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Abstract: A numerical investigation of the characteristics of laminar co-flow methane–oxygen
diffusion flames has been carried out. The temperature and nitric oxide (NO) distributions in
unconfined and partly confined flames are studied in detail. Radial confinements of different
diameters and with a length of 150 times the fuel jet diameter have been considered to allow
atmospheric nitrogen entry only from the top. A numerical model with a 43-step chemical kinetics mechanism and an optically thin radiation sub-model is employed to carry out simulations.
The numerical model has been validated using the experimental data available in the literature.
The effect of oxygen flowrate on temperature distributions is studied thoroughly. Confined flame
extents are compared with the corresponding unconfined flame extents with the help of OH contours. The effect of confinement diameter on temperature and NO distributions is analysed in
detail. At low oxygen flowrates, the extents of confined flames are higher than those of an unconfined flame. At a higher oxygen flowrate, the extent of unconfined flame becomes higher. The
confined flames are in general hotter than the unconfined flames. However, at the highest oxygen
flowrate and for an intermediate confinement diameter, the flame has the lowest maximum temperature. The amount of NO produced in confined flames is higher than the unconfined flames,
due to air entrainment from the top of the confining tube, which increases the residence time for
nitrogen transport and its oxidation. At the highest oxygen flowrate considered, numerical predictions show that for a given confinement length, there is an optimum confinement diameter
which results in a minimum net production of NO among all the flames.
Keywords: oxy-fuel combustion, co-flow diffusion flames, multi-component mass transfer,
confined jet, multi-step kinetics, optically thin radiation
1

INTRODUCTION

A green house gas contributing to most of the global
warming is carbon dioxide (CO2 ). Therefore, the capture and storage of CO2 have become a priority activity.
Researchers have shown that oxygen-enhanced combustion of hydrocarbon fuels enables easy capture
of CO2 [1, 2], because the flue gases mainly contain CO2 and H2 O and, wherein, H2 O can be easily
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removed by condensation. Efforts are being made currently to develop zero-emission oxy-fuel-based power
plants [3]. Oxygen-enhanced combustion involves
burning of fuel with nearly 100 per cent pure oxygen instead of air. As oxygen concentration in the
oxidizer is increased from 21 per cent to 100 per
cent, the adiabatic flame temperature increases and
the volume of exhaust for a given volume of fuel
decreases. Further, the increase in oxygen concentration leads to an increased flame velocity, increased
flammability limits, and reduced minimum ignition
energy [4]. This leads to enhanced flame stability and,
hence, in general, oxygen-enriched flames may not
need any complex stabilization mechanism. Oxygenenhanced flames have been widely used in many
industrial applications such as welding, glass melting,
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and materials processing. In particular, the glass
industry has benefited from the increased thermal efficiency and improved product quality from furnaces
by employing the oxygen-enhanced combustion process [5].
There have been numerous studies of diffusion
flames of methane with oxygen-enriched air or with
pure oxygen, in both the counter-flow [6–13] and coflow [14–22] configurations. In all these cases, the
combustion products emerge freely into the atmosphere. These studies have been instrumental in defining both the chemical reaction mechanism and the
flame structure. However, both the temperature distribution and the production of pollutants would be
expected to differ significantly from the unconfined
situations when the flame issues into partly confined
environments such as furnaces or other combustion
chambers. Therefore, during this study, numerical
investigations are carried out to study the influence of
radial confinement on the distributions of the temperature and NO distributions. The radial confinements
prevent the atmospheric air entrainment from the
bottom and sides of the burner, and only allow air
entrainment from the top opening located at a distance of 150 times the diameter of the fuel jet. It
should be stated here that the objective of this study
is not to simulate to the exact conditions that exist
in an actual combustion chamber or in a furnace,
but to study the effects of confinements of different diameters on flame extents, temperature, and
NO distributions in laboratory-scale flames, which
is of academic interest. A comprehensive numerical
model, which employs a multi-step chemical kinetics mechanism, variable thermo-physical properties,
multi-component species diffusion, and a radiation
sub-model, has been employed for numerical simulations and the effect of confinement size on flame
extents, temperature, and NO mass fractions is presented in detail. It is shown that the production of NO
depends on the residence time for nitrogen transport.
2

NUMERICAL MODEL

In the present study, numerical simulations of combustion processes are carried out using commercial
computational fluid dynamics (CFD) software, FLUENT 6.3 [23]. The general form of transport equation
for two-dimensional, steady, axisymmetric, and laminar reactive flows can be written as follows

and Jx and Jr are axial and radial diffusive fluxes of φ.
The last term on the right-hand side (RHS), Sφ , is the
appropriate source term.
For example, the multi-component species transport equation involving N species in molar terms
and in vector form, for any individual species, can be
written as follows
∂
(ρσi ) + ∇(ρV σi ) = −∇(J i /Mi ) + Ri
∂t

(2)

where the variable σi = Yi /Mi , Yi is the mass fraction,
Mi is the molecular mass, J i is the diffusive mass flux
vector of the ith species, and Ri is the net molar rate of
production of species i by chemical reaction. Species
diffusion has been modelled by way of a full multicomponent treatment that also includes a thermal diffusion contribution. The net mass rate of production
of species is handled as a source term [23]. Arrhenius
type of rate equations are used to obtain the reaction
rates of all the reactions. The net rates of the formation of several species participating in the multiple
chemical reactions have been solved simultaneously
using a stiff chemistry solver. A skeletal mechanism
that neglects C2 and higher carbon species has been
obtained from reference [24]. This mechanism consists of 43 reaction steps and 18 species and is listed in
the Appendix. In terms of σi , and by including the heat
conduction term, the energy conservation equation at
constant pressure is written as



∂ 
(ρσi h̄i ) + ∇ ·
(ρV σi h̄i )
∂t
i
i

(J i h̄i /Mi ) + Q̇
(3)
= ∇ · (k∇T ) − ∇ ·
i

where Q̇ is the rate of heat transfer by radiative
exchange with the surroundings and the h̄i are molar
enthalpies that are functions of temperature alone.
Multiplying equation (2) by h̄i , summing it over all N
species, and using that in equation (3), and also using
the calorific equation of state, the energy equation can
be written as
 

.
∂
ρV σi ∇ · (c̄p,i T )
ρσi (c̄p,i T ) +
∂t
i
i

Ri h̄i
= ∇ · (k∇T ) −
i

−



(J i /Mi )∇ · (c̄p,i T ) + Q̇

(4)

i

1 ∂
∂Jx
1 ∂
∂
(ρvx φ) +
(rρvr φ) = −
−
(rJr ) + Sφ
∂x
r ∂r
∂x
r ∂r
(1)
In equation (1), φ can take values such as 1, vx ,
vr , h, or Yi , depending on whether it is conservation
of mass, momentum, energy, or species, respectively,

where c̄p,i is the molar specific heat of the ith species
at constant pressure, expressed as a polynomial of
temperature. The second term on the RHS represents
the chemical heat release rate. The first and third
terms represent the contributions to energy transport by thermal conduction and species diffusion,

Proc. IMechE Vol. 225 Part C: J. Mechanical Engineering Science
Downloaded from pic.sagepub.com at University of Birmingham on March 22, 2015

Characteristics of laminar co-flow methane–oxygen diffusion flames

1215

respectively. These are available inherent in FLUENT
and are handled as source terms by the solver [23].
The last term in RHS represents the optically thin
approximation-based radiation losses, which has been
added as the volumetric sink term using a userdefined function (UDF). Thermal radiation absorption
by species such as CH4 , CO2 , CO, and H2 O has been
modelled by an optically thin approximation-based
radiation sub-model. Barlow et al. [25] employed the
assumption of optically thin transfer of heat by radiation between the flame and cold surroundings through
the participating species. In this approach, the thermal
energy loss term due to radiation can be expressed in
the following form
Q̇ = −4σB (T 4 − Tb4 )



(pi aPi )

(5)

i

In equation (2), σB is the Stefan–Boltzmann constant
equal to 5.669 × 10−8 W/m2 K4 , T is the local flame
temperature, Tb is the atmospheric temperature, pi is
the partial pressure of species i in the atmosphere,
and aPi is the Planck mean absorption coefficient
for species i, which can be calculated as a function
of temperature and species mole fractions [25]. The
radiation heat loss term has been implemented as a
source term in the energy equation using a UDF. A
second-order upwind scheme has been employed in
convective terms. Thermo-physical properties of the
species have been calculated as functions of temperature and species concentrations. The properties of
each species as a function of temperature have been
calculated using kinetic theory and CHEMKIN [26]
thermodynamic database. Viscosity, binary mass diffusivity, and thermal conductivity are calculated using
kinetic theory. Specific heat capacities are calculated
using temperature-dependent piecewise polynomial
functions. For the mixture, density is calculated using
mixture molecular weight and ideal-gas equation of
state, specific heat capacity using the mixing law, viscosity, and thermal conductivity using the ideal gas
mixing law. The effect of gravity-driven flow is also
considered. In the axisymmetric model, the computational domain will be as shown in Fig. 1. Co-flow
burner considered in this study consists of two concentric tubes. Through the inner tube pure methane
flows and through the annular passage pure oxygen
flows. The inner diameter of the central tube is 2 mm
and its wall thickness is 3 mm. The inner diameter of
the outer tube is 16 mm and its wall thickness is 3 mm.
The boundary conditions will be as follows.
1. Fuel inlet: At the fuel inlet boundary, the velocity
profile of the fuel jet is specified. A fully developed velocity profile is prescribed such that the
flowrate corresponding to the experimental value
is obtained. A constant temperature of 300 K and a
fuel mass fraction of unity are prescribed.

Fig. 1 Numerical domain considered for computational
study along with boundary conditions

2. Oxidizer inlet: This boundary is treated in the same
manner as that of fuel inlet boundary, except that
the mass fraction of oxygen is made unity and velocity profile corresponding to that of oxygen flowrate
has been specified.
3. Wall: The wall thicknesses of the fuel tube as well
as the oxygen tube have been modelled as a no-slip
condition for the velocities and an adiabatic condition for temperature. For species, its first derivative
is set to zero at the wall.
4. Pressure specified: As the radial extent tends to infinity, the flow pressure will eventually become equal
to that of the atmosphere. Hence, the far boundaries in the bottom as well as on the left (Fig. 2)
have been provided with pressure inlet boundary
condition, which is available in FLUENT. An oxygen
mass fraction of 0.232 and a constant temperature of 300 K are specified at this boundary for the
atmospheric air which entrains into the domain.
5. Pressure outlet: At the exit boundary, flow leaves
to the atmosphere. Due to buoyancy-driven flow,
incoming flow can also occur at this boundary at
a few cells. Therefore, a pressure outlet condition,
which drives the flow with respect to the local pressure gradient, has been chosen at this boundary.
In case of back-flow into the domain, an oxygen
mass fraction of 0.232 and a constant temperature
of 300 K are specified.
6. Axis: This boundary represents the centre-line of
the burner. For this axisymmetric problem, an axis
boundary condition has been specified (Fig. 2). At
this boundary, the boundary conditions specified
are vr = 0 and (∂/∂r)(φ) = 0, where φ is any other
variable.
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Fig. 2 (a) Temperature along a portion of the burner surface. Symbols represent experimental data
of Bennett et al. [22], the dashed line represents a six-parameter modified Gaussian fit of
Bennett et al. [22], and the solid line is from the present numerical model with the 43-step
mechanism with an adiabatic condition on the burner wall. (b) Variation of temperature
in the radial direction at an axial location of 0.243 cm; solid line shows predictions by the
present numerical model using the 43-step skeletal mechanism, dashed line shows the
present numerical predictions using GRI 2.11 mechanism, dotted line shows the numerical
predictions using GRI 3.0 by Bennett et al. [22], and symbols show the experimental results
of Bennett et al. [22]. (c) Variation of mole fractions of various species in the radial direction
at an axial location of 0.243 cm; solid lines show predictions by the present numerical model
using the 43-step skeletal mechanism, dashed lines show the present numerical predictions
using GRI 2.11 mechanism, dotted lines show the numerical predictions using GRI 3.0 by
Bennett et al. [22], and symbols show the experimental results of Bennett et al. [22]

A domain with extents of 200 mm in the axial direction
and 50 mm in the radial direction is chosen. A commercially available meshing software called GAMBIT
2.0 [23], available with FLUENT, has been employed to
create the computational domain and for generating
grid. The domain has been divided into several quadrilateral control volumes. Multi-block structured grids
are used with uniform spacing in the radial and axial
directions in most of the domain. The grid spacing in
the radial direction is refined near the walls in order to
increase the number of cells in the wall region. A grid
independence study is performed using grids of sizes
370 × 200, 260 × 200, 590 × 100, 590 × 200, 590 × 400,
and 1030 × 200. The grid with 590 × 200 cells has been
employed for all the cases in this study. The minimum
grid spacing in the radial direction is 0.04 mm near the
wall region and the maximum grid spacing is 0.1 mm
in the outer region. A uniform grid spacing of 1 mm in
the axial direction has been employed. The velocity,
temperature, and species mass fractions are initialized to some constant values across the computational
domain. Appropriate under-relaxation factors are set
for pressure, density, body force, momentum, species,
and temperature. Cold flow case is executed for around
2500–3000 iterations till a reasonable convergence is
obtained. Then, the mixture of fuel and oxygen is
ignited by setting the temperature as 1800 K in the volumes/regions where proper mixing has taken place.
The case is executed for around 5000 iterations, after
which the occurrence of ignition is checked and the

optically thin radiation model is applied. The case executed till convergence is obtained. On an average the
convergence occurred after around 100 000 iterations.
The convergence criterion for all the equations is that
the difference between the current and the previous
iteration value is below 1 × 10−6 . The concentration of
NO is predicted by considering thermal, prompt, and
N2 O mechanisms in a post-processing step. The concentrations of O and OH, which are required in thermal
and N2 O mechanisms, are used from the existing converged solution. Appropriate boundary conditions are
set for NO and N2 O, and their concentrations are
initialized. The solution is iteratively obtained after
proper convergence.

3 VALIDATION OF THE NUMERICAL MODEL
Bennett et al. [22] measured temperature and species
concentrations within the flame zone by employing
a fuel stream diluted with nitrogen. Their measurements within the flame zone of a co-flow diffusion
flame, sourced by a central methane jet diluted with 35
per cent nitrogen with co-flowing pure oxygen stream
(called Flame 2 in reference [22]), are used to validate the present numerical model with the 43-step
skeletal reaction mechanism. A simulation with a C2
mechanism (GRI 2.11) is also included for comparison purpose. The numerical results of Bennett et al.
[22] have also been included in the validation plots.
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A numerical domain, as given in reference [22], is created and has been discretized using similar cell sizes
arrived using the grid independence study discussed
above. All the boundary conditions are as described in
the present study (Fig. 1) except for the oxygen inlet
boundary condition, where a constant-velocity inlet is
used to conform to the velocity profile used by Bennett et al. [22]. For the wall thickness of the burner, an
adiabatic boundary condition has been prescribed. In
reference [22], the six-parameter modified Gaussian fit
for temperature based on the experimental measurements was employed. The adiabatic condition used
in this study gave an inlet temperature profile that has
been plotted along with experimental and fitted values
reported in reference [22] and in Fig. 2(a). It should be
noted from Fig. 2(a) that there are notable differences
in the profiles, which may slightly alter the results.
However, in this study, only a relative comparison
between the unconfined and confined flames is made.
For this purpose, an adiabatic condition prescribed
at the wall of the burner should be sufficient. Figures 2(b) and (c) show the variation of temperature and
the distribution of major species concentrations along
the radial direction at an axial location of 0.243 cm,
which is the core of the flame zone, as predicted by the
present numerical model with the 43-step mechanism
and GRI 2.11 mechanism, along with the experimental

Fig. 3
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and numerical results of Bennett et al. [22]. It is clear
that the agreement between the present numerical
results and the experimental and numerical results of
Bennett et al. [22] is quite good. This indicates that
the C1 mechanism, with 43 reaction steps, considered
in the present study, can be employed to predict the
profiles within the flame zone quite accurately and
economically.
4

RESULTS AND DISCUSSION

4.1 Effect of confinement diameter on flame
extents
To relatively compare the flame extents among the
confined and unconfined cases, numerically predicted
OH mass fraction contours has been employed. In this
study, the extent of the flame zone is depicted by using
the OH contour line with a value equal to 1 per cent
of the maximum OH in the domain. Figure 3 shows
the predicted isopleths of OH mass fraction for a fuel
flowrate of 4.5 l/h and an oxygen flowrate of 4.5 l/h,
for three different confinement diameters of 44, 88,
and 176 mm. The unconfined flame for this case is also
shown.
As the confinement diameter increases from 44 to
88 mm, the maximum OH mass fraction increases

Predicted isopleths of OH mass fraction for fuel flowrate of 4.5 l/h and oxygen flowrate of
4.5 l/h for confinement diameters of (a) 44 mm, (b) 88 mm, and (c) 176 mm, and for (d)
unconfined flame
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from 0.0094 to 0.0101. This is shown by the redcoloured isopleths (numbered 8). However, with further increase in the confinement diameter to 176 mm,
a decrease in the maximum OH mass fraction to 0.0095
occurs. For all the flames, the maximum OH mass fraction occurs in a ring-shaped region very close to the
burner exit. While the radial location of the maximum
OH contour remains almost the same for all cases, the
axial extent of the maximum OH zone increases as
the confinement diameter increases from 44 to 88 mm
and then it decreases. Also, the OH mass fraction contour corresponding to 1 per cent of the maximum
OH mass fraction, identified as the contour number
1 in Fig. 3, shows that with an increase in the confinement diameter, the flame extent increases in the
axial direction. However, the flame extent does not
increase in the radial direction and remains almost
a constant. When compared against the OH mass
fraction contours of the unconfined flame, the flame
extent for all the confined flames is found to be larger
for this oxygen flowrate. This is due to the restriction imposed on atmospheric oxygen entrainment.
The flow field resulting due to the presence of confinement is another reason for this trend. Figure 4 shows
the stream lines for this case close to the burner exit
region.
The entrainment of the atmospheric air takes place
from the top opening for the confined cases as compared to the entrainment from the sides for the
unconfined case. Based on the size of the confinement,

the resulting flow field varies. For the lowest confinement diameter, for the low oxygen flowrate of 4.5 l/h, a
strong re-circulation zone exists that facilitates better
mixing of fuel and oxygen. This is the reason for reduction in the flame length for this small confinement
as compared to the other confinements. The variation
trends for other confinement diameters are also due to
their corresponding resultant flow field, which brings
in the atmospheric oxygen in addition to the co-flow
oxygen. However, for this low oxygen flowrate, only a
small change in flame length results between these
two cases. Figure 5 shows the predicted isopleths of
OH mass fraction for the same fuel flowrate, but for an
oxygen flowrate of 9 l/h.
For the increased oxygen flowrate, the flame extents
for all the cases in the axial direction (contours numbered 1 in Fig. 5) are less than the corresponding
flame extents for the lower oxygen flowrate of 4.5 l/h.
The radial locations of the maximum OH values have
changed slightly due to increased co-flow of oxygen. The maximum OH mass fraction increases with
increasing confinement diameter and are higher than
that of the unconfined flame. However, unlike the
previous case, the flame extents for the confined
flames have reduced and are comparable to that of the
unconfined flame. This is due to the increased oxygen
flowrate, which makes enough oxygen being available
for combustion even with restricted entry of atmospheric oxygen for confined cases. Within the confined
flames, as the confinement diameter increases from

Fig. 4 Predicted stream lines for fuel flowrate of 4.5 l/h and oxygen flowrate of 4.5 l/h for confinement diameters of (a) 44 mm, (b) 88 mm, and (c) 176 mm, and for (d) unconfined
flames
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Predicted isopleths of OH mass fraction for fuel flowrate of 4.5 l/h and oxygen flowrate
of 9 l/h for confinement diameters of (a) 44 mm, (b) 88 mm, and (c) 176 mm, and for
(d) unconfined flame

44 to 88 mm, the axial flame extent increases; however, a further increase in oxygen flowrate results in
a slight decrease in the flame extent. This trend can
be attributed to the effect of the resulting flow field in
the presence of confinement of various sizes (Fig. 6).
At this oxygen flowrate, the re-circulation zone for
44 mm confinement is not seen; however, relatively
more entrainment is observed for this case as indicated by the stream lines flowing down closer to the
burner exit (Fig. 6(a)). For a confinement diameter
of 88 mm, the entrainment is not as strong as in the
lower confinement case as indicated by the increased
radial extent of the upward flowing stream lines. For
the highest confinement diameter of 176 mm, the flow
field is much similar to that of 88 mm and, therefore,
only a small variation in flow field (slight reduction) is
observed.
Figure 7 shows the predicted isopleths of OH mass
fraction for a fuel flowrate of 4.5 l/h and a further
increased oxygen flowrate of 13.5 l/h. Both the radial
and the axial flame extents are found to have decreased
for this higher oxygen flowrate case as compared to the
earlier cases. Axial flame extent increases with increasing confinement diameter and the axial extent of the
unconfined flame is now larger than the confined
cases (Fig. 7), unlike observed before. The maximum
OH mass fraction for the unconfined case is now comparable to the confined cases. These trends are due to

the combined effects of increased oxygen availability
and resulting flow field in the presence of confinement
(Fig. 8). For the lowest confinement size of 44 mm,
entrainment is still stronger and both co-flow and
atmospheric oxygen help in thorough mixing and, as
a result, the flame extent has significantly reduced.
Even though the flow fields in confinement cases of
88 and 176 mm are seen to be similar, the entrainment
for 88 mm case seems to be higher than the 176 mm
case, as indicated by the clustering of upward flowing stream lines. Due to these reasons, the axial flame
extent for 176 mm is slightly higher than for 88 mm. For
unconfined case, the strong oxygen co-flow restricts
the atmospheric air entrainment from sides (due to
unrestricted spread of pure oxygen stream in radial
direction) and, as a result, the flame extent in axial
direction is highest for this case.

4.2 Effect of confinement diameter on
temperature
Figure 9 shows the predicted isotherms for a fuel
flowrate of 4.5 l/h and an oxygen flowrate of 4.5 l/h.
The minimum and the maximum temperatures in the
domain are given below the corresponding plots. For
this low oxygen flowrate, the maximum temperatures
of all the three confined flames are more than that
Proc. IMechE Vol. 225 Part C: J. Mechanical Engineering Science
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Fig. 6 Predicted stream lines for fuel flowrate of 4.5 l/h and oxygen flowrate of 9 l/h for confinement
diameters of (a) 44 mm, (b) 88 mm, and (c) 176 mm, and for (d) unconfined flames

Fig. 7 Predicted isopleths of OH mass fraction for fuel flowrate of 4.5 l/h and oxygen flowrate of
13.5 l/h for three confinement diameters of (a) 44 mm, (b) 88 mm, and (c) 176 mm, and for
(d) unconfined flame

of the unconfined flame. Among the confined flames,
a maximum temperature of 2458 K is obtained for
the largest confinement diameter of 176 mm and the
lowest maximum temperature is observed in 88 mm

confinement. Maximum temperature is almost the
same for 44 and 88 mm confinements.
At this low oxygen flowrate, due to higher diffusion rate of atmospheric nitrogen, the maximum
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Fig. 8

Predicted stream lines for fuel flowrate of 4.5 l/h and oxygen flowrate of 13.5 l/h for confinement diameters of (a) 44 mm, (b) 88 mm, and (c) 176 mm, and for (d) unconfined flames

Fig. 9

Predicted isotherms for fuel flowrate of 4.5 l/h and oxygen flowrate of 4.5 l/h for confinement
diameters of (a) 44 mm, (b) 88 mm, and (c) 176 mm, and for (d) unconfined flame

temperature drops to the lowest value for the unconfined flame. For the 44 mm confinement, the flow
field resulting due to air entrainment that has a recirculating zone (Fig. 4(a)) enables mixing of fuel and
pure oxygen, but this does not seem to aid nitrogen diffusion as much as in unconfined flame, due to

1221

which the temperature is higher than the unconfined
flame. For 88 mm confinement, combined effects of air
entrainment and pure oxygen flow cause the lowest
maximum temperature among confined flames. For
the largest confinement (176 mm), relatively lesser air
entrainment occurs (Figs 3 and 4). Since the amount
Proc. IMechE Vol. 225 Part C: J. Mechanical Engineering Science
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Fig. 10

Predicted isotherms for fuel flowrate of 4.5 l/h and oxygen flowrate of 9 l/h for confinement
diameters of (a) 44 mm, (b) 88 mm, and (c) 176 mm, and for (d) unconfined flame

of N2 entrained is low, the maximum temperatures are
higher for these cases.
Figure 10 shows the isotherms for a fuel flowrate of
4.5 l/h, but for an increased oxygen flowrate of 9 l/h.
In both the confined and the unconfined flames, the
maximum temperature has increased when compared
to the previous case, obviously due to an increased
oxygen flowrate. As seen before, the maximum temperatures of the confined flames are higher than that
of the unconfined flame, with the 176 mm confinement producing the highest maximum temperature.
The maximum temperature of the 44 mm confinement
is slightly higher than that of 88 mm as seen in the previous case. These are due to similar reasons mentioned
above.
Figure 11 shows the predicted temperature profiles
for a further increased oxygen flowrate of 13.5 l/h. For
this case, interestingly, the 88 mm confinement case
produces the lowest maximum temperature among
all the four flames including the unconfined flame.
Also, the 44 mm confinement case produces the highest maximum temperature, slightly higher than that of
the 176 mm confinement. For the 44 mm confinement,
enough oxygen has been obtained from the co-flow
stream and only little amount of nitrogen entrains the
flame in a restricted manner. In fact, for this case, the
entrainment of atmospheric air facilitates thorough
mixing of methane and oxygen so that the flame extent
is shorter (Fig. 7(a)) and flame temperature is higher.
For the 88 mm confinement, the combined effects of
flow field (air entrainment) and increased oxygen flow
have resulted in increased nitrogen entrainment and,

as a result, the maximum temperature is the lowest.
This is further discussed along with nitrogen contours
shown in Fig. 12. The nitrogen distribution for the
case of 88 mm confinement is closer to the burner exit
(indicated by contour numbers 1–5 in Fig. 12(b)) as
compared to the other confined cases. Since a higher
amount of nitrogen is present for this case, its maximum temperature is observed to be the lowest. The
nitrogen entrainment for the 176 mm case is slightly
higher than that of the 44 mm (Figs 12(a) and (c)) case,
due to which its maximum temperature is slightly less.
Similar arguments hold good for the trends observed
in the unconfined flame as well.
From the above discussion, it can be observed that
the confined methane–oxygen co-flow flames are, in
general, hotter when compared with the unconfined
flames; locations of the maximum temperature vary
for confined and unconfined flames depending on the
resulting flow field occurring due to the confinement
size and the rate of co-flow oxygen. Also, it is observed
that the confinement size can change the resultant
flow field in such a manner so as to increase the atmospheric air entrainment and to subsequently reduce
the flame temperature.
4.3 Effect of confinement diameter on NO
distribution
Figure 13 shows the NO mass fraction contours for a
fuel flowrate of 4.5 l/h and an oxygen flowrate of 4.5 l/h.
For this low oxygen flowrate, the location of the maximum NO in a ring-shaped region is almost the same for
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Fig. 11

Predicted isotherms for fuel flowrate of 4.5 l/h and oxygen flowrate of 13.5 l/h for confinement diameters of (a) 44 mm, (b) 88 mm, and (c) 176 mm, and for (d) unconfined flame

Fig. 12

Predicted isopleths of N2 mass fraction for fuel flowrate of 4.5 l/h and oxygen flowrate of
13.5 l/h for three confinement diameters of (a) 44 mm, (b) 88 mm, and (c) 176 mm, and for
(d) unconfined flame
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Fig. 13

Predicted isopleths of NO mass fraction for fuel flowrate of 4.5 l/h and oxygen flowrate of
4.5 l/h for three confinement diameters of (a) 44 mm, (b) 88 mm, and (c) 176 mm, and for
(d) unconfined flame

both confined and unconfined flames. The maximum
NO mass fraction for confined flames increases with
the confinement diameter and are much higher than
that of the unconfined flame. This trend is explained
by studying the entrainment of atmospheric air into
the flame zone, which is shown in Fig. 4 for all the
cases. As discussed before, for the unconfined flame,
the air is entrained into the flame through the area
surrounding the burner (Fig. 4(d)). This means that
the residence time for entraining nitrogen from the
atmospheric air is almost the same as that of the coflowing oxygen. However, in the confined flames, since
the sidewise area around the burner is closed up to a
length of 150 times the fuel port exit area, the flame
draws the atmospheric air through the opening provided at the top (Figs 4(a) to (c)). Since nitrogen travels
a longer path, its residence time for the reaction with
oxygen increases and, therefore, more NO is produced
in the confined cases.
Figure 14 shows the NO mass fraction contours
for the same fuel flowrate as before, but for an oxygen flowrate of 9 l/h. Maximum values of NO mass
fractions have increased when compared with the earlier cases. This is due to increased flame temperature
observed in all the flames (Fig. 10). As observed in the
earlier case, the maximum values of NO mass fraction of the confined flames are more than that of the
unconfined flame and the NO concentration increases
with increasing confinement diameter. Since the confinement diameters are much larger than the flame

radius, air entrains from the top opening to the sides
of the confinement tube (Figs 5(a) to (c)) even for this
higher co-flow oxygen flowrate. Therefore, significant
amount of atmospheric air has entrained and more NO
has been produced. Also for this oxygen flowrate, as
observed in the temperature contours (Figs 10(a) and
(b)), only a small change in the maximum NO mass
fraction is observed when the confinement diameter
is increased from 44 to 88 mm.
Figure 15 shows the contours of NO mass fraction
for an increased oxygen flowrate of 13.5 l/h. Due to
an overall rise in flame temperatures at this increased
oxygen flowrate, NO has increased in all the flames.
Unlike the trends observed in the previous lower oxygen flowrate cases, the maximum NO mass fraction of
the 88 mm confinement is less than all other flames,
which is as a result of the minimum flame temperature observed for this case (Fig. 11(b)) due to the
combined action of resultant air entrainment and
increased co-flow oxygen.
From the above discussion, it can be concluded that,
due to the induced flow field created by the air entrainment from the top of the confining tube, residence
time for nitrogen transport is increased in confined
flames and, as a result, NO mass fraction is seen to
be higher for confined flames than that of the unconfined flame. The NO mass fraction from a confinement
diameter of 44 mm is less than that from a confinement diameter of 88 mm only at the lowest oxygen
flowrate considered. At the highest oxygen flowrate,
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Fig. 14

Predicted isopleths of NO mass fraction for fuel flowrate of 4.5 l/h and oxygen flowrate of
9 l/h for three confinement diameters of (a) 44 mm, (b) 88 mm, and (c) 176 mm, and for
(d) unconfined flame

Fig. 15

Predicted isopleths of NO mass fraction for fuel flowrate of 4.5 l/h and oxygen flowrate of
13.5 l/h for three confinement diameters of (a) 44 mm, (b) 88 mm, and (c) 176 mm, and for
(d) unconfined flame
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the NO concentration from a confinement diameter
of 88 mm becomes the lowest among all the flames.
These are due to changes in the entraining flow field
and in the rate of pure oxygen supply, which causes
changes in temperature field as well as in the transport
of atmospheric nitrogen.
To consolidate the effects of confinement diameter,
the variations of maximum temperature and maximum NO mass fraction values in oxygen–methane
flames as a function of confinement diameter are
plotted in Fig. 16. Maximum temperature and maximum NO mass fraction for each of the confinement
cases have been made non-dimensional by dividing them with the corresponding maximum values
obtained in the unconfined flame. For instance, the
non-dimensional maximum temperature will be equal
to the maximum temperature obtained in a confined case divided by the maximum temperature for
the same reactant flowrates obtained in the unconfined case. All the three oxygen flow cases have been
considered. Figure 16(a) shows the variation of nondimensional maximum temperature as a function of
confinement diameter. It is clear that the intermediate

Fig. 16 Variation of maximum temperature and
maximum NO mass fraction with confinement diameter for different oxygen flowrates:
(a) non-dimensional maximum temperature versus confinement diameter and (b)
non-dimensional maximum NO mass fraction
versus confinement diameter

confinement diameter of 88 mm produces a minimum
value of the maximum temperature in the domain
for all the three oxygen flowrates due to the reasons
discussed earlier. The variation of non-dimensional
maximum NO mass fraction as a function of confinement diameter, plotted in Fig. 16(b), shows that the
intermediate confinement diameter of 88 mm would
be optimum as it produces the minimum value of maximum NO mass fraction for two higher oxygen flowrate
cases. The reasons of this trend are discussed earlier in
Figs 13 to 15.

5

SUMMARY

Numerical investigation of the characteristics of laminar co-flow methane–oxygen diffusion flame is carried
out. The temperature and NO distributions in unconfined and confined flames are studied in detail. Confinements of different diameters and with a length of
150 times the fuel jet diameter have been considered
to restrict the atmospheric air entry from the sides.
Atmospheric air entrainment occurs in the case of
confined flames only from the top opening. A numerical model, developed using commercial CFD software
FLUENT, with a 43-step chemical kinetics mechanism
and an optically thin radiation sub-model, is employed
to carry out simulations. The numerical model has
been validated using the experimental data available
in literature. The validation has been found to be quite
good.
The effect of oxygen flowrate on temperature and
NO distributions is studied thoroughly. Confined
flame extents are compared with the corresponding
unconfined flame extents with the help of OH contours; an OH contour, which is 1 per cent of the
maximum value in the domain, has been taken as
flame boundary. The effect of confinement diameter
on temperature and NO distributions is analysed in
detail. The major findings are listed below.
1. At low oxygen flowrates, the extents of confined
flames are higher than that of an unconfined flame.
At higher oxygen flowrates, the extent of unconfined flame becomes higher.
2. The confined flames are in general hotter than
the unconfined flames. However, at the highest
oxygen flowrate and for an intermediate confinement diameter, the flame has the lowest maximum
temperature.
3. The amount of NO produced in confined flames
are higher than the unconfined flames, due to air
entrainment from the top of the confining tube,
which increases the residence time for nitrogen
transport and its oxidation.
4. At the highest oxygen flowrate considered,
the numerical predictions show that, for a
given confinement length, there is an optimum
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confinement diameter, which results in a minimum
net production of NO among all the flames.
© Authors 2011
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APPENDIX
Peters and Rogg [24] provided a skeletal mechanism
with 82 reactions that are common for hydrogen and
hydrocarbons up to propane. In this study, a 43-step
reaction mechanism with 18 species is derived by
removing all C2 and C3 species and the reactions they
are involved in. The mechanism is presented.
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Reaction no.

Reaction

Pre-exponential factor,
A (mole, cm3 , s)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

H + O2 ⇒ OH + O
OH + O ⇒ H + O2
O + H2 ⇒ OH + H
OH + H ⇒ O + H2
OH + H2 ⇒ H2 O + H
H2 O + H ⇒ OH + H2
OH + OH ⇒ H2 O + O
H2 O + O ⇒ OH + OH
H + O2 + M ⇒ HO2 + M
HO2 + H ⇒ OH + OH
HO2 + H ⇒ H2 + O2
HO2 + OH ⇒ H2 O + O2
CO + OH ⇒ CO2 + H
CO2 + H ⇒ CO + OH
CH4 (+M) ⇒ CH3 + H(+M)
CH3 + H(+M) ⇒ CH4 (+M)
CH4 + H ⇒ CH3 + H2
CH3 + H2 ⇒ CH4 + H
CH4 + OH ⇒ CH3 + H2 O
CH3 + H ⇒ CH2 + H2
CH3 + H2 O ⇒ CH4 + OH
CH3 + O ⇒ CH2 O + H
CH2 O + H ⇒ HCO + H2
CH2 O + OH ⇒ HCO + H2 O
HCO + H ⇒ CO + H2
HCO + M ⇒ CO + H + M
CH3 + O2 ⇒ CH3 O + O
CH3 O + H ⇒ CH2 O + H2
CH3 O + M ⇒ CH2 O + H + M
CH2 + H ⇒ CH + H2
HO2 + HO2 ⇒ H2 O2 + O2
H2 O2 + M ⇒ OH + OH + M
OH + OH + M ⇒ H2 O2 + M
H2 O2 + OH ⇒ H2 O + HO2
H2 O + HO2 ⇒ H2 O2 + OH
H + OH + M ⇒ H2 O + M
H + H + M ⇒ H2 + M
CH + O ⇒ CO + H
CH + O2 ⇒ HCO + O
CH + CO2 ⇒ HCO + CO
CH + H2 O ⇒ CH2 O + H
CH + H2 O ⇒ CH2 + OH
CH + OH ⇒ HCO + H

2.00E + 14
1.57E + 13
1.80E + 10
8.00E + 09
1.17E + 09
5.09E + 09
6.00E + 08
5.90E + 09
2.30E + 18
1.50E + 14
2.50E + 13
2.00E + 13
1.51E + 07
1.57E + 09
6.30E + 14
5.20E + 12
2.20E + 04
9.57E + 02
1.60E + 06
1.80E + 14
3.02E + 05
6.80E + 13
2.50E + 13
3.00E + 13
4.00E + 13
1.60E + 14
7.00E + 12
2.00E + 13
2.40E + 13
8.40E + 09
2.00E + 12
1.30E + 17
9.86E + 14
1.00E + 13
2.86E + 13
2.20E + 22
1.80E + 18
4.00E + 13
6.00E + 13
3.40E + 12
3.80E + 12
1.90E + 12
3.00E + 13

Temperature
exponent
0
0
1
1
1.3
1.3
1.3
1.3
−0.8
0
0
0
1.3
1.3
0
0
3
3
2.1
0
2.1
0
0
0
0
0
0
0
0
1.5
0
0
0
0
0
−2
−1
0
0
0
0
0
0

[M] = 6.5 [CH4 ] + 6.5 [H2 O] + 1.5 [CO2 ] + 0.75[CO] + 0.4 [O2 ] + 0.4 [N2 ] + 1.0 [Other].
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Activation energy,
Ea (kJ/mole)
70.3
2.89
36.93
28.29
15.17
77.78
0
71.26
0
4.2
2.93
4.18
−3.17
93.74
435.19
−5.48
36.61
36.61
10.29
63
72.9
0
16.7
5
0
61.51
107.34
0
120.56
1.4
0
190.39
−21.22
7.53
137.21
0
0
0
0
2.9
−3.2
−3.2
0

