the outer tube is fuel) is chosen for our experimental setup since it
has relevance in industrial applications due to its ability to combine features from both premixed
and diffusion flames [6, 7]. Furthermore, the soot oxidation is excluded in inverse co-flow flame
configuration, offering the opportunity to focus on soot formation and growth.
In this work, oxygen concentration effects on soot formation are thoroughly investigated in a
methane inverse co-flow flame at elevated pressure (4 bar). Laser induced incandescence (LII) is
used to measure SVF intensities, and chemiluminescence is utilized to obtain OH* signals.
2. Experiment Details:
2.1

Setup:

An inverse co-flow flame burner is placed inside an airtight vessel with a backpressure regulator
to control the pressure inside the vessel. Gas feed pipes are installed on the bottom of the vessel
flange. Inverse co-flow flame burner is made up of three concentric tubes each with a 1 mm
thickness. Nitrogen is used to raise the pressure of the vessel and is flown symmetrically on either
side of the burner. The oxidant stream is a mixture of N2 and O2 and is connected to the central
tube of the burner with a 4 mm inner diameter (percentage of O2 by volume is varied for different
experiments). Whereas the fuel stream consists of CO2 and CH4 maintained at 800 and 1200
ml/min respectively, running through the first annulus with 10mm inner diameter. Lastly, through
the second annulus with a 14mm inner diameter, a constant flow of 2 L/min of N2 is used to
minimize the buoyancy effects. Mass flow rate is controlled by calibrated Brooks thermal mass
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flow controllers (fluctuation < 2%). Figure 1 illustrates the experimental setup with other
instruments employed such as Nikon CCD camera for flame images, ICCD camera to capture LII
and OH* images, and a 1064 nm Nd: YAG laser. All these instruments are connected to a computer
for data acquisition and LabVIEW is used for operation.

Figure 1. A high-pressure high-temperature experimental vessel with a burner in place
along with a laser maneuvered through a series of lenses and mirrors.
2.2 Experimental conditions:
Four different oxygen concentrations i.e., 70%, 58%, 46%, and 33% by volume are chosen to
understand the influence on soot nucleation, agglomeration, and production at a pressure of 4 bar.
Test parameters and their respective volume flow rates are tabulated in Table 1.
Table 1. Parameters tested showing the different O2 concentrations and volume flowrates.
Set

O2, by Vol

Oxidant, mL/min

CO2, mL/min

CH4, mL/min

N2 Curtain, L/min

1

70%

800

800

1200

2

2

58%

800

800

1200

2

3

46%

800

800

1200

2

4

33%

800

800

1200

2

3. Results and Discussion:
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A Nikon CCD camera is used to capture images of the inverse co-flow flame at different O2 levels.
Images shown in Figure 2 indicate that with decreased O2 concentrations, the flame becomes
brighter due to higher soot loading. Furthermore, the inner blue flame height is almost not affected
by changes in O2 concentration.
1
b
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Figure 2. Images for flames with different O2 concentrations in oxidizer steam.
3.1

OH* Images:

OH* signal information is captured using an ICCD camera and narrowband filter (310±10 nm),
as shown in Figure 3. It is evident from both Figures 2 and 3 that flame height is unchanged with
an increase in O2 concentration. Furthermore, with an increase in oxygen levels, OH* signal
intensity increases, and the peak concentration of OH* is always located on the flame tip.
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Figure 3. OH* intensity signal at 4 bar, illustrating the effect of O2 concentration on the
flame structure. The individual color legend is presented for each image.
3.2

LII Images:

LII diagnostics allow us to capture the soot distribution of the inverse co-flow flame. Figure 4
shows the effects of oxygen concentrations on soot formation at 4 bar. It is evident that with
increasing oxygen levels soot is forming closer to the burner nozzle. When the O2 concentration
is lower, the soot formation structure on either side of the flame is found to have a smaller gap.
Also, experimental data from the individual legend in Figure 4 suggests that soot formation is
greatly sensitive to O2 concentration.
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Figure 4. Raw LII images for flames with different O2 concentrations in oxidizer steam
at 4 bar. Laser crosses the flame from the right to the left side (Individual color legend is
presented for each image).
3.3

Quantitative results:

Figure 6. (a) Integrated LII intensity vs O2 concentration at 4 bar. (b) Peak OH* intensity vs O2
concentration at 4 bar.
The integrated LII is obtained by taking the sum of all signals. The red error bar shows the standard
deviation from the 300 images captured. As shown in Figure 6(a), the integrated LII signal
intensity is higher for the flame with lower oxygen levels. In the investigated flame configuration,
soot oxidation is minimized, so the soot loading is dominantly controlled by soot growth.
6
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Numerous evidence indicates that soot growth is mainly determined by the concentration of soot
precursor PAH, flame temperature, the concentration of relevant gas-phase small hydrocarbon
species [8-10]. OH* could be an indicator of flame temperature. The peak flame temperature is
seen with a higher O2 level, as evidenced by the trend of the peak signal intensity of OH* in Figure
6(b). Measurements regarding PAH and small hydrocarbon species should be conducted in the
future, for a better understanding of soot enhancement by lowering the O2 concentration.
Conclusion:
Effects of O2 concentration at elevated pressure in methane Inverse Co-flow flames were
investigated comprehensively. Laser induced incadenscence was used to capture the soot profile
and intensity while OH* distribution was captured using chemiluminescence. Conclusions made
were:
•

The flame height is stable across varying O2 levels, OH* peak values increase with
decreasing O2 concentration. Visually we see that OH* is concentrated on the flame tip.

•

O2 Concentration effects on soot formation in inverse co-flow flames are substantial. A
higher O2 in oxidant steam is needed to lower SVF intensity. Visually using LII images
we see that soot forming on the wings of the flame has a narrower gap in between them
and farther away from the burner nozzle with decreased O2 levels.
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