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Abstract
The propagation of a methane–air triple flame in a partially premixed jet is
investigated experimentally and numerically. The flame is ignited with a
Nd : YAG laser in a nonuniform jet-mixing layer downstream of the burner.
The ignition and flame propagation processes are recorded using a high-
speed video camera. The flamefront propagation velocity in laboratory
coordinates is inferred from the video images. A comprehensive, time-
dependent computational model is used to simulate the transient ignition and
flame propagation phenomena. The model employs a detailed description of
methane–air chemistry and transport properties. Following ignition, a well-
defined triple flame is formed that propagates upstream towards the burner along
the stoichiometric mixture fraction line. As the flame propagates upstream, the
flame propagation speed, which is defined as the normal flamefront velocity
with respect to the local gas velocity, decreases linearly. Near the burner wall,
the flame curvature increases to two times the value of its downstream freely
propagating counterpart. During the flame propagation process, the curvature-
induced stretch dominates over the hydrodynamic stretch and the flame speed
decreases with increasing stretch rate in accord with previous measurements.
We also examine the dominant reaction rates to follow the transition from a
triple flame to a double flame structure.
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1. Introduction

Since the first publication, by Phillips [1], that described a triple flame in a mixing layer, triple
flame behaviour has been extensively investigated because of the important role of these flames
during flame stabilization, flame spread, and re-ignition in turbulent combustion [2]. Kioni
et al [3] and Plessing et al [4] investigated the formation of triple flames in a nitrogen-diluted
methane stream. They concluded that the existence of a fuel mass fraction gradient normal to
the flow direction, along which the equivalence ratio varies from fuel rich to fuel lean, is an
essential condition for the formation of a triple flame. This ability to propagate in a nonuniform
mixture is an important characteristic of a triple flame.

Partially premixed flames occur in many combustion devices, such as various industrial
burners, and internal combustion and aircraft engines [5]. A fault or instability in these systems
can induce local flame extinction or blow out, followed by a re-ignition event. The process of
re-ignition can involve the formation of a triple flame that may lose its characteristics during
propagation [2]. Under certain conditions a propagating triple flame may lose one or both of
its premixed wings and degrade into a double or diffusion flame [6, 7]. This transition is of
both fundamental and practical interest and it is worth verifying the validity of the various
theories that seek to explain this phenomenon.

Hartley and Dold [8] and Ruetsch et al [9] have reported analytical and numerical
investigations of triple flame propagation in nonuniform mixtures. They found that the
flame propagation speed decreases as the mixture fraction gradient increases. However, their
results were obtained using a single-step global reaction model with idealized assumptions
that ignored the effects of unequal species diffusivities. Furthermore, realistic flames are
stretched and experience time-varying mixture fraction gradients and changes in their shape and
curvature—factors that have not previously been addressed in detail. Echekki and Chen [10]
numerically investigated the influence of gravity in the upward and downward propagation
and structure of triple flames. However, they too considered single-step chemistry and
diffusionally neutral mixtures. Their investigation considered freely propagating triple flames
and, therefore, those results are inapplicable for flames propagating in the proximity of a
burner.

Kioni et al [3] conducted a numerical investigation of a propagating triple flame, and
observed that with increasing strain rate the complex structure of a triple flame transforms
into that of a conventional nonpremixed (NP) flame. Using the concept of a transport layer,
Wichman [11] demonstrated that near a burner wall the premixed flame wing of a triple flame
becomes a ‘flame nub’ due to heat losses to the wall. Fernandez et al [12] analysed the
structure of NP flames near the rim of an injector and showed that the Karlovitz number plays
an important role in characterizing the flame shape, and its attachment and lift-off. Im and
Chen [13] investigated the effect of strain on triple flame propagation and showed that the
precise identification of the triple point of a propagating triple flame that is subject to a large
strain field becomes ambiguous. They demonstrated that large discrepancies arise in the flame
propagation speeds determined at the triple point when it is variously defined as the location
of the maximum curvature or of the maximum heat release.

Watson et al [14] and Su et al [15] have reported experimental investigations of lifted
turbulent flames. They observed that lean-premixed (LP) and NP reaction zones exist,
but did not find a rich-premixed (RP) reaction zone in their turbulent lifted flames. They
hypothesized that the RP flame branch was folded into the NP flame tail. Takahashi et al [16]
investigated the stabilization of NP laminar flames, and also did not report a triple flame
structure at the base of these lifted flames. Instead, they proposed that a reaction kernel of
high reactivity provides the radical flux and serves as a stabilization point that is located
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in a small premixing zone. Ko and Chung [17] investigated the propagation of laminar
triple flames in NP methane jets, and examined the correlations for flame propagation speed
with respect to flame curvature, stretch, and fuel mass fraction gradient. However, they
focused on the far field of various axisymmetric jets and did not address the transition of
a triple flame into other types of flames, such as a double flame or an edge flame near the
burner rim. Moreover, the present investigation focuses on the triple flame propagation
and stabilization in a partially premixed mixture. Lee et al [18] studied the lift-off and
blow-out characteristics of laminar partially premixed jet flames of propane and n-butane.
They found that as the extent of partial premixing increases, both the lift-off and blow-out
velocities decrease and, eventually, the lifted flame was not observed for fuel mass fractions less
than 0.78.

Despite the abundance of the literature related to the phenomenon, it is still difficult to
compare experimental measurements of triple flame propagation with analytical or numerical
results due to a lack of quantitative data in idealized configurations. Therefore, it is necessary
to study the flame propagation phenomenon further and clarify how propagating triple flames
transform into other structures in the vicinity of a burner.

Our objective in this context is to examine the characteristics of a propagating triple flame
that is ignited downstream of a burner in the nonuniform mixture of an axisymmetric jet.
The propagation speed of the flamefront in laboratory coordinates is measured using a high-
speed camera. A comprehensive, time-dependent computational model is used to simulate
the transient ignition and flame propagation phenomena under normal-gravity conditions.
The model employs a detailed description of methane–air chemistry and transport properties.
The numerical results are validated through a comparison with experimental measurements and
then used to investigate the characteristics in the vicinity of the triple point of a propagating
triple flame. In addition, the transition of a propagating triple flame into a double flame is
examined by following the dominant reactions.

2. Experimental and numerical methods

2.1. Experimental method

The transient processes associated with ignition and flame propagation in methane–air mixtures
were investigated using an annular concentric burner that is schematically presented in figure 1.
The brass burner consists of a central tube with an inner diameter of 4.5 mm and an outer
diameter of 6.1 mm, which is surrounded by a concentric outer tube of inner diameter 11.4 mm.
The burner has a length of 200 mm to ensure fully developed Poiseuille flow at the exit.
A hollow acrylic cylinder with a diameter of 120 mm was placed concentrically around
the burner to minimize the effect of outside disturbances. Either methane or methane–air
fuel-rich mixtures were introduced from the inner tube, while air was introduced from the
outer tube.

The methane–air mixtures were ignited 35 mm downstream from the burner exit by a
pulsed Nd : YAG laser (Continuum, Surelite SL II-10) with a maximum power of 300 mJ at
532 nm. The laser ignition system is shown schematically in figure 1. The laser beam was
focused with a convex lens and the mixture was ignited at the focal point using a single shot
with a duration of 6 ns. A successful ignition event was generally followed by the formation
of a triple flame that propagated upstream and eventually stabilized at the burner exit. Flame
propagation images were recorded by a high-speed video camera (Kodak EktaPro) with a 1 ms
exposure time (at 1000 frames per second).
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Figure 1. Schematic of the experimental set-up.

Table 1. Flame properties at the triple points for the three grid systems shown in figure 9.

Grid 301 × 101 451 × 125 601 × 201

r (mm) 3.27 3.29 3.32
z (mm) 16.21 16.26 16.24
T (K) 1015 1055 1063
q (kJ m−3 s−1) 367 358 344
V (m s−1) 0.28 0.36 0.39
Curvature (m−1) 256 438 562
Sd (m s−1) 0.75 0.87 0.89
Vf,z (m s−1) 0.46 0.51 0.56
κ (s−1) 413 624 730
κh (s−1) 147 172 176
κc (s−1) 266 452 554

2.2. Numerical method

The numerical model is based on the solution of time-dependent governing equations for a
two-dimensional reacting flow. Using cylindrical coordinates (r, z), these equations can be
written in the form
∂(ρ�)

∂t
+

∂(ρv�)

∂z
+

∂(ρu�)

∂r
= ∂

∂z

(
�� ∂�

∂z

)
+

∂

∂r

(
�� ∂�

∂r

)
− ρu�

r
+

��

r

∂�

∂r
+ S�,

(1)

where ρ is the density, and u and v represent the radial (r) and axial (z) velocity components,
respectively. The general form of the equation represents either of the mass, momentum,
species, or energy conservation equations, depending on the variable used in the place of �.
The gravitational acceleration term is included in the axial momentum equation. The transport
coefficient �� and the source terms S� appearing in the governing equations are provided in
table 1 of [19].
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Using the optically thin assumption, thermal radiation heat loss is modelled by adding a
sink term to the energy equation. According to this approximation, the radiation heat loss,
qrad, is [20]

qrad = −4σKp(T
4 − T 4

0 ), (2)

where σ denotes the Stefan–Boltzmann constant, and T and T0 the local flame and ambient
temperature, respectively. The Planck mean absorption coefficient Kp accounts for the
absorption and emission from the participating gaseous species CO2, H2O, CO and CH4,
and is expressed as

Kp = P
∑

k

xkKp,k, (3)

where P denotes the pressure, xk the mole fraction of species k, and Kp,k the mean absorption
coefficient of that species. The value of Kp,k is obtained by using a polynomial approximation
to the experimental data provided in [21]. In normal gravity, the effect of radiation heat loss
on the partially premixed flame structure is insignificant. For example, a double flame with
an equivalence ratio of 2.5 and an inner flow velocity of 0.3 m s−1 has a maximum flame
temperature of 1974 K when considering radiation and 2028 K when it is neglected. Detailed
studies on the effects of gravity, radiation and co-flow on partially premixed flames are outside
the scope of this paper, and can be found elsewhere [22].

The set of governing equations is completed by introducing the global species conservation
equation and the state equation. The thermodynamic and transport properties appearing in the
above equations are considered to be temperature and species dependent. First, the viscosity
and thermal conductivity of the individual species are estimated based on the Chapman–Enskog
collision theory, following which those of the mixture are determined using the Wilke semi-
empirical formulae [23]. The Chapman–Enskog theory and the Lennard–Jones potentials
are used to estimate the binary-diffusion coefficient between each species and nitrogen.
A relatively detailed 24-species, 81-step mechanism involving both C1- and C2-containing
species is used to represent the CH4–air chemistry [24]. The mechanism has been validated
for the computation of premixed flame speeds and the structure of NP and partially premixed
flames [25, 26].

The computational domain is bounded by the symmetry plane and an outflow boundary
in the radial direction, and by the inflow and another outflow boundary in the axial direction.
Symmetric conditions are applied at the left boundary, whereas the right boundary is treated
as a free surface. At the inflow boundary, a fully developed pipe flow in the inner tube and flat-
velocity profiles outside the inner tube are used. For the inner wall, no-slip boundary condition
is imposed. The temperature and species mass fraction profiles are assumed to be uniform
at the inflow boundary. The flow variables at the axial outflow boundary are obtained using
an extrapolation procedure with weighted zero- and first-order terms. The main criterion
used in selecting the weighting functions is that the flow should exit the outflow boundary
without being distorted. In addition, the outflow boundaries in both directions are located
sufficiently far from the respective inflow and symmetric boundaries such that the propagation
of boundary-induced disturbances is minimized. The dimensions of the computational domain
and the boundary conditions are indicated in figure 2.

The computational model is based on an algorithm developed by Katta et al [27]. An
implicit algorithm is employed to solve the unsteady gas-phase equations. The governing
equations are integrated by using a ‘finite control volume’ approach with a staggered,
nonuniform 601 × 201 (axial × radial-direction) grid system, which is shown in figure 3.
Grid lines are clustered near the flame surfaces to resolve the steep gradients of the dependent
variables. The minimum grid spacing is 0.06 mm in the r-direction and 0.065 mm in the
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Figure 2. Schematic of the computational domain and boundary conditions. All dimensions are
in millimetres.

Figure 3. Computational grid used in the simulation. The small rectangle shows the minimum
grid spacing region where the propagating flamefront is located.

z-direction. The minimum values are located at the bottom-left corner of the domain. The
isotherms of an instant propagating flame are superimposed on the mesh showing that the
flamefront locates in the minimum grid spacing zone. The effect of grid size on flame
propagation will be further discussed in the following section. An iterative ADI (alternating
direction implicit) technique is used for solving the resulting (NS+3) sets of algebraic equations.
A stable numerical-integration procedure is achieved by coupling the species and energy
equations through the chemical-reaction source terms. At every time step, the pressure field
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is calculated by solving the pressure Poisson equations at all grid points simultaneously and
utilizing the LU (lower and upper diagonal) matrix-decomposition technique.

2.3. Data analysis

Here, we calculate the local flame propagation speed, Sd, flame stretch rate, κ , and flamefront
curvature from the simulations. The determination of curvature and stretch in multi-
dimensional configurations requires (i) the identification of a flame surface and (ii) an
application of analytical expressions for stretch and curvature to that surface. For flamefront
tracking models in turbulent combustion, the relevant flame speed is the flame propagation
speed Sd, which is defined as the normal flamefront velocity with respect to local gas velocity.

The flame surface is identified as a uniform surface of a transported scalar ϕ. The governing
transport equation for ϕ is

∂ϕ

∂t
+ V fluid · ∇ϕ = 1

ρ
∇ · (ρD∇ϕ) +

ωϕ

ρ
, (4)

where Vfluid is the gas velocity at the surface, D the diffusion coefficient for the scalar and ωϕ is
the volumetric rate of generation or destruction of the scalar. The propagation velocity of the
flame surface contour in the laboratory coordinate, Vf , is the sum of the convective component
and its propagation relative to the gas

Vf = Vfluid + Sdn, (5)

where n is the unit normal vector of the contour of ϕ directed towards the unburnt gas, and can
be expressed as

n = ± ∇ϕ

|∇ϕ| , (6)

where the sign is positive for reactants and negative for products, such that n is always directed
towards the direction of flame propagation. On the flame surface, i.e. the contour of ϕ, we have

dϕ

dt
= ∂ϕ

∂t
+ Vf · ∇ϕ = 0. (7)

Substituting equations (4) into (7), the flame propagation speed can be expressed as

Sd = ∓ 1

ρ|∇ϕ| [∇ · (ρD∇ϕ) + ωϕ]. (8)

where the sign is negative for reactants and positive for products.
Following the methodology of Chung and Law [28], assuming that the tangential

component of the flame surface velocity is equal to the tangential component of the local
fluid velocity, the flame stretch may be expressed in the form

κ = ∇ · Vfluid,t + (Vf · n)(∇ · n). (9)

The term ∇ · n represents the curvature of the flamefront. The subscript ‘t’ denotes the
tangential component of the velocity. Algebraic manipulation using standard identities of
vector and tensor calculus yields the following expression for the flame stretch:

κ = ∇ · Vfluid − nn : ∇Vfluid + [(Vf − Vfluid) · n](∇ · n). (10)

Using the definition of flame propagation speed, one can finally express the flame stretch in
the form

κ = ∇ · Vfluid − nn : ∇Vfluid + Sd(∇ · n), (11)
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Figure 4. Illustration showing the experimental determination of the axial component of the
propagation velocity of the flamefront in laboratory coordinates. The times t+ and t− occur just
after and prior to time t and have different corresponding flamefront locations.

which is identical to that obtained by Candel and Poinsot [29] and Zhong et al [30]. In
equation (11), the first two terms represent the tangential component of the rate of strain and
are called hydrodynamic stretch (κh). The last term accounts for the curvature effect and is
called curvature stretch (κc). In equations (10) and (11), the term nn : ∇Vfluid refers to the
double-dot (scalar) product between the dyads nn and ∇Vfluid, i.e.

nn : ∇Vfluid =
∑

i

∑
j

ninj

∂Vi

∂xj

. (12)

The axial component of the propagation velocity of the flamefront in the laboratory
coordinate can be experimentally measured from the images obtained by the high-speed video
camera so that

Vf,z = 	z

	t
, (13)

where the subscript ‘z’ denotes the axial component of the velocity, 	z the distance between
two sequential flame images along the axial direction at the flame base, and 	t the time
difference. Figure 4 schematically illustrates the experimental determination of Vf,z at an
instant of time t , where the average value between the adjacent time t+ and t− is used. On
the other hand, according to equation (3), Vf,z can also be obtained from numerical results by
using the relation

Vf,z = Vfluid,z + Sdnz, (14)

where nz is the axial component of the unit normal vector of the contour of ϕ.

2.4. Determination of triple points

There is some latitude regarding the choice of an appropriate transported scalar ϕ that represents
the flamefront. Najm and Wyckoff [31] and De Goey et al [32] used a particular value of the
fuel mass fraction to identify the flame surface. Im and Chen [33] used a specific mass fraction
contour of a product species (H2O) to identify the reaction zone of partially premixed H2–air
mixtures. We have shown that the OH contour clearly identifies the RP and LP reaction zones
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of lifted triple flames [34], and that representation is employed herein. An OH mass fraction
of 3.5 × 10−5 satisfactorily locates the flame surface in the context of our investigation.

The triple point at the flame base is defined as the location of the intersection of the
stoichiometric mixture fraction line and the specified OH contour. The definition of mixture
fraction follows that of Bilger [35], i.e.

ξ = 2ZC/WC + (1/2)ZH/WH + (ZO,2 − ZO)/WO

2ZC,1/WC + (1/2)ZH,1/WH + ZO,2/WO
, (15)

where Zi denotes the mass fraction of the element i of atomic mass Wi , the subscripts C,
H and O refer to carbon, hydrogen, and oxygen, and the subscripts 1 and 2 refer to the fuel
and oxidant reference states. The mixture fraction definition of equation (15) is generally
employed to investigate NP flames, but we have previously shown that mixture-fraction-based
state relationships can also be developed for partially premixed flames [36, 37]. We have
employed detailed simulations and equation (15) is applied based on the ‘exact’ concentration
field. The application of the mixture fraction is based on an implicit assumption of unit Lewis
number.

3. Results and discussion

3.1. Ignition and flame propagation

A methane–air mixture at an equivalence ratio of 2.0 and with a mean burner exit velocity
V = 0.5 m s−1 was introduced from the inner tube, and an air stream with a mean velocity of
0.3 m s−1 was supplied from the outer tube. The observations from this configuration allowed
us to examine the formation and propagation of a triple flame in a partially premixed jet. The
value of the stoichiometric mixture fraction ξst obtained using equation (15) for this case is
0.375. The Reynolds number (Red = V d/ν) of the inner jet is roughly 225, where d is the
inner tube diameter and ν the kinematic viscosity of methane–air mixture.

Methane–air mixtures were ignited at a 35 mm height downstream of the burner exit.
Figure 5 presents the temporal evolution of the flame topology in the form of high-speed
video images. The images were post-processed by L View Pro Image software. The images
begin with flame ignition and subsequently show the flame propagating to a stationary burner-
stabilized state. In general, two reacting volumes (or kernels) are formed following ignition.
One propagates downstream and is quickly extinguished. The other propagates upstream
towards the burner and develops into a triple flame, which is the focus of this investigation.
The triple point is clearly established by t ≈ 5 ms and a well-defined triple flame develops
at ≈12 ms. The RP and LP reaction zones, as well as the NP reaction zone that is located
between the RP and LP reaction zones, can be readily identified in the 12 and 24 ms images.
As the flame propagates upstream, the inner RP and the NP reaction zones become longer,
and globally they both appear to move more slowly than the triple point or leading edge of
the flame. Simultaneously, the flame curvature around the triple point increases significantly.
When the triple flame approaches the burner and is stabilized near its exit, it transforms into a
double flame due to the absence of the mixing layer; i.e. the outer LP reaction zone loses its
distinct identity and merges with the NP reaction zone.

Figure 6 presents the simulated results of transient ignition and flame propagation
processes, which are represented through the heat release rate contours for the same incremental
times corresponding to figure 5. To ignite the mixture, a rectangular zone of area 2 mm2

centred at z = 35 mm was set to an initial temperature of 1800 K. Also, the radical H and
O mass fractions were set to 0.005 in this zone. After a short period (i.e. less than 0.1 ms),
these conditions were removed and the flame developed by itself. The transient processes
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1 ms                 5 ms         12 ms             24 ms

30 ms              40 ms        50 ms             stable

1cm

RP NP

LP

Figure 5. High-speed video camera images showing the temporal evolution of ignition and flame
propagation. The methane–air mixture of an equivalence ratio � = 2 and a mean velocity of
Vin = 0.5 m s−1 is introduced from the inner tube, and air at a mean velocity of Vout = 0.3 m s−1

from the outer tube. The notation RP, NP, and LP is used to represent the RP, NP, and LP reaction
zones, respectively.

associated with the formation of a reacting volume, its evolution into a triple flame followed
by the upstream propagation of the triple flame, and its stabilization near the burner rim in
the form of a double flame are clearly reproduced by the simulation. Comparing figures 5
and 6, we observe that despite some differences in the flame topology, the simulated results
are in good agreement with the experimental observations with respect to the position of the
propagating flame, the flame height and width, and the final shape of the burner-stabilized
flame. The heat release rates at the flame base (or around the triple point) decrease as the flame
approaches the burner, which can be confirmed from the luminescence intensity in figure 5.
This is due to the fact that, as the flame moves further upstream, the mixing layer thickness
becomes smaller. Consequently, the burning around the flame base is less premixed-like and
has diminished chemical reactivity.

3.2. Effect of grid size on flame propagation

We calculated the laminar burning velocity of a stoichiometric methane–air freely propagating
flame using the Sandia PREMIX code [38] with the C2 reaction mechanism employed in the
simulation. The flame speed of a planar flame SL0 monotonically converges from 0.44 m s−1

using 39 grid points to a constant value of 0.40 m s−1 when 941 points are used. The latter result
is in agreement with the literature [39]. Figure 7 presents a comparison of the mass fractions
of CH4, O2, and OH, and the temperature and axial velocity obtained from the PREMIX code
with those resulting from the axisymmetric simulation (along an axial traverse) at an arbitrary
time. The thick dark line in the inset in figure 7(a) shows the location where the data are
recorded across the triple point of the propagating flame. The solid lines represent the data
from the PREMIX code, and the dashed lines correspond to results from the propagating flame
simulation. The origins of both datasets are placed at T = 300 K. The centre of the PREMIX
flame simulation lies at 1 mm and the associated flame thickness is roughly 0.5 mm.
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Figure 6. Simulated results showing the temporal evolution of ignition and flame propagation in
terms of heat release rate contours. Each image contains ten contours beginning from a value of
50 kJ m−3 s−1 with successive 100 kJ m−3 s−1 intervals.

M An animated GIF of this figure is available from stacks.iop.org/CTM/8/293

The mass fraction profiles of methane, oxygen, and OH exhibit similar trends for both
the configurations, showing that the flame structure in the vicinity of the triple point is similar
to that of a premixed flame. The flame thickness of the triple flame is roughly 1 mm, but the
peak temperature is lower since the highest temperatures in the axisymmetric flame are located
along its centreline. The axial velocity ahead of the triple point decreases to a small negative
value due to flow expansion and divergence, consistent with the results of Ruetsch et al [9].
Since the two configurations are different, it is particularly interesting that near the triple flame
base, its structure closely resembles that of the simpler one-dimensional planar flame.

We have previously reported measurements pertaining to burner-stabilized [40] and
lifted [34] methane–air partially premixed triple flames, including those of chemiluminescence
emission, temperature (using holographic interferometry), and velocity (using particle image
velocimetry). This permitted a detailed validation of our numerical model, which compared
the measured and predicted velocity and temperature fields, the experimentally obtained C∗

2
chemiluminescent emission with predicted volumetric heat release rates, the measured and
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Figure 7. Comparison of the profiles of CH4, O2, and OH mass fraction, temperature and axial
velocity between a simulated one-dimensional stoichiometric planar flame (——) and along an
axial traverse for an axisymmetric propagating triple flame. The inset in (a) shows the location of
the cut that crosses the triple point.

predicted flickering frequencies, and unsteady reaction zone topologies. Here, we characterize
grid effects on simulations of flame propagation.

Figure 8 presents the evolution of a temperature contour of 1000 K at three time steps for
four different grids, i.e. 301×101, 451×125, 591×151, and 601×201 (in the axial× radial-
direction). For all four grids, the calculation begins at 1 ms using the same initial restart file of
grid 301 × 101. The interpolation procedure employed in the code for different grid spacings
has no effect on the simulation, as can be seen from the fact that all of the isotherms collapse
on to each other at 1.1 ms. However, as the flame propagates further upstream, the isotherms
moved at different speeds for the four grids, with the finest 601 × 201 grid corresponding to
the maximum propagation velocity. The differences between the results for grids 591 × 151
and 601 × 201 are small, suggesting the convergence of the flame propagation velocity.
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Figure 8. Evolution of a temperature contour of 1000 K for four different grids at three time steps.
The thin solid line represents a 301×101 grid; dashed line, 451×125 grid; dash-dot line, 591×151
grid; and thick solid line, 601×201 grid. For all cases, the flame is restarted from a profile obtained
for 1 ms for a 301 × 101 grid.

Increasing the grid resolution for a partially premixed flame also changes the local mixing
and scalar gradients and, therefore, the chemical kinetics (assuming that a coarser grid has a
poorer resolution of the local gradients). The convergence path for the propagation velocity
depends on the scheme employed in the code and does not necessarily begin from a higher
value as shown in the PREMIX code results. In the axisymmetric simulation, the propagation
velocity has a smaller value for larger grid spacing, and converges to a larger value as the
grid resolution improves. For methane–air mixtures, the grid spacing should be smaller than
0.05 mm so that the flame thickness can be represented by at least 20 grid points to obtain
reasonable grid-independent flame propagation. A uniform high-resolution grid is preferable
to accurately track the evolution of the entire flame over time. However, to represent the
experimental configuration in this manner requires more than two million grid points, which
is virtually impossible based on current computer resources for simulations that use detailed
chemistry. We conclude from the convergent behaviour presented in figure 8 that the finest
grid system we are using for the flame propagation speed study is adequate.

Figure 9 presents OH contours (solid lines) that represent the instantaneous flamefront
location near an axial location of 16.2 mm for three grids. The dashed line denotes the
stoichiometric mixture fraction ξst contour. The times when the flamefronts reach this location
are 26.5 ms, 23.0 ms, and 20.5 ms, respectively, for the 301 × 101, 451 × 125, and 601 × 201
grids. Table 1 lists the flame properties at the triple points that are represented by the intersection
of the OH and ξst contours. Although the 301 × 101 grid has nearly four times less points
than for the 601 × 201 simulation, the flamefront shapes (or the triple point positions) near
the 16.2 mm location are nearly identical except in the far downstream region. The flame
temperature and heat release rates at the respective triple points are also nearly the same.

However, as shown in table 1, the flame dynamics is dissimilar for the three grids. As the
resolution increases, the simulated flamefront becomes smoother and is more geometrically
continuous, which results in smaller flame radii. The higher flame propagation speed is
attributed to larger heat and mass fluxes. As the flame propagation speed increases, these
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Figure 9. OH contour (——) that represents the instantaneous flamefront location near an axial
location of 16.2 mm for three grids. The dashed line denotes the stoichiometric mixture fraction
ξst contour.

fluxes are determined by increasing the number of grid points (or decreasing the grid spacing)
in the region between the unburned gas and the thin flame. We observe from figure 9 that
the normal to the flamefront at the triple point is nearly parallel to the axial-direction, i.e.
nz ≈ n = 1. The flame propagation speed equals the sum of the axial flow velocity and the
axial flamefront propagation velocity in laboratory coordinates, as represented by equation (9).
From table 1, it is seen that for all three grids, the curvature-induced stretch is much larger than
the hydrodynamic stretch. This will be further discussed in a later section. In the following,
we use the simulation results of grid 601 × 201 to further analyse the flame dynamics at the
triple points of the propagating flame.

3.3. Flame dynamics at the triple point

Figure 10 presents the flame propagation speed (Sd) and the axial flamefront propagation
velocity (Vf,z) in laboratory coordinates at the triple points that are defined in the previous
section. The data are inferred from the simulations with respect to axial displacement.
The experimentally obtained values of Vf,z from high-speed video images are through the
application of equation (13). The flame speeds are normalized by the laminar burning velocity
SL0(=0.40 m s−1) of a stoichiometric methane–air mixture [39]. Both predicted and measured
values of Vf,z remain nearly constant at locations above z = 8 mm, but decrease rapidly when
the flame propagates lower than 8 mm. The flame propagation speed decreases linearly and
monotonically as the flame propagates upstream. The value of Sd is much larger than that of
SL0, which is in accord with Ko and Chung’s measurements [17] and the predictions of Hartley
et al [8] and Ruetsch et al [9]. The investigation of Ko and Chung [17] focused on the far
field region (20 mm < z < 200 mm), while this investigation considers flame propagation in
the near jet region closer to the burner rim where burner re-attachment issues are important.
Moreover, there is good agreement between the measured and predicted flame speeds, except
for a small discrepancy near the burner rim.
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Figure 10. Predicted flame propagation speed and axial flamefront propagation velocity at the
triple points. The experimentally obtained values of Vf,z from high-speed video images by applying
equation (13) are also presented.

0

200

400

600

800

1000

0 5 10 15 20 25 30
z (mm)

κ,
κ h

, κ
c 

(s
-1

)

0

200

400

600

800

1000

1200

C
u

rv
at

u
re

 (
m

-1
)

κ

κh

κc

curvature

Figure 11. Flame curvature and stretch rate (including the hydrodynamic stretch κh, curvature
stretch κc and total stretch rate κ) at the triple point of the propagating flame.

The curvature and total stretch rate (characterized by the hydrodynamic stretch κh and
the curvature induced stretch κc, where κ = κh +κc) at the triple point of the propagating flame
are presented in figure 11 as a function of the triple point location. As the flame approaches the
burner, the curvature at the flamefront increases to as much as twice its downstream value. We
infer from figures 10 and 11 that a uniform correlation exists between the flame propagation
speed and the flame curvature. The propagation speed decreases with increasing positive flame
curvature due to flow redirection. During the flame propagation process, the hydrodynamic
stretch remains nearly constant and slightly decreases near the burner wall. The value of κh

is much lower than that of κc, which is three times larger than κh. These results show that
curvature-induced stretch dominates over the hydrodynamic stretch during the triple flame
propagation. The total stretch rate increases from 630 to 780 s−1. These values are much
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Figure 12. Relationship between the flame propagation speed and flame stretch rate.

larger than those reported by Ko and Chung [17], whose values ranged between 300 and
450 s−1 for a jet with Red = 214 (Red = 225 for the flame that we are discussing).

A propagating flame can be influenced by both flame stretch and differential diffusion.
We calculated the Lewis numbers, Le = λ/(ρDk−N2cp), where λ and cp are the thermal
conductivity and specific heat of the mixture, respectively, and Dk−N2 is the binary-diffusion
coefficient of the kth species to nitrogen, with the kth species being methane or oxygen at the
various triple points. During flame propagation, the values of Le are ∼0.93 for methane and
∼1.02 for oxygen, with these values remaining virtually unchanged. Therefore, the effective
Lewis number at the triple points is nearly unity and, consequently, the influence of differential
diffusion on the flame structure is small.

Figure 12 presents the response of the flame propagation speed to the total flame stretch
at the triple point. The inset shows the flame speed response to the curvature induced flame
stretch. Data are plotted only in the range of 2 mm < z < 30 mm, since near the burner the
flamefront interacts with the burner rim making for a more complex heat and mass transfer
scenario, which is challenging to model. The flame speed decreases with increasing stretch
rate, with this decrease becoming more rapid near the burner exit. The curvature induced flame
stretch exhibits a linear correlation with flame speed. As the flame propagates upstream and
the radius of curvature becomes smaller, the stretch due to curvature for the positively curved
and convex flame becomes dominant. Since positive curvature induces a positive stretch rate,
this decreases the flame propagation speed by lowering the local reaction and heat generation
rates [41]. In figure 12, there appear to be two distinct regions, characterized by two distinct
slopes and it is hypothesized that the sudden change in the slope corresponds to the transition
from the triple to the double flame structure.

Figure 13 presents the relationship between the flame propagation speed and fuel mass
fraction gradient (dYCH4/dr). It is seen that the fuel mass fraction increases as the flame
approaches the burner. As the flame propagates upstream, the flame speed decreases almost
linearly as this gradient increases. This behaviour is consistent with the previous experimental
and computational studies [9,17]. As discussed by Ruetsch et al [9], the change in fuel fraction
gradient modifies the burning that occurs in the premixed and NP regions near the triple points.
When the mixture fraction gradient is small, the burning is more premixed-like and the triple
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Figure 13. Relationship between the flame propagation speed and fuel mass fraction gradient at
the triple points. The result of Ko and Chung [17] is the curve-fitted data.

200

400

600

800

1000

0 10 20 30 40
Mass fraction gradient, dYCH4/dr (m-1)

κ,
κ c

 (
s-1

)

κc

κ

Approaching burner

Figure 14. Variation of curvature-induced and total stretch rate with respect to the mass fraction
gradient.

flame is broader with a smaller curvature around the triple point. In this case, the flame
speed increases as a result of the increase in flow redirection. On the other hand, for a larger
mixture fraction gradient, the burning is more NP-like with a smaller increase in the flame
speed.

In the present investigation, we hypothesize that as the flame propagates upstream, the
increase in mass fraction gradient causes an increase in the flame curvature near the triple
point. This increases the curvature induced stretch, since the hydrodynamic induced stretch is
relatively small, which in turn reduces the flame speed, as discussed in the context of figure 12.
The variation of the curvature-induced stretch and the total stretch with respect to the mass
fraction gradient is presented in figure 14, and supports this hypothesis.
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Figure 15. Simulated vorticity contours, temperature contours (white lines) and velocity vectors
showing the vorticity evolution at four different times during triple flame development and
propagation.

3.4. Flowfield near the flamefront

During the ignition and flame propagation process, the flowfield ahead of the flamefront is
worth investigating, since it influences the flamefront dynamics. This transient process is
difficult to observe experimentally, for example, by particle-tracking velocimetry, due to the
small timescales involved. Therefore, numerical simulations can provide further insight into
this problem. Figure 15 presents the instantaneous vorticity contours, isotherms and velocity
vector plots at four different times during the development and propagation of the triple flame.
Figure 15(a) presents the flame development process just following ignition, figures 15(b)
and (c) the triple flame propagation, and figure 15(d) a double flame that is formed during
the process of stabilization near the burner wall. A vortex is established following ignition at
(z, r) ≈ (30.0 mm, 1.0 mm), i.e. in the lower portion of the ignition kernel or reacting volume
(cf figure 15(a)). The ignition kernel subsequently develops into a triple flame and the vortex is
dissipated as this flame propagates upstream, which is shown in figures 15(b) and (c). We can
observe from figure 15 that as the flame proceeds into the unburned gases it behaves much like a
solid body travelling against the incoming flow. In general, the volumetric expansion resulting
from a stationary flame generates a positive pressure gradient for the incoming reactant flow,
which, in turn, decelerates and/or deflects the fluid entering the flame zone. The velocity of
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a stretched propagating flame is higher than that of a corresponding unstretched stationary
flame. The higher burning velocity causes stronger volumetric expansion and generates larger
pressure gradients in the incoming flow. When the flow velocity is small, this large pressure
gradient causes flow reversal in the upstream region of the flame edge as seen in figure 15.
However, as the flame becomes stationary when it reaches the burner tip, a decrease in the flow
velocity occurs in the region upstream of the flame edge.

Figures 15(b) and (d) also indicate regions of large positive and negative vorticity near the
RP and LP zones, respectively. This vorticity is generated by flow expansion or dilatation due to
heat release in the two reaction zones. As the flame approaches the burner and the LP reaction
zone merges with the NP reaction zone, the positive vorticity field interacts with the vorticity
field generated at the burner wall. A small recirculation zone is established downstream of the
wall that aids in the flame stabilization process (cf figure 15(d)) as the double flame stabilizes
near the burner wall.

3.5. Transition from a triple flame to a double flame

As the flame approaches the burner wall, the mixture fraction gradient increases (or the mixing
length decreases) and the LP wing of the triple flame diminishes in size and merges with the
NP wing to form a double (partially premixed) flame near the burner rim. We can gain further
understanding of these phenomena by examining the dominant reaction pathway during this
transition from a triple flame to a double flame. The instantaneous images of the heat release
rate contours discussed in the context of figure 6 indicated that during the transition, which
occurs around z ≈ 5–8 mm, the propagating flame loses its LP wing due to local extinction.

The simulations were used to identify the following six dominant reactions during this
transition:

Methane decomposition: CH4 + H ⇐⇒ CH3 + H2 (R1)

Chain-branching: H + O2 ⇐⇒ OH + O (R2)

Chain-propagating: H2 + OH ⇐⇒ H2O + H (R3)

CO/CO2 mechanism: CO + OH ⇐⇒ CO2 + H (R4)

CO formation: CHO + M ⇐⇒ H + CO + M (R5)

C2H6 consumption: C2H6 + H ⇐⇒ C2H5 + H2 (R6)

Figure 16 presents the spatial profiles of these reactions along two radial displacements at
t = 24 ms (cut 1) and 40 ms (cut 2). For both times, the radial locations pass through the flame
approximately 2.5 mm above the triple point as indicated in figure 6. Figures 16(a) and (d) also
include the heat release rate profiles along the two cuts, which clearly indicate the transition
from a triple flame structure to a double flame structure. The heat release rate profile along cut
1 indicates a triple flame, with the RP, NP, and LP zones located at r = 2.8 mm, 3.5 mm, and
5.2 mm, respectively, while the corresponding profile along cut 2 shows primarily a double
flame, but with a relatively wide tail (from r = 3.0 to 5.2 mm) indicating that the LP zone is
in the process of extinction or merging with the NP zone.

The reaction rate profiles in figure 16 clearly indicate that a triple flame structure exists at
cut 1, which undergoes transition to a double flame structure at cut 2. Reaction (R1) is dominant
in the RP zone, since most of the fuel is consumed there, but also has a non-negligible value
in the LP zone, as shown along cut 1 in figure 16(a). However, along cut 2, this reaction
exhibits a single peak that corresponds to the RP flame. Similarly, reactions (R2) and (R5)
are generally dominant in the RP and LP zones [40], as shown by their profiles along cut 1 in
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Figure 16. Radial profiles of the net reaction rates of six dominant reactions along two transverse
cuts shown in figure 6. Cut 1 (- - - -) is at t = 24 ms, and cut 2 (——) at t = 40 ms.

figures 16(b) and (e), while those along cut 2 indicate a double flame structure. Reactions (R3)
and (R4) are important in all three reaction zones of a triple flame and, therefore, exhibit double
peaks at cut 1 (figures 16(c) and (d)). In contrast, the peak of reaction (R6), involving the
formation of ethyl radicals, takes place in the RP zone along both cut 1 and cut 2.

Figures 16(a)–(c) reveal that the net rates of reactions (R1)–(R3) have the largest
magnitudes, thereby confirming the importance of fuel decomposition, and chain branching
and propagation during flame propagation. We observe from figure 16(d) that the CO/CO2

reaction (R4) proceeds mainly in the NP region, since it requires hydroxyl radicals that are
plentiful there. Although the CO2 formation reaction has a relatively large heat release rate, its
backward rate is also significant, thereby yielding a relatively small net rate [42]. The peaks
of the reaction rate of the CHO reaction are in excellent agreement with the heat release rate
peaks along cut 1 in figure 16(e). This is in accord with the results of Najm et al [43] who
found that CHO is a good marker of the heat release rate. Ethane is mainly produced through
the reaction of methyl radicals [26], i.e. CH3 + CH3 ⇒ C2H6, and it is consumed just ahead
of the RP reaction zone (cf figure 16( f )).
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4. Conclusions

The characteristics of a propagating triple flame and of the transition from a triple flame
structure to a double flame structure in the near field of a jet were investigated both
experimentally and numerically. The flame propagation process was recorded using a high-
speed camera. Numerical simulations were based on a comprehensive, time-dependent
computational model, which employs a detailed description of methane–air chemistry and
transport properties. A detailed numerical investigation was performed to characterize the
effect of grid size on flame propagation.

There is good qualitative agreement between the measured and predicted flame
propagation characteristics, which includes (i) the global features such as flame topology,
(ii) temporal characteristics such as flame location with respect to time, (iii) global flame
propagation speed in laboratory coordinates versus axial distance, and (iv) the location
where transition occurs from a propagating to a burner stabilized edge flame structure. The
simulations indicate that the flame leading edge or triple point, which can be defined by
the intersection of the stoichiometric mixture fraction line and the specific OH contour,
propagates along the stoichiometric mixture fraction line. This result is in accord with previous
investigation concerning flame lift-off and downstream propagation.

As the flame propagates upstream, the flame propagation speed decreases linearly.
However, the axial flamefront propagation velocity in laboratory coordinates remains nearly
constant above z = 8 mm, but decreases rapidly below that location. Near the burner wall,
the flame curvature increases to two times the value of its downstream freely propagating
counterpart. During the propagation process, the curvature-induced stretch dominates over
the hydrodynamic stretch. The flame speed decreases with increasing fuel mixture fraction
gradient and overall stretch rate, in accord with previous measurements.

Following ignition, a vortex forms ahead of the ignition kernel. The ignition kernel
subsequently develops into a triple flame and the vortex is dissipated as this flame propagates
upstream. The flame proceeds into the unburned gases and behaves much like a solid body
travelling against the incoming flow. When the flame approaches the burner wall, the mixture
fraction gradient increases and the LP wing of the triple flame diminishes in size and finally
merges with the NP wing to form a double flame. By examining the net reaction rates of major
reactions, the transition process can be identified. The differences in the locations of the peak
reaction rates illustrate the transition from a triple flame to a burner-stabilized double flame.
The spatial profile of key reactions changes from one containing two peaks to a single peak
and the flame thickness simultaneously decreases, since the mixing layer thickness diminishes
as the flame approaches the burner. As expected, fuel decomposition and chain branching and
propagation are found to be important during flame propagation.
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