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A combined experimental and numerical study was conducted to examine the structure of laminar meth-
ane–oxygen diffusion flames in comparison with methane–air flames. Soot measurements made in these
flames indicated that the maximum soot yields of methane–air flames are consistently higher than meth-
ane–oxygen flames at all pressures. The maximum soot yield of the methane–oxygen flames reaches a
peak near 40 atm and then starts decreasing as the pressure further increased. The maximum soot yield
of the methane–air flames plateaus at about 40 atm and does not change much with further increases in
pressure. Methane–oxygen flames display a distinct two-zone structure which is visible from atmo-
spheric pressure up to 60 atm. The inner zone, similar to hydrocarbon-air diffusion flames, has a yel-
low/orange colour and is surrounded by an outer blue zone. This outer zone was shown to have a
stratified structure with a very steep equivalence ratio gradient. The main reactions in this zone were
shown to be the oxidation of hydrogen and carbon monoxide produced within the inner zone. The meth-
ane–air diffusion flames had a thin layer of blue outer zone at atmospheric pressure; however, this zone
completely disappeared when the pressure was increased above atmospheric. The presence of the two-
zone structure in the methane–oxygen flames was attributed to the intensified penetration of oxygen
into the core flow. The higher diffusivities, steeper oxygen concentration gradients, and enhanced
entrainment increase the transport of oxygen to the flame. As such, there is sufficient oxygen present
near the base of the flame to support the diffusion flame in the inner zone of the methane–oxygen flames.
The abundance of oxygen near the centerline, even in the lower portion of the flame, also promotes the
oxidation of soot.

� 2013 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction

Soot formation, and to a certain extent soot oxidation, in lami-
nar diffusion flames of hydrocarbon fuels is dependent on several
parameters which ultimately determine the overall soot yield of
a flame. These parameters include: the chemical structure of the
fuel [1–5], the temperature of the flame [6], the presence of dilu-
ents or additives in the fuel and/or air stream [7–10], and the pres-
sure [4,11–13].

Typical combustion devices used in air- and land-based trans-
portation vehicles, as well as those used in stationary power gen-
eration, operate at pressures well above atmospheric. For
example, pressures in current aviation gas turbines approach
40 atm whereas pressures in the combustion chamber of a liquid
propellant rocket engine may reach up to 200 atm. These operating
pressures are well above the critical pressures of common hydro-
carbon fuels and air. In spite of this fact, our understanding of high
pressure combustion and its governing mechanisms is limited
when compared with our understanding of combustion under
atmospheric conditions. Although there have been efforts to pro-
ject the combustion data obtained at atmospheric conditions to
elevated pressures, there is no reliable method to perform this pro-
jection. For example, combustion intensity, i.e., energy release per
unit volume, scales with the square of pressure while the soot yield
in diffusion flames has a much more complex relationship with
pressure that depends on pressure itself [13]. Thus, the influence
of pressure on combustion is not trivial.

One evolving area of research is combustion involving pure oxy-
gen (or highly oxygen enriched air) as the oxidizing agent, called
oxy-fuel combustion. Oxy-fuel combustion is a promising enabling
technology for zero-emission combustion devices that capture car-
bon dioxide and it may also be of great benefit for use in rocket en-
gines. In comparison to conventional combustion using air, oxy-
fuel combustion offers a number of technical advantages in terms
of thermal efficiency, combustion stability, enhanced heat transfer,
and emissions control [14–16]. However, due to the high flame
temperatures that occur during oxy-fuel combustion, diluents such
as carbon dioxide or steam must be used for flame temperature

http://dx.doi.org/10.1016/j.combustflame.2013.04.030
mailto:ogulder@utias.utoronto.ca
http://dx.doi.org/10.1016/j.combustflame.2013.04.030
http://www.sciencedirect.com/science/journal/00102180
http://www.elsevier.com/locate/combustflame
http://dx.doi.org/10.1016/j.combustflame.2013.04.030


Fig. 1. A schematic view of the experimental setup.
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control and material cooling. This makes its successful application
difficult.

In terms of rocket propulsion, liquid oxygen-hydrocarbon en-
gine systems offer significant advantages for future launch vehi-
cles, such as favorable cost, better reliability, simpler ground
operation, reduced overall mass of the vehicle and improved mis-
sion flexibility. Most importantly, they offer reduced operational
costs and smaller propellant tank sizes when compared with liquid
oxygen-hydrogen systems, which is especially advantageous for
booster or core stage engines. Liquid oxygen-kerosene and liquid
oxygen-methane systems seem to be the most likely candidates.
Recently there has been considerable interest in the potential use
of methane and liquid oxygen as propellants for reusable rocket
engines [17]. Liquid oxygen-methane is viewed as one of the most
promising propellant combinations [17].

A few studies exist that involve methane and liquid oxygen
combustion with the aim of reproducing conditions relevant to
rocket applications, i.e., turbulent conditions and supercritical
methane pressures. But the complexities introduced by turbulence
make it difficult to fully characterize the highly-coupled interac-
tion between physical processes that occurs during oxy-fuel com-
bustion. Therefore, studies of oxy-fuel combustion involving
simpler laminar diffusion flames, from which the results can be ap-
plied to turbulent flames, are necessary to expand our fundamental
understanding of such processes. Unfortunately, information on
the structure and characteristics of laminar diffusion flames of
methane and oxygen is limited. Most of the research related to
oxy-fuel combustion applications was performed at atmospheric
pressures using oxygen enriched air for the oxidizer. Sugiyama
[7] and Lee et al. [8] reported the effects of oxygen concentration
in the air stream on soot formation in laminar co-flow diffusion
flames of methane at atmospheric conditions. Sugiyama [7] sug-
gested that the reduced soot concentrations with increasing co-
flow oxygen concentration in acetylene flames was due to changes
in velocity field and flame shape. Lee et al. [8] reported that the
soot surface growth and oxidation rates are higher in flames of
methane with an oxidizer consisting of 50% oxygen and 50% nitro-
gen as compared to the rates in a methane–air base flame. They
also found that as the oxygen concentration is increased in the oxi-
dizer flow, soot volume fractions in the flame are decreased [8]. Du
et al. [9] reported that the effect of oxygen concentration on the
oxidizer side of ethylene and propane counter-flow diffusion
flames is almost totally thermal. In a more recent numerical study
of a counter-flow flame of liquid oxygen and methane at transcrit-
ical conditions, species concentrations and temperature profiles
were calculated at 70 atm for three scenarios of liquid oxygen
and methane injection temperatures [18]. It is well known that liq-
uefied methane has favorable cooling characteristics that can be
used in combustion chambers with regenerative cooling [19,20].

Most recently, measurements were obtained for soot volume
fraction and temperature in laminar methane–oxygen co-flow
flames at elevated pressures between 10 and 90 atm [21]. Two dis-
tinct zones were observed in the visual appearance of the flames:
an inner luminous zone similar to methane–air diffusion flames
and an outer diffusion flame zone which was mostly blue. With
the aid of numerical analysis, it was concluded that the blue flame
zone starts as a diffusion flame of hydrogen and carbon monoxide
burning in oxygen and turns into a partially premixed flame as a
result of intense penetration of oxygen into the flame zone. The
measurements revealed an unexpected relationship between soot
yield and pressure. The overall soot yield increased with pressure
between 10 and 40 atm, but decreased when pressure was in-
creased further above 40 atm.

In the current work, the experimental measurements and
numerical results initially reported by Joo and Gülder [21] were
analyzed further. The two-zone structure of the laminar
Please cite this article in press as: P.H. Joo et al., Combust. Flame (2013), http:
methane–oxygen diffusion flames, observed experimentally at
atmospheric and elevated pressures, was studied and compared
to the structure of methane–air diffusion flames. New measure-
ments of soot volume fractions for methane–air flames at flow
rates similar to those for the methane–oxygen flames were ob-
tained and discussed. Additionally, predictions of species concen-
tration, temperature and velocity distributions were investigated
to expand on the observed changes in physical appearance be-
tween the air and oxygen flames. Previously, only the predicted
temperature and concentrations for several species along the cen-
terline were reported by Joo and Gülder [21] for these flames.
2. Experimental details

Experiments were conducted in a combustion chamber capable
of operating at sub- and super-atmospheric pressures with an in-
ner diameter of 0.24 m and a height of 0.60 m. Inside, the fuel noz-
zle of the burner is 3 mm in diameter and the co-flow air nozzle
has a diameter of 25 mm. The details of the combustion chamber
and the laminar co-flow diffusion flame burner used in this study
have already been described in more detail [22–24]. A schematic
of the experimental set-up is shown in Fig. 1. The thermal-based
mass flow meter is calibrated for low and high pressure uses and
has a maximum total error of less than 2%.

A non-intrusive, line-of-sight spectral soot emission (SSE) diag-
nostic technique was used to obtain the temperature and the soot
volume fraction. In the SSE diagnostic, line-of-sight radiation emis-
sions from soot are measured along chords through the flame at a
given height. Soot emission is measured over the wavelength range
of 690–945 nm. Spectra are averaged over the height of the en-
trance slit as well as across twelve spectral regions, each 21 nm
wide. This provides 12 adjacent spectral data points per line-of-
sight acquisition. Output from the spectrometer is focused onto a
calibrated 16-bit CCD detector (1100 � 330 pixels). The lateral
emission scans are inverted to obtain radially resolved emission
data using the three-point Abel deconvolution technique, after
which temperature and soot volume fraction can be determined
since soot optical properties are known [25]. Soot radiation emis-
sions are measured every 50 lm across the flame at the height
increments of 0.5 mm. Details of the theory are provided elsewhere
[26] and the specifics of the overall experimental layout of the
//dx.doi.org/10.1016/j.combustflame.2013.04.030
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spectral soot emission diagnostic used in this study are provided
by Joo and Gülder [24].

Schalla et al. [11,12] showed that the reciprocal of the smoke
point fuel mass flow rate scales with pressure approximately as
P1.0±0.2 for a range of fuels in air at pressures up to 12 atm [12].
Flower and Bowman [27] obtained a similar relationship in exper-
iments for high-pressure ethylene-air flames. They found the reci-
procal of the smoke point fuel mass flow rate scaled with P1.3.
Therefore, the fuel mass flow rate should be kept constant during
high pressure diffusion flame soot experiments in order to allow
direct comparisons [13,28]. Additionally, the fuel mass flow rate
should be determined at the highest planned pressure since soot
yield is known to increase with pressure [13]. Otherwise the smoke
point will be reached during the experiments, which would signif-
icantly complicate the analysis of soot formation and oxidation.
Residence times and temperatures in smoking flames are difficult
to define and measure [13].

The methane flow rate for the experiments of Joo and Gülder
[21] were originally selected to be 1.1 mg/s. With this flow rate,
the methane–oxygen flames were very stable at all pressures up
to 60 atm. Methane–air flames with a 1.1 mg/s flow rate, however,
were highly unstable at pressures above a few atmospheres and
began to smoke. Reducing the flow rate to 0.825 mg/s provided sta-
ble, non-smoking flames up to 20 atm, which is the same flow rate
for similar flames studied by Gülder et al. [29]. Joo and Gülder [24]
were able to obtain stable, non-smoking methane–air flames at
pressures up to 60 atm with methane flow rates of 0.55 mg/s.
However, Joo and Gülder [21] could not obtain measurements in
methane–oxygen flames with a methane flow rate of 0.55 mg/s
above 10–15 atm due to very small flame sizes and solid carbon
deposition on the burner rim. As a result, the methane–air and
methane–oxygen flames were studied over a range of pressures
and flow rates, which are listed in Table 1. Some of the experimen-
tal data for the methane–oxygen and methane–air flames were re-
ported previously in [21,24,29].
3. Numerical approach

The present study expands upon the initial numerical analysis
performed by Joo and Gülder [21]. In their study and ours, the
numerical comparison between the flame structures of methane–
oxygen and methane–air flames was performed under atmospheric
conditions only. The study makes use of a previously developed
framework for modeling laminar reactive flows with complex
chemistry, non-gray radiative heat transfer and soot [30] which
has been used previously in a number of studies of laminar flames
under both high-pressure and micro-gravity conditions [31–33].
This framework describes gaseous combusting flow using the con-
servation equations for continuous, multi-component compress-
ible gas mixtures [34]. The equations consist of the conservation
of total mixture mass, individual species mass, mixture momen-
tum, and mixture energy. Soot formation/oxidation and radiation
were not included here since their effects are expected to be rela-
tively small at atmospheric pressure.
Table 1
Fuel mass flow rates and the pressure ranges of the previous measurements and the
current data.

Oxidizer Methane flow rate (mg/s) Pressure range (atm) Source

Air 1.1 1–5 This work
0.825 1–20 [45]
0.55 1–60 [24]

Oxygen 1.1 1–60 [21]
0.55 1 [21]
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The equations governing the gas mixture are solved numerically
using a parallel, block-based, adaptive mesh refinement (AMR), fi-
nite-volume scheme on body-fitted, multi-block quadrilateral
mesh previously developed by Groth and co-workers [30,35–40].
The scheme makes use of piecewise limited linear reconstruction
and an approximate Riemann solver to determine the inviscid
fluxes [40]. The second-order diamond-path method developed
by Coirier and Powell [41] is used to compute the viscous fluxes.
Both the inviscid flux and the temporal derivative are precondi-
tioned using the proposed matrix of Weiss and Smith [42]. This
preconditioning helps reduce excessive dissipation and numerical
stiffness commonly encountered when applying the compressible
gas equations to low-Mach-number flows. The solution of the
fully-coupled nonlinear ODEs are relaxed to a steady-state using
the block-based parallel implicit algorithm developed by Northrup
and Groth [30,37] which makes use of a matrix-free inexact New-
ton–Krylov method. As noted above, this framework has been pre-
viously and successfully applied to the studies on the effects of
pressure and gravity on laminar co-flow methane and ethylene dif-
fusion flames [31–33].

Thermodynamic and transport properties along with gas-phase
kinetic rates are all evaluated in the solution method described
above using CANTERA [43], an open-source software package for
chemically-reacting flows. The simulations were performed using
a modified version of the Gri-Mech 3.0 mechanism for methane
combustion [44]. Nitrogen was assumed to be inert and all reac-
tions and species related to NOx formation were removed from
the mechanism, giving a final reduced mechanism with 36 species
and 219 reactions.
4. Results and discussion

4.1. Initial observations

Joo and Gülder [21] observed that atmospheric methane–oxy-
gen diffusion flames had a two zone structure that appeared to per-
sist at elevated pressures. The inner zone, zone I, is similar to a
laminar methane–air flame, luminous and mostly yellow/orange
in color. This inner zone is surrounded by an outer zone, zone II,
which is mostly blue and occupies a larger volume of the flame.
Figure 2 compares still images of the methane–oxygen and meth-
ane–air flames over a range of pressures. At atmospheric pressure,
we observed a similar blue flame surrounding the luminous zone
in methane–air flames, as shown in Fig. 2b. However, this thin blue
layer disappeared as soon as the pressure was increased to above
atmospheric. Saito et al. [45] also noticed a very thin layer of a blue
flame enclosing the yellow luminous zone of atmospheric meth-
ane–air diffusion flames at low methane flow rates.

It should be noted here that for a similar methane flow rate, the
visible flame height of the methane–air flame is about three times
longer than the methane–oxygen flame at atmospheric conditions.
The visible flame heights of methane–air flames, shown in Fig. 2b,
essentially stay constant with increasing pressure, which is the
same behavior observed in previous studies [24]. However, as
shown in Fig. 2a and discussed previously in [21], the visible flame
height of methane–oxygen flames decreases as the pressure is
increased.
4.2. Measurements of soot volume fraction

The variations in the soot volume fraction with radial location
and height above the burner exit for the methane–air flames are
compared with the results for the corresponding methane–oxygen
flames in Figs. 3 and 4, respectively. At 10 atm, the comparison
shows that the maximum soot volume fractions in methane–oxygen
//dx.doi.org/10.1016/j.combustflame.2013.04.030
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(a) Methane-oxygen 

(b) Methane-air 

Fig. 2. Still images of (a) methane–oxygen flames from 1 to 40 atm with a methane flow rate of 1.1 mg/s and (b) methane–air flames from 1 to 10 atm with a methane flow
rate of 0.825 mg/s. Results for methane–oxygen flames are adopted from [21].
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flames are about a factor of three lower than the ones in methane–air
flames. It should be noted that this difference would be larger if one
considers the fact that the mass flow rate of methane in methane–
oxygen flames is about 33% higher than in the methane–air flames.
A similar trend is observed when the soot volume fraction profiles
for the methane–air and the methane–oxygen flames at 20 atm
are compared. The maximum soot volume fractions in methane–
air flames are about three times higher than the ones in methane–
oxygen flames at 20 atm. At 40 atm, the maximum soot volume frac-
tion in the methane–oxygen flame is about 56 ppm compared to
141 ppm in a similar methane–air flame with half the methane flow
rate [24]. In the atmospheric methane–oxygen flame, soot concen-
trations are very low and not measurable with the current soot diag-
nostics. Measurements with a line-of-sight attenuation at
atmospheric pressure yielded the maximum soot volume fraction
much less than 0.1 ppm. It should be noted that the data in Fig. 4
was taken from [21] to facilitate a comparison with the flame-air
data shown in Fig. 3.

Overall, Figs. 3 and 4 illustrate that the distribution of soot is
similar in both the methane–air and methane–oxygen flames. Soot
is distributed in an annular band near the burner rim and this dis-
tribution flattens and the peak soot concentrations move towards
the flame centerline when pressure is increased.

One of the widely used approaches to assess the sensitivity of
soot formation to pressure uses the soot yield, defined as the per-
centage of total carbon in the fuel converted to soot. The soot yield
was suggested to be a better measure than soot volume fraction to
assess the influence of pressure on soot formation [27]. As such,
this measure was used here and in our previous high pressure
studies [22–24]. The mass flow rate of carbon, in the form of soot,
can be determined through the relationship

_msðzÞ ¼ 2pqs

Z
vzðr; zÞfvðr; zÞrdr ð1Þ
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where vz is the axial velocity, qs ¼ 1:8 g=cm3 is the soot density, and
z is the axial height. The axial velocity may be estimated using the
relationship vzðzÞ �

ffiffiffiffiffiffiffiffi
2az
p

, where a is an acceleration constant com-
monly assumed to be 25 m/s2 at atmospheric pressure [46]. How-
ever, in recent studies [29,31,32] it was found that the
acceleration constant a, which is used to estimate the axial velocity
of the flame as a function of height, is larger than 25 m/s2 at super-
atmospheric pressures. Based on the calculations performed by
Charest et al. [29,31,32], a value of 32 m/s2 was assumed for the
acceleration constant a. A plot of the maximum soot yield as a func-
tion of pressure in the methane–oxygen and methane–air flames is
shown in Fig. 5. The results for the methane–oxygen flames in [21]
were re-evaluated to include the higher buoyancy effects.

As shown in Fig. 5, the methane–air flames produced several
times more soot than methane–oxygen flames. In the methane–
oxygen flames, soot yield reaches a peak around 40 atm, and then
it starts decreasing with further increase in pressure. The soot yield
in the methane–air flames reaches a plateau around 40–50 atm,
which has also been observed with other other gaseous n-alkane
fuels [29]. As noted above, the difference between the soot yields
of the methane–air and methane–oxygen flames would be larger
if one considered the fact that the mass flow rate of methane in
methane–oxygen flames is about 33% higher than in the meth-
ane–air flames. Considering the scaling arguments that were dis-
cussed in [29]—the soot yield approximately scales with the
square root of fuel mass flow rate for diffusion flames burning at
or below their smoke points—it is expected that the methane–air
soot yield profile shown in Fig. 5 would be approximately 15%
higher if the methane flow rate were 1.1 mg/s.

A lack of understanding of the dependence of soot refractive in-
dex on soot temperature and the wavelength introduces some de-
gree of uncertainty in the measured soot volume fractions.
Nonetheless, the soot refractive index was assumed not to have a
//dx.doi.org/10.1016/j.combustflame.2013.04.030
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(b) 20 atm 

(a) 10 atm 

Fig. 3. Radial soot profiles at various heights above the burner exit in the methane–
air flames. Methane flow rate is 0.825 mg/s.

(a) 10 atm 

(b) 20 atm 

(c) 40 atm 
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significant dependence on temperature or the wavelength. This
was necessary to be consistent with previous high-pressure soot
measurements [21–23]. Another potential source of uncertainty
is the attenuation of emissions by soot in the flames studied here
and in [21]. Modeling of the flame emission using the methods de-
scribed in [26] indicated that the attenuation of soot emissions
introduces only a small error into the measurements (i.e., <2%)
for even the highest soot loadings encountered in this work. The
uncertainty introduced by attenuation is similar to those encoun-
tered in atmospheric flames because light attenuation is a function
of the product of the soot concentration and the absorption path
length. Maximum soot concentrations measured in this study are
ten times larger than those observed in similar atmospheric flames,
but the flame diameters are much smaller and decrease with
increasing pressure. The maximum total uncertainty in soot mea-
surements reported in this work was evaluated as 35%. The error
bars in Fig. 5 correspond to this maximum total uncertainty.
Fig. 4. Radial soot profiles at various heights above the burner exit in the methane–
oxygen flames [21]. Methane flow rate is 1.1 mg/s.
4.3. Predictions at 1 atm

The predicted temperature profiles along the flame axis of the
methane–oxygen and methane–air flames at one atmosphere are
Please cite this article in press as: P.H. Joo et al., Combust. Flame (2013), http:
shown in Fig. 6. The corresponding profiles for methane, carbon
monoxide, hydrogen, and oxygen mass fraction along the
//dx.doi.org/10.1016/j.combustflame.2013.04.030
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Fig. 5. Maximum soot yields of methane–oxygen and methane–air flames as a
function of pressure. Methane–oxygen data in [21] are re-evaluated to include
higher buoyancy effects. Methane–air data with the lowest flow rate are from [24].

(a) Methane-oxygen 

(b) Methane-air 

Fig. 6. Predicted temperatures and mass fractions of major species along the flame
axis for (a) methane–oxygen and (b) methane–air flames at 1 atm. Methane flow
rate is 1.1 mg/s. Horizontal arrows mark the locations of Zone I and Zone II from
Fig. 2a. The data was adopted from [21].

Fig. 7. Predicted equivalence ratios in the methane–oxygen flame at atmospheric
pressure. Dashed lines denote the edges of the zones. Methane flow rate is 1.1 mg/s.
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centerline are also shown in the figure. For the methane–oxygen
flames, the locations of the two zones indicated in Fig. 2a were
superimposed along the flame axis in Fig. 6. As discussed by Joo
and Gülder [21], the maximum centerline temperature of the
methane–oxygen flame is about 700–800 K higher than that of
methane–air flame. Centerline hydrogen mass fractions along the
flame axis indicate that a relatively large amount of hydrogen is
produced through the pyrolysis of methane at high temperatures
in the methane–oxygen flame, illustrated in Fig. 6. In the meth-
ane–oxygen flame, the mass fractions of hydrogen first reach a
peak just before the tip of the yellow luminous zone and then
hydrogen is depleted by oxygen through a diffusion flame within
the blue flame zone. A similar behavior was observed by the mass
fraction of carbon monoxide; however, a small portion of carbon
monoxide seemed to exit the blue flame tip. As such, Joo and Gül-
der [21] noted that the blue flame zone is mainly a diffusion flame
of hydrogen and carbon monoxide burning in oxygen. But intense
penetration of oxygen into the flame causes the flame within the
blue zone (zone II) to turn into a partially premixed (stratified)
flame downstream; the computed oxygen mass fractions are al-
most zero at the interface between the two zones and increase
with height afterwards. This phenomenon was confirmed herein
by plotting the predicted equivalence ratio, U, on top of the exper-
imental images of the flame, shown in Fig. 7. The stratified struc-
ture with the blue zone is evident.

Figure 8 depicts the predicted mass fractions of small hydrocar-
bons and radicals along the flame centerline. In zone I of the meth-
ane–oxygen flames, intense pyrolysis of methane leads to high
concentrations of acetylene, ethylene, and ethane; although these
species are mostly destroyed before they reach the tip of the zone I.
The blue zone (zone II) contains relatively high concentrations of rad-
icals OH, O, and H radicals as compared to the concentrations in zone I.
In the methane–air flames, on the other hand, concentrations of acet-
ylene, ethylene, and ethane are much higher than in methane–oxygen
flames while the peak hydrogen and carbon monoxide concentrations
are about an order of magnitude lower. Therefore, the preferred pyro-
lysis products in the methane–air flames are mainly small hydrocar-
bons, whereas they are small hydrocarbons combined with carbon
monoxide and hydrogen for the oxygen-air flames. These differences
in species concentrations are primarily the result of the large temper-
ature differences between the two flames.

The predicted temperature contours for both flames are com-
pared in Fig. 9. The location where the mixture fraction is
Please cite this article in press as: P.H. Joo et al., Combust. Flame (2013), http://dx.doi.org/10.1016/j.combustflame.2013.04.030
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(a) Methane-oxygen 

(b) Methane-air 

Fig. 8. Predicted mass fractions along the flame axis of acetylene, ethylene, ethane,
hydroxyl radical, elemental oxygen and elemental hydrogen for (a) methane–
oxygen and (b) methane–air flames at 1 atm. Methane flow rate is 1.1 mg/s.
Horizontal arrows mark the locations of Zone I and Zone II from Fig. 2a.

Fig. 9. Predicted temperature contours for methane–air and methane–oxygen
flames at 1 atm with a methane mass flow rate of 1.1 mg/s. The solid black lines
denote the location where the mixture fraction is equal to the stoichiometric value.

Fig. 10. Predicted contours for oxygen mass fraction in the methane–air and
methane–oxygen flames at 1 atm with a methane mass flow rate of 1.1 mg/s. The
oxygen mass fraction was normalized by the mass fraction of oxygen in the oxidizer
stream. The solid black lines denote the flow streamlines.
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stoichiometric is also denoted in the figure. The structure of the
two flames is drastically different and peak temperatures occur
much lower in the oxygen flame, which corresponds with the
results obtained by Joo and Gülder [21]. The predicted peak tem-
perature in the oxygen-air flame is 2910 K, whereas it is only
2072 K in the methane–air flame. This is comparable to the mea-
sured peaks of 2075 K and 2600 K for 10 atm methane–air [24]
and methane–oxygen flames [21]. Note that the actual tempera-
tures for the 1 atm flames are expected to be slightly higher than
the values measured at 10 atm, especially for the methane–oxygen
flames. These discrepancies in predicted temperature are largely
attributed to the absence of radiation in the numerical model.
Additionally, the location of maximum temperature occurs slightly
on the lean side of the methane–air flame, but slightly on the rich
side of in the oxygen-air flame as also observed by Skeen et al. [46].

Figure 10 shows the fluid streamlines superimposed on the pre-
dicted contours for oxygen mass fraction in both flames. Note that
the oxygen mass fraction has been normalized by the value in the
oxidizer stream, 0.232 for air and 1.0 for oxygen co-flow. Oxygen is
able to reach the centerline faster and at a much lower height in
the oxygen-air flame. However, the streamlines are not altered sig-
Please cite this article in press as: P.H. Joo et al., Combust. Flame (2013), http:
nificantly by the change in oxidizer. They converge towards the
centerline with increasing height faster in the methane–oxygen
flame, which is a result of lower densities and stronger buoyant
forces since temperatures in the methane–oxygen flame are high-
er. As such, the higher temperatures—diffusivity increases with
temperature—and steeper oxygen concentration gradients in the
methane–oxygen flame promote the diffusion of oxygen towards
the fuel stream. This results in the high oxygen concentrations
along the centerline near the burner and supplies the diffusion
flame in zone I with oxidizer.

The effect of oxidizer on the axial flow velocities are presented
in Fig. 11. Although the streamlines were not altered significantly,
the higher temperatures low in the methane–oxygen flame cause
//dx.doi.org/10.1016/j.combustflame.2013.04.030
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Fig. 11. Predicted axial velocity contours for the methane–air and methane–oxygen
flames at 1 atm with a methane mass flow rate of 1.1 mg/s. The solid black lines
denote the location where the mixture fraction is equal to the stoichiometric value.

Fig. 12. Predicted radial velocity contours for the methane–air and methane–
oxygen flames at 1 atm with a methane mass flow rate of 1.1 mg/s. The solid black
lines denote the location where the mixture fraction is equal to the stoichiometric
value.
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the flow to accelerate much faster. Higher up in the flame, the axial
velocities of the two flames are similar. Interestingly, there is a re-
gion of gas in the methane–oxygen flame with a high upward
velocity near the burner exit plane along the centerline. This indi-
cates that the flow near the axis accelerates quickly, slows down
across the flame front, and then speeds up once again. This de-
crease is caused by the diffusion of oxygen towards the flame,
against the upward velocity of the bulk flow. Contours of the radial
velocity, Fig. 12 shows a similar increase in velocity of the fuel
stream towards the oxidizer when oxygen is used for the co-flow.
As such, mass transport intensifies due to the higher temperatures
and concentration gradients in the pure oxygen flame. The higher
upward velocities in the lower portion of the pure oxygen flame
are also expected to enhance the entrainment of oxidizer into the
core flow.
Please cite this article in press as: P.H. Joo et al., Combust. Flame (2013), http:
5. Concluding remarks

Through further experimental and numerical analysis, the
structure and characteristics of laminar methane–oxygen diffusion
flames were compared with those of similar methane–air flames.
The distinct two-zone structure originally reported by Joo and Gül-
der [21] was observed in the methane–oxygen flames that per-
sisted over the range of pressures investigated (1–60 atm). The
inner zone has a yellow/orange colour, similar to hydrocarbon-air
flames, and is surrounded by a larger blue outer zone. Methane–
air diffusion flames had a thin layer of blue outer zone at atmo-
spheric pressure; however, this zone completely disappeared when
the pressure was increased above atmospheric. Maximum soot
yields of methane–air flames were consistently higher than meth-
ane–oxygen flames at all pressures. The soot yield of the methane–
oxygen flames reached a peak at about 40 atm and then started
decreasing as the pressure further increased, whereas the soot
yield of the methane–air flames reached a plateau at about
40 atm and did not change much with further pressure increase.

The distinct two-zone structure of the methane–oxygen flames
was not observed when air was used as the co-flow oxidizer.
Numerical simulations showed that when pure oxygen was used
in the co-flow stream, a relatively large amount of hydrogen and
carbon monoxide was produced in the inner zone from high tem-
perature pyrolysis of the fuel. This early fuel pyrolysis was con-
firmed by the significant amounts acetylene, ethylene, and
ethane produced and destroyed within the inner zone. The outer
zone of the methane–oxygen flames had a stratified structure with
a very steep equivalence ratio gradient. The main reactions in this
outer zone are the oxidation of the hydrogen and carbon monoxide
that was produced within the inner zone.

The presence of the two-zone structure in the methane–oxygen
flames was attributed to the intensified penetration of oxygen into
the core flow. The higher diffusivities, steeper oxygen concentra-
tion gradients, and enhanced entrainment increase the transport
of oxygen to the flame. As such, there is sufficient oxygen present
near the base of the flame to support the diffusion flame in the in-
ner zone of the methane–oxygen flames. Overall, mass transfer
rates are higher when pure oxygen is used instead of air for the
co-flow stream because of the higher temperatures, steeper con-
centration gradients, and stronger buoyancy forces. The abundance
of oxygen near the centerline, even in the lower portion of the
flame, also promotes the oxidation of soot.
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