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This paper reports measured stability limits and PDF calculations of piloted, turbulent
flames of compressed natural gas (CNG) partially-premixed with either pure oxygen, or
with varying levels of O2/N2. Stability limits are presented for flames of CNG fuel pre-
mixed with up to 20% oxygen as well as CNG–O2–N2 fuel where the O2 content is varied
from 8 to 22% by volume. Calculations are presented for (i) Sydney flame B [Masri et al.
1988] which uses pure CNG as well as flames B15 to B25 where the CNG is partially-
premixed with 15–25% oxygen by volume, respectively and (ii) Sandia methane–air
(1:3 by volume) flame E [Barlow et al. 2005] as well as new flames E15 and E25 that are
partially-premixed with ‘reconstituted air’ where the O2 content in nitrogen is 15 and
25% by volume, respectively. The calculations solve a transported PDF of composition
using a particle-based Monte Carlo method and employ the EMST mixing model as well
as detailed chemical kinetics. The addition of oxygen to the fuel increases stability, short-
ens the flames, broadens the reaction zone, and shifts the stoichiometric mixture fraction
towards the inner side of the jet. It is found that for pure CNG flames where the reaction
zone is narrow (∼0.1 in mixture fraction space), the PDF calculations fail to reproduce
the correct level of local extinction on approach to blow-off. A broadening in the reaction
zone up to about 0.25 in mixture fraction space is needed for the PDF/EMST approach to
be able to capture these finite-rate chemistry effects. It is also found that for the same level
of partial premixing, increasing the O2/N2 ratio increases the maximum levels of CO and
NO but shifts the peak to richer mixture fractions. Over the range of oxygenation investi-
gated here, stability limits have shown to improve almost linearly with increasing oxygen
levels in the fuel and with increasing the contribution of release rate from the pilot.

Keywords: piloted flames; partially-premixed; PDF calculations; local extinction;
re-ignition

1. Introduction

Capabilities to compute the finite-rate chemistry effects in turbulent non-premixed flames
have improved significantly with advanced approaches such as transported probability
density function methods (PDF) [1], conditional moment closure (CMC) [2,3], multiple
mapping closure (MMC) [4] and the multi-variable laminar flamelet methods where the
mixture fraction, scalar dissipation rates and transient time scales are used as independent
variables [5,6]. More recently, the mixture fraction and reaction progress variable concepts
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were merged [7–9] to enable computation of partially premixed flames. While all of these
approaches perform well in computing finite-rate chemistry effects for fuel mixtures where
the reaction zones are broad, they tend to be less successful in flows where the reaction zones
become narrower as is the case for pure CNG or methane flames. While the reasons for such
deficiencies differ depending on the method, the challenge to modellers extends beyond
the scope of non-premixed flames. The demand is for a universal computational approach
capable of accounting for finite-rate chemistry effects in the entire turbulent combustion
regime extending from non-premixed to premixed flames. Such developments will facilitate
the transition towards computing more complex processes such as soot formation and the
combustion of sprays.

Turbulent premixed, stratified as well as partially-premixed flames are now receiving
considerable attention with attempts to mirror the advances achieved in the non-premixed
domain [10–12]. In premixed combustion, the piloted jet burner in hot vitiated co-flows is
gradually established as a model problem for studying finite-rate chemistry in highly sheared
premixed flames. The reaction zones in these flows are broad and distributed [13] and the
extensive data bank already available for validation points to some significant modelling
challenges: The reactive/diffusive balance that prevails in normal laminar premixed flames
and forms the basis of the laminar flame speed concept may be undermined here and hence
may be substituted by concepts where reactive/convective balances prevail. If true, this
will impact on the ability of flamelet-based approaches to model such flows. With stratified
combustion, various designs for generic laboratory burners are being developed [14,15] but
the available data are still rather limited. While the concept of stratification applies over the
entire mixture fraction range, it is mostly relevant for lean mixtures to extend the range of
operation of homogeneous charge compression ignition engines [16,17]. More generally,
partially-premixed combustion covers a much broader regime of mixture fractions and,
while common in many practical applications, remains less understood and more difficult
to compute because it straddles the complexities of both premixed and diffusion flames.
The extensive database for the piloted, partially premixed flames of Barlow and Frank
[18] forms an excellent platform for extending knowledge to a broader range of mixture
fractions.

The piloted burner configuration is adopted here to study partially-premixed flames
where pure oxygen or varying ratios of O2/N2 are partially-premixed with compressed
natural gas (CNG). Increasing levels of oxygen in the fuel broadens the reaction zone and
increases the stoichiometric mixture fraction, ξ s but impacts the compositional structure
of turbulent flames in ways that are not well understood [19]. The limit of combustion
in pure oxygen is particularly attractive for stationary power generation as it facilitates
carbon-sequestration [20,21]. In this paper, the level of oxygen was increased from 0 to
25% in pure CNG flames approaching extinction (variations on Sydney flames L, B, M)
and different O2/N2 ratios were added to CNG–O2–N2 flames while keeping the overall
stoichiometry unchanged (variations on Sandia flames D, E, F). The measured stability
characteristics are presented and a series of flames with different CNG–O2–N2 mixtures
were selected for calculations using a transported composition PDF approach with detailed
chemistry. The limitations of the PDF approach are discussed along with the effects of
oxygenation on the computed structure of the flames.

2. Measurement of stability limits

The piloted burner used here is identical to the one used in earlier studies of CNG [22] and
methane–air flames [18, 23]. This is intentional considering the wealth of knowledge and
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Combustion Theory and Modelling 775

data already available for these flames. The burner has a central fuel jet 7.2 mm in diameter
and an annular pilot with a diameter of 18.9 mm with the entire assembly centred in a
co-flowing air stream. The pilot is composed of a mixture of acetylene hydrogen and air
with the same nominal enthalpy and equilibrium composition as a methane/air flame at the
same stoichiometry. For a given fuel mixture, the key controlling parameters are central jet
velocity, the heat release from the pilot which may be varied by varying the stoichiometry
or the velocity of the fuel/air mixture through the pilot stream or both. The velocity in
the pilot stream is expressed in terms of the burnt pilot velocity, upb which is given by
the product of the bulk velocity of the unburnt pilot mixture, upu in the annulus times the
unburnt/burnt density ratio. For a stoichiometric pilot with a peak temperature of about
2400K (accounting for some radiation losses), the ratio is around eight so that upb–8upu.
CNG (with a volumetric composition of 88.8% CH4, 7.8% C2H4, 1.9% CO2, 1.2% N2 with
the remaining 0.3% being a mixture of propane, propene, butane and pentanes) is used here
as a parent fuel instead of pure methane and blow-off experiments to determine the stability
limits are conducted for the two following sets of fuel configurations:

(1) The CNG fuel is partially-premixed with an increasing amount of oxygen, ranging
from 5 to 25% by volume and the blow-off limits are determined for different burnt
pilot velocities, upb. For consistency, an identical definition for blow-off is used as in
earlier experiments [22]. It is the condition before which the flame is still connected
to the burner but hardly visible further downstream giving a faint rumbling noise.
The fuel jet blow-off velocity uBO, is determined for pilot velocities upb = 12, 16,
20, and 24 m/s for all fuel mixtures, as shown on Table 1. The fuel/air mixture in
the pilot is kept at stoichiometric conditions throughout these experiments and the
co-flow air velocity is fixed at 15 m/s.

(2) The CNG fuel is partially-premixed with an O2+N2 mixture, referred here as
‘reconstituted air’, which has varying volume fractions of oxygen in nitrogen.
Air, initially with 21% oxygen and 79% nitrogen, is ‘reconstituted’ such that the
[O2/(O2+N2)] ratio is varied from 21% down to 10% and up to 30%, while the
stoichiometric mixture fraction of the fuel mixture is maintained at ξ s = 0.35.
These flames differ from the pure CNG and CNG–O2 flames in three aspects: (i)
the co-flow air velocity is 0.9 m/s instead of 15 m/s, (ii) the pilot composition is
equivalent to the products of a methane/air flame at an equivalence ratio of 0.77
instead of stoichiometric conditions so that the temperature in the pilot stream is
1880 K, and (iii) the bulk velocity in the pilot stream, upb, is varied such that the
heat release from the pilot is kept at either 4, 6, 8, or 10% of the main jet’s heat
release, as shown in Table 1.

The flammability limits of methane have been investigated from previous studies [24]
and shown on Figure 1 with reference to the chosen fuel mixtures described in Table 1.
It can be seen that all mixtures are far away enough from the upper flammability limit of
methane in oxygen and nitrogen, and consequently behave as diffusion flames, despite the
partial-premixture of the fuel with the oxidizer.

2.1. Reaction zone width in mixture fraction space, �ξR

The reaction zone width, �ξR is calculated in mixture fraction space from laminar sim-
ulations of counter-flow diffusion flames of the various fuel mixtures selected. A lean
reactive limit, ξLean and a rich reactive limit, ξRich are defined as the points at which the
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Combustion Theory and Modelling 777

Figure 1. Flammability limits of methane–oxygen–nitrogen mixtures. Filled circles represent the
selected fuel mixtures for further investigation.

net production rates of major species such as CH4, CH3OH, CO2, CO, O2, OH, H2, and
H2O fall to below 10% of their peak value, on the lean and rich sides of stoichiometry,
respectively. The reaction zone width is then calculated as being the difference between the
two reactive limits, �ξR = ξRich – ξLean. The laminar flame calculations were carried out
for all fuel mixtures and their respective extinction strain rate was determined. A series of
low, intermediate and high strain rate calculations, corresponding to 10, 50, and 90% of
the extinction rate, were then carried out for each fuel mixture and the results averaged to
obtain the reaction zone width.

A complete description of the calculation method can be found in [25]. It is worth noting
that increasing the oxygen content in the jet from 0 to 25% only doubles the stoichiometric
mixture fraction from ξ s = 0.055 to 0.104 but increases the reaction zone width in mixture
fraction space by almost three times, from �ξR = 0.108 to 0.306.

2.2. Results of blow-off experiments

Figure 2 shows the jet blow-off velocity, uBO for a range of CNG–O2 fuels plotted vs.
different values of the pilot burnt velocity, upb = 12, 16, 20 and 24 m/s with a co-flowing
air velocity of 15 m/s. It is evident that, for the range of flames investigated, the stability
limit improves almost linearly with increasing oxygen content (as well as with increasing
upb). The pure CNG flames, L, B, M studied earlier are shown on the plot (at zero percent
oxygen and upb = 24 m/s) and these are at 60, 70, and 80% of the blow-off velocity (uBO =
68 m/s). Figure 3 shows the blow-off velocities for a range of CNG–O2–N2 fuel mixtures
plotted vs. the percentage of heat release from the pilot which is changed by increasing
the bulk velocity while keeping the overall equivalence ratio at ϕ = 0.77. The co-flow air
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778 M. Juddoo et al.

Figure 2. Blow-off limits showing the bulk jet velocity at blow-off, uBO for pure CNG flames as
well as for various CNG–O2 mixtures plotted vs. the pilot burnt gas velocity, upb. Flames L, B, and
M (filled circles) are shown at upb = 24 m/s with respect to the blow-off limit of pure CNG flames.

velocity in this case is kept at 0.9 m/s. Sandia flames D, E, and F which use CNG–air and
6% heat release from the pilot are also shown on Figure 3 with reference to the blow-off
limits corresponding to 21% oxygen in nitrogen.

There is a consistent improvement in the stability limits as the level of oxygen in the
fuel mixture increases. Over the range of flames examined, the blow-off velocities, uBO,
increase almost linearly with the oxygen concentration. Increased heat release from the

Figure 3. Blow-off limits showing the bulk jet velocity at blow-off, uBO for pure CNG–air (1:3 by
volume) flames as well as for various CNG–O2–N2 mixtures (ξ s = 0.35) plotted vs. the percentage
contribution to heat release from the pilot towards that of the main jet. Flames D, E, and E (filled
circles) are shown with respect to the blow-off limit of CNG–air (16% O2 by volume) flames with
6% heat release contribution from the pilot.
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Combustion Theory and Modelling 779

pilot leads to more stable flames, and higher blow-off limits due to a ‘firmer’ anchorage at
the base of the flame at the jet exit. Close the blow-off, the flames become sensitive to the
pilot heat release rate, and a minor increase in the pilot velocity can change a flame from
being intermittent to fully-connected and stably burning. It should be noted that increasing
the levels of oxygen premixing with CNG beyond the levels reported here would reach the
flammability limit of the fuel and hence result in a premixed flame. This paper focuses on
partially-premixed flames and hence the level of oxygen in the fuel mixture is intentionally
kept above the flammability limit.

2.3. Selected flames for further investigation

A series of flame cases are selected here to study the effects varying the oxygen content in
a baseline fuel mixture. Starting with pure methane flames (referred to as reference flames
L, B, or M), increasing the oxygen content in the fuel increases the stoichiometric mixture
fraction but the flames are maintained at the same departure from blow-off as the reference
flame. For Sandia’s reference flames (D, E, or F), the oxygen content in the CNG–O2–N2

mixture is varied while keeping both the stoichiometric fraction as well as the departure
from blow-off unchanged. This paper addresses only flames B and B5–B25, referred to
as ‘Series B’ flames, the characteristics of which are presented in Table 2. Flames B5 to
B25 refer, respectively, to oxygen content of 5–25% by volume in CNG with all the flames
being at 70% of the blow-off jet velocity (as is the case for flame B). All flames in ‘Series
B’ have a pilot at stoichiometric conditions and a co-flow velocity of 15 m/s. Similarly,
and with reference to Sandia flames D, E, and F, this paper deals only with flames E (also
labelled E21 here), E15 and E25, referred to as ‘Series E’ flames. The characteristics of
these flames are also shown in Table 2 and flames E15 and E25 refer to partial-premixing
with ‘reconstituted air’ in which the [O2/(O2+N2)] ratio is 15 and 25%, respectively, while
maintaining a fixed value of ξ s = 0.351. It should also be noted that the contribution from
the pilot to the total heat release of flames E15 and E25 is fixed at around 6%, as for flame
E. Also, both flames E15 and E25 are at 70% of the blow-off jet velocity (as is the case for
flame E). All flames in ‘Series E’ have a lean pilot (ϕ = 0.77) and a co-flow velocity of
0.9 m/s.

3. Numerical calculations

The effect of oxygenation is investigated using both laminar and turbulent flame simulations,
carried out for some fuel mixtures and flames shown on Table 2. The results for some
representative laminar and turbulent flame calculations are presented in this section.

3.1. Laminar flame calculations

Laminar flame calculations of an opposed flow diffusion flame using the open source code
Cantera [26] were carried out to investigate the effect of oxygen on the structure of a
series of CH4–O2–N2 flames. The calculations were performed using the GRI3.0 reaction
mechanism and mixture-averaged transport properties with a nominal strain rate of 60 s−1.
The fuel jet was set to the same composition as those described in Table 2 while the oxidiser
jet was set as air throughout all laminar calculations. Results presented in Figure 4 show an
increase in temperature as well as OH, NO, and CO mass fractions, with increasing oxygen
content. The increase in temperature and OH is due to the lower nitrogen content of the
main fuel and the broader reaction zones due to the increased oxygen levels, respectively.
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Combustion Theory and Modelling 781

Figure 4. Laminar flame results of temperature and species mass fractions vs. mixture fraction. Left
(CH4–O2 flames): 0% O2 (dashed line); 10% O2 (solid line); 20% O2 (dash dot); Right (CH4–O2–N2

flames): 12% O2 (dashed line); 16% O2 (solid line); 18% O2 (dash dot) by volume.

Despite the reduction in nitrogen in the fuel, the level of NO still increases, mainly due to
the higher flame temperatures enhancing the thermal-NO mechanism. CO levels also show
an increase while CO2 on the other hand, barely seems to change with only a very small
increase as the oxygen levels increase. Carrying out a sensitivity analysis may shed some
light in investigating this behaviour, but has not been attempted in this work. It must also
be noted that radiation was included in all laminar flame calculations.

3.2. Turbulent flame calculations

Calculations presented here use the FLUENT R© 6.3.26 package which solves Reynolds
Averaged Navier Stokes (RANS) equations for the mean conservation of mass, momentum
and energy, together with the k–ε turbulence model equations. Calculations were performed
with constants Cε1 = 1.44 and Cε2 = 1.8 since these are deemed to yield the appropriate rate
of dissipation and spreading rate for circular jets. A transport equation for the composition
PDF is coupled and solved using the Lagrangian particle-based Monte Carlo method in
FLUENT R©. The ARM2 (augmented reduced mechanism) chemical kinetic mechanism [27]
with 19 species including NO is employed in the calculation using the In-Situ-Adaptive
Tabulation (ISAT) method [28] with an error tolerance of 1 × 10−6. The adequacy of this
tolerance level has been demonstrated in previous studies for similar flame configuration
[29].

The Euclidean Minimum Spanning Tree (EMST) [30] mixing model was used with a
mixing constant Cϕ = 1.5. This value was demonstrated in previous studies to be most
adequate for accounting for finite-rate chemistry effects in non-premixed jet flames [31].
The computational domain consists of 5184 mesh cells and extends 100 jet diameters
axially and 50 jet diameters radially. One hundred particles per cell were used throughout
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782 M. Juddoo et al.

the calculations. These conditions are adopted based on earlier studies [29, 31] of numerical
and modelling accuracy where issues of grid independence, boundary conditions, sensitivity
to the number of particles per cell and modelling constants were optimised.

Results are presented as scatter plots of temperature and the mass fraction of selected
species vs. mixture fraction, and reported in two sections. Flames in ‘Series E’ are the
subject of the first section which discusses the impact of changing the oxygen level on the
compositional structure with a particular focus on NO and CO. The second section presents
results for flames in ‘Series B’ and discusses the limitations of the PDF/EMST approach
with respect to reaction zone width in mixture fraction space. All the flames analysed are
at 70% of their global blow-off limit.

3.3. Model validation

Figure 5 shows scatter plots of the measured temperature and species mass fractions for
flame E as obtained from the Sandia’s TNF web site [32] compared to the results of the
numerical simulation, at various x/D locations. These comparisons confirm earlier findings
that the calculations agree very well with the measurements and are able to reproduce the
intensity and trends of local extinction observed experimentally as these flames approach
blow-off. The ARM2 mechanism based on the GRI2.11 [33] mechanism has been shown
by Cao and Pope [34] to correctly predict NO levels at upstream locations of flame E with
a slight over-prediction further downstream at x/D > 30. The calculations of Cao and Pope
[34] included radiation effects as opposed to the ones presented in the current study and
consequently, the only shortcoming in the present calculations lies in the over-prediction
of NO as the overall temperature increases at x/D = 30. In the work of Cao and Pope [34],
it was also determined that for methane/air flames with bulk jet velocities higher than 75
m/s, the ARM2 mechanism resulted in a decrease in burning-index (BI) for temperature
and species such as CO2, H2O, CO, OH, and H2. An extinguished flame is obtained close
to 100 m/s such as in flame F unless the pilot temperature is increased. Since flame E25 in
the current study has a jet velocity of 89.1 m/s, all the calculations were carried out without
radiation so as to keep boundary conditions similar in all cases without having to alter
the pilot temperatures. Further calculations will be carried out at a later stage to include
radiation.

Conditional means of temperature, CO, CO2, OH, H2O, and NO on mixture fraction are
presented for flame E at x/D = 15 and 30 in Figures 6 and 7, respectively. The conditional
averages have been calculated using a mixture fraction bin size of 0.02 (50 bins in total).
At x/D = 15, the simulation results show fairly good agreement with the experiment for
temperature, H2O and CO2 mass fractions while a slight over-prediction is observed for
species such as CO, OH, and NO at the peak flame temperatures.

Downstream in the flame, at x/D = 30, the temperature shows an inflexion around ξ =
0.6 and similar observations are made for all species mass fractions as well. A similar effect
was observed in the work of Xu and Pope [31] where a Cϕ of 1.5 resulted in an inflexion in
the temperature and species profiles of flames far from extinction such as flame D while a
value of Cϕ = 2.0 showed better agreement with experimental results. Nevertheless, as the
flame approaches global extinction, the situation is reversed whereby a value of Cϕ = 1.5
shows better agreement with experiment compared to 2.0. Since the current study focuses
on flames approaching global blow-off, a value of Cϕ = 1.5 is still deemed to be the most
appropriate value to adopt throughout the calculations. Fairly good agreement is observed
between the experimental and numerical results except for the over-prediction of NO which
is believed to be due to the higher flame temperatures as a result of neglecting radiation.
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784 M. Juddoo et al.

Figure 6. Conditional temperature and mass fractions of CO, H2O, OH, NO, and CO2 for flame E
at x/D = 15; Experiment (circles); Simulation (solid lines).

3.3.1. ‘Series E’ flames

Scatter plots for temperature and the mass fractions of OH, CO, CO2, and NO are shown in
Figures 8 and 9 vs. mixture fraction at x/D = 15 and 30 in ‘Series E’ flames. This is a testing
region of these flames where re-ignition is occurring while still showing a significant degree
of locally extinguished samples. As the level of oxygen in the ‘reconstituted air’ increases
from 15 to 25% (equiv. to 12 to 18% O2 by volume in the fuel mixture), the temperature
increases as expected and this is seen in the scatter plots of Figures 8 and 9, where a peak
temperature of around 2060, 2130, and 2200 K is calculated at ξ s = 0.351 for flames E15,
E, and E25, respectively. Also noted in these scatter plots is the broadening in the profiles
of OH which reflects the expected broadening in the reaction zones from flames E15 to E25
where �ξR = 0.588. The more interesting observation here is the increase in the calculated
peak mass fractions of OH, CO, and NO with increasing oxygen content as shown on the
conditional means in Figures 10 and 11. Peak mass fractions of OH occur at stoichiometric
conditions for all flames and increase from 0.0046 in flame E15 to 0.0065 in flame E25. For
CO the peak mass fraction increases with oxygenation and shifts further to the rich side.
For flame E15 at x/D = 15, peak Y CO = 0.045 and close to stoichiometric conditions at
ξ = 0.342. At x/D = 30, the peak increases to Y CO = 0.064 and occurs on the rich side at
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Combustion Theory and Modelling 785

Figure 7. Conditional temperature and mass fractions of CO, H2O, OH, NO, and CO2 for flame E
at x/D = 30; Experiment (circles); Simulation (solid lines).

ξ = 0.455 while for flame E25, Y CO = 0.09 at ξ = 0.545. Peak mass fractions of NO occur
around ξ = 0.36 for all flames and peak Y NO doubles from flame E15 to flame E25.

The increase in NO with oxygenation is largely due to thermal NOx imposed by the
higher flame temperatures. This is consistent with the laminar flame calculations presented
earlier which also show a shift in the peak mass fraction of NO to higher mixture fractions
as the level of oxygen increases (flames E15 to E25). The increase in the mass fraction of
CO with oxygenation is also consistent with the laminar flames calculations and peak in
the mass fraction of CO also shifts to higher mixture fractions. These finding are further
supported by plots of conditional means of temperature, OH, NO, CO, CO2, and H2O as
presented in Figures 10 and 11 for flames in Series E at x/D = 15 and 30, respectively.
Throughout the flames, the increase in peak CO and NO mass fractions is markedly higher
than that of CO2.

3.3.2. ‘Series B’ flames

Scatter plots for the instantaneous temperature measurements reported earlier for flame
B [25,35] are reproduced in Figure 12 to illustrate that moderate local extinction occurs
at x/D = 10 while significant local extinction is observed at x/D = 20–30 followed by
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786 M. Juddoo et al.

Figure 8. Scatter plots of temperature and the mass fractions of OH, CO, CO2, and NO plotted vs.
mixture fraction for ‘Series E’ flames from PDF/EMST calculations at x/D = 15.

re-ignition further downstream. The balance of extinction/re-ignition is critical for the
overall flame stability but the dynamics of these processes is very sensitive at these in-
termediate stages of the flame’s approach to global blow-off and hence extremely hard to
reproduce.

Figure 13 shows a sequence of scatter plots of temperature vs. mixture fraction from
the numerical simulation, for various axial locations in flames B, B15, B20, and B25 where
the respective reaction zone width increases from �ξR = 0.108, 0.19, 0.238 to 0.318.
Calculations for flames B and B15 show what appears to be local extinction at x/D = 15
and 30 without re-ignition occurring even as far downstream as x/D = 90 which is close to
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Combustion Theory and Modelling 787

Figure 9. Scatter plots of temperature and the mass fractions of OH, CO, CO2, and NO plotted vs.
mixture fraction for ‘Series E’ flames from PDF/EMST calculations at x/D = 30.

the tip of the flame. Flame B20 starts to show a pattern closer to expectation where local
extinction persists down to x/D = 60 but almost full re-ignition occurs by x/D = 90. Flame
B25 shows the most comparable results to the experimental measurements presented in
Figure 12, with both extinction and re-ignition correctly captured. The possible problems
associated with simulating the flames in ‘Series B’ using the PDF/EMST approach are
discussed below.

3.4. Limitations of the PDF/EMST approach

The mixing model used is a pair-wise exchange model based on Euclidean minimum
spanning trees (EMST) constructed in composition space and most importantly, accounts
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788 M. Juddoo et al.

Figure 10. Conditional means of temperature and the mass fractions of OH, CO, CO2, H2O, and NO
plotted vs. mixture fraction for ‘Series E’ flames from PDF/EMST calculations at x/D = 15. Flame
E15 (dashed line); Flame E (solid line); Flame E25 (dash dot).

for the localness in that composition space. To correctly mimic the behaviour of diffusion
flames, mixing models must be local in composition space meaning that particles should
be mixing with other particles in their immediate neighbourhood in composition space.
Particle interaction models such as Curl’s [36] and its variant, the interaction by exchange
with the mean (IEM) [37], also known as linear mean square estimation (LMSE) [38]
approach, are not local in composition space but in physical space instead. The EMST
mixing model accounts for this localness in composition space and has been proven to be
an excellent model to simulate diffusion flames [31,39–41]. On the other hand, the model
shows some limitations when dealing with turbulent diffusion flames with narrow reactions
zones in mixture fraction space, as discussed next.
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Combustion Theory and Modelling 789

Figure 11. Conditional means of temperature and the mass fractions of OH, CO, CO2, H2O, and NO
plotted vs. mixture fraction for ‘Series E’ flames from PDF/EMST calculations at x/D = 30. Flame
E15 (dashed line); Flame E (solid line); Flame E25 (dash dot).

It is evident from Figure 13 that what appears to be local extinction is more like
significant ‘stranding’ imposed by the EMST mixing process, pulling particles to a lower
asymptote that corresponds to mixtures that are partially burnt or simply mixed with hot
combustion products. This ‘stranding’ phenomenon was identified by Subramaniam and
Pope [30] in the early analysis of the mixing model, and an intermittency feature to alleviate
this deficiency was introduced. The feature, which is independent of the number of particle
per cell and the number of scalars, operates on the basis that particles are set to either
be in a mixing state, where their composition changes due to mixing, or a non-mixing
state where a particle’s composition remains unchanged due to mixing. A non-dimensional
property is associated with each particle to determine the mixing timescale. The time a
particle spends in either the mixing or non-mixing states is also scaled with the turbulence
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790 M. Juddoo et al.

Figure 12. Scatter plots of temperature (K) plotted vs. mixture fraction for flame B from experimental
results, at x/D = 10, 20, 30, and 50.

timescale (κ–ε), and the EMST model approach operates based on only particles that are in
the mixing state in composition space, during that time [30]. Fuels with low stoichiometric
mixture fractions may have narrow reaction zones in composition space, where numerically,
only a small amount of particles are undergoing molecular mixing followed by reaction
while the rest are undergoing a non-reactive mixing process (mixing with no change in
composition). The effect is that there are fewer reactive particles to pull the non-mixing
particles up to their reactive regime, thus the numerical solution fails to capture the re-
ignition process and maintain a stable burning flame. Increasing the Cϕ value would
decrease the simulated amount of local extinction [31] and although may help improving
the calculations of these flames, will still be an artificial way of capturing the real dynamics
of the re-ignition processes. It must also be noted that the age process model constants have
been determined with no direct support from physical evidence but to enhance the mixing
model performance [30]. Alterations to these model constants may also help alleviate the
‘stranding’ phenomenon further and can be the subject of future investigations.
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Combustion Theory and Modelling 791

Figure 13. Scatter plots of temperature (K) plotted vs. mixture fraction for ‘Series B’ flames from
PDF/EMST calculations, at x/D = 7.5, 15, 30, 45, 60, 75, and 90.

As the reaction zone width increases with oxygenation, flame B20 starts to show a
pattern closer to expectation where local extinction persists with only some ‘stranding’
down to x/D = 60 but almost full re-ignition occurs by x/D = 90. Both extinction and
re-ignition is captured in flame B25, which shows the most comparable results to the
experimental measurements presented in Figure 12, albeit with some minor ‘stranding’
remaining at a mixture fraction of between ξ s = 0.3–0.4. It seems that the reaction zone
width in mixture fraction space needs to be at �ξR = 0.25 or higher for the PDF/EMST
approach to capture adequately the extinction and re-ignition characteristics of flames
approaching global blow-off. Flames in ‘Series E’ have reaction zone widths varying from
�ξR = 0.4 to 0.59, all of which are above the calculated minimum of 0.25, and therefore
the PDF/EMST approach successfully simulates these flames.

It is evident that the EMST mixing model has shown some limitations and more
advanced models are needed to enable the PDF approach to capture the transient features
of flames with thinner reaction zones. It should be pointed out however, that the difficulty
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792 M. Juddoo et al.

in computing flames with thin reaction zones is not limited to the PDF/EMST approach.
Methane flames L, B, M have been measured experimentally since the eighties and, as yet,
the latter two are not reproduced numerically either by flamelet models or by conditional
moment closure (CMC) methods. The difficulty here arises in the fluctuations in the scalar
dissipation rates and the different transients associated with the extinction and re-ignition
processes. The advent of high-speed LIF imaging is beginning to shed light on these
issues with respect to the rate of occurrence of these transient events [42–44]. Such time
transients involve not only local extinction events but also flames ‘closures’ which occur
as the local scalar dissipated rates are relaxed. It appears that edge flames play key roles
in such occurrences. Large eddy simulations coupled with a suitable sub-grid scale model
for combustion (either a filtered density function or linear eddy model) may well be able
to reproduce such intricacies. MMC methods [4,45] are also showing promising results in
this regard.

4. Conclusions

The stability limits of the range of piloted turbulent partially-premixed flames of CNG
investigated increase almost linearly with the amount of oxygen in the fuel–O2–N2 mixture
and also with the pilot heat release rate. PDF calculations that use detailed chemistry and
the EMST mixing model, fail to reproduce the finite-rate chemistry effects in flames such
as pure CNG flames. This is thought to be due to the limitation of the EMST approach to
correctly simulate turbulent flames with narrow reaction zones and approaching extinction.
The model fails to capture the correct patterns of mixing in these flames but when the fuel
is sufficiently diluted with oxygen, so that the reaction zone width in mixture fraction space
is greater than around 0.25, a significant improvement in the PDF calculations is observed,
as shown for flame B25 and all flames in ‘Series E’. The higher levels of oxygen also
produce an increase in CO and NO levels due to the higher flame temperatures, and this is
consistent with laminar flame calculations as well as with the experimental findings.
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