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In this research work, we report on the numerical predictions and analysis of stable, stationary and closed
burner-stabilized reacting fronts under terrestrial-gravity conditions for ultra-lean hydrogen–methane–
air premixed mixtures with a 40% hydrogen (H2) and 60% methane (CH4) fuel composition, specified on a
molar basis. The transition from a cap-like to ball-like flame shape with decreasing inlet equivalence ratio
is predicted in agreement with experimental observations. The predicted flames are compared to both
flames that were studied in experiments and numerical solutions of perfectly-spherical flame balls in
the absence of gravity and convection. The comparison includes flame size, lean limits, and when perti-
nent, standoff distances, all for two different reaction mechanisms. The absolute molar consumption rates
of both H2 and CH4 for the limit flame attain maximum values that are significantly larger than those of
the corresponding gravity-free flame ball. The fuel supply mechanism of the normal-gravity limit flame is
similar to the fuel supply of flame balls in that it is driven by diffusion even away from the flame front.
Heat conduction to the tube wall of the burner and convective heat loss are the dominant forms of heat
loss. Furthermore, simulations with inclusion of multicomponent transport and Soret and Dufour effects
show that the flame size increases for both flame balls and the burner-stabilized flames. For the latter, a
slight modification in the stabilization position is found owing to the intensification of the consumption
rates of both H2 and CH4 when these effects are accounted for. In summary, the present work considers a
new configuration that allows the study of stable and stationary ball-like flames at ultra-lean and near-
limit conditions, and advances the understanding of such flames via detailed numerical computations.

� 2014 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction

The understanding and modeling of premixed combustion at
ultra-lean conditions is relevant not only to the design of combus-
tion devices (e.g., gas turbines and reciprocating engines) that can
alleviate green-house gas and pollutant emissions, but also to
safety considerations for near-limit flammable mixtures. One type
of flame that is able to exist at ultra-lean and near-limit conditions
is the so called flame ball.

Flame balls are spherical premixed flames that were theoretically
predicted as steady-state solutions of a model for heat and mass
transfer in the absence of gravity and convection by Zeldovich [1],
who also predicted that adiabatic flame balls are unstable. While
this latter prediction is further supported by studies based on acti-
vation energy asymptotics [2,3], rendering adiabatic flame balls
non-existent, apparent flame balls were observed in drop-tower
experiments at micro-gravity conditions for lean hydrogen–air
mixtures [4]. Buckmaster and co-workers [5,6] showed that the
radial stability of micro-gravity flame balls is due to heat loss by
thermal radiation. Subsequent experiments in micro-gravity envi-
ronments [7,8] further confirmed the formation of visibly spherical
and stable flames for mixtures close to the lean flammability limit
and characterized by a Lewis number (ratio of the mixture thermal
diffusivity to the mass diffusivity of the deficient reactant), Le,
smaller than unity. The mixtures considered in the micro-gravity
experiments were H2–air, H2–O2–CO2, H2–O2–SF6, and CH4–O2–SF6.
A remarkable feature of flame balls is that the reactant supply
needed to maintain combustion is provided solely by diffusion. It
should also be noted that multiple flame balls have been generated
in the micro-gravity experiments and observed for up to 500 s,
experiencing low and repulsive drift speeds [8].

Comprehensive one-dimensional simulations of perfectly-
spherical flame balls have been conducted with detailed submodels
for chemical kinetics, transport, and thermal radiation, considering
hydrogen as fuel [9–11]. It has been found that the reaction
mechanism significantly affects the prediction of flame ball charac-
teristics, even though the chemical kinetic schemes yield accurate
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Table 1
Summary of main conditions for the cases that have been simulated.

Case Fuel nH2
nH2
þnCH4

/ V in (m/s)

A H2–CH4 0.4 0.4 0.072
B H2–CH4 0.4 0.35 0.072
C H2–CH4 0.4 0.33 0.072
D H2–CH4 0.4 0.325 0.072
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predictions of laminar flame speeds away from the extinction
limits.

Although steady flame balls were deemed non-existent under the
influence of terrestrial-gravity owing to natural convection, the
experimental and numerical work on transient, nearly-spherical,
ultra-lean flames at normal-gravity of Shoshin and co-workers
[12,13] opened the possibility for their existence. In fact, they
identified a transition to a ball-like regime for flames of hydrogen–
methane–air mixtures propagating in open-end tubes [13]. Recently,
steady, stable and closed burner-stabilized reacting fronts
resembling flame balls were observed and characterized under
terrestrial-gravity and near-limit conditions by Oostenrijk [14] for
hydrogen–methane–air mixtures. Of particular note is the fact that
the stabilization and steadiness of such reacting fronts in a well-
controlled environment allow for the detailed investigation of com-
bustion processes and model validation at ultra-lean and near-limit
conditions.

In this work, we report on the numerical predictions and anal-
ysis of these steady, stable and closed reacting fronts at normal-
gravity for ultra-lean hydrogen–methane–air mixtures with a
40% hydrogen (H2) and 60% methane (CH4) fuel composition, spec-
ified on a molar basis. A transition from a cap-like to ball-like flame
shape is predicted and examined as a function of the inlet equiva-
lence ratio, /, of the premixed mixture. The predicted flames are
compared to both flames that were studied in the experiments of
Oostenrijk [14] and numerical solutions of perfectly-spherical
flame balls in the absence of gravity and convection. The compar-
ison includes flame size, lean limits, and when appropriate, stand-
off distances, all for two different chemical kinetic schemes. Heat
losses via thermal radiation and heat conduction are quantified
and their influence on the stabilization of the flames is also dis-
cussed. Moreover, simulations with inclusion of Soret and Dufour
effects are performed. The implications of including such effects
in the predicted flame characteristics are highlighted.

In the following sections the burner configuration and
numerical modeling approach are described, and the numerical
and experimental results are discussed subsequently.

2. Burner configuration

The experimental setup is described in detail in [14]. Individual
laminar flames corresponding to premixed H2–CH4–air mixtures
were stabilized in a cylindrical burner, which has a sapphire tube
with a 30 mm height, 13:5 mm internal diameter and 1 mm wall
thickness. A schematic of the burner is displayed in Fig. 1. The tem-
perature of the tube wall was kept nearly constant by supplying
Fig. 1. Schematic of the burner.
cooling air through a co-axial slit situated above the burner tube.
In effect, the temperature of the external surface of the tube was
monitored with a small spot (2 mm) pyrometer Pyrospot DT 40L.
The measured temperature in all the experiments was in the range
of 313–323 K for the entire tube external surface. Due to the high
thermal conductivity of sapphire, the difference between the tem-
perature of the external and internal tube surfaces was rather small.
According to performed estimations, this difference did not exceed
1 K in all of the experiments. Moreover, a 3 mm thick perforated
plate having uniformly spaced holes of 0.5 mm diameter with a
0.7 mm pitch was mounted above the sapphire tube to supply the
premixed mixture with a nearly uniform velocity profile.

The mixture was ignited with a household lighter at an equiva-
lence ratio that was high enough to provide reliable ignition, which
was then reduced gradually to the desired value. Ball-like burning
structures were formed only when hydrogen was present in the
premixed mixture of reactants. The hydrogen molar fraction in
the fuel mixture was varied with steps of 20%. It was observed that
at a 20% of hydrogen content in the fuel, ball-like flames could
already be formed. The steady flames typically burned for tens of
minutes and exhibited no memory on the ignition process. CH⁄

chemiluminescence of the flames was recorded by an AVT-PIKE
F-032b CCD-camera equipped with an interference filter (430 nm,
bandwidth 10 nm). The chemiluminescence images show a line-
of-sight integrated emission intensity of cylindrically symmetric
flames. The in-plane radial emission intensity distribution was
recovered by Abel inversion.

Even though reactive mixtures with different hydrogen content
and inflow velocities were studied in the experiments, the present
research work is limited to mixtures containing 40% (on a molar
basis) hydrogen content in the fuel and having an inflow velocity,
V in, of 7:2 cm/s at atmospheric pressure. The 40%H2–60%CH4 fuel
mixture was chosen because it contains a significant amount of
CH4 and still exhibits stable ball-like structures as the limit flame
is approached. The conditions for the cases considered in this study
are all summarized in Table 1.

3. Governing equations

The flames under study are both laminar and axisymmetric.
They are mathematically described by conservation equations for
mass, momentum, energy and species in a cylindrical coordinate
system. The flow is treated as a continuous, multicomponent, com-
pressible, and thermally-perfect mixture of gases. A Newtonian
flow is assumed and the mixture is assumed to obey the ideal
gas equation of state. The conservation equations for a reactive
mixture of N chemical species evolving in time, t, and space,
~x ¼ ðr; h; zÞ, can be expressed in axisymmetric form as

@q
@t
þ @ðqurÞ

@r
þ @ðquzÞ

@z
¼ �qur

r
; ð1Þ

@ðqurÞ
@t

þ@ðqu2
r þpÞ
@r

þ@ðquruzÞ
@z

¼ @srr

@r
þ@srz

@z
þsrr�shh�qu2

r

r
; ð2Þ

@ðquzÞ
@t

þ@ðquzurÞ
@r

þ@ðqu2
zþpÞ
@z

¼@srz

@r
þ@szz

@z
þsrz�quzur

r
þqgz; ð3Þ



Fig. 2. Schematic of the two-dimensional computational domain and boundary
conditions.
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with a ¼ 1; . . . ;N � 1, and the subscripts r; h and z referring to com-
ponents in the radial, angular and axial directions, respectively. In
the expressions above, q is the mixture density, ~u is the mixture
velocity, p is the mixture pressure, T is the mixture temperature, E
is the total mixture energy (including chemical energy or heat of
formation), Ya is the mass fraction of species a; _xa is the net reac-
tion rate of species a;~g is the acceleration due to gravity, ~~s is the
viscous stress tensor,~q is the heat flux vector (energy flux due con-
duction, energy flux due to diffusion and thermal radiation energy
flux), and ~Va is the diffusion velocity of the species a.

As a first approximation, Soret (diffusion of species due to a tem-
perature gradient) and Dufour (diffusion of heat due to gradients of
species) effects are neglected, and multispecies diffusion is mod-
eled using the first-order Hirschfelder and Curtiss approximation
[15]. Later, in Section 5.6, Soret and Dufour effects are accounted
for and the full multicomponent diffusion formulation is employed.

4. Numerical solution procedure

The set of governing equations (Eqs. (1)–(5)) is solved using a
body-fitted, multi-block, adaptive mesh refinement (AMR), finite-
volume framework that has been originally developed by Groth
and co-researchers [16–21], which has been extended to model
the configuration under study. Applications of this framework to
reacting flows have included laminar atmospheric [17,20] and
high-pressure sooting [19,22] flames, as well as turbulent premixed
[21,23] and non-premixed [18,20] flames, among others. Thermo-
dynamic properties, transport properties and species net produc-
tion/destruction rates are all evaluated utilizing the open-source
package CANTERA [24,25].

Chemical kinetics is chiefly described by the GRI-Mech 3.0 reac-
tion mechanism [26]. GRI-Mech 3.0 has been used previously to
obtain predictions of laminar flame speeds, profiles of major spe-
cies and extinction strain rates for hydrogen-methane mixtures,
which are in agreement with experimental values [27,28]. Since
this research is not focused on prediction of oxides of nitrogen
(NOx), nitrogen (N2) is assumed to be inert resulting in a modified
version of the mechanism consisting of 36 species with 219 reac-
tions. Also, to examine the influence of the chemical kinetic
scheme on the numerical predictions, additional computations
are carried out with a skeletal mechanism consisting of 16 species
and 25 reaction steps [29]. This skeletal mechanism was previously
employed by Shoshin et al. [13] to simulate ball-like propagating
fronts of hydrogen-methane mixtures in open-end tubes, obtaining
good qualitative results.

Furthermore, as thermal radiation has been found to play a
major role in the stabilization of micro-gravity flame balls, it is
incorporated in the modeling via the optically-thin Planck model.
The Planck mean absorption coefficient of the mixture is evaluated
from the major radiating species CO2, H2O and CO. The individual
coefficients are calculated using a statistical narrow-band model
and the dataset of Soufiani and Taine [30].

In the simulations, a two-dimensional (2D) rectangular domain
having a width of 6:75 mm and a height of 30 mm is used (Fig. 2).
The axis of symmetry is aligned with the left boundary of the
domain. The fuel/air premixed mixture is supplied uniformly from
the upper boundary, the side tube wall is modeled as a no-slip and
isothermal boundary, and the lower boundary is set to a free
outflow. The rationale behind the treatment of the tube wall as
an isothermal boundary is a modest increase in its temperature
(DT < 23 K) that was found in the experiments, with maximum
variations in the axial direction of approximately 4 K. It should
be noted that, because of preferential diffusion effects, it was
needed to account for diffusion of the species across the inflow
boundary; otherwise, unrealistic solutions were obtained for inlet
equivalence ratios lower than 0.4.

The transport equations were solved on multi-block quadrilat-
eral meshes employing a second-order spatial discretization. The
inviscid flux at each cell face was evaluated using limited linear
reconstruction. In particular, the AUSM+-up [31] flux function
along with the Venkatakrishnan [32] limiter were utilized. The
viscous fluxes were evaluated utilizing a diamond-path recon-
struction [33]. Moreover, the low-Mach number preconditioner
described by Weiss and Smith [34] and the explicit multi-stage
optimally-smoothing time marching scheme of van Leer et al.
[35] were used to obtain time-invariant solutions. The computa-
tional domain was initially discretized with 4 blocks in the radial
direction and 12 blocks in the vertical direction, each one consist-
ing of 8� 12 quadrilateral cells, and subsequently refined during
the computations. The steady-state solutions were obtained with
up to three levels of refinement, achieving a minimum cell spacing
of 52.4 lm. This level of resolution was found sufficient to resolve
the flame front and provide grid-independent solutions.
5. Results and discussion

5.1. Flame shape and overall structure

In Figs. 3 and 4 the distributions of temperature and heat release
for the four cases corresponding to different inlet equivalence ratios
are displayed. These solutions were obtained with mixture-aver-
aged transport and the GRI-Mech 3.0 reaction mechanism. It can
be seen that a nearly-spherical shape of the reacting front develops
as the lean flammability limit is approached. The numerical simula-
tions predict a recirculation zone in the hot core region as the flame
adopts the nearly-spherical shape, which is expected to be



(a) = 0.4 (b) = 0.35 (c) = 0.33 (d) = 0.325

Fig. 3. Predicted temperature (K) distributions along with computational blocks of cells for the steady-state solutions with mixture-averaged transport and GRI-Mech 3.0,
corresponding to the various inlet equivalence ratios (/). Each block consists of 8� 12 quadrilateral cells.

(b) =0.35 (c) =0.33 (d) =0.325(a) =0.4

Fig. 4. Predicted distribution of heat release (W/m3) and flow streamlines for the steady-state solutions with mixture-averaged transport and GRI-Mech 3.0, corresponding to
the various inlet equivalence ratios (/).

Fig. 5. CH⁄ chemiluminescence images of the flames studied in the experiments for
inlet equivalence ratios ranging from / ¼ 0:38 to / ¼ 0:31.
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buoyancy-driven as a consequence of the thermal expansion of the
fluid in the vicinity of the flame front. For qualitative comparison,
CH⁄ chemiluminescence images of flames studied in the experi-
ments with inlet equivalence ratios ranging from / ¼ 0:38 to
/ ¼ 0:31 are shown in Fig. 5. It is apparent that the numerical pre-
dictions are able to reproduce, at least qualitatively, the transition
from a cap-like to a nearly spherical flame. It should be noted that,
in terms of flammability, the leanest mixture for which a 2D solu-
tion could be obtained corresponds to / ¼ 0:325. However, the
limit flame in the experiments corresponds to / � 0:31.

The centerline variations of temperature, heat release, net con-
sumption rates of CH4 and H2, and axial component of velocity are
all displayed in Fig. 6. From Fig. 6(a) it can be seen that, regardless
of the inlet equivalence ratio, the profiles of temperature exhibit a
similar trend, i.e., a rapid increase associated with the reaction
zone located a few millimeters away from the inlet, followed by
a gradual reduction downstream, which is modest in the hot core
region and more pronounced further downstream all the way
down to the outlet. Also, as the inlet equivalence ratio decreases,
both the length of the hot core region and the maximum value of
temperature decrease.

Figure 6(b) reveals the presence of two peaks for the heat
release, which become closer to each other as the inlet equivalence
ratio decreases. At the leading edge the maximum value of heat
release diminishes with decreasing inlet equivalence ratio while
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at the trailing edge the opposite trend is found. The change in
shape from a cap-like to ball-like of the flame is thus accompanied
by an increment in the heat release at the trailing edge. In terms of
the net consumption rates of CH4 (Fig. 6(c)) and H2 (Fig. 6(d)), it
can be noted that for all the cases under study both components
of the fuel exhibit two peaks in the magnitude of their consump-
tion rates. Likewise the heat release, the peak reduces at the lead-
ing edge with diminishing inlet equivalence ratio whereas the
opposite trend is observed at the trailing edge. For the trailing
edge, the increment in the heat release is caused by the increase
in the magnitude of the consumption rates of both fuel compo-
nents. In addition, the peak values of the absolute rates at the trail-
ing edge represent a larger fraction of their counterparts at the
leading edge for H2, as compared to those of CH4.

As for the axial component of velocity (Fig. 6(e)), the solutions
for inlet / ¼ 0:33 and / ¼ 0:325 display positive values owing to
the presence of the recirculation zones. The distance that separates
the two stagnation points is larger for the flame with inlet
/ ¼ 0:325, indicating a larger extent of the recirculation zones for
this case. For the conditions under consideration, a decrease in
the inlet equivalence ratio may lead to remarkable changes in
the flow pattern and larger residence times.

On the whole, the centerline variations of temperature, heat
release and axial component of velocity are qualitatively similar to
those reported by Shoshin et al. [13] for rising flame fronts in tubes.

5.2. Flame size and standoff distance

To further compare the numerical solutions with the experi-
ments, the half-height and half-width of the flames from the 2D
simulations and measurements are plotted in Fig. 7 as a function
of the inlet equivalence ratio. Also, the predicted radii for
perfectly-spherical flame balls in the absence of gravity and
convection (one-dimensional model) are included in Fig. 7. The
one-dimensional (1D) flame ball solutions were computed with
CHEM1D [36] using a computational setup similar to the one
described in Refs. [9,11]. A domain sufficiently long along with an
adaptively-refined grid consisting of at least 400 points were
utilized to obtain reliable solutions. The characteristic lengths from
the numerical solutions are all based on peak values of the heat
release, whereas the experimental ones are based on CH⁄

chemiluminescence.
Overall, the predictions from 2D simulations exhibit a larger

size as compared to their experimental counterparts. While the
differences are more pronounced for the height, the width displays
better agreement with the measurements and more so as the
flammability limit is approached. In the case of the experimental
flames, the height and width tend to converge to the same value
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near the flammability limit. In both the 2D predictions and the
measurements the height and width of the flame diminish as the
inlet equivalence ratio is reduced. The comparison with the 1D
solutions for the gravity-free flame balls reveals that the flame ball
radii are comparable with the half-widths of the normal-gravity
flames under study.

Another quantity of interest to compare is the standoff distance,
which is the distance between the inlet and the leading edge of the
flame front along the centerline. To determine the standoff dis-
tances, the peaks of heat release are used for the numerical results
and those of CH⁄ chemiluminescence for the experimental ones.
From Fig. 8 it is clear that the predicted standoff distances
qualitatively agree well with their experimental counterparts. As
the inlet equivalence ratio is decreased in the range 0.4–0.325,
the standoff distance increases linearly. However, this trend is no
longer observed for conditions very close to the limit flame of
the experiments (/ � 0:31). The standoff distance for the limit
flame decreases instead.
Fig. 9. Velocity field (left), CH4 flux (center) and H2 flux (right). The flow streamlines (left
blue. The background color represents the heat release. The solution corresponds to in
interpretation of the references to color in this figure legend, the reader is referred to th
5.3. Fuel supply analysis

For a flame ball in the absence of gravity, the fuel is fed to the
flame front exclusively by diffusion since there is no convection.
However, for the flames at terrestrial-gravity conditions both con-
vection and diffusion are present. The fuel supply mechanisms of
the closed flames are further discussed here.

In Fig. 9 the velocity flow field (left) together with the flux lines
of CH4 (center) and H2 (right) are shown for the flame with inlet
/ ¼ 0:325. The flow streamlines (left) and the lines that follow
the flux of CH4 (center) and H2 (right) are drawn in blue. Note that
only the lines that arrive at the flame front (thick black line) are
shown for the CH4 and H2 fluxes. The background color represents
the heat release.

The flux lines show that the fluxes of both CH4 and H2 are direc-
ted towards the flame front and reach it almost perpendicularly,
whereas convection (left plot) is mainly directed downwards out-
side of both the reaction zone and hot core region. This indicates
that diffusion significantly dominates convection even away from
the thin reaction zone for both the two components of the fuel,
which is an interesting feature of this flame. Nevertheless, a clear
difference between the H2 and CH4 fluxes can be observed: the
H2 flux lines that arrive at the flame front originate from a wider
region at the inflow than those of CH4. This can be attributed to
the high diffusivity of H2. Hydrogen more easily diffuses across
the flow streamlines, while methane has a larger tendency to fol-
low them.

In Fig. 10 the net molar consumption rates of H2 and CH4 at the
centerline of the 2D solution for inlet / ¼ 0:325 are compared with
those associated with the corresponding 1D flame ball solution.
The maximum absolute values of the molar consumption rates
for both H2 and CH4 are considerably larger in the 2D flame (factors
of 1.767 and 2.539 for H2 and CH4, respectively) and the rates are
not symmetric. Both H2 and CH4 are consumed more vigorously
at the leading edge, with peak magnitudes nearly twice as large
as those at the trailing edge (2.1 for H2 and 1.99 for CH4). The dif-
ference in the consumption rates between the 1D flame ball and
the 2D flame is due to the fuel supply via both diffusion and con-
vection in the latter case.
) and the flux lines of fuel arriving at the flame front (center and right) are colored by
let / ¼ 0:325, obtained with mixture-averaged transport and GRI-Mech 3.0. (For
e web version of this article.)
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5.4. Heat loss

It has been proven that the gravity-free flame ball is stabilized
by means of thermal radiation [5,6]. In the 1D simulations it is
found that the heat release, integrated over the entire flame front,
equals the power that is lost by radiation. To quantify heat losses
for the burner-stabilized flames and examine their influence on
the flame stabilization, the heat release, conductive heat flux to
the tube wall and radiative heat loss have all been integrated from
the 2D numerical solutions. The results are summarized in Table 2.
The integrated heat release is about 10.29 W for / ¼ 0:4 and 2.9 W
for / ¼ 0:325. The heat conduction of the fluid to the tube wall is
predicted to remain between 61 and 66 percent of the integrated
heat release for the flames studied. The calculated integrated heat
loss by radiation is approximately 4.7% of the integrated heat
release for / ¼ 0:4 and 2.8% for / ¼ 0:325. The rest of the released
heat is transported out through the outlet.

The heat loss to the tube wall is relatively large and thus has a
higher influence on the flame stabilization, as compared to radia-
tion. Due to its low temperature, the tube inner surface prevents
the flame from drifting off-center and stabilizes the flame in the
horizontal direction. Note that besides contributing to the stability
of the flame by heat loss, the tube wall may contribute to stabilize
the flame by affecting the flux of reactants to the reaction front. In
this regard, the stabilization mechanism is likely to be similar to
the one theoretically considered by Buckmaster and Joulin [37]
for the case of a gravity-free flame ball stabilized near a flat cold
wall. The steady response of such flame ball, based on activation
energy asymptotics, indicates that an increase (decrease) of the
flame ball size would reduce (augment) the reaction temperature
as a consequence of an increase (decrease) in the heat loss to the
wall and a decrease (increase) in the reactant mass fraction around
the flame.
Table 2
Integrated heat release (Qrel), conductive heat loss to the tube wall (Qcond) and
radiative heat loss (Qrad) from the two-dimensional computations with different inlet
equivalence ratios (/). The solutions were obtained with mixture-averaged transport
and GRI-Mech 3.0.

Case Qrel (W) Qcond (W) Qrad (W)

A 10.29 6.79 0.48
B 5.6 3.44 0.21
C 3.5 2.17 0.11
D 2.9 1.8 0.08
5.5. Reaction mechanism influence

Previous computational studies of zero-gravity flame balls have
demonstrated that the prediction of flame ball characteristics
highly depends on the choice of the reaction mechanism [9–11]
even if the reaction scheme accurately predicts flame speeds away
from the flammability limits. Hence, the sensitivity of the numer-
ical predictions to the chemical kinetic scheme is also considered
and examined here. To this end, a set of steady-state solutions
for the conditions given in Table 1 is obtained with the skeletal
mechanism [29] described earlier in Section 4, consisting of 16
species and 25 reactions. As previously noted, this scheme was
utilized before to study closed propagating fronts of hydrogen-
methane mixtures in open-end tubes [13] yielding good qualitative
results.

First, it is illustrative to assess the predictive capabilities of the
two reaction mechanisms for laminar flame speeds of 1D planar
adiabatic flames at atmospheric pressure and having a fresh gas
temperature of 300 K. In Fig. 11 predicted laminar flame speeds
are compared to the measurements of Hermanns [38] for lean
mixtures with a 40% hydrogen content in the fuel. Both reaction
schemes yield similar values of the laminar flame speeds that agree
well with the experimental measurements. Nevertheless, it is
worthwhile noting that the skeletal mechanism gives slightly lar-
ger flame speeds for mixtures with equivalence ratios below
/ ¼ 0:65. For example, at / ¼ 0:4, which is a mixture of relevance
in the 2D computations, the predicted flame speeds are 2:31 cm/s
and 2:57 cm/s for the GRI-mech 3.0 and skeletal schemes, respec-
tively (i.e., the flame speed obtained with the skeletal mechanism
is 11% larger than the one obtained with GRI-mech 3.0).

Regarding the burner-stabilized flames, the predicted heat
release distributions obtained with the skeletal mechanism are
compared to those obtained with GRI-Mech 3.0 in Fig. 12. For
consistency of the comparison, all the solutions were obtained with
mixture-averaged transport. In each subfigure the left part corre-
sponds to the skeletal mechanism and the right part to GRI-Mech
3.0. It can be seen that the skeletal mechanism yields solutions
for reacting fronts that differ in shape and stabilize at different
standoff distances. In terms of shape, the differences are more pro-
nounced for inlet / ¼ 0:33 and / ¼ 0:325, i.e., as the flammability
limit is approached and the flame becomes more spherical.

To compare in more detail the solutions obtained with the two
reaction mechanisms, the isotherms associated with the peak heat
release at the trailing edge for each 2D solution are shown in
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Fig. 11. Comparison of laminar flame speeds for the GRI-Mech 3.0. and skeletal
mechanisms with multicomponent transport, against the measurements of Her-
manns [38], for mixtures with a 40% H2 content in the fuel.
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Fig. 12. Comparison of predicted heat release (W/m3) distributions for the skeletal (left part of each subfigure) and GRI-Mech 3.0 (right part of each subfigure) reaction
mechanisms with mixture-averaged transport.
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Fig. 13, the characteristic lengths of the flames are plotted in
Fig. 14, the standoff distances are plotted in Fig. 15, and the varia-
tion of representative quantities along the centerline are displayed
in Fig. 16.

For the four mixtures studied the skeletal mechanism predicts
wider flames as compared to GRI-Mech 3.0 predictions. As for
the flame height, the skeletal mechanism yields a shorter flame
for inlet / ¼ 0:4, a similar height for / ¼ 0:35, and taller flames
for / < 0:35, with respect to GRI-Mech 3.0. Furthermore, when a
comparison is made with the experimental measurements, it is
evident that GRI-Mech 3.0 gives better predictions of flame width
for all the cases studied and better predictions of the height for
inlet equivalence ratios lower than 0.35 (Fig. 14).

Also, GRI-Mech 3.0 gives better predictions of standoff distances
(Fig. 15). Even though both chemical schemes lead to an underpre-
diction of the standoff distance, the use of the skeletal mechanism
results in shorter standoff distances. As in Section 5.2, the predicted
radii for perfectly-spherical flame balls in the absence of gravity and
convection are also included in Fig. 14 to further compare the two
reaction schemes. Larger radii of flame balls are obtained with the
skeletal mechanism, which differ more with those obtained with
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Fig. 13. Isotherms associated with maximum heat release at the trailing edge of the
reacting fronts for GRI-Mech 3.0 (solid lines) and skeletal (dashed lines) reaction
mechanisms with mixture-averaged transport. Black lines: / ¼ 0:4; blue lines:
/ ¼ 0:35; red lines: / ¼ 0:33; green lines: / ¼ 0:325. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
GRI-Mech 3.0 as the equivalence ratio of the premixed mixture is
reduced.

Although there are discernible differences between the predic-
tions of flame size and standoff distance by the two reaction mech-
anisms, the predictions of flame width and standoff distance are
closer to each other, while the differences in flame height are more
prominent. By inspecting the variation of representative quantities
along the centerline of the two-dimensional solutions, one can elu-
cidate the discrepancies in the predictions of the stabilization posi-
tion of the leading and trailing edges of the flames, and thereby,
those in the flame height. For the leading edge the upstream flow
and mixture are more uniform, thus one can expect similar predic-
tions of the stabilization position, with the skeletal mechanism giv-
ing shorter standoff distances due to higher burning rates.

As for the trailing edge, owing to the upstream interaction of
the flow field, diffusion, chemistry, and heat loss, the composition
and temperature of the combustible mixture that feeds the front
are modified. In fact, Fig. 16 shows that the mixture downstream
of the stabilization point does not only consist of CH4, H2, O2,
and N2, but other species such as CO2, CO, H2O, which are present
in non-negligible amounts. In addition, the mixture there exhibits
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considerably higher temperatures as compared to the inlet one
(e.g., at z ¼ 0:005 m they are in the range of 482–821 K). Hence,
the larger discrepancies in the prediction of the stabilization point
at the trailing edge can be attributed to the ability of the reaction
mechanisms to represent the combustion of mixtures having a
more complex composition and considerable degree of preheating.

5.6. Soret effect

Thermal diffusion (diffusion of species due to a temperature
gradient), also known as the Ludwig–Soret or simply Soret effect,
is a second-order transport effect [39]. Under the influence of
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thermal diffusion, the small and light species are driven towards
hotter regions whereas the large and heavy ones are driven
towards colder regions. For a wide range of combustion conditions
related to H2 and H2-containing fuel blends, the thermal diffusion
of H2 and H has been found to be non-negligible [40–42]. It has
been shown that the Soret effect considerably modifies the burning
characteristics of two-dimensional, freely-propagating, lean hydro-
gen–air flames [43]. As the mixtures studied in the present work
contain a considerable amount of H2, additional simulations with
the inclusion of multicomponent transport and Soret and Dufour
(diffusion of heat due to gradients of species) effects are conducted
to underscore the influence of second-order diffusion processes on
the characteristics of the flames under study.

As pointed out by Sánchez and Williams [40], even though the
Dufour effect has been generally found to be negligible, its
incorporation in flame calculations is required for a correct entropy
production budget [44]. Therefore, it is also incorporated in our
computations. Neglecting the terms involving the gradient of
pressure in the full multicomponent transport formulation and
including thermal radiation in the heat flux vector, the latter can
be expressed as

~q ¼ q
XN

a¼1

haYa
~Va � krT �RT

XN

a¼1

DT
arXa

MaXa
�~qrad; ð6Þ

and the diffusion velocity is given by

~Va ¼
1

XaM
XN

b–a
MbDa;brXb �

DT
a

qYa

rT
T
: ð7Þ

In the equations above R is the universal gas constant, ~qrad is the
radiative heat flux vector, k is the mixture thermal conductivity,
M is the mixture mean molar mass, and Ma;Xa;ha, and DT
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the molar mass, mole fraction, enthalpy, and thermal diffusion
coefficient of species a, respectively. The multicomponent diffusion
coefficients are denoted by Da;b.

The influence of the transport model and thermal diffusion on
numerical solutions for perfectly-spherical, gravity-free flame balls
is first examined because of the relative simplicity of the 1D model
for such flames and the low computational resources associated
with their solutions. In Fig. 17 the predicted radii of flame balls
with mixture-averaged transport, multicomponent transport, and
multicomponent transport with inclusion of Soret and Dufour
effects are all displayed. Both reaction mechanisms GRI-Mech 3.0
and the skeletal one are used in this analysis. It can be noted that
when Soret and Dufour effects are neglected, both the mixture-
averaged and multicomponent transport models yield very similar
predictions of the flame ball radii (black lines with symbols and
blue lines, respectively). However, an important difference to
remark is the fact that solutions at slightly lower equivalence ratios
could be obtained when using multicomponent transport, i.e., a
slightly lower lean flammability limit is predicted.

On the other hand, when Soret and Dufour effects are accounted
for, both the flame ball radius and the associated lean limit are
affected considerably (red lines). Due to the thermal gradient
around the flame front, H2 experiences an additional drift towards
the flame front, which increases the H2 flux to the flame front and
leads to predictions of larger flame radii and lower flammability
limits. These parameters are in fact more affected by second-order
transport than by the choice of the reaction mechanism, at least for
the two chemical schemes under consideration. For the flame ball
radius, the influence of thermal diffusion becomes more significant
as the equivalence ratio is reduced. For instance, when GRI-Mech
3.0 is considered, inclusion of thermal diffusion leads to an incre-
ment in the radius of approximately 21% for / ¼ 0:4 and 69% for
/ ¼ 0:325. Despite these differences introduced by the inclusion
of second-order transport, the radii of the flame balls would seem
to become more comparable in the vicinity of the lean limit for the
same reaction mechanism.

As for the normal-gravity burner-stabilized flames, an addi-
tional simulation is performed to highlight the influence of the
Soret effect on the characteristics of the flame. In Fig. 18 the net
consumption rates of CH4 and H2 for the premixed mixture with
inlet / ¼ 0:4 are compared with and without inclusion of Soret
and Dufour effects and chemistry described by the GRI-Mech 3.0.
It can be observed that the inclusion of these effects intensifies
both the CH4 and H2 net consumption rates. The intensification
of the consumption of H2 is more localized in the upper outer
region of the cap-like front. As a consequence of the intensified
burning of fuel, the flame stabilizes at a higher position as com-
pared to the flame computed without second-order diffusion pro-
cesses. The standoff distance is decreased by approximately 12%, as
compared to that reported earlier in Section 5.2. Concerning the
dimensions of the flame, the height and width are both increased
by nearly 13% and 8%, respectively.

The centerline variations of the consumption rates of CH4 and
H2 are displayed in Figs. 19 and 20, respectively. While at the lead-
ing edge of the flame the consumption rates of CH4 and H2 are both
intensified with the inclusion of thermal diffusion, at the trailing
edge the situation differs. In this case, H2 exhibits a larger absolute
peak rate with the inclusion of thermal diffusion, but not CH4. Also,
the consumption of H2 spreads over a larger distance at the trailing
edge due to enhanced diffusion by the Soret effect. Another conse-
quence of the inclusion of second-order transport is an increase of
temperature, which can be seen in Fig. 21, where the variation of
temperature along the centerline is shown.

By accounting for thermal diffusion and having a more accurate
representation of transport, the prediction of standoff distance and
flame size would seem to worsen as compared to the measurements.
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Provided that the chemical kinetic scheme is accurate for the condi-
tions studied, one would expect the opposite outcome. Hence, this
result hints at inaccuracies in the reaction mechanism.

In essence, the inclusion of thermal diffusion leads to predictions
of larger flame sizes for both the gravity-free flame balls and the
burner-stabilized normal-gravity flame considered here. Also,
lower lean limits are predicted when thermal diffusion is included
in the computations of the gravity-free flame balls. Although the
enhanced diffusion and consumption rate of H2 by the Soret effect
might imply changes in the predictions of the limit flame for the
burner configuration, determining the limit flame with inclusion
of thermal diffusion is beyond the scope of the present study.
6. Conclusions

Laminar, axisymmetric, steady, and ultra-lean reacting fronts
transitioning to a ball-like flame were studied at terrestrial-gravity
conditions for premixed mixtures containing 40% H2 and 60% CH4

(on a molar basis) in the fuel. Two-dimensional simulations were
performed with mixture-averaged transport and the GRI-Mech
3.0 reaction mechanism. Although the transition from a cap-like
to a nearly-spherical flame was predicted in good qualitative
agreement with experimental observations, the computed flames
displayed a larger size and a shorter standoff distance as compared
to their experimental counterparts. The influence of chemical
kinetic scheme on the numerical predictions was also examined
by carrying out additional simulations with a skeletal reaction
mechanism, yielding predictions that compared slightly unfavor-
ably to those of GRI-Mech 3.0.

In addition, solutions of perfectly-spherical flame balls were
computed and compared with the terrestrial-gravity flames for
both the two-dimensional simulations and the experiments. The
peak values of the absolute molar consumption rates of both H2

and CH4 for the two-dimensional limit flame are significantly lar-
ger than those of the corresponding flame ball. To some extent,
the fuel supply mechanism of the two-dimensional limit flame is
similar to the fuel supply of flame balls in that it is diffusion driven
even away from the flame front. The fuel flux exhibits differential
diffusion, which is more pronounced for H2. In contrast to micro-
gravity flame balls, it was found from the simulation results that
the heat loss by thermal radiation is negligibly small. Instead, heat
conduction to the burner tube wall and convective heat loss are the
dominant form of heat loss.

Additional simulations with inclusion of multicomponent
transport and Soret and Dufour effects show that the flame size
increases for both flame balls and the burner-stabilized flames
when second-order transport effects are incorporated in the com-
putations. For the former case, a leaner limit is also predicted. For
the latter case, a slight modification in the stabilization position is
found due to the intensification of the consumption rates of both
H2 and CH4. The intensification in fuel consumption is more local-
ized for H2, which is also consumed over an extended region
downstream.

Future research will be conducted on the influence of the tube
dimensions, mixture composition and inflow velocity on the charac-
teristics of normal-gravity ball-like flames and further contrasting
these flames to gravity-free flame balls. Moreover, since the setup
considered in this study allows for the characterization of stable
and steady laminar flames at ultra-lean and near-limit conditions,
thus permitting the validation of models at such conditions, the
evaluation of other reaction mechanisms and further examination
of the Soret effect will also be contemplated.
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