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Abstract

Three turbulent lifted slot-jet flames of different fuel Lewis numbers are studied using direct numerical simulation (DNS). To
reduce the computational cost, a one-step chemistry model is employed with a mixture-fraction dependent activation energy
reproducing the dependence of the laminar flame speed on the equivalence ratio which is representative of hydrocarbon fuels. In
addition to turbulent flames, axisymmetric laminar jet flames with a same chemistry model to that of turbulent flames are simulated. It
is found that the maximum reaction rate decreases as the Lewis number increases in the laminar cases. Analysis of the turbulent cases
reveals that the extinction limit is affected by the Lewis number of the fuel. The scalar dissipation rate of the extinction limit increases
as the Lewis number decreases. For a given positive curvature, the conditional edge-flame propagation velocity on the curvature
increases as the Lewis number decreases. This is similar to the observation in premixed flames and can be explained based on thermo-

diffusive effects.
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1. Introduction

Recently, we are witnessing a global movement
towards using alternative and cleaner fuels to produce
energy. One of the challenges with these fuels such as
syngas and hydrogen is the possible impacts of thermo-
diffusive instabilities on the combustion efficiency and
pollutant emissions. The non-dimensional number
describing this effect is known as Lewis number which
is defined as the ratio of thermal diffusivity to molecular
diffusivity. It is well-known that the propagation velocity
of a laminar premixed flame depends on the Lewis
number of reactants and the flame front curvature [1].
For triple flames, the curvature of the flame front is
dominantly positive which means the flame structure is
convex towards reactant, therefore it is expected to
observe a higher propagation velocity for triple flames
with increasing the fuel Lewis number [2-4]. This can be
explained based on heat and species diffusion. When the
flame front is convex towards the reactant and the Lewis
number is smaller than unity, the reactants will diffuse
into the reaction zone more rapidly than the heat diffused
away from this region. Consequently, the temperature
will increase, resulting in a rapid increase of the reaction
rate [4]. Chen et al. [5] studied the effect of Lewis
number in a counter flow and a laminar lifted flame
configuration. The methane- and propane-air flames with
different dilution levels in the fuel stream, facilitating a
wide range of fuel Lewis number, were studied. They
reported that the reactant effective Lewis number at the
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flame base is an important parameter in the counter-flow
configuration whereas the fuel Lewis number is
important in lifted triple flames.

The importance of the Lewis number has been also
investigated in turbulent premixed [6-9] and non-
premixed flames [10]. The experimental studies of lifted
turbulent non-premixed flames [11] have also
investigated the effects of the fuel Lewis number on the
stabilisation process. Cessou et. al. [11] found that the
lifted height and the blow-out limit of hydrocarbon fuels
depend on the Lewis number.

It is very challenging to measure the edge-flame
propagation velocity, curvature of the flame front and
scalar dissipation rate simultaneously in experimental
setups. However, this simultaneous measurement is
required to understand the edge-flame dynamics in lifted
flames in addition to the stabilization mechanism.
Therefore, this paper seeks to address this gap by
analysing the response of the flame propagation and
flame front curvature to the scalar dissipation rate as a
key parameter in this problem when the fuel Lewis
number of fuel varies.

2. Numerical method and simulation
parameters

The non-dimensionalised conservation equations of
mass, momentum, sensible energy and species are
solved. These equations are non-dimensionalised 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 irreversible reaction
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of F+rO—(1+r)P where r is the stoichiometric ratio, i.e.
the mass of oxidant disappearing with unit mass of fuel
was used. The DNS code S3D_SC [12] is employed
here. The solver uses high-order accurate, low
dissipative numerical schemes and a 3D structured,
Cartesian mesh. The spatial derivatives were discretised
using an 8" order central differencing scheme and the
time integration was performed with a 6-stage, 4" order,
explicit Runge-Kutta method. To suppress the numerical
fluctuations at high wave numbers, a 10th order filter
was applied every 10 time steps. Non-reflecting outflow
boundary conditions 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 configuration is a slot jet flame. The mean inlet
axial velocity, U;,, and fuel mass fraction, Y, were
specified using a tanh-based profile with an inlet
momentum (and mixing layer) thickness, &, is equal to
0.05H. To describe the velocity fluctuations at the inlet,
a homogeneous isotropic turbulence field based on a
prescribed turbulent energy spectrum 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 [12, 13].

A uniform grid spacing of 0.02H was chosen for the
streamwise and spanwise directions. An algebraically
stretched mesh was applied [14] in the transverse
direction which maintained uniform spacing of 0.02H in
ly|<7.5H and less than 3% of grid stretching in the region
of |y| > 7.5H. The simulation was run for 18.0 jet flow
through times, t; = L,/U; (where Ly is the length of the
computational domain in the streamwise direction), and
the data of the last 12.0t; were used for analysis. The
simulations were performed for three different Lewis
numbers of the fuel as 0.7, 1.0 and 1.3.
The turbulence and chemistry resolutions are discussed
in more details in Ref. [12].

Table 1 Numerical and physical parameters of the simulation.

Description Value
Domain size (LyXLy xL,) 16Hx24Hx6H
Number of grid points (NxxNy XN, ) 800x800x300
Mean inlet jet Mach number (Uj/arer) 0.48
Laminar co-flow Mach number (Uco/arer) 0.001

Jet non-dimensional temperature (Tie) 2.5
Co-flow non-dimensional temperature (Tco-fiow) 25

Jet Reynolds number (Re) 5280
Inlet velocity fluctuation intensity 5%

Fuel mass fraction in the fuel stream (Ye,) 1.0
Oxidiser mass fraction in the oxidiser stream (Yo,o) 0.233
Stoichiometric oxidiser to fuel mass ratio (r) 4.0
Heat-release parameter (o) 0.86
Zel’dovich number (B) 5.0
Non-dimensionalisation Damkdhler number (Da) 800
Lewis number (Le) 07-10-13
Prandtl number (Pr) 0.7

3. Mathematical background

Three components of the flow velocity in a time-
resolved manner have been measured simultaneously by
the most advanced experiments [15]. These have
provided very useful information; however, flame
propagation velocities relative to the flow have never

been measured. In our previous study of stabilization
mechanism of a turbulent lifted flame with unity Lewis
number of the fuel, it was shown that flame propagation
plays a key role, in the stabilization process. However, to
the best of our knowledge, there is no study on the
effects of the fuel Lewis number on the edge-
propagation velocity in lifted flames. Therefore, this
study will focus on Lewis number effects in turbulent
lifted flames. For this purpose, the flame edge is defined
as the intersection of a mixture-fraction iso-surface with
a product mass-fraction iso-surface. The mixture-fraction
iso-values were 0.077, 0.07 and 0.066 which correspond
to the mixture-fractions having the highest laminar flame
speeds in one-dimensional flat premixed laminar flames
with the Lewis numbers of 0.7, 1.0 and 1.3, respectively.
The product iso-values were selected at the point of the
maximum reaction rate for each laminar flame
corresponding to a given Lewis number.

The edge-flame displacement speed, S, in the plane
of the mixture-fraction iso-surface in the direction T,
which is the tangent vector to the mixture-fraction iso-
surface that is normal to the intersection line which
defines the edge, pointing towards the unburned
reactants is given in terms of the product mass-fraction
self-displacement speed Sy, the mixture-fraction self-
displacement speed S,, and the inner product of the
normal vectors to product and mixture-fraction iso-
surfaces k as [16]:
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The iso-surface self-displacement speeds are given
by [17]:
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The curvature of product mass fraction iso-surfaces

is defined as |V - Ny,|. Figure 1 presents schematic of
the edge-flame propagation velocity.
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Figure 1. Schematic of the edge-propagation velocity.

4. Results

For an orientation first, symmetric laminar lifted
flames with the same chemistry parameters to those of
turbulent flames were simulated. Figure 2 shows the
reaction rates of laminar triple flames for different fuel



Lewis numbers. It is observed that the maximum
reaction rates decreases as the Lewis number increases
which is expected as the curvature is positive [18]. Also
it is noted that the lifted height increases and the
diffusion tail disappears as the Lewis number increases.
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Figure 2. The contour plots of reaction rates of laminar triple
flames with fuel Lewis number of a) 0.7, b) 1.0 and c)1.3 ( The solid

lines are mixture fraction iso-lines and the dashed lines are different
levels of product mass fraction).
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Figure 3. Three-dimensional volume rendering of logarithm of the
scalar dissipation rate (blue/white) and reaction rate (red/orange) for
different Lewis number of fuels.

Moving to the turbulent cases, Fig. 3 presents the
volume rendering of logarithm of the scalar dissipation
rate (blue/white) and reaction rate (red/orange) for
different Lewis numbers of the fuel stream. From left to
right are cases with the Lewis numbers of 0.7, 1.0 and
1.3. The reaction sheet is strongly positive for Le = 0.7
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but becomes weaker as the Lewis number increases. The
flame base also experiences a higher level of distortion.
As the Lewis number increases, the shield generated by
the flame becomes weaker and therefore the probability
of being broken by large-eddy structures is higher. As a
result, more holes are observed for Le = 1.3. Also, it is
noted that the holes are highly convoluted for this case.

The roles of the scalar dissipation rate and curvature
are now discussed. Figure 4 shows the conditional mean
of the edge-propagation velocity on the scalar dissipation
rates for different Lewis numbers. The results are
consistent with those observed with regards to the triple
flame response to the scalar dissipation rate [2, 4, 19-21].
The edge-flame propagation velocity decreases as the
scalar dissipation rate increases and the flame is
extinguished at a critical value. However, the extinction
limits are different for different cases. The Le = 0.7 case
has a higher extinction limit and a higher propagation
velocity for all values of scalar dissipation rates. On the
other hand, the extinction limit for Le = 1.3 is the
smallest. This implies that the flame with a higher Lewis
number will be extinguished more easily. This is in
agreement with the observation in the literature that the
critical scalar dissipation rate marking the triple flame
extinction increases as the Lewis number decreases [4,
22, 23]. Furthermore, this explains formation of a larger
number of local extinctions on the flame sheet and a
higher convolution at the flame base for Le > 1 observed
in Fig. 3.
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Figure 4. Conditionally averaged edge-propagation velocity on
normalised scalar dissipation rate at the flame base for three cases of

Lewis number 0.7, 1.0 and 1.3.
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Figure 5. Conditionally averaged edge-propagation velocity on
product-mass fraction curvature at the flame base for three cases of
Lewis number 0.7, 1.0 and 1.3.

Another important parameter is the flame front
curvature which has been shown to play an important
role in flame propagation [7, 8]. Figure 5 presents the
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conditional mean of the edge-flame propagation velocity
on the curvature of the product mass-fraction iso-surface.
In contrast to laminar triple flames, there is a small
region of negative curvatures which is due to the effects
of turbulence. The edge-flame propagation velocity non-
linearly decreases as the curvature increases. It is well-
known that a higher scalar dissipation rate causes a
larger curvature and consequently two premixed flames
merge on the diffusion tails [24]. This is consistent with
what is observed in Fig. 5 as high scalar dissipation rates
are coincident with large curvatures. Figure 5 also shows
that for a given positive curvature, the edge propagation
velocity increases as Lewis number of the fuel decreases.
This observation can be explained using the thermo-
diffusive properties of the fuel. When the curvature is
positive and Le < 1, the fuel diffuses faster into the flame
front than the heat diffusing out. This will increase the
reaction rate and therefore the edge-propagation velocity.
The opposite behaviour is however expected for Le > 1.

5. Conclusion

Direct numerical simulation (DNS) was used to
study the effects of fuel Lewis number on the edge-flame
propagation in laminar and turbulent lifted flames. It was
found that the maximum reaction rate decreases as the
Lewis number increases in the laminar cases. For the
turbulent cases, an increased number of extinction holes
and more distortion of the flame base were observed as
the Lewis number was increased. In contrast to laminar
triple flames in which the curvatures of the flame fronts
are positive, negative curvatures were also observed at
the flame base of the turbulent cases. It was observed
that the edge-flame propagation velocity of the fuel with
Le < 1 is higher than other cases for all values of the
scalar dissipation rate when the curvature of the product
mass-fraction is positives. This is similar to effects of
Lewis number observed in premixed flames.
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