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ABSTRACT
Extinction strain rates of syngas and syngas–methane blends at
atmospheric pressure were investigated in laminar counter-flow dif-
fusion flames as a function of nitrogen dilution through both experi-
ment and two-dimensional axisymmetric full-domain numerical
simulations. Three representative compositions of syngas were exam-
ined along with two syngas–methane blends for a range of fuel mole
fractions. An opposed-jet burner configuration with straight-tube fuel
and air nozzles was used in the experiments and an advanced,
computational, solution algorithm was used to obtain the corre-
sponding simulation results. Very good agreement was found
between predicted and experimentally observed flame structure as
well as global strain rate extinction limits for all syngas fuel and
syngas–methane blends over the full range of flow rates and fuel
mole fractions considered. Additionally, the local strain rate near
extinction was shown to correlate with the global strain rate and an
explanation of the differences between these two values was pro-
vided by the predicted changes in the nozzle exit plane velocity
profiles as a function of flow rate. In particular, non-zero gradients
in the axial center-line velocity were predicted at the nozzle exit
plane for higher flow rates due to the pressure field created by the
opposed-jet flows. The syngas extinction limits as a function of fuel
composition were examined. While the amount of hydrogen was
found to have a dominant effect on the extinction strain limits,
methane and carbon monoxide were also found to induce early
extinction and increase reactivity, respectively, if present in suffi-
ciently large quantities.
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Introduction and motivation

Syngas is a biologically sourced alternative fuel that describes any gaseous mixture
containing various amounts of carbon monoxide, carbon dioxide, and hydrogen as its
main ingredients, but can also include other gaseous compounds in the mixture (Biofuel.
org.uk, 2010). It is often produced from the gasification of a variety of different waste
biomass sources such as wood, coal, and non-edible waste from food crops (Somerville
et al., 2010). As a result, syngas does not have a single chemical composition and
variations in composition can arise depending on the feed-stock material and method of
production. Understanding the influence of composition on syngas combustion properties
is therefore one of the important research concerns.
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An important combustion characteristic for diffusion flames is the extinction strain rate
(Williams, 2001). It is a measure of fuel flammability and the susceptibility of flames to
suppression. There has been a limited number of studies conducted on the extinction limits of
syngas and, of those, the numerical components have been largely based on now standard
one-dimensional (1D) numerical analyses (Ding et al., 2011; Park et al., 2009; Shih and Hsu,
2011; Som et al., 2008). The present study considers a combined experimental and numerical
effort to examine extinction strain in laminar counter-flow (opposed-jet) diffusion flames for a
range of syngas and syngas–methane blends. Furthermore, the numerical analysis of extinc-
tion was conducted using an advanced computational solution procedure on two-dimensional
(2D) axisymmetric domains allowing greater insight into the extinction behavior than that
afforded by conventional 1D analyses.

The syngas fuel compositions and syngas–methane blends considered herein are listed
in Table 1 with their respective compositions, in terms of mole fraction. The S1, S2, and S5
syngas fuels were selected to be representative of typical syngas compositions and include
variation in the hydrogen/carbon monoxide ratio and methane level. The S5M25 and
S5M50 fuels are syngas–methane blends, where the syngas S5 is blended with 25% and
50% methane by mole fraction (or volume), respectively, as indicated in the table.

Counter-flow burner and experimental methodology

Strain rate is representative of the residence time of reactants in the reaction zone and
small aerodynamic time scales are indicative of elevated strain rates. In a counter-flow
laminar diffusion flame, the aerodynamic strain rate is defined in terms of the gradient of
the axial velocity component, ∂U/∂x, where U is the axial component of velocity and x is
the position coordinate in the axial direction along the burner center line. The convention
within literature is to express the local strain rate, al, as

al ¼ @U
@x

����
max

(1)

just prior to the thermal mixing layer of the flame on either the air or fuel side, depending
on the location of the flame with respect to the stagnation plane (Egolfopoulos et al., 1989;
Sarnacki et al., 2012; Yu et al., 1986). The stoichiometric mixture fraction, Zst (Du and
Axelbaum, 1995), which can be used to position the flame with respect to the stagnation
plane in Z (mixture fraction) space is given as (Xia and Axelbaum, 2013)

Zst ¼ 1þ YRWOνO
YOWRνR

� ��1

(2)

Table 1. Syngas compositions and syngas–methane blends.
Fuel designation H2/CO XCO XH2 XCO2 XCH4

S1 0.5 0.50 0.25 0.25 0
Syngas compositions S2 1.0 0.375 0.375 0.25 0

S5 1.0 0.375 0.375 0.20 0.05
Syngas–methane blends S5M25 1.0 0.28125 0.28125 0.15 0.2875

S5M50 1.0 0.1875 0.1875 0.10 0.525
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where Y , W, and ν are mass fractions, molecular weight, and stoichiometric coefficient,
respectively, and the subscripts R and O denote the reactant and oxidizer chemical species
in fuel and air streams, respectively. The stagnation plane is located at Zst ¼ 0:50, and thus
flames located on the air and fuel side of the stagnation plane have values of Zst < 0:50 and
Zst > 0:50, respectively.

In the absence of direct measures of al, the local strain rate can be approximated by the
global strain rate as first formulated by Seshadri and Williams (1978), which is a function
of nozzle exit bulk flow velocities, nozzle separation, and the densities of fuel and air
streams. Potential flow is assumed within the counter-flow geometry which predicts a
linear deceleration of the axial component of velocity as the gases approach the stagnation
plane. Factoring in a correction for the density differences of the fuel and air streams, the
global strain rate, ag, can be expressed as

ag ¼ 2VA

L
1þ VF

VA

ρF
ρA

� �1=2
" #

(3)

where L, V , and ρ denote nozzle separation distance, nozzle bulk flow velocity, and
density, respectively, and the subscripts F and A denote fuel and air streams, respectively.

The experimental apparatus used herein consists of a single counter-flow burner,
designed specifically to handle high flow conditions (Wang, 2014). The burner includes
two identical nozzle assemblies, each with inner and concentric nozzles. See Figure 1.
The inner nozzles supply the fuel mixture (fuel diluted with nitrogen) and air streams
from the lower and upper assemblies, respectively, while the outer nozzles of both
assemblies supply co-flow nitrogen, which isolates the flame from the ambient atmo-
sphere. Two interchangeable inner nozzle configurations are available for the counter-
flow burner. One configuration of the inner nozzle (parabolic profile configuration as
depicted on right side of figure) has smooth bore tubes, for which a parabolic velocity
distributions are expected at the nozzle exits in accordance with laminar pipe flow
theory. However, as will be shown, in reality the parabolic configuration may result in
somewhat different inflow conditions at the nozzle exit plane that are subject to
variations depending on the pressure field generated by the opposed jets. The second
configuration (uniform profile configuration as depicted on left side of figure) incor-
porates a sintered metal matrix 5.1 mm upstream of the nozzle exit plane, with the
intention of creating uniform or top-hat velocity profiles at the nozzle exit planes. As
will also be shown, the matrix is however not sufficient to ensure idealized uniform
profiles of fuel and air at the nozzle exits. Similar sintered metal matrix meshes are
fitted in the outer nozzles used to supply the co-flow nitrogen so as to provide similar
uniform inflow velocity profiles in both burner configurations. The radii of the inner
nozzles are 5.6 mm and 5.1 mm and tube wall thicknesses are 0.76 mm and 1.27 mm,
respectively, for the so-called parabolic and uniform profile configurations. The nozzle
separation distance, L, was maintained at 10.2 mm, such that the burner L=D ratio was
either 0.91 or 1, depending on the configuration of the inner nozzles, where D
represents the inner nozzle diameter. The radius and tube wall thickness of the

COMBUSTION SCIENCE AND TECHNOLOGY 1457



outer nozzle are 9.8 mm and 5.3 mm, respectively. A ceramic glass enclosure houses
the burner, allowing visual and optical access to the flame. A chimney system located
on the top of the burner ensures that the exhaust is properly vented from the
laboratory.

The strain rate in the experiments was controlled by adjusting the flow rates of fuel
mixture and air streams using flow controllers with calibrated accuracy within 1%. A
stable flame was first established near but below the extinction limit and the experi-
ments were then carried out by gradually applying small or incremental increases to
the flow strain rate, through sequential increases to the bulk mass flow rates of the
fuel, dilution nitrogen, and air streams, respectively, until the flames were extin-
guished. At each step of this process, a constant fuel mole fraction and momentum
balance of the fuel mixture and air streams were maintained. Additionally, the flame
was monitored and allowed about 30 s to stabilize between each step. Each step change
in strain rate was maintained at about 1–5% of the global extinction strain rate and the
experiments were repeated 3–4 times for each fuel mixture. In this way, the extinction
limits were accurately established.

Figure 1. Schematic diagram (not to scale) of 2D axisymmetric counter-flow burner and computational
domain and boundary conditions used in numerical simulations showing both uniform (left) and
parabolic (right) profile configurations (identical dimensions in both configurations are labeled only
on the right).
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Numerical simulation of counter-flow burner and flame extinction

Finite-volume solution method

The computational framework developed by Charest et al. (2010) for the prediction of
laminar reactive flows with complex chemistry, non-gray radiative heat transfer, and soot
was applied to the prediction of the counter-flow diffusion flames of interest herein. This
numerical modeling tool was specifically developed for use with large multi-processor
parallel computers and its capabilities have been previously demonstrated in a number of
recent studies of laminar co-flow diffusion flames under both high pressure and low
gravity conditions (Charest et al., 2010, 2011a; 2011b; Charest et al., 2011).

The framework solves the conservation equations for a multi-component, compressible,
reactive, gaseous mixture. Soot formation/oxidation and radiation were not included here
since these effects are expected to be small for the syngas fuels and atmospheric pressures of
interest. The governing equations are solved using a finite-volume method previously devel-
oped by Groth and co-workers (Charest et al., 2010; Gao and Groth, 2006; Gao et al., 2011;
Sachdev et al., 2005). The schememakes use of piece-wise limited linear reconstruction and an
approximate Riemann solver to determine numerical values of the inviscid fluxes (Roe, 1981)
and second-order diamond-path method for the viscous fluxes. Low-Mach-number precon-
ditioning is applied to reduce the excessive dissipation and numerical stiffness of the dis-
cretized system and permit accurate solution for the low-speed flames of interest (Weiss and
Smith, 1995). The solution of the fully coupled non-linear equations resulting from the finite-
volume discretization procedure is relaxed to steady-state using a parallel implicit algorithm
which uses a matrix-free Newton–Krylov method. Thermodynamic/transport properties and
gas-phase reaction rates are evaluated using CANTERA (Goodwin, 2003).

The simulations were performed using a reduced mechanism consisting of 19 species and 86
reactions by Slavinskaya et al. (2008), based on the GRI-Mech 3.0 mechanism for methane
combustion (Smith et al., 2000). This mechanism was specifically tuned for the combustion of
methane and syngas compositions with significant hydrogen and carbonmonoxide content. For
the prediction of laminar flame speed and adiabatic flame temperature associated with
unstrained planar 1D laminar premixed flames of syngas H2/CO compositions, the reduced
mechanism of Slavinskaya et al. was found to provide more agreeable results with existing
experimental data than GRI-Mech 3.0. Furthermore, both Wang (2014) and Sarnacki et al.
(2012) have found that the reducedmechanismprovides superior predictions of extinction strain
rates in laminar counter-flow diffusion flames compared to those provided by GRI-Mech 3.0.

Axisymmetric computational domain and grids

The parabolic profile configuration created some uncertainty regarding the specification of the
inflow velocity at the nozzle exit planes of the inner nozzles. It was found that applying idealized
parabolic velocity distributions at the inflow boundaries near the nozzle exits produced poor
predictions of extinction strain, particularly at high flow rates (Wang, 2014). Furthermore, the
experimental study of Vagelopoulos and Egolfopoulos (1998) has shown that the nozzle velocity
flow distribution is affected by the radial pressure gradient created by the opposed jets and
Sarnacki et al. (2012) later demonstrated in their experiments that the nozzle velocity flow
distribution deviates from a parabolic profile as the strain rate is increased. Amantini et al.
(2007) approached this problem by using the measured nozzle flow distribution as the
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numerical inflow boundary conditions at the nozzle exit plane. However, this approach is
heavily dependent on availability of experimental data which were not available here. To
overcome this issue in the present study, a full 2D axisymmetric computational domain was
used. The computational domain of the inner nozzles was extended upstream by 12 times their
diameter and uniform inflow velocity distributions were imposed at these upstream boundaries.
By including the additional upstream portions of the inner fuel and air stream nozzles within the
computational domain for the parabolic configuration, the nozzle exit plane velocity distribu-
tions were computed directly as part of the simulation such that the predicted profiles match the
pressure and flow conditions at the nozzle exits.

Conversely, the uniform profile configuration was modeled by simply applying uniform
inflow velocity profiles at the locations of the sintered metal matrix within the nozzles just
upstream of the exit plane. Note that it was found that the sintered metal matrix was
unable to maintain ideal uniform profiles at the exit planes of the inner nozzles (Wang,
2014), leading to generally poor agreement between numerical and experimental flow
fields for elevated flow rates. Such an inflow condition represents the limit of the modeling
capabilities here without recourse to additional information regarding the velocity profiles
emerging from the metal matrix meshes.

The computational domains adopted here are shown schematically in Figure 1 for both the
parabolic and uniform profile configurations. The domain in each case is symmetrical along
the equidistant plane and extends 152.4 mm radially. The nozzle radii, separation distance,
tube thicknesses, and far-field domain boundaries are modeled precisely based on the burner
geometry and exhaust enclosure of the experimental facility. The inner nozzles extend
134.1 mm and 5.1 mm upstream from nozzle exit plane for the parabolic and uniform
configurations, respectively, while the outer nozzles extend just 5.1 mm upstream to the
position of the sintered metal matrix. No-slip boundary conditions were applied at the nozzle
tube walls while the far-field and lower boundaries of the domain were treated as free-slip
boundaries. All tube walls were taken to have a fixed temperature of 300 K. The upper
boundary of the domain serves as the flow outlet, where values of temperature, velocity,
and speciesmass fractionwere extrapolated from the interior of the domainwhile the pressure
was specified and held at a fixed value. The compositions of the gaseous mixtures were
specified at all inlet boundaries, along with the velocity and temperature, while the pressure
was extrapolated from the interior of the domain. Uniform velocity and temperature profiles
were specified for the air, fuel mixture, and co-flow nitrogen inlet boundaries, in all cases.

For the parabolic profile configuration, the computational mesh was subdivided into
180 cells and 18 blocks in the radial and 672 cells and 42 blocks in the axial directions,
respectively. The resulting structured but non-uniformly-spaced mesh consisted of 92,160
quadrilateral cells within 576 blocks. For the uniform profile configuration, the computa-
tional mesh was subdivided into 180 cells and 18 blocks in the radial and 640 cells and 40
blocks in the axial direction. This produced a mesh consisting of 81,920 cells and 512
blocks. In both cases, the cells were clustered radially toward the center line and axially
toward the equidistant plane so as to provide higher resolution for regions containing the
flow. The vertical mesh spacing between the inner nozzles was approximately 35 μm, while
the spacing was approximately 140 μm in the radial direction. The computational grid
used in the simulations of the parabolic profile burner configuration is depicted in
Figure 2, showing the distribution of both the grid blocks and quadrilateral cells. The
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mesh used for the simulation of the uniform profile burner was very similar. A systematic
mesh refinement study was performed to ensure that the resolutions of these two meshes
were sufficient for the purposes of the present extinction studies (Wang, 2014).

Procedure for computation of extinction limits

Numerical extinction was determined in a manner similar to that adopted in the experi-
ments. A converged steady counter-flow flame solution was first established well below the
expected extinction strain limit. The converged solution was then used as an initial
estimate or starting solution for determining a new solution at a higher strain rate, with
the higher strain rate imposed by simply modifying the inflow boundary conditions and
prescribing higher bulk flow velocities in the fuel and air stream nozzles. This process was
repeated in an iterative manner until the numerical solution no longer supported a flame
and a precise value for the extinction strain rate was established. The final step size
increases in the global strain rate at extinction were kept sufficiently small, as summarized
in Table 2, to ensure that the error in the computed extinction strain rate was below 3%.

Analyses and comparison of experimental and numerical results

Observed flame structure

To illustrate the quality of the present numerical simulations, a visual comparison between
an experimental image of the burner and counter-flow flame to 2D numerical predictions of
the flame structure is provided in Figure 3 for a pure syngas S1-air flame at ag ¼ 600 s�1.

Figure 2. Computational mesh used in 2D axisymmetric simulations of the counter-flow burner for
parabolic profile configuration showing the computational blocks of the multi-block grid (left) as well
as the distribution of the computational cells (right); grid consists of 576 blocks and 92,160 quad-
rilateral cells.
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The predicted extent of the inner flame disk structure can be seen to be in rather good
agreement with the experimental image. The presence of the unwanted outer flame in
experiments, due to excess fuel reacting with oxygen, was eliminated in the numerical
solutions by initializing the outer domain with pure nitrogen in place of air and was
shown not to effect the computed inner flame structure and extinction limits as indicated
in the figure (Wang, 2014). Additionally, although the computed outer flame for the air case
is not needed in the current study, it seems to be captured reasonably well by the finite-
volume method.

At this point, a number of comments can also be made regarding the observed structures
of the experimental and numerical flames for the fuels investigated. The flame disk structure
was found to increase in size and become thinner as the strain rate was increased.
Furthermore, the maximum flame temperature in the numerical solutions was found to
be higher as the fuel mole fraction was increased, due to the increased concentrations of
more reactants. The flames for all of the syngas compositions and syngas–methane blends
were also observed to be blue in color during the experiments, indicating very little or no
soot formation. Additionally, the fuels with higher hydrogen content were seen to have
slightly larger flame disks for a given flow rate and fuel mole fraction than those with lower
hydrogen content. This is likely due to the high diffusivity of hydrogen.

Global strain rate

Experimentally measured and numerically predicted values of the global strain rates at
flame extinction, ðagÞe, were examined as a function of fuel mole fraction for the syngas

(a) Experimental image of burner
and flame.

(b) Numerical prediction with air in
outer domain.

(c) Numerical prediction with N2 in outer
domain.

Figure 3. Qualitative comparison of flame structure for pure syngas S1-air counter-flow diffusion flame
at ag ¼ 600 s�1 comparing (a) experimental image of flame and burner to numerical predictions of
flame with (b) air and (c) nitrogen-initialized domains for parabolic burner configuration.

Table 2. Strain rate step sizes used in the computation of the flame extinction limit.

ag (s�1) � 200 � 500 � 1000 � 1001

Step size (s�1) 2 5 10 20

1462 W. WANG ET AL.



compositions and syngas–methane blends of Table 1. The results for the parabolic inflow
burner configuration are presented in Figure 4 for both all of the syngas compositions as
well as all syngas–methane blends. Due to the higher global strain rate extinction limits
exhibited by uniform inflow configuration compared to the parabolic inflow setup, results
were obtained only for S1 and S5M50, representing the syngas composition and syngas–
methane blend with the lowest global extinction strain rate. The measured and predicted
values of the global extinction strain rate for these cases are compared in Figure 5.

It is evident from the figures that the syngas compositions and syngas–methane blends
have elevated extinction limits, especially at high fuel mole fractions, and often lie well
beyond the traditional laminar regime as defined by that for pipe flow. Assuming that fully
developed laminar pipe flow can be found for Reynolds number of Re ,< 2300, turbulent
pipe flow exists for Re ,> 4000, and that a transitional regime is present between these two
values, the approximate range of the laminar, transitional, and turbulent flow regimes are
indicated in Figures 4 and 5 as a function of strain rate for the present burner geometry.
For all cases investigated in this study, the kinematic viscosity of air was consistently less
than that of the fuel (for all compositions and blends), leading to higher Reynolds number
in the air stream than the fuel stream and causing it to be the limiting stream for the onset

(a) Syngas compositions S1, S2, and S5. (b) Syngas-methane blends S5M25 and S5M50X.

Figure 4. Comparison of experimental (white symbol) and numerical (black symbol) values of the
global extinction strain rates for (a) three syngas compositions and (b) two syngas–methane blends for
the parabolic profile burner configuration only.

(a) Syngas composition S1. (b) Syngas-methane blend S5M50.

Figure 5. Comparison of experimental (white symbol) and numerical (black symbol) values of the
global extinction strain rates for (a) syngas composition S1 and (b) syngas–methane blend S5M50 for
both parabolic and uniform profile burner configurations.
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of transitional and subsequently fully turbulent flow. Furthermore, it is noted that it was
not possible to obtain numerical solutions at high flow rates in the transitional and
turbulent flow regimes (i.e., for ag ,> 1000 s�1) due to non-steady behavior of the solutions
downstream of the opposed nozzles (Wang, 2014).

It can be seen that the measured global extinction strain rates increase as the fuel mole
fraction increases for all fuels investigated. The experimental data exhibit an overall trend
that is approximately linear at higher fuel mole fractions for all cases; however, for syngas
compositions at low fuel mole fractions, the trend deviates from this linear behavior.
While there is a high degree of scattering in some of the experimental data at elevated flow
rates due to unsteady flow behavior in the transitional and turbulent flow regimes, the
linear trend in the experimental results seems to be maintained, even for what may be
turbulent flow conditions.

The predicted global extinction strain rates show a high degree of agreement with
experiment for the parabolic inflow configuration. The non-linear deviation observed
in syngas compositions at low fuel mole fractions is well captured, as are the overall
trends for all fuel compositions and blends below ag ,> 1000 s�1. The numerical results
generally under-predict the experimental extinction limits at low fuel mole fractions
and low flow rates, but the prediction improves as the flow rates increase. This is likely
caused by the deviation of experimental flow field at low flow rates from the ideal as
was observed in a previous study of methane-air (Wang, 2014). This deviation can
result in higher estimates for the global strain rate in the experiments for a given local
extinction rate and, consequently, lead to the present differences between the experi-
mental and numerical results.

The experiments for the uniform inflow configuration were much less repeatable than
that for the parabolic inflow cases. Additionally, the occurrences of partial flame extinc-
tions, as indicated by the measured values, ðagÞpe, were also common within the higher
flow regimes. During these partial extinctions, a portion of the previously symmetric flame
disk would extinguish abruptly, and the final extinction of the remaining flame would
often occur at a significantly higher strain rate than the value for the partial extinction.
The axisymmetric numerical simulations were obviously not able to capture such pro-
cesses. It is believed that the existence of the partial extinctions is caused by the inability of
the sintered metal matrix to maintain an ideal uniform flow profile above a certain flow
rate, leading to asymmetrical flow (Wang, 2014).

The numerical predictions of global strain rate at extinction for the uniform inflow
configuration agree less well with the experimentally measured values compared to those
for the parabolic cases. Although the positive correlation between the extinction strain
rate and fuel mole fraction is rather well captured, there is noticeable under-prediction
of the extinction strain. This under-prediction of the strain rate is again believed to be
caused by the deviation in the experiments from the ideal uniform inflow distribution
that is explicitly imposed in the simulations due to the limitations of the sintered metal
matrix. Despite these issues, it would seem that the numerical simulations were able to
capture the essential differences between the two inflow burner configurations across a
range of flow conditions and for several fuel compositions and blends. In particular, the
global extinction strain rate for the uniform inflow configuration is greater in both the
experimental and numerical results than those seen for the parabolic inflow profile.
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Moreover, the differences in extinction strain rates between the two configurations
become less pronounced at elevated strain rates. The latter is due to changes in the
actual nozzle inflow velocity profiles as will be shown.

Fuel composition and extinction limits

Extinction limits can be heavily dependent on the level of hydrogen present in the fuel
because of its high diffusivity. In particular, Pellett et al. (1998) report that the extinction
strain rate of pure hydrogen is up to 30 times higher than that of pure methane. In order
to explore the fuel composition effects on the syngas extinction limits, the experimentally
measured values of the global extinction strain rate for all syngas fuel compositions and
blends investigated in the current study are re-summarized in Figure 6 for the parabolic
inflow nozzle configuration only as a function of the fuel mole fraction. Additional results
for methane-air counter-flow flames obtained using the same experimental setup are also
shown for comparison (Wang, 2014). The numerical predictions are not shown as they are
very similar and do not add to the discussion. It can be seen from the figure that pure
syngas compositions have higher extinction strain rates than the syngas–methane blends,
which in turn have higher extinction strain rates than pure methane. This behavior is
directly correlated with the hydrogen composition within each fuel as would be expected.
Higher hydrogen content results in higher global strain rates at extinction.

While the general trends in extinction for the various syngas fuels can be explained
through hydrogen composition, there are several interesting exceptions to this behavior in
the results. Consider, for example, the results for compositions S2 and S5. Both have
identical hydrogen mole fractions of 37.5% and otherwise have the same composition
except that S5 has 5% methane in place of the carbon dioxide that is present in S2. S2 and
S5 exhibit similar extinction trends and both have the highest extinction strain rates of all
syngas compositions and blends investigated, due to their high hydrogen content.
However, at high strain rates, S2 appears to have a higher extinction strain rate than S5.
Compare also the results for the syngas composition S1 and the syngas–methane blend
S5M25, which have 25% and 28.125% hydrogen by volume, respectively. Curiously, S1 has

(a) Dependence of extinction strain rate on fuel mole fraction. (b) Dependence of extinction strain rate on H2 mole fraction.

Figure 6. Comparison of measured values of the global extinction strain rates obtained using the
parabolic burner configuration for all syngas compositions (black symbol), syngas–methane blends
(white symbol) and methane (� symbol) as a function of both the fuel mole fraction (a) and fuel H2

mole fraction (b).
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a much higher extinction strain rate than that of S5M25 at higher fuel mole fractions. The
primary difference between these two fuels is that S5M25 has a higher composition of
methane than S1, for which the methane is replaced by CO and CO2.

To further investigate this behavior, consider the plot of measured values of the global
extinction strain rate as a function of hydrogen content shown in Figure 6. If hydrogen
concentrations were the only factor affecting the extinction limits, one should expect the
experimental data to collapse on to a single line resembling that of the extinction behavior
for pure hydrogen. However, this does not occur. Instead, the data collapses loosely into
two groups: one for the syngas compositions with little or no methane and the other for
syngas–methane blends that have significant methane content. At constant hydrogen
concentrations, the extinction strain rates of the syngas fuels with significant methane
concentration are much lower at high flow rates and fuel mole fractions. However, at the
lower flow rates and fuel mole fractions, the opposite is true. These trends can be
explained through the observations of Thiessen et al. (2010) and Fleck et al. (2013),
where it was found that increasing the relative concentration of methane in hydrogen
mixtures leads to reduced radical production, as the methane chain branching reactions
consume increasingly more of the available radicals, especially OH. The results of Figure 6
also show the extinction behavior of the three syngas compositions form two separate
curves: one for S1 and the other for S2 and S5. The S1 composition has significantly higher
carbon monoxide and carbon dioxide content compared to the S2 and S5 compositions
for a given hydrogen mole fraction. It is well documented in the literature (Herzler and
Naumann, 2008; Kéromnès et al., 2013; Mittal et al., 2007) that the reactivity of syngas
mixtures is dominated by hydrogen chemistry for CO concentrations lower than 50%.
Hence, higher global strain rates at extinction are found for S1 as compared to the other
two compositions.

Local strain rate

With the current experimental setup, it was not possible to directly measure the local
strain rate as defined by Eq. (1); however, the predicted values from the numerical
simulations are investigated here and compared to the corresponding predictions of the
global extinction strain rates. While the global strain rate at extinction can be defined
using Eq. (3) for the flow conditions under which flame extinction occurs, the local
extinction strain rate must be evaluated just prior to extinction, when the flame is still
present. This is because the existence of the flame distorts and alters the velocity field. It is
therefore desirable to determine the local strain rate as close to extinction as possible, in
order to fairly compare local and global values of the extinction strain rates. For the
majority of fuels considered herein, Zst > 0:50. Accordingly, the local strain rates were
evaluated on the fuel mixture side of the flame. On the other hand, for all syngas–methane
blends, Zst < 0:50, regardless of the dilution with nitrogen. Thus, the local strain rates in
these cases were evaluated on the air side of the flame. In each case, the local strain rates,
ðalÞne, near extinction were evaluated numerically using the flame solutions at just one
step in the strain rate below the point of flame extinction as defined in Table 2. As this
step size is less than 3% of the value of the global strain rate, this should be the upper
bound on the computed error in the local strain rate at the actual point of extinction.
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Predicted values of the local near extinction strain rate and global strain rate at extinction
are compared in Figure 7, where the results for the syngas compositions and syngas–methane
blends are shown in Figure 7(a) and (b), respectively, for both parabolic and uniform burner
configurations. In the case of the parabolic burner configuration, the predictions of global and
local strain rates are generally in good agreement for a wide range of fuel compositions,
dilution mole fractions, and flow rates. Some notable differences include a slight under-
estimation of the local strain rate by the global strain rate for low flow rates and the reversal
of this trend as the global strain rate exceeds ag � 600 s�1. As should be expected, the
numerical results for the uniform inflow burner configuration have virtually identical values
of the local strain rate near extinction when compared to the parabolic results. This supports
the argument that the local near extinction strain rate is a fundamental property of the fuel
mixture. However, the corresponding values of the global strain rates at extinction are now
much higher and do not agree well with the parabolic inflow results. It would seem that the
global extinction strain rate can be strongly dependent on the counter-flow flame flow field
and nozzle inflow velocity distributions, should they deviate significantly from the ideal. These
comparisons also suggest that the global strain rate at extinction for the parabolic burner
configuration provides a more robust and superior estimate of local near extinction strain rate
than that provided by the non-ideal uniform inflow configuration, at least for the present
burner geometry and others like it considered in the literature.

Nozzle exit-plane velocity profiles

While the importance of nozzle exit-plane inflow velocity distributions on flame extinc-
tion has been the subject of a few previous experimental studies (Korusoy and Whitelaw,
2001; Sarnacki et al., 2012) and very recently, Johnson et al. (2015) have performed an
investigation of multi-dimensional effects in counter-flow burners and assessed require-
ments for the validity of quasi-1D theory, there have been still only a few previous multi-
dimensional, high-fidelity, numerical studies of extinction of counter-flow diffusion
flames. The 2D axisymmetric numerical solution method used here allows the detailed
examination of the flow field within the entire solution domain and hence a study of the
inflow velocity profiles at the exit plane of the nozzles as a function of the strain rate. The
predicted normalized axial velocity profiles of the counter-flow diffusion flames for the

(a) Syngas compositions S1, S2, and S5. (b) Syngas-methane blends S5M25 and S5M50X.

Figure 7. Comparison of predicted local extinction strain rates (white symbol) and global extinction
strain rates (black symbol) for (a) three syngas compositions and (b) two syngas–methane blends.
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syngas-methane blend S5M50 are given in Figure 8 for both the parabolic and uniform
inflow burner configurations. Numerical results are given for several increasing strain
rates. The idealized uniform and parabolic velocity profiles are also shown in the figure for
comparison. For the parabolic inflow configuration at low strain rates, the velocity
distribution at the nozzle exit plane closely resembles the ideal parabolic profile.
However, as the strain rate increases, the peak at the center line is reduced and a more
flat top distribution results. Further increases in strain rate lead to an exit plane velocity
distribution with a depression near the nozzle center line with velocity maximums now
occurring at locations away from the center line. These results suggest that the velocity
distributions at the nozzle exit planes evolve from a nearly idealized parabolic profile to
something that is very far from this as the flow rate increases and that this change is due to
the influence of pressure gradients created by the interactions of the opposed-jet flow field
and the presence of the flame. Sarnacki et al. (2012) have observed similar nozzle exit flow
behavior in their experimental studies of opposed-jet flames.

The decrease in the axial center-line velocity with respect to the bulk flow velocity as
strain rate increases can explain the apparent increase in the global strain rate relative to
the local strain rate with increasing flow rate as observed previously in Figure 7 for the
parabolic inflow cases. Furthermore, as the depression in axial velocity profiles at the
nozzle exit plane becomes more significant with increasing flow rates (i.e., above
ag � 600 s�1), inspection of the numerical flame structure reveals that flame extinction
no longer occurs at the center line, but takes place at some distance away from the center
line where local maxima in the velocity profile results in elevated strain rates. In these
cases, estimates of the local strain rate base on the velocity variation along the axial center
line as computed here are no longer representative of the true local strain rate at
extinction and in fact can result in the under-prediction of this value.

In contrast to the results for the parabolic inflow burner configuration, the nozzle exit-
plane inflow velocity profiles for the uniform inflow configuration are more consistent
across flow rates. While deviating from an ideal uniform, all of the profiles of Figure 8(b)
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Figure 8. Comparison of predicted normalized air nozzle exit-plane inflow velocity profiles for various
dilution fractions and global strain rates obtained for (a) parabolic and (b) uniform profile burner
configurations with the syngas–methane blend S5M50 fuel.
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exhibit a center-line dip in the velocity to about 84% of the bulk velocity and have peak
values near the outer rim of the nozzle with a magnitude of about 122%. This consistency
in the numerical results is caused by the enforcement of ideal uniform inflow velocity
profile just 5.1 mm upstream of the nozzle exit plane at the location of the sintered metal
matrix. Nevertheless, it is very doubtful that the matrix is capable of producing such a
uniform flow profile in the actual experiments, particularly for elevated flow conditions.
The deviation of actual experimental inflow distribution from the prescribed numerical
inflow profile can serve as explanation for the somewhat poor and often under-prediction
of global strain rate extinction values shown previously in Figure 5. Furthermore, the
results of Figure 8 show that, at sufficiently high flow rates, the inflow velocity profile of
the parabolic configurations starts to resemble that of the uniform case and this explains
the decreasing differences in the global extinction strain rates for the two nozzle config-
urations as depicted in Figure 5(a) as the flow rates increase.

Conclusions

A combined and systematic numerical and experimental study of extinction in counter-
flow diffusion flames for syngas and syngas–methane blends was conducted. The high-
fidelity 2D finite-volume scheme employed in the study was shown to provide good
predictions of the counter-flow diffusion flame structure and to be capable of providing
good estimates of the extinction strain that agree, both qualitatively and quantitatively,
with the measured experimental values for the three syngas compositions and two syngas–
methane blends of interest here. It was also shown that, while the presence of hydrogen
plays a significant role in the elevated extinction limits of the syngas fuels and blends, the
presence of methane appears to have the opposite effect. Furthermore, it was observed that
carbon monoxide concentrations of less than 50% by volume do not significantly inhibit
the reactivity of the syngas mixtures with high hydrogen content, thus leading to the
expected elevated extinction limits. The relationship between global and local strain rates
was also explored numerically and the differences explained through deviations in the
nozzle exit plane velocity flow distributions from that of the ideal.
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