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Edge flame dynamics in a turbulent lifted jet flame

By S. Karamif, E. R. Hawkest, M. Taleif AND J. H. Chenq

A turbulent lifted slot-jet flame is studied using direct numerical simulation (DNS).
A one-step chemistry model is employed with a mixture-fraction-dependent activation
energy which can reproduce qualitatively the dependence of laminar burning rate on
equivalence ratio that is typical of hydrocarbon fuels. After first describing the overall
flame structure, the statistics of flow and relative edge-flame propagation velocity com-
ponents conditioned on the leading-edge locations are examined. The results show that,
on average, the streamwise flame propagation and streamwise flow balance, thus demon-
strating that edge-flame propagation is the basic stabilization mechanism. Fluctuations
of the edge locations and net edge velocities are, however, significant. It is demonstrated
that the edges tend to move in an essentially Two-Dimensional elliptical pattern (start-
ing from a downstream location, laterally outwards towards the oxidizer, then upstream,
then inwards towards the fuel, then downstream again). It is proposed that this is due
to the passage of large eddies, which is mostly consistent with the picture outlined in Su
et al. (2006).

1. Introduction

The stability of jet flames is of critical importance in direct injection engines, gas tur-
bines, and many different types of other combustion devices. As a result of a high jet
velocity in these devices, the flame is not often attached to the nozzle, but rather it is sta-
bilized at some distance downstream, i.e., it is lifted. The stabilization location strongly
influences both emissions and the propensity towards undesirable flame instability.

Therefore, lifted jet flame stabilization has long been a topic of research. Yet, the sta-
bilization mechanism is not fully understood. In the last five decades, various theories
have been proposed. These theories may be classified as premixed flame, critical scalar
dissipation, edge-flame and large-eddy theories (Lawn 2009). Among these theories, the
edge-flame and large-eddy theories have received more attention in the literature. There-
fore, brief discussions of these theories are presented below.

The edge-flame stabilization mechanism was initially proposed by Buckmaster & Weber
(1996). The edge flame is a partially premixed flame propagating in a quasi-laminar
manner with the speed which has the same order of magnitude as the laminar flame
speed, and stabilization is achieved when the flow velocity matches this propagation
speed. Edge-flame structures have been observed in several experimental studies, for
example Starner et al. (1996).

A stabilization mechanism influenced by large-eddy structures was first proposed by
Broadwell et al. (1985). In this theory, hot products were laterally ejected by large eddies
and subsequently re-entrained, which was argued to explain how the flame could retain
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its location at a particular lifted height. Since then, several hybrid theories involving the
influence of large eddies have been advanced. Miake-Lye & Hammer (1989) proposed that
the flame stabilizes in a region where the strain rate is lower than a critical extinction
level, while lifted height fluctuations are controlled by the flame propagating over large
eddies. Kelman et al. (1998) introduced a concept involving a cyclic motion of edge flames
which proceeds via upstream propagation, followed by interaction with a large vortex,
leading to extinction and downstream motion until mixture-fraction gradients relax and
upstream motion occurs again. Burgess & Lawn (1999) argued that large eddies were
mainly a source of external intermittency between turbulent and non-turbulent regions, in
which the flame has significantly different burning velocities. For lifted heights larger than
20 diameters downstream, turbulent burning velocities were reasonably consistent with
correlations for premixed flames once intermittency was taken into account. For shorter
lifted heights, more recent work by Su et al. (2006) argued that the basic stabilization
mechanism was by edge-flame propagation, with axial and radial fluctuations of edge-
flame locations being controlled by the passage of large eddies and the tendency of the
flame to maintain a flammable mixture.

The main conclusion from reviews of the literature is that the stabilization mechanism
is not fully agreed upon. Edge-flame propagation is widely reported to play a role, and
its role is possibly moderated by the presence of large eddies. One reason that these influ-
ences have not been fully confirmed is that accurate experimental measurements of the
edge-flame relative propagation velocity are lacking. The difficulty is that the measure-
ments are usually planar and the out-of-plane flame structure and propagation speeds
are not known. In contrast, direct numerical simulation (DNS) provides simultaneously
the full three-dimensional flame structure, flame propagation speeds, and flow velocities,
which together are not accessible in current experiments. Therefore, this paper examines
interaction of edge flames and turbulent flow in a lifted flame configuration with a view
to determining the role of flame propagation and any possible influence of large eddies.

2. Numerical method and simulation parameters

To obtain a realistic parameter space in terms of Reynolds and Damkohler numbers
without incurring excessive computational expense, a one-step chemistry model was em-
ployed. For a single-step irreversible reaction of F 4+ rO — (1 + r)P where r is the
stoichiometric ratio, i.e., the mass of oxidant disappearing with unit mass of fuel, the
source terms take the following non-dimensional forms

B(1—17)
1—a(l-T")
where Da is a Damkdohler number, « is the heat-release parameter, and (3 is the Zel’dovich
number. To capture qualitatively the strong dependence of the laminar burning velocity
on equivalence ratio that is typical of hydrocarbon flames, the activation energy was
specified to be mixture-fraction dependent, following Garrido-Lépez & Sarkar (2005).

The conservation equations of mass, momentum, sensible energy, and mass fractions of
fuel and oxidiser are nondimensionalised with respect to the inlet jet width, H, the speed
of sound, temperature, and thermodynamic properties on the jet centerline at the inlet.
These equations are solved in non-dimensional form employing the DNS code S3D_SC
which is a modified version of the detailed chemistry code S3D (Chen et al. 2009). The
solver S3D_SC uses high-order accurate, low-dissipative numerical schemes and a 3D
structured, Cartesian mesh. An 8*"-order central differencing scheme was used for the
spatial derivatives. The time integration was performed with a 6-stage, 4**-order, explicit
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TABLE 1. Simulation parameters

Jet width H
Domain size (Lz X Ly x L) 16H x 24H x 8H
Number of grid points (N, x Ny x N) 800 x 800 x 400
Mean inlet jet non-dimensional velocity (Ujet) 0.48
Laminar co-flow non-dimensional velocity (Uco— fiow) 0.001

Jet non-dimensional temperature 2.5
Co-flow non-dimensional temperature 2.5

Jet Reynolds number 5,280
Inlet velocity fluctuation 5%

Fuel mixture fraction in fuel stream (Yr,o) 1.0
oxidizer mixture fraction in oxidizer stream (Yo,,) 0.233
Stoichiometric mixture fraction (Yrst) 0.055
Stoichiometric oxidizer to fuel mass ratio r 4.0

Heat release parameter () 0.86
Ratio of specific heat (v) 1.4
Baseline Zel’dovich number (3o) 5.0
Non-dimensionisation Damkohler number (Da) 800.0
Prandtl number (Pr) 0.7
Lewis number (Le=Sc/Pr) 1.0

Runge-Kutta method. To suppress numerical fluctuations at high wave numbers, a 10*"-
order filter was applied every 10 time steps. Non-reflecting outflow boundary conditions
(Chen et al. 2009) were used in the streamwise and transverse directions, and periodic
boundary conditions were applied in the spanwise direction.

The simulation parameters along with their values are presented in Table 1. The con-
figuration is a slot jet flame. The mean inlet axial velocity and fuel mass fraction were
specified using a Tanh-based profile. The inlet momentum (and mixing layer) thickness,
d, is equal to 0.05H. To describe the velocity fluctuations at the inlet, u, a homogeneous
isotropic turbulence field based on a prescribed turbulent energy spectrum with a tur-
bulence intensity of 5% is first produced. These velocity fluctuations are then added to
the mean inlet velocity and advected into the domain by applying Taylor’s hypothesis.

A uniform grid spacing of 0.02H was chosen for the streamwise and spanwise directions.
An algebraically stretched mesh was applied in the transverse direction which maintained
uniform spacing of 0.02H in |y| < 7.5H and less than 3% of grid stretching in the region
of |ly| > 7.5H.

The simulation was run for 18.0 jet flow through times, t; = L,/U; (where L, is the
length of the computational domain in the streamwise direction), to obtain a statistically
stationary solution, and the data from the last 12.0¢; were used for analysis.

The turbulence resolution was assessed considering the Kolmogorov scale defined as
1k = (9% /€)'/%. The minimum 7, /dz at the flame base is roughly 0.5, and most of the time
the flame is located in the region of 7j;/dx > 0.5, which is normally considered sufficient
for DNS (Pope 2000). Some other studies suggest that at least three grid points within
the Kolmogorov length scale is required to obtain a fully resolved DNS (Hamlington et al.
2008). However, this will significantly increase the cost of the turbulent lifted flame, by
a factor of more than 1000, so as to make such a well-resolved simulation impractical at
the present time. To give an indication of the flame resolution, a symmetric triple flame
was simulated using the same parameters as the turbulent case. The thermal thickness
was defined as 05, = (Toq — Tp) /(0T /OE), where T,4 is the adiabatic flame temperature,
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FIGURE 1. Various normal and tangential vec- FIGURE 2. Schematic of edge-flame
tors at the flame base. The red surface is the propagation along the mixture-fraction
product mass fraction iso-surface, the blue sur- iso-surface.

face is the mixture-fraction iso-surface, and the
solid black line is the edge-flame.

T, is the unburned mixture temperature, and ¢ is the mixture fraction corresponding
to the maximum laminar flame speed. The thermal thickness was equal to 0.16 H, and
there are 8 grid points across the flame, which is normally considered sufficient for a
one-step chemistry DNS (Chakraborty & Mastorakos 2008). Extensive visualisations of
the structures observed in the DNS revealed comparable resolution of the edge-flame
structures.

3. Mathematical background

We now develop some necessary background regarding the identification of flame edges
and their speeds relative to the flow.

Analyzing edge-speed statistics requires some way to identify the flame edges. In pre-
mixed combustion, flame speeds are frequently obtained by calculating the displacement
speed of a reacting scalar at a location in the flame that approximately tracks the lo-
cations of peak heat release (Hawkes et al. 2007). In partially premixed flame edges the
situation is more complicated. Observations from DNS (Pantano 2004; Hawkes et al.
2007) show that the flame edges tend to remain anchored near to a particular mixture-
fraction iso-surface. Therefore, following earlier studies of extinction and reignition (Pan-
tano 2004; Hawkes et al. 2007), we select a flame-edge marker that is the intersection of
a mixture-fraction iso-surface and a product mass-fraction iso-surface f.

To choose the mixture-fraction iso-surface, it is presumed that the leading edge will be
found at the mixture fraction corresponding to the largest laminar flame speed, which
is slightly rich of stoichiometric (0.07 in this study). To select the product mass-fraction
iso-surface, a one-dimensional (1D) simulation of a laminar premixed flame with the same
flame parameters as the turbulent lifted flame was performed. The product mass fraction
Y, corresponding to the location of maximum heat release rate was obtained from this
simulation as 0.2. In the 3D DNS, the results were extensively visualized, and it was
found that this definition reliably tracked the leading edges of the flame as well as edges
around local flame holes, as judged by comparison with regions of peak reaction rate.

To analyze the edge-flame motion, a coordinate system moving with the flow velocity

1 With this definition, the edge-flame propagation speed can be theoretically linked to a source
term in the evolution equation of the flame surface-area density of the stoichiometric surface
conditioned upon the reacting scalar (Hawkes et al. 2007). An investigation of this transport
equation is left for future work.
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F1GURE 3. Three-dimensional volume rendering of the logarithm of the scalar dissipation rate
(gray/black) and reaction rate (white/light gray). (Only the region = < 14 is shown.)

is first defined - see Figure 1. In Figure 1, the normal to the mixture-fraction iso-surface
is denoted Nz (pointing towards oxidizer); the normal to the product mass-fraction iso-
surface is denoted Ny (pointing towards reactants); the tangent to the mixture-fraction
iso-surface which points along the flame edge is denoted T ; and finally, the tangent to the
mixture-fraction iso-surface which is normal to T4, and pointing towards the reactants,
is denoted Ta. It is readily shown that these quantities are given by

\v/4 VY,
Ny,=-—2 Ny =P 3.2
z vz’ Ye VY|’ (32)
Ny x N N, x (Ny x N
T, = XNz g, - Nz X (N, XNz
Ny, x Nz| |(Ny, x Nz)|

Figure 2 shows a schematic, in the plane containing both Nz and Ny, , of the edge-point
motion. Because the chosen coordinate system moves with the local flow velocity, only
the motion of the iso-surfaces relative to the flow need be considered. Relative motion is a
result of relative displacement of both the mixture-fraction and product mass-fraction iso-
surfaces. The mixture-fraction iso-surface moves with velocity Sz N, while the Yp = Y3
iso-surface moves with velocity SqINy,, where the displacement speeds are given as Pope

(1988)
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We denote the overall velocity of the edge point V. and break this down in the orthonor-
mal coordinates Nz and T5 as

Ve =5zNz+ ST, (3.4)
where S, = V. e Ty is the projection of V, into in the plane of the mixture-fraction
iso-surface and needs to be determined. By taking the dot product of Eq. 3.4 with Ny, ,

it is readily shown that

Sq—kSz

IR
where k is the inner product of the normal vectors Ny, e Nz. Although the presentation
here is slightly different, it has been verified that the final result is the same edge speed
used first by Pantano (2004) to study extinction holes, and later by Hawkes et al. (2007)

S. = (3.5)
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to study extinction and reignition, as well as Chakraborty & Mastorakos (2008) to study
ignition.

Later in the paper, the flame stabilization mechanism will be examined considering the
motion of edge flames in an ensemble of two-dimensional streamwise-transverse planes.
As a result of the reduction to two dimensions, the effects of out-of-plane motion need to
be considered in the treatment of the averaged edge-flame velocities in each plane. The
out-of-plane components are readily determined by projecting the out-of-plane velocities
as

U.» = —U,tan(p)cos(v), U, = —U. tan(p) sin(¢), (3.6)

(Ve,z)e = —Ve, tan(p) cos(p), and (Ve,.)y = —Ve - tan(p) sin(),
where U, and V, . are the spanwise components of the flow velocity and flame propaga-
tion, respectively; ¢ is the angle between the edge-flame tangent T} and the = — y plane;
and 1 is the angle between the projection of T} in the x — y plane and the z-axis.

4. Results and discussion
4.1. General structure

A volume rendering of logarithm of the scalar dissipation rate normalized by laminar
flame time-scale (gray/black) and reaction rate (white/light gray) is presented in Figure
3. Note that the leading flame edges at the base of the flame (the bright white regions) are
highly convoluted. Consistent with many experimental observations of lifted flames (Su
et al. 2006; Lawn 2009; Kelman et al. 1998), the leading edges do not typically exhibit a
tribrachial structure. This lack of three distinct branches has been previously explained
to result from mixture-fraction gradients ahead of the flame being too large to support
distinct lean and rich branches (Starner et al. 1996). Occasionally, when the flame is
found in a low strain-rate region, we did observe a short or weak rich premixed branch,
but a distinct lean branch was never observed.

The reaction rate is locally higher at the flame edges than further downstream, which
is consistent with the existence of a partially premixed leading —edge flame. Note also,
in the present case, the edge flames are quite narrow and of the order of the laminar
flame thickness, which implies that they are quite unlike a flat turbulent premixed flame
with lateral dimensions much larger than the laminar flame thickness, i.e., at this lifted
height, the premixed flame theory of stabilization is ruled out, a fact which has already
been noted by others, e.g., see the discussion in Lawn (2009).

Unlike the DNS of lifted hydrogen flames reported by Mizobuchi et al. (2005), we
do not observe a vigorous rich premixed flame core. Similarly, we also did not observe
any diffusion flame islands on the lean side observed by Mizobuchi et al. (2005). We
believe these differences are attributable to the fact that hydrogen burns much more
vigorously than hydrocarbons in rich mixtures. Here, the mixture-fraction-dependence of
the burning velocity is built into the present model by the mixture-fraction- dependent
activation energy.

4.2. Flame propagation statistics
The means and PDF's of the net edge-flame velocities (flow plus flame propagation)
conditional on streamwise distance are shown in Figures 4(a)-(c). Before discussing the
more interesting streamwise and transverse components, note that the spanwise net ve-
locity component has an approximately zero mean, as expected, with a PDF that is
approximately symmetric about the mean, and a width that is significant relative to the
other components (corresponding to a similar level of velocity fluctuations).
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FIGURE 4. Net flame velocity components conditioned on the edge-flame locations (including
both flow and flame propagation velocities), showing: (a,b,c) contour plots of the joint PDFs
of the net velocity components and streamwise location of the flame edge and the streamwise
conditional mean net velocities; and (d,e,f) the joint PDFs of the net velocity components and
transverse location and corresponding conditional means.

Here, Figure 4(a) shows that the streamwise flow velocity on average balances the
streamwise upstream flame propagation in the most probable regions of flame stabiliza-
tion. This demonstrates that the flame is stabilized by edge-flame propagation, which is
a major result of the paper. Note that there is some lack of balance in the downstream
regions starting from about z ~ 3.5. This is probably connected with flame holes which
move further downstream before they are annihilated.

Moving on to the transverse net velocity conditional on streamwise distance shown in
Figure 4(b), note that the conditional mean of the flow plus flame propagation velocity
does not balance in the upstream region, where on average the flame is entrained into
the jet core.

Similarly, while the streamwise net velocity conditioned on transverse distance shown
in Figure 4(d) has a conditional mean which is close to zero at larger y values, it is strongly
positive towards the core of the jet, indicating that the flame must move downstream
in this region. Finally, the transverse net velocity conditioned on transverse distance is
shown in Figure 4(e). It has an overall positive correlation and, interestingly, presents
the most negative transverse velocities (i.e., towards the jet core) at small transverse
locations.

Summarizing these results, although the streamwise net velocity conditioned on stream-
wise distance is close to zero, the flame appears to move inwards at upstream locations,
where it experiences increasingly rapid inwards and downstream motion. As a result,
based only on the means conditional on streamwise or transverse distance, there does
not appear to be a way to explain how flames escape the inner high-velocity region. In
the below, we show that this is because the stabilization mechanism is fundamentally
two dimensional.

We now consider the two-dimensional picture. We consider the on-average apparent
motion of the edge flames in the ensemble of all x — y planes, averaging in the spanwise
direction and in time. As we consider the motion of edge flames in the plane, the effect
of the out-of-plane motion needs to be considered, and therefore we employ the net edge-
flame velocities, including the contributions of out-of-plane motion (as per Eq. (3.7)). In
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FIGURE 5. The following quantities, conditionally averaged on both streamwise and transverse
locations of the instantaneous flame base, and including the components due to out-of-plane flow
and/or propagation: (a) streamwise flow velocity; (b) transverse flow velocity; (¢) the streamwise
edge propagation velocity; (d) the transverse edge propagation velocity; and e) the vectors of the
relative velocity. The solid line is the temporally and spatially Favre-averaged mixture fraction
equal to 0.07.

what follows, we will show that the flame tends, on average, to move sequentially around
its mean location. The flame moves first upstream, then inwards, then downstream, and
finally outwards. Viewing the flame in the z-direction, this motion is clockwise on the
right-hand side and anti-clockwise on the left-hand side of the jet. Figures 5(a,b) show
the flow velocities in the streamwise and transverse directions, respectively, with the out-
of-plane components added in, while Figures 5(c,d) show the corresponding relative flame
propagation velocities. In discussing these Figures below, we refer to the lean and rich
side, by which we mean the on-average lean or rich side, recalling that the instantaneous
edge flames are always located on a fixed mixture-fraction iso-surface.

In considering the flow velocities, the streamwise component is mostly negative (i.e.,
upstream) on the lean side and mostly positive (i.e., downstream) on the rich side. The
transverse component is negative everywhere, but most strongly so at upstream locations
and on the lean side. The relative propagation velocity in the streamwise direction is
strongly upstream on the lower left side, whereas it is in the downstream direction on
the upper right side. The relative propagation velocity in the transverse direction is
generally outwards, counter acting the inwards entraining flow. Adding the flow and
flame propagation velocities together results in the net velocities shown as vectors in
Figure 5(e), which clearly shows a nearly complete clockwise rotation around the region
of the most likely stabilization point.

There is one caveat; the flame edges that are located further downstream than x ~ 3.5
tend to continue to move downstream. It is suggested that these are due mainly to flame
holes, or to segments of the flame edge that are about to break off and become holes,
which were not conditioned out of this analysis.

It is proposed that the above elliptical pattern of motion is connected to the passage of
large eddies. Starting from a downstream location on the stoichiometric line, a clockwise-
rotating large eddy arrives and moves the flame first outwards towards the lean side, then
upstream, while the flame moves inwards to maintain a stoichiometric mixture. As the
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large eddy passes, the flame is then rapidly entrained by the eddy into the jet core, where
it experiences high streamwise velocity and again moves downstream. Among various
works that describe influences of large eddies, the present findings are most consistent
with the picture outlined by Su et al. (2006), which connects the fluctuations of the
edge-flame location with large-scale jet organization.

5. Conclusion

A direct numerical simulation of a lifted, slot-jet flame in a cold oxidizer environment
has been presented. To achieve a relevant parameter space in terms of Reynolds and
Damkohler numbers, a simple one-step chemistry model was used with an adjusted ac-
tivation energy that qualitatively reproduces the strong equivalence ratio dependence of
burning velocity which is typical of hydrocarbon flames.

The overall structure of the flame was first examined. The flame was found to involve
a highly convoluted leading edge-flame structure and a trailing non-premixed flame ex-
hibiting some flame holes. Holes are initiated by two different mechanisms. Some of the
holes are generated by flame propagation at the leading edge while others are caused by
local flame extinction. The extinction holes are due to high scalar dissipation rate. At the
instant of the hole creation, the scalar dissipation rate is high, while during the healing
process, the scalar dissipation rate relaxes and the edge flame can propagate and close
the hole. The process of opening and closing the holes and its dependency on turbulence
and thermo-chemistry parameters is left for future work.

The leading-edge flames were found to be composed primarily of a single branch centred
close to the stoichiometric mixture-fraction surface — lean branches were never observed
and rich premixed branches were rarely observed. In contrast, previous hydrogen lifted-
flame DNS observed a vigorous inner rich premixed flame, which may be connected to
the rather different flammability limits of hydrogen as compared with hydrocarbons. No
evidence of unconnected flame elements was observed either as disconnected pockets of
products upstream of the main flame or, in contrast to previous hydrogen lifted-flame
DNS, as diffusion flame islands in lean regions.

The statistics of flow and edge-flame propagation velocity components conditioned on
the instantaneous locations of the flame revealed that the flow, on average, balances the
relative propagation in the streamwise direction, thus demonstrating that the flame is
stabilized essentially by edge-flame propagation. To the best of our knowledge, this is the
first such demonstration, in a turbulent lifted flame, employing local flame propagation
speeds with all velocity and flame propagation components included.

There are significant fluctuations in lifted height, and conditioning of the net flame
velocity on streamwise and transverse locations revealed an elliptical pattern of flame
motion around the average stabilization point. It was proposed that this motion is con-
nected with the passage of large eddies, which was mostly consistent with a picture
previously proposed by Su et al. (2006). Overall, the results provide strong support for
the edge-flame theory of lifted flame stabilization, with large eddies playing a key role in
lifted height fluctuations.
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