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ABSTRACT
This paper presents a statistical analysis of edge flames

in a turbulent lifted flame using direct numerical simulation
(DNS). To investigate the dynamics of edge flames, a the-
oretical framework describing the edge-flame propagation
velocity as a function of propagation velocities of mixture
fraction and product mass fraction iso-surfaces at the flame
base is used. The correlations between these propagation
velocities and scalar dissipation rate, orientations and gra-
dients of product mass fraction and mixture fraction are then
studied.

The analysis reveals that negative edge-flame velocity,
which may be interpreted as an extinction, occurs at high
scalar dissipation rate. The responses of propagation veloc-
ities to scalar dissipation are explained using the correlation
of contributing terms, namely the reaction, tangential and
normal diffusions terms and using the statistics of align-
ment between product mass fraction and mixture fraction
gradients.

Introduction
Lifted flames are well-known configurations com-

monly have been observed in industrial burners, gas tur-
bines and diesel engines. They occur when the jet veloc-
ity is high enough to prevent flames being anchored at the
nozzle lip. The location of the flame base has important
implications for the design of the burners and the emis-
sions that they produce. As a result, a vast body of lit-
erature exists on understanding how lifted flames are sta-
bilised (Stårneret al., 1996; Arndtet al., 2013; Suet al.,
2006). Nevertheless, the stabilisation mechanism is stilla
poorly understood phenomenon and there has been a lim-
ited concord among the researchers regarding the dominant
stabilisation mechanism. In laminar lifted flames, which are
rarely encountered in industrial applications, it is believed
that a partially premixed, self-propagating edge-flame (also
known as triple-flame or tribrachial-flame) that is centred at
vicinity of the stoichiometric mixture fraction surface isthe
main stabilisation mechanism (Ghosal & Vervisch, 2000;
Chung, 2007). In the presence of low strain rates, the edge-
flame structure consists of two wings of premixed flames

and a tail of a non-premixed (diffusion) flame. However,
when the edge-flame experiences high strain rates, one or
both premixed branches collapse on the non-premixed tail
creating a comet-shape structure. The edge flame was first
experimentally reported by Phillips (1965) showing that a
self-propagating edge flame was present in the interface be-
tween a layer of methane and air.

However, the situation is more complicated in turbulent
lifted flames. A number of theories such as the premixed
flame theory, the edge-flame theory, the critical dissipation
rate theory, and several theories involving a role played by
large eddies have been proposed in the literature. However,
there is not a single theory that can generally describe the
stabilisation mechanism in turbulent lifted flames. Among
these theories, it was found in our previous study (Karami
et al., 2014) that the combination of the edge-flame and
large-eddy theories can explain the stabilisation mechanism
in low lifted height flames.

A close review of the literature shows that the dynam-
ics of edge-flame structure in turbulent flames have been rel-
atively less studied. This structure has been reported in sev-
eral experimental studies of turbulent lifted flames (Stårner
et al., 1996; Arndtet al., 2013). However, measuring the pa-
rameters of interest is extremely challenging in experiment
(Gordonet al., 2012; Upatniekset al., 2004). As a result,
the experimental studies are not able to provide a compre-
hensive picture on the stabilisation process.

Direct numerical simulation (DNS) is a powerful tool
that can provide a detailed understanding about the effect
of important parameters on the edge-flame structure. How-
ever, due to its high computational cost, DNS studies of
edge flames in a turbulent jet have been limited to very
few in the literature (Pantano, 2004; Karamiet al., 2012,
2014). Pantano (2004) used DNS with reduced chemistry
to study non-premixed flame extinction in a methane-air jet
flame. He developed a theoretical framework in which the
edge-flame propagation was described as a function of the
propagation velocities of the mixture fraction and a scalar
iso-surfaces and their alignment. His analysis of the result-
ing edge propagation velocity showed that this velocity is
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largely controlled by the local rate of scalar dissipation.
In our DNS study (Karamiet al., 2014), it was shown

that the flow on average balances the relative propagation
of the edge-flame supporting the edge-flame stabilisation
theory. Conditioning of the net flame velocity on stream-
wise and transverse location revealed an elliptical clockwise
motion of the edge-flames around the average stabilisation
point. Mostly as consistent with observation of Suet al.
(2006), it was proposed that this motion is connected with
the passage of large eddies. However, it was suggested that
an out-of-plane motion around large eddies plays a role in
the stabilisation process. These studies revealed some fea-
tures of the edge-flame structure. However, the effects of
scalar dissipation, scalar gradients and orientations on the
edge-propagation velocity have not been addressed in the
literature yet.

The aim of this paper is therefore to address this gap
by providing an analysis of the effect of important pa-
rameters on the edge-flame dynamics using DNS (Karami
et al., 2014, 2015). These parameters include displacement
speeds of the product mass fraction and mixture fraction
iso-surfaces, the orientations of the normal vectors to these
iso-surfaces, scalar dissipation rate and gradients of prod-
uct mass fraction and mixture fraction. The curvatures of
product mass fraction and mixture fraction and strain rates
on mixture fraction and product mass fraction also impor-
tant which will be discussed in a more comprehensive paper
which is under preparation (Karamiet al., 2015).

COMPUTATIONAL APPROACH
The configuration of a slot jet flame similar to that stud-

ied in Yoo et al. (2009) is used. The conservation equa-
tions of mass, momentum, sensible energy and fuel and
oxidiser mass fraction are nondimensionalised with respect
to the inlet jet width,H, the speed of sound, temperature
and thermodynamic properties on the jet centreline at the
inlet. A single-step chemistry is used for the chemistry
model. To capture the laminar flame propagation speed
of methane-air reaction, the modified activation energy ap-
proach by Garrido-López & Sarkar (2005), where the same
function proposed by Fernández-Tarrazoet al. (2006) for
activation energy is used. These equations are solved in a
non-dimensional form employing the DNS code S3DSC
(Karami et al., 2012, 2014, 2015). S3DSC is a modified
version of the detailed chemistry code S3D (Chenet al.,
2009).

The mean inlet axial velocity and fuel mass fraction
were specified using a tanh-based profile. The inlet normal-
ized velocity of jet is 0.48 with a co-flow of 0.001 which
implies a Reynolds number of 5,280 inlet. The inlet mo-
mentum (and mixing layer) thickness,δ , is equal to 0.05H.
To describe the velocity fluctuations at the inlet,u, a ho-
mogeneous isotropic turbulence field based on a prescribed
turbulent energy spectrum (Passot & Pouquet, 1987) with a
turbulence intensity of 5% is first produced. These velocity
fluctuations are then added to the mean inlet velocity using
the Taylor’s frozen turbulence hypothesis (Yooet al., 2009).
The fuel stream is pure fuel while the co-flow is air with an
air-fuel ratio of 4.0 and a stoichiometric mixture fractionof
0.055. The reader is referred to Karamiet al. (2014) for
more details of numerical schemes, boundary conditions,
grid spacing and thermal-turbulence resolutions.

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

Figure 1: Various normal and tangential vectors at the flame base
(the red surface is the product mass fraction iso-surface, the blue
surface is the mixture-fraction iso-surface and the solid black line
is the edge-flame).

Figure 2: Schematic of edge-flame propagation along the mixture
fraction iso-surface.

for the analysis.

MATHEMATICAL BACKGROUND
Now some necessary background regarding the identi-

fication of edge-flames and their speeds relative to the flow
will be developed in this section. Some of these materials
are repeated from our earlier study (Karamiet al., 2014) for
the sake of completeness.

In premixed 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 locations of peak heat release (Echekki & Chen, 1998;
Im & Chen, 2001; Hawkes & Chen, 2006; Chakraborty &
Cant, 2004). More detail of the numerical schemes can be
found in Karamiet al. (2014).

In partially premixed flames, the situation is more com-
plicated. Observations from DNS (Pantano, 2004; Hawkes
et al., 2007; Karamiet al., 2014) show that the edge-
flames tend to remain anchored near to a particular mixture-
fraction iso-surface. Therefore, following earlier studies
of extinction and reignition (Pantano, 2004; Hawkeset al.,
2007), and our previous study (Karamiet al., 2014), we
select an edge-flame marker that is the intersection of a
mixture-fraction iso-surface and a product mass-fraction
iso-surface. A slightly rich mixture fraction of 0.07, cor-
responding to maximum laminar speed of 1D flame, and a
product mass fraction of 0.2, corresponding to maximum
reaction rate of a triple flame, were selected for these two
iso-surfaces.

To analyse the edge flame motion, a coordinate system
moving with the flow velocity is first defined – see figure 1.
In the figure: the normal to the mixture-fraction iso-surface
is denotedNNNZ (pointing towards oxidiser); the normal to the
product mass-fraction iso-surface is denotedNNNYp (pointing
towards reactants); the tangent to the mixture-fraction iso-
surface which points along the flame edge is denotedTTT 1;
and finally, the tangent to the mixture-fraction iso-surface
which is normal toTTT 1, and pointing towards the reactants is
denotedTTT 2. It can be shown that these quantities are given
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by:

NZ = − ∇Z
|∇Z| ,NYp =− ∇Yp∣∣∇Yp

∣∣ , (1)

T1 =
NYp ×NZ∣∣NYp ×NZ

∣∣ ,T2 =
NZ × (NYp ×NZ)∣∣(NYp ×NZ)

∣∣ .

Figure 2 shows a schematic, in the plane containing bothNZ
andNYp , of the edge-point motion. Because the chosen co-
ordinate system moves with the local flow velocity, only the
motion of the iso-surfaces relative to the flow need be con-
sidered. Relative motion is a result of relative displacement
of both the mixture-fraction and the product mass-fraction
iso-surfaces. The mixture-fraction iso-surface moves with
the velocity ofSZNZ , while theYP = Y ∗

P iso-surface moves
with the velocity ofSdNYp , where the displacement speeds
are given as (Pope, 1988; Echekki & Chen, 1998)

SZ =
1

ρ | ∇Z |

(
− ∂

∂x j

(
µ
Sc

∂Z
∂x j

))
, and (2)

Sd =
1

ρ | ∇YP |

(
−ω̇P −

∂
∂x j

(
µ
Sc

∂YP

∂x j

))
.

We denote the overall velocity of the edge pointVVV e and
break this down in the orthonormal coordinatesNNNZ andTTT 2
as:

Ve = SZNZ +SeT2, (3)

whereSe =VVV e •TTT 2 is the projection ofVVV e into in the plane
of the mixture-fraction iso-surface and needs to be deter-
mined. By taking the dot product of equation 3 withNNNYp , it
is can be shown that

Se =
Sd −kSZ√

1−k2
, (4)

wherek is the inner product of the normal vectorsNNNYp •NNNZ .
Although the presentation here is slightly different, it

can be verified that the final result is the same edge speed
used first by Pantano (2004) to study extinction holes, and
later by Hawkeset al. (2007) to study extinction and reigni-
tion.

To provide a better interpretation of the observed edge
flame speeds, some normalisation is required. In premixed
combustion, whereSd is the relevant speed, a density-
weighted normalisation is often applied to correct for ex-
pansion across the flame as

S∗d/SL =
ρSd

ρuSL
, (5)

whereρu is the unburned gas density andSL is the laminar
flame speed. This is equivalent to normalising by theSd
value at theYp = Y ∗

p iso-surface in the unstrained 1D lam-
inar flame, which we denoteSd,L. In the case of an edge
flame, the normalisation is less straightforward because the
expansion across the flame is less thanρu/ρ due to stream-
line divergence around the edge flame. However, there does
not seem to be a straightforward way to define an appro-
priate density correction because the amount of streamline
divergence is dependent on the upstream mixture-fraction
gradient. Therefore, following previous studies of edge
flames (Echekki & Chen, 1998; Im & Chen, 2001; Hawkes
et al., 2007), we simply adopt the same normalisation as
used in premixed combustion to normalise all of the rele-
vant speeds, i.e.:

S∗e
SL

=
Se

Sd,L
, and

S∗Z
SL

=
SZ

Sd,L
. (6)

Figure 3: Contour plots of reaction rate and vorticity on the plane
z = 0. The solid black line is the product mass fraction,Yp, of 0.2
and the dashed black line is the mixture-fraction,Z, of 0.07. The
identified flame edges are marked as the centres of the red circles.

To investigate the contribution of different terms in
equations 3, the normalised displacement speeds are de-
composed as (Echekki & Chen, 1998),

S∗d,n =
NNNYp •∇

(
ρDNNNYp •∇Yp

)

ρ | ∇Yp |
, (7)

S∗d,t = − µ
Sc

κYp ,m

ρ
,S∗d,r =

ω̇P

ρ | ∇Yp | ,

S∗Z,n = −NNNZ •∇(ρDNNNZ •∇Z)
ρ | ∇Z | , andS∗Z,t =− µ

Sc
κZ,m

ρ
,

whereκYp is the curvature of the product mass fraction iso-
surface defined as∇ •NNNYp and κZ is the mixture-fraction
surface curvature defined as∇•NNNZ . The subscriptn, t and
r represent the components resulting from diffusion normal
to product mass fraction iso-surfaces, diffusion tangential
to product mass-fraction iso-surfaces, and reaction terms,
respectively.

EDGE-VELOCITY STATISTICS
In this section, the statistics of quantities obtained at all

identified edge-flame locations are considered to learn how
the speeds and orientations depend upon the scalar dissipa-
tion rate, in order to understand the overall dynamics.

Following earlier studies of extinction and reignition
(Pantano (2004); Hawkeset al. (2007)), we therefore select
a edge-flame marker that is the intersection of a mixture-
fraction iso-surface and a product mass-fraction iso-surface.

To select the mixture-fraction iso-value, it was first as-
sumed that the leading edge would be found at the mixture
fraction having the highest laminar flame speed,Zms, which
is slightly rich of stoichiometric (0.07 in this study, i.e.1.2
Zst). To select the product mass-fraction iso-surface, a one-
dimensional (1D) simulation of a laminar premixed flame
having the same flame parameters as the turbulent lifted
flame was performed. The product mass fraction corre-
sponding to the location of maximum heat release rate was
obtained from this simulation. The obtained value ofYp was
0.2.

For orientation, figure 3 shows an instantaneous con-
tour plot of reaction rate and vorticity at thez= 0 plane. The
solid line shows the line of constant product mass fraction
Yp = 0.2 and the dashed line represents the mixture frac-
tion equal to 0.07. The identified flame edges are marked
as the centres of the red circles. It may be observed that the
identified flame edges correspond well with regions of high
reaction rate at the leading edge as well as at flame holes
observed downstream.
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Figure 4: Contours of joint PDFs ofS∗e/SL with a) the contribution toS∗e/SL of the normalised product mass-fraction displacement speed
(S∗d/SL/

√
1− k2), b) the contribution toS∗e/SL of the normalised mixture-fraction displacement speed (−kS∗Z/SL/

√
1− k2), and c) the inner

productk of the normal vectors to product mass-fraction and mixture-fraction iso-surfaces.

CONTRIBUTION OF DIFFERENT TERMS IN
EDGE-FLAME PROPAGATION VELOCITY

The statistics ofS∗e , i.e. the edge-flame displace-
ment speed along the mixture-fraction iso-surface towards
reactants, are first investigated by looking into the cor-
relations from its contributors, namely the term involv-
ing the displacement speed of product mass-fraction iso-
surfaces, S∗d/SL/

√
1−k2, and the term involving the

displacement speed of the mixture-fraction iso-surfaces,
−k∗Sz/SL/

√
1−k2. The effect of the normal vector align-

ment, measured byk = NNNZ •NNNYp , is also considered.
Figure 4(a) shows the joint PDF ofS∗e/SL and

S∗d/SL/
√

1−k2, whereas figure 4(b) shows the joint PDF

of S∗e/SL and−kS∗z /SL/
√

1−k2. In both figures, the condi-
tional mean of the ordinate on the abscissa is also shown as a
black line. Such conditional means will be shown through-
out the article, but for brevity the fact that these lines rep-
resent the conditional means will not be mentioned hence-
forth. As shown in figure 4(a), the contribution of the prod-
uct mass-fraction displacement speed is positive on average,
although negative values are sometimes observed. The joint
PDF is narrow and aligned with the conditional mean of
S∗e/SL.

In contrast, figure 4(b) shows that the term
−kS∗z /SL/

√
1−k2 is generally negative. The joint

PDF shows a broader region around the conditional mean
value compared with figure 4(a). A positive correlation
betweenS∗e/SL and both terms is observed.

Figure 4(c) shows the joint PDF ofS∗e and the in-
ner product of the unit vectors normal to the mixture-
fraction and product mass-fraction iso-surfaces,k. The yel-
low and orange dots show the terms 1/SL/

√
1−k2 and

−k/SL/
√

1−k2 which appear as coefficients ofS∗d andS∗Z
in equation 4. It is observed that the joint PDF ofS∗e andk
generally lies between the orange and yellow curves. The
significance of the black curve is that it is the expected be-
haviour if S∗d/SL is order of unity andS∗Z/SL ≈ 0. The lat-
ter curve is the expected behaviour in the opposite situation
(S∗d/SL ≈ 0 andS∗Z/SL ≈ 1). This latter situation is artifi-
cial, but it does seem to bound the likely regions quite well,
perhaps coincidentally.

The most likely value ofk = NNNZ •NNNYp is positive, but
significantly smaller than unity, i.e. the vectors are some-
what but not fully aligned. Figure 4(c) shows that a positive
inner-product is more probable.

RESPONSES TO SCALAR DISSIPATION
RATE

It has been suggested that scalar dissipation contributes
to the stabilisation mechanism of non-premixed flames (Na-
mazianet al., 1988; Nodaet al., 2005). Therefore, in this
section the effect of scalar dissipation rate on the edge-flame
displacement speeds and orientations will be discussed.

Figure 5(a) shows the joint PDF ofS∗e/SL and loga-
rithm of the normalised scalar dissipation rate and its con-

ditional mean. The joint PDF shows a predominant negative
correlation consistent with expectations from theory (Buck-
master, 2002; Ghosal & Vervisch, 2000) and the previous
DNS study of Pantano (2004). The most probableS∗e is ap-
proximately 0.6SL. A sudden drop ofS∗e , leading to nega-
tive values (i.e. local extinctions), may be observed in figure
5(a) to occur aroundχSL/δL ≈ 1, as may be expected.

Figures 5(b) and (c) show the joint PDFs ofS∗d/SL (b)
andS∗Z/SL (c) with scalar dissipation rate. It is noted that
both PDFs are broad. A negative correlation with scalar
dissipation rate is exhibited byS∗d/SL, as expected, whereas
S∗Z/SL exhibits a positive correlation.

The joint PDF of the inner-product of the normal vec-
tors, k, is shown in figure 5(d). A clear correlation is ob-
served, with low levels of alignment more likely at lower
dissipation rate, and higher levels of alignment more likely
at higher dissipation rates. This of course affects the joint
PDFs of the orientation coefficients forS∗d/SL and S∗Z/SL
in equation 4 with scalar dissipation rate. Such alignment
is expected, because high dissipation rates are the result of
persistent straining, which also tends to align scalar gradi-
ents, as noted in early studies of passive scalar mixing, for
example the study by Juneja & Pope (1996).

Synthesising the picture from figures 5(a)–(d),S∗d plays
the main role in the scalar dissipation rate response for mod-
erate dissipation rates. The mixture-fraction iso-surface dis-
placement speeds are not insignificant for moderate scalar
dissipation rates. However, at large dissipation rates, the
normal vectors tend to become aligned, which steepens the
response of theS∗d -related term, and results in a large con-
tribution fromS∗Z to significantly increase the negative cor-
relation with scalar dissipation rate, thus leading to more
rapid extinction.

To further understand the response ofS∗d to scalar dissi-
pation,S∗d is broken down into components representing the
effects of reaction, normal and tangential diffusion (Echekki
& Chen, 1998) – see equation 8.

The joint PDFs of the reaction, tangential and normal
diffusion components ofS∗d with scalar dissipation rate are
presented in figure 6. It may be observed that the reaction
term features a strong positive correlation with scalar dis-
sipation rate whereas the tangential diffusion term exhibits
a strong negative correlation. Figure 6(c) shows a weaker
non-monotonic contribution of the normal diffusion term,
especially at moderate dissipation rates, and also a narrow
PDF around the conditional mean. Comparison of figures
5(d) and 6 suggests that the positive correlation of the reac-
tion term with scalar dissipation rate must be dominated by
the negative correlation of the tangential diffusion term for
moderate scalar dissipation rates, with the normal diffusion
term playing a role at larger dissipation rates.

The reason behind these correlations is now investi-
gated. We first note that because the edge-flames are lo-
cated at fixed product mass-fraction and mixture-fraction
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Figure 5: The joint PDFs with logarithm of the normalised scalar dissipation rate of the following quantities and their conditional means: a)
S∗e/SL, b) S∗d/SL, c) S∗Z/SL, d) the inner product of the normal vectors,k.

Figure 6: The joint PDFs of the components of the product mass-fraction propagation velocity a)S∗d,r/SL, b) S∗d,t/SL and c)S∗d,n/SL with the
logarithm of normalised scalar dissipation rate.

Figure 7: Contours of the joint PDFs with normalised scalar dissipation rate of: a) the magnitude of the product mass-fraction gradient, b)
the product mass-fraction curvature, and c) the second derivative of the product mass fraction in the normal direction.

iso-surfaces, the reaction rate itself only experiences small
fluctuations due to compressibility effects. It can therefore
be taken as a constant in this discussion. The reaction term
is then simply proportional to the reciprocal of the magni-
tude of the product mass-fraction gradient, 1/|∇YP|, which
scales with the thermal thickness. The normal diffusion
term is approximately proportional to the second deriva-
tive of mass fraction in the normal direction−∇2

nYP/|∇YP|
and the tangential term is curvature dependent. Figure 7(a)
presents the joint PDF of|∇YP| and scalar dissipation rate
where a negative correlation of|∇YP| and scalar dissipa-
tion rate may be observed. This can easily be understood in
terms of the PDF ofk, which shows that on average the nor-
mal vectors are not strongly aligned, and often close to per-
pendicular, implying that a compressive strain for mixture-
fraction iso-surfaces, leading to high dissipation rates,cor-
responds more often to an extensive strain on product mass-
fraction iso-surfaces. This correlation in turn leads to a pos-
itive correlation of the reaction term and scalar dissipation
term (figure 6(a)).

As shown in equation 8, the tangential diffusion term
is proportional to the curvature of the product mass-fraction
iso-surfaces. Figure 6(b) therefore suggests that there isan
underlying correlation between the curvature and scalar dis-
sipation rate. To confirm this, figure 7(b) shows the joint
PDF of κp and log10(χδL/SL). A strong positive correla-
tion is observed as expected. Similarly to the above dis-
cussion, this may be explained considering the earlier result
for the alignment of the normal vectors, shown in figure
4(c), which demonstrated that the most likely inner product
of the normal vectors was significantly smaller than unity.
In this situation, compressive strain in the direction of the
mixture-fraction normal, which leads to high dissipation
rates, causes increases of the product mass fraction curva-
ture.

To explain the trends for the normal diffusion compo-

nent, figure 7(c) shows the joint PDF of∇2
nYP and χ. As

may be observed,∇2
nYP is negatively correlated in mag-

nitude with scalar dissipation rate, but this is offset by
a positive correlation between scalar dissipation rate and
1/|∇YP|, which can be inferred from figure 7(a). For
moderate dissipation rates, the correlation with∇2

nYP is
dominant, leading to a positive correlation forS∗n/SL with
scalar dissipation rate. In contrast, for larger dissipation
rates (log10(χδL/SL)>−0.5), the correlation with 1/|∇YP|
dominates, leading to a negative correlation forS∗n/SL with
scalar dissipation rate.

We now investigate the behaviour ofS∗Z components.
The joint PDFs of normal diffusion term in figure 8(a)
shows a positive correlation with scalar dissipation rate
whereas a negative correlation is observed for the joint
PDFs of tangential diffusion term in figure 8(b). The normal
diffusion term is dominant, explaining the positive correla-
tion of S∗Z with scalar dissipation rate that was observed in
figure 5(e).

The normal diffusion component is approximately pro-
portional to∇2

nZ/|∇Z|. Figure 8(c) shows that∇2
nZ varies

approximately quadratically with|∇Z|, which can be un-
derstood with the scalings∇2

nZ ≈ 1/δ 2
Z and |∇Z| ≈ 1/δZ ,

whereδZ is a diffusive length scale. This explains the posi-
tive correlation observed betweenS∗Z,n and the scalar dissi-
pation rate (figure 6(c)).

To explain the relatively weaker positive correlation
betweenS∗Z,t and scalar dissipation rate, figure 8(d) shows
the joint PDF ofκZ and scalar dissipation rate. In the region
that contains most of the sample, the correlation is positive.
Extensive visual inspections of three-dimensional render-
ings of mixture-fraction iso-surfaces coloured by dissipa-
tion rate (not shown) suggest that this positive correlation
results from specific eddy structures in the jet. The highest
dissipation rates are observed to occur in structures which
bulge out towards the oxidiser side, thus having a positive
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Figure 8: The joint PDFs of the components of the mixture-fraction propagation velocity a)S∗Z,n, b) S∗Z,t with the logarithm of normalised
scalar dissipation rate, c) Laplacian of mixture-fractionnormal to mixture-fraction iso-surface with mixture-fraction gradient; and d) the joint
PDF of the mixture-fraction curvature and the scalar dissipation rate.

mixture-fraction curvature. As discussed above, higher gra-
dients correspond to an even higher normal second deriva-
tive, which leads to the increase in the normal diffusion
component ofS∗Z with scalar dissipation rate.

CONCLUSION
The edge-flame concept received a great deal of atten-

tion in last couple of years in terms of its potential role
in stabilisation process of turbulent lifted flames. In the
present work, DNS (Karamiet al., 2014) was used to anal-
yse the edge flame and flow interactions. The product mass
fraction contribution in the edge-flame velocity is mainly
positive while the mixture fraction propagation velocity has
a negative contribution. The normal vectors were some-
what but not fully aligned. The edge-flame velocity decays
as scalar dissipation increases and a sudden drop occurs at
scalar dissipation in order of reciprocal of the laminar flame
time scale. This sudden drop to a negative value, which may
be interpreted as extinction, is mainly due to the mixture
fraction propagation velocity contribution, which becomes
significant because of high levels of gradient alignment.

It was found that the negative correlation of the prod-
uct mass fraction propagation velocity with scalar dissipa-
tion is mainly caused by the tangential and diffusion terms
whose its negative correlation with scalar dissipation over-
takes the competing positive correlation of the reaction term
with scalar dissipation rate. The tangential term in the prod-
uct mass fraction velocity is product mass fraction curva-
ture dependent and this curvature shows a positive corre-
lation with the scalar dissipation rate. The reaction term
correlation with the scalar dissipation depends on the prod-
uct mass fraction gradient. The positive correlation of the
mixture fraction propagation velocity with scalar dissipa-
tion rate was shown to be mainly due to the positive re-
sponse of normal term to increase in scalar dissipation rate
as this increase leads to a decrease in diffusive length scale
and correspondingly increase in diffusion term.
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Garrido-López, D. & Sarkar, S. 2005Proc. Combust. Inst.

30 (1), 621 – 628.
Ghosal, S. & Vervisch, L. 2000J. Fluid Mech. 415, 227–

260.
Gordon, R. L., Boxx, I., Carter, C., Dreizler, A. & Meier,

W. 2012Flow Turbul. Combust. 88 (4), 503–527.
Hawkes, E. R. & Chen, J. H. 2006Combust. Flame 144 (1),

112–125.
Hawkes, E. R., Sankaran, R. & Chen, J. H. 2007 Reigni-

tion dynamics in massively parallel direct numerical sim-
ulations of COH2 jet flames. pp. 1271–1274. 16th Aus-
tralasian Fluid Mechanics Conference.

Im, H. G. & Chen, J. H. 2001Combust. Flame 126 (1),
1384–1392.

Juneja, A. & Pope, S. B. 1996Phys. Fluids 8 (8), 2161–
2184.

Karami, S., Hawkes, E. R. & Talei, M. 2012 A direct nu-
merical simulation study of a turbulent lifted flame in hot
oxidizer. p. 149. 18th Australasian Fluid Mechanics Con-
ference.

Karami, S., Hawkes, E. R., Talei, M. & Chen, J. H. 2014J.
Fluid Mech. Submitted.

Karami, S., Hawkes, E. R., Talei, M. & Chen, J. H. 2015
Edge flame dynamics in a turbulent lifted jet flame. pp.
137–146. Proceedings of the 2014 CTR Summer Pro-
gram.

Namazian, M., Schefer, R. W. & Kelly, J. 1988Combust.
Flame 74 (2), 147–160.

Noda, S., Mori, H., Hongo, Y. & Nishioka, M. 2005JSME
Int. J. B-Fluid T 48 (1), 75–82.

Pantano, C. 2004J. Fluid Mech. 514, 231–270.
Passot, T. & Pouquet, A. 1987J. Fluid Mech. 181, 441–466.
Phillips, H. 1965Symp. (Int.) Combust. 10 (1), 1277–1283.
Pope, S. B. 1988Int. J. Eng. Sci. 26 (5), 445–469.
Stårner, S. H., Bilger, R. W., Frank, J. H., Marran, D. F. &

Long, M. B. 1996Combust. Flame 107 (3), 307 – 313.
Su, L. K, Sun, O. S & Mungal, M. G 2006Combust. Flame

144 (3), 494–512.
Upatnieks, A., Driscoll, J. F., Rasmussen, C. C. & Ceccio,

S. L. 2004Combust. Flame 138 (3), 259 – 272.
Yoo, C. S., Sankaran, R. & Chen, J. H. 2009J. Fluid Mech.

640, 453–481.

6


