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scales. Autoignition-stabilized H,/N, lifted turbulent flames in a vitiated coflow burner are chosen as
test cases. Detailed chemical kinetics is used along with in situ adaptive tabulation (ISAT) to accelerate
the computations. Four configuration test cases are considered: neglecting differential diffusion (Cases
1 and 2), considering differential diffusion (Case 3) and considering differential diffusion but neglecting
molecular transport of H and H;, (Case 4). A dynamic model for scalar mixing time-scale appearing in
the mixing model is used in Cases 2, 3 and 4, which removes the need to specify the value of model
constant. It is found that the lifted flames are very sensitive to differential diffusion. The predictions of
major species mass fractions, temperatures and lift-off heights are in good agreement with the experi-
mental data. Further, such agreement could be achieved without changing any boundary conditions. In
particular, increased diffusion of species upstream allows ignition kernels to survive turbulent dissipa-
tion, causing stabilization to occur upstream. H, and H are identified as two critical species that play a
dominant role in the differential diffusion effect. The model is also able to capture the change in lift-off
height with change in coflow temperature. The results show that even in turbulent flames, stabilization
of the flame zone can be sensitive to molecular diffusion. In LES computations where a significant part
of this diffusion effect is resolved, the use of the enhanced LES/PDF/ISAT approach is seen as a promising
approach for capturing the lift-off physics accurately.

© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

these physics. In addition, both computational [5-9] and experi-
mental [10-12] studies have been performed to identify the flame

Turbulent jet flames in practical burners may be lifted from
the base in order to protect the burner material [1]. Additionally,
such lifted flames allow higher operational velocities that will in-
crease energy throughput of the system. The stabilization, liftoff,
and blowoff of these flames are dictated by the complex inter-
action between turbulence and chemical kinetics. Understanding
these interactions is crucial for determining the operability regime
as well as the emissions from the burner. In the past, a num-
ber of studies [1-4] have been devoted to the characterization of
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stabilization mechanism and analyze the sensitivity of the lift-off
height to jet velocity and coflow temperature. From these stud-
ies, two stabilization mechanisms have been identified: autoigni-
tion and premixed flame propagation. If the flame is stabilized by
autoignition, a convection-diffusion-reaction balance is present at
the flame base. On the other hand, when the flame is stabilized by
premixed flame propagation, a convection-diffusion balance exists
upstream of the flame base followed by a diffusion-reaction bal-
ance at the reaction zone. In practical flames, the two mechanisms
often coexist. In this work, the focus is on autoignition-dominated
flames.

Autoignition-stabilized lifted flames are particularly sensitive to
radical formation and small-scale mixing [1-3]. In particular, two
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key parameters, namely the ignition delay time and the mixing
time play an important role in determining the lift-off height.
From a modeling viewpoint, this implies that both the chemical
kinetics of flame stabilization and turbulent as well as molec-
ular mixing of species need to be modeled accurately. Another
important manifestation of such lifted flames is the presence of
a partially-premixed flame base associated with low-probability
events, such as extinction and re-ignition. Consequently, the
turbulence-thickened flame base poses a multitude of model-
ing challenges. The standard non-premixed flamelet methods
[1,3,13] may not be adequate around the flame base. Recently, un-
steady flamelet/progress variable (UFPV) models with a presumed
subfilter probability density function (PDF) for mixture fraction and
progress variable have been applied for this purpose [14,15]. Here,
unity Lewis numbers are assumed for species diffusive-transport in
order to simplify the flamelet equations. An alternative approach is
based on the transported-PDF formulation, which has been shown
to be accurate for a range of turbulent flame problems [16-21].
This approach has also successfully predicted autoignition in lifted
flames [22-28]. However, molecular diffusion is almost always
handled using a single or mixture-averaged diffusivity in these
studies. The focus here is to understand the role of species-related
diffusivity on flame stabilization.

Molecular transport of species through diffusion, especially
when multiple species with varying diffusivities are present, is a
topic of current interest [21,29,30]. In this context, the flamelet
models and PDF methods (in general) have differing approaches
to handling species diffusivities. In the flamelet-approach, species-
specific diffusion is incorporated at the level of the flamelet struc-
ture. This implies that such molecular effects are accounted for
in the solution to the one-dimensional flamelet equations. On the
other hand, the spatial transport of this flame structure is through
a conserved scalar (mixture fraction) and a reactive scalar repre-
sentation. These scalars are necessarily transported using a sin-
gle diffusivity. Consequently, the effect of differential diffusion at
scales larger than the flame scales are neglected (or at best, in-
accurately modeled). Blanquart et al. [31] have sought to address
this issue by constructing mixture fraction equations that contain
source terms to account for the change in species balance arising
from differential diffusion. However, application of this approach to
detailed chemistry based models is still being pursued. In the con-
text of PDF methods, differential diffusion manifests in two differ-
ent ways again. At the resolved scales, the PDF is altered by molec-
ular diffusion through a second-order diffusion term in the PDF
transport equation [32,33]. At the small-scales, the conditional dif-
fusion term needs to incorporate the species-specific diffusivities
in order to describe the small-scale mixing effect [29,33]. Since the
conditional diffusion term involves two-point statistics, it needs to
be exclusively modeled through an appropriate mixing model. Al-
though there have been some advances in this context [29,33], the
issue of mixing models is still an open question.

From a computational perspective, the relative importance of
small-scale and resolved-scale differential diffusion depends on
the turbulence modeling framework as well. In the Reynolds-
averaged Navier-Stokes (RANS) approach, almost all of the turbu-
lence energy cascade is modeled. In other words, the accuracy of
the sub-grid models are extremely critical in capturing the flow
physics. In gradient-diffusion hypothesis based closures for the
Reynolds stress and turbulent scalar fluxes, the turbulent viscos-
ity/diffusivity is considerably higher than the molecular compo-
nent. Consequently, sub-grid description of differential diffusion
becomes more critical than the resolved or large scale molecular
transport of species. In this sense, the flamelet-type small-scale de-
scription is a better approach for modeling differential diffusion.
Although such physics have been incorporated into conditional-

diffusion models for the PDF approach as well [33], their accuracy
has not been widely tested.

On the other hand, resolved molecular transport can be the
same order of magnitude as the sub-filter turbulent transport in
the LES context [21,34]. This is mainly due to the fact that LES re-
solves large scale transport directly, and sub-filter turbulent dif-
fusivity only captures the small-scale turbulence (in this paper,
“turbulent viscosity” and “turbulent diffusivity” denote the viscos-
ity and diffusivity used to model the turbulent motions unresolved
by the LES grid; “molecular diffusivity” denotes the diffusivity re-
solved by the LES grid). When the LES computational grid is well-
refined, especially in regions close to the flame front, molecular
diffusivity can become comparable in magnitude to turbulent dif-
fusivity. Previous studies on turbulent jet flames have indicated
that differential diffusion effect can not be negligible [35] when
molecular and turbulent diffusivities are comparable, and it is nec-
essary to include differential diffusion effect accurately in the com-
bustion models in the LES context [29,36]. It is expected that this
large scale differential diffusion can exert significant influence on
the small-scale scalar mixing which is critical for autoignition, ex-
tinction, and reignition [2,37-41]. At the same time, due to the in-
creased resolution of the turbulence cascade, the small-scale dif-
ferential mixing is expected to play a less significant role [42,43].
Recently, Wang and Kim [21] investigated the effect of resolved
molecular transport on the PDF modeling of Sandia Flame E. It was
found that local extinction can be captured by including molec-
ular transport effect, even when the sub-filter mixing model was
not explicitly altered to account for the evolution of the scalar co-
variances according to the differential diffusion process. Neverthe-
less, the effect of differential diffusion was neglected due to the as-
sumption of equal molecular diffusivity in [21]. Yang et al. [27] per-
formed a posteriori comparisons between LES/PDF computations
accounting for molecular diffusivity effects and compared with re-
sults from direct numerical simulation (DNS) of a lifted ethylene
jet flame [7]. They found that differential diffusion can have a sig-
nificant effect on the lifted flames. More recently, Wang [44] de-
veloped a consistent flamelet model with differential diffusion for
turbulent non-premixed flames. The dependence of differential dif-
fusion on Reynolds number was carefully treated.

With this background, the objective of this work is to evaluate
the relative effect of small-scale mixing and differential diffusion
on flame stabilization with application to an experimental flame
configuration. For this purpose, a consistent LES/PDF approach that
incorporates molecular diffusivities of individual species is com-
bined with a dynamic time-scale model for sub-filter mixing. This
approach is then used to simulate a series of turbulent jet flames
that is known to stabilize through autoignition. From these simu-
lations, the critical species that play a dominant role in stabilizing
the flame are identified.

A canonical lifted turbulent flame, in a vitiated coflow burner
developed by Cabra et al. [10], is selected as the validation test
case. This flame has been extensively studied in the past. Two
main conclusions from previous experimental and numerical stud-
ies [10,15,22-24,26,45-56] can be drawn: autoignition is the dom-
inant stabilization mechanism in this flame, and the lift-off height
is very sensitive to the coflow temperature. In this work, the de-
tailed chemical kinetics is used along with the in-situ adaptive tab-
ulation (ISAT) algorithm [57] to accelerate the chemistry calcula-
tions. To analyze the flame sensitivity to differential diffusion and
scalar mixing time-scale, four different test cases are considered:
neglecting differential diffusion (Cases 1 and 2), considering differ-
ential diffusion (Case 3) and considering differential diffusion but
neglecting molecular transport of H and H, (Case 4). A dynamic
model for scalar mixing time-scale is used in Cases 2, 3 and 4,
which removes the need to specify the value of model constant.
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The paper is organized as follows. First, the augmented
LES/PDF/ISAT approach is summarized in the next section. The ex-
perimental configuration of the vitiated coflow burner and the nu-
merical setups are presented in Sections 3 and 4, respectively. In
Section 5, computational results are discussed. Finally, the conclu-
sions are given in Section 6.

2. LES/PDF approach

The hybrid method consists of two separate solvers: a variable
density low-Mach number LES solver and a Lagrangian particle PDF
solver. While the LES solver evolves the momentum, energy, and
continuity equations, the Lagrangian solver obtains the one-time
one-point joint PDF of the thermochemical composition. In this
section, details of this hybrid solver, including the handling of the
differential diffusion, scalar mixing model, and the two-way cou-
pling algorithm are discussed.

2.1. Low-Mach number LES solver

LES is based on a high band-pass filtering operation, which sep-
arates the flow field into the resolved large scales that are com-
puted on an Eulerian grid and the small-scales that are modeled.
For a variable density reacting flow, the Favre-filtered quantity of a
scalar ¢ is computed as

Fx 1) = % / PY.DPW. G — x)dy (M

where t is time, x is the vector of spatial coordinates, p is the
density, and p is the filtered density. G is a filter kernel which
is typically assumed be a box filter defined by the computational
grid [32,58]. The LES equations can be obtained by applying the
filtering operation to the instantaneous governing equations that
describe the conservation of mass and momentum:
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where 1I; is the Favre-filtered velocity component, and p is the fil-
tered hydrodynamic pressure. o; is the filtered viscous stress ten-
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and aisjfgs = pu;ll; — pu;ii; is the sub-filter stress tensor. This sub-
filter component is modeled using a dynamic procedure based tur-
bulent viscosity assumption [58,59].

The flows of interest here fall in the low-Mach number regime
but the density is variable due to the reaction-related heat re-
lease and boundary conditions. For such configurations, the use of
a low-Mach approximation accelerates the computations [58,60].
Here, the low-Mach number fractional time-stepping algorithm is
used [58]. The critical component in this approach is the pressure
projection applied to enforce mass conservation. The solver is ad-
vanced in time using a semi-implicit method in the radial and az-
imuthal directions, which allows a larger time-step to be used. The
turbulent viscosity is obtained using a dynamic Smagorinsky ap-
proach [59]. More details of the solver are provided in [60,61].

2.2. Lagrangian PDF approach

In the Lagrangian PDF approach, the one-point one-time PDF of
the gas-phase thermochemical composition is directly computed.

This composition ¢ contains the n; species mass fractions and sen-
sible enthalpy h. The PDF f(¥; x, t) is defined as a mass density
function [28,43,62-64]:

5= f F:x Ody (5)

and the filtered moments of composition can be computed based
on the PDF as follows

Srn = % [pvisav. )

where ¥, ¢, and ¢4 denote the composition sample space variable
and components of ¢, respectively.
The PDF transport equation can then be written as [43,62-64]
of

GV @H+V- W)
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where w'|y is the sub-filter velocity fluctuation conditioned on the
scalar, V- (pD 4y V) |¥ is the conditional micromixing term, and
Sq is the chemical reaction source term for thermochemical com-
position component a. D) is the corresponding molecular diffu-
sivity of the species. It is noted that the impact of differential dif-
fusion between species can be studied based on Eq. (7). The con-
ditional velocity term on the left-hand-side of Eq. (7) is modeled
using the gradient-diffusion hypothesis [17,62]

V.@[¥f)=-V [pD:V(f/p)] 8)

where Dy is turbulent diffusivity that is evaluated using a dynamic
approach similar to that used to obtain the turbulent viscosity [61].

The conditional mixing term needs to be modeled and has re-
ceived considerable attention in the context of transported-PDF
methods [17,33,41]. In spite of the substantial efforts to develop
mixing models, a general model that is robust and that meets all
modeling requirements is not currently available [32,41]. Here, it is
modeled using the Interaction-by-Exchange-with-the-Mean (IEM)
model [65]. The resolved part of differential diffusion is captured
using the formulation described below, while the sub-filter contri-
bution is ignored. This is similar to the approach of Wang et al.
[21], and has been shown to adequately capture differential diffu-
sion effects, especially when the resolution in the near-flame re-
gion is sufficient to have an appreciable contribution from the re-
solved scales.

The differential diffusion effect is incorporated using the ap-
proach of McDermott and Pope [36], which modifies the mixing
model. For comparison, the conventional PDF approach without
differential diffusion is introduced first followed by the approach
for incorporating species-specific molecular transport.

2.2.1. Conventional IEM model

The conventional model uses a single diffusivity to account for
both large scale and small-scale mixing processes. Based on the
original formulation of Villermaux and Falk [65], the LES-specific
version has been used in a number of previous studies [43,63,64].
The conditional diffusion term is written as

L D V) ¥ = — - (Ya — ) ©)
P Ty

where T4 is the scalar mixing time-scale. It is noted that in the
conventional IEM model, a single representative molecular diffusiv-
ity is used for all the species. Using Eqgs. (8) and (9), Eq. (7) is typ-
ically solved through a Lagrangian Monte Carlo approach [17]. It is
assumed that the the initial distribution of notional particle num-
ber density is uniform in each cell. These particles subsequently
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evolve in physical and composition spaces with time. The evolu-
tion in physical space is through transport equations that use the
filtered flow field from the LES solver, while the evolution in com-
position space is through mixing and reaction. Similar to prior use
of this model [43,63,64], a single mixture-averaged diffusivity is
used for transporting the PDF. The corresponding stochastic differ-
ential equations (SDEs) can then be written as

dX* () = [ﬁ+ V"(Dp*Df)] dt + /2(D" + D})dw., (10)
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where X*(t) is the instantaneous particle position. The superscript
“*” on quantities denotes quantities computed at X*(t) through
linear interpolation. W is an isotropic, vector-valued Wiener
process that emulates diffusion in physical space and_uses a
single mixture-averaged value at each particle location. ¢ is the
Favre-filtered resolved scalar obtained by weighted sum of particle
values in a given filter volume. In the conventional IEM model, D is
taken to be the mixture-averaged diffusivity, which will be heavily
correlated with the diffusivity of nitrogen for combustion processes
with air as oxidizer. With the unity Lewis number assumption,
the molecular diffusivity is approximated using an empirical
function of temperature obtained from the PDF solver and in this
work it is calculated using the subroutine TRANLIB available in
CHEMKIN [66].

2.2.2. IEM model with differential diffusion

The differential diffusion model is incorporated using the ap-
proach of McDermott and Pope [36], and follows the implementa-
tion discussed elsewhere [19,21,36]. Here, the IEM model is mod-
ified such that the stochastic diffusion term in physical space is
altered to a diffusion in composition space. The new IEM model is
given by

1 1 -~ ~
:V‘(pD(a)V(ba)l'/’:_*(Wa—d)a)""pa’ (12)
P To
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is the mean drift term due to differential diffusion. The molecu-
lar diffusivity D, of different chemical species is obtained directly
from TRANLIB in CHEMKIN [66]. Using the particle method, Eq.
(7) with the model Eqs. (8) and (12) is solved and the correspond-
ing SDEs become

dX*(t) = <ﬁ+ Vﬁ&) dt +/2D;dW, (14)

d* (t) = —%(d)* —¢))dt + Didt + S(¢*)dt. (15)
¢

As noted by McDermott and Pope [36], this implementation
does not give rise to the spurious production of scalar variance.
Nevertheless, some numerical issues arise due to the inclusion of
differential diffusion in Eq. (15), and the algorithm provided in that
work is used here.

2.2.3. Local dynamic model for mixing time-scale

Typically, a constant ratio of scalar mixing time-scale 74 to tur-
bulent time-scale 7 is assumed. The scalar mixing time-scale in
Egs. (9) and (12) is evaluated such that

AZ

Cp(D+Dy)’ (16)

Tp = T/C¢ =

where A is the local filter width and Cg is the constant ratio for
all the composition. However, the assumption that C; = 2.0 is valid
only when both the scalar and velocity spectra are at equilibrium.
In jet flows, such equilibrium is reached only at far downstream
locations. Consequently, this parameter can have substantial vari-
ations and can strongly influence the combustion process. In pre-
vious LES/PDF calculations, a wide range of values has been used
[1,17,19,67].

An alternative approach is to treat this parameter as a spa-
tially and temporally varying quantity. In this case, a local dynamic
model for the time-scale can be formulated [62], which removes
the need to specify the constant time-scale ratio. The local dy-
namic model is obtained from the dynamic models for the sub-
filter variance and the scalar dissipation rate of a conserved scalar
Z. The commonly used models for the conserved scalar variance
and dissipation rate have the following form [61]:

772 = ;A2NZ.VZ (17)
and
x =({D+D)VZ-VZ (18)
where Dy and C; are both obtained dynamically as follows [61]:
(LiMi) o (LM)
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in which £ is called the Leonard term, M is the model term, and
Using these relations, the scalar mixing time-scale can be lo-

cally and dynamically computed as
A2

CE](D-ﬁ-Dt)‘

It is seen that the difference between Eq. (16) and Eq. (20) is
that C, is a constant while (7 is dynamically evaluated in the sim-
ulations. It is noted that using Eq. (20), the individual (and pos-
sibly) more accurate mixing time-scales for all compositions can
be computed when corresponding the scalar dissipation rates are
provided. The advantage of using a conserved scalar to estimate
mixing time-scale is that its scalar dissipation rate can be mod-
eled based on the assumption that production equals dissipation in
the conserved scalar variance equation. For non-conserved scalars,
Eq. (18) should be modified to include the co-variance of scalar
and scalar production rate appearing in the reactive scalar variance
equation. For simplicity and ensuring numerical stability, the mix-
ing time-scales for all composition are approximated by that of the
conserved scalar in the present work.

Ty =27)x = (20)

2.3. Two-way coupling algorithm

The coupling between the low-Mach number LES solver and
Monte Carlo PDF solver should be treated carefully. The unsteady
LES solver requires that any solver that is coupled be time-accurate
as well. The LES solver provides the velocity, turbulent diffusiv-
ity, and scalar mixing time-scale to the PDF solver which returns
the density field and transport properties. However, the gas-phase
density, directly obtained from the PDF solver, contains statistical
noise due to the finite number of particles per filter volume, which
can give rise to numerical instabilities. To address the issue, an
equivalent-enthalpy (h) transport equation [43,68] is solved as fol-
lows:

aph  dpuh 9 [ AN
with

~ oh._ 1 an
Sp= %Sa - E%% (22)
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Fig. 1. The burner geometry of Cabra et al. [10] for the lifted flame with vitiated
coflow.

which represents the source term due to reaction and mixing
[43,68]. This source term can be computed directly from the PDF
solver.

Once the equivalent enthalpy is known, the new density is
computed using the ideal gas law:

v R
y-1n
where Py is background pressure, and y is the local ratio of specific
heat capacities. The present two-way coupling algorithm is verified
by examining the consistency between the LES and PDF mean den-
sity (see Appendix A).

In addition, to obtain the scalar mixing time-scale Ty, A trans-
port equation for mixture fraction is solved along with the other
LES transport equations:

apZ  dpu;Z 3 [ 3z
W"‘ 8)(]‘ —ij p(D‘i‘DI)TxJ (24)

o= (23)

It is noted that the source term arising from differential diffu-
sion in the transport equation of mixture fraction is neglected. The
third-order BQUICK scheme [69] is used to discretize the nonlinear
terms in the scalar transport Eqs. (21) and (24).

3. Flow configuration

The experiment used for validating the LES/PDF approach cor-
responds to the vitiated coflow burner (Fig. 1) that was exper-
imentally studied by Cabra et al. [10]. Using this burner, Wu
et al. [45] investigated the effect of coflow temperature, jet and
coflow velocities on the lift-off height. This flame has been mod-
eled using the RANS framework and transported-PDF methods
[10,22,23,26,46-51]. Conditional-moment closure (CMC) based re-
sults were reported in [52]. LES calculations were reported in
[24] and [53], in which the turbulence-chemistry interactions were
modeled using Eulerian stochastic field methods and perfectly
stirred reactors, respectively. Recently, LES-CMC calculations were
performed [54,55], while RANS/UFPV calculations were reported in
[15]. The focus here is on the impact of differential diffusion, which
is analyzed using the LES/PDF approach discussed in the previous
sections.

Table 1

Jet flame boundary conditions.
Parameter  Units  Jet Coflow
d m 4.57 x 1073(=Dj) 021
U m/s 107(=Uje;) 35
T K 305 1045
Xu, - 0.25 -
Xo, - - 0.1474
XN, - 0.75 0.7534
Xu, 0 - - 0.0989

A schematic of the burner is provided in Fig. 1. The burner con-
sists of a central fuel pipe with a diameter of Dj, = 4.57 mm, in
which a 1:3 ratio (by volume) of H,/N, mixture at a temperature
of 305 K and exit bulk velocity of Uj;; = 107 m/s is supplied. The
vitiated coflow is composed of hot combustion products of lean
premixed H,/air. Experimental results show that the products, O,
H,0, and N, are uniform across the coflow stream with tempera-
ture of 1045 K. The coflow is stabilized by a disk with a diameter
of 210 mm. The disk has a 87% blockage and is made of 2200 holes,
each with a diameter of 1.58 mm to burn the premixed H,/air
mixture. An exit collar surrounds the perforated disk to prevent
entrainment of ambient air into the flame. The Reynolds number
based on the jet diameter, exit velocity, and kinematic viscosity of
the fuel mixture is 23,600, and the stoichiometric mixture fraction
based on Bilger's formulation is Zg = 0.474. The observed lift-off
height H was about 10Dj,;. The boundary conditions for species and
temperature are summarized in Table 1.

4. Simulation details

This LES/PDF is performed in a cylindrical coordinate system
(x, , 0). Starting at the fuel jet exit, a computational domain of
Ly x Ly x Ly = 30Dj¢r x 15D x 277 is used in the axial, radial and
azimuthal directions, respectively, with a non-uniform stretched
grid of size Ny x Ny x Ny = 192 x 108 x 32. A stretched grid is used
to resolve the central jet and the shear layers. The turbulent jet
boundary condition is obtained from a separate pipe simulation at
the experimental mass flow rate. The velocity boundary condition
for the coflow stream is evaluated according to the formulation in
[15]. Previous numerical studies [23] have shown that the predic-
tions are insensitive to coflow velocity, jet temperature and jet ve-
locity. In addition to this baseline grid, two other calculations with
a coarser and a refined grid were performed to ensure that grid
resolution did not affect nature of the results (See Appendix B). It
should be noted that grid-filtered LES will always be sensitive to
the choice of grid spacing, but its sensitivity can be understood by
conducting multiple simulations.

The PDF transport equation is solved using the Lagrangian
Monte Carlo approach. Each computational cell is allocated 20
notional particles, and particle count is constrained such that it
ranges from 12-40 per cell. This range is enforced using merg-
ing and splitting techniques [43]. The gas phase chemistry was de-
scribed using the mechanism of Li et al. [70]. It involves 9 chemi-
cal species and 21 elementary reactions. The ISAT algorithm is ap-
plied to accelerate the computations [57]. The effect of the ISAT
and ODE error tolerances on the prediction of the particular lifted
flame has been studied systematically by Masri et al. [22]. Since es-
sentially the same ISAT and chemical mechanism are implemented
in the present work, the same parameters, i.e., ISAT and ODE error
tolerances of 6.25 x 10-¢ and 1 x 108, respectively, are employed
here. Cao et al. [23] also used an identical set of parameters. For
this particular Cabra flame, previous studies [22,23] have shown
that the tabulation error results in less than 2% error in the con-
ditional mean temperature at the stoichiometric mixture fraction,
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Table 2
Specification of the LES configurations.

Case  Differential diffusion = Dynamic mixing time-scale

BwN =
< <X X

a quantity which is found to be very sensitive to such errors. To
achieve parallel scale-up, the particles are grouped based on mix-
ture fraction and distributed amongst processors. Each processor
thus builds a tree that is nearly local in composition space, further
reducing the ISAT tabulations. This grouping and re-distribution is
updated at each time-step. A scale-up of 5-10 times was achieved
compared to building ISAT tables independently on each processor.

In the enhanced LES/PDF/ISAT approach, there is no need to
specify the value of model constant in the IEM model due to the
implementation of a dynamic model for the mixing time-scale. The
uncertainties of calculations are mainly from the initial number of
notional particles (Npc) in each computational cell and the choice
of filter size. In the present study, the grid convergence study is
conducted (See Appendix B) in order to ensure the present fil-
ter size are accurate enough (numerically) to analyze the effect of
differential diffusion. Furthermore, [71] has demonstrated that the

bias error due to the number of particles per cell scales as Nipc

Hence, typically Npc = 20 notional particles are used in each cell
in the context of LES based on the consideration of cost and accu-
racy.

This LES/PDF/ISAT simulation was carried out on a dis-
tributed memory parallel machine with 192 processors. For the
LES/PDF/ISAT simulation, the jet reached the statistically station-
ary state at t/Tj; ~ 20, where Tj, = Lx/Ujer ~ 1.3 ms is the flow-
through time. For each case, statistics were collected over 30 flow-
through times.

For the discussion of results below, four different cases were
considered (see Table 2). In Case 1, the differential diffusion effect
is not included in the IEM model and the scalar mixing time-scale
is evaluated via Eq. (16). Case 2 also neglects differential diffusion
but uses the dynamic model for the mixing time-scale. In Case 3,
both molecular transport of all species and dynamic mixing time-
scale model are considered. Case 4 is similar to Case 3 but neglects
the molecular transport of H and H, by setting Dy = Dy,=0. The
flame sensitivity to scalar mixing time-scale can be analyzed by
comparison between Case 1 and Case 2. The flame sensitivity to
differential diffusion can be analyzed by comparison between Case
2 and Case 3. In addition to these cases, a series of simulations that
vary the coflow temperature was also conducted in order to assess
the sensitivity of the lift-off height predictions to coflow boundary
conditions. For this analysis, two sets of simulations with condi-
tions corresponding to Case 2 and 3 were used.

5. Results and discussion
5.1. Instantaneous results

The instantaneous data below is shown to identify the progress
towards a statistically stationary state starting from initial condi-
tions. Initially, chemical reactions are turned off and the simula-
tions run until steady state is reached. After this, chemical reac-
tions and related heat release source terms are included. Figure 2
shows that the ignition zone is first located downstream, where
sufficiently low strain combined with adequate time for auto-
ignition leads to the formation of the turbulent flame. These early
ignition kernels then transition upstream due to diffusion of tem-

perature that can overcome the shorter residence time as well as
larger strain caused by larger turbulence intensity. Eventually, the
flame is stabilized at a lift-off height. Similar to [10,23], the sta-
tionary lift-off height is defined as the axial location where time-
averaged OH mass fraction reaches 2x10~* at any radius. There
are no obvious autoignition events below the lift-off height once
a statistically stationary condition is reached. Figure 2 also shows
that the OH mass fraction is present largely in the mixing layer
between central jet and coflow, which indicates the autoignition is
the main stabilization mechanism of the lifted flame as suggested
in [10,23,24,55]. It should be noted that the instantaneous lift-off
height based on the instantaneous OH mass fraction does fluctuate
in time in a range of 3-4 jet diameters around the time-averaged
lift-off height with a frequency of approximately 200 Hz due to
random and chaotic time dependent turbulence. This is consistent
with experimental observations of lift-off height fluctuations [26],
where fluctuations of 4-5 jet diameters were reported.

Figure 3 shows the time-averaged species-specific molecular
diffusivities and the turbulent diffusivity for two different axial lo-
cations. At both locations, it is seen that the turbulent diffusivity is
much smaller than the molecular diffusivity, especially that of the
fast-diffusing H, and H species. Near the edge of the main jet, tur-
bulent diffusivity is comparable to the diffusivities of the heavier
molecules. These results clearly indicate that molecular diffusivity
is important near the flame stabilization zone, and cannot be ne-
glected in the simulation of such flames.

The effect of differential diffusion on the instantaneous fields of
temperature and OH are shown in Fig. 4. It is seen that autoigni-
tion in the radial direction mainly happens within the region en-
closed by the stoichiometric mixture fraction and the most reac-
tive mixture fraction. Here, the most reactive mixture fraction is
defined as the mixture fraction that is most likely to ignite [72]. It
is noted that in Ref. [46], the most reactive mixture fraction is de-
fined by considering different coflow temperatures within the con-
text of Cabra’s configuration where the micro-mixing is considered.
The shortest ignition delay time occurs around Z = 0.045 ~ 0.052.
In the present work, however, the most reactive mixture frac-
tion is determined with a homogeneous reactor in CHEMKIN III
[73] where the micro-mixing is switched off, giving thus a parallel
solution to a series of homogeneous reactors of variable mixture
fraction. We found that the shortest ignition delay time is reached
at Z ~ 0.054 when initial temperature is 1070 K for updated H,
mechanism [70]. The small difference between the two methods is
mainly caused by the different computational configurations and
different reaction mechanisms. Figure 4 shows that including the
differential diffusion effect decreases the lift-off height and the
thickness of autoignition zone. Figure 4 indicates a lift-off height
of H/Dj; ~ 10 for flames with differential diffusion and H/Dj, ~ 13
for flames without differential diffusion. This is partially attributed
to the fact that the increase in mixing due to differential diffu-
sion serves to enhance combustion by increasing the probability of
ignition kernels surviving turbulent mixing in this system. Cabra
et al. [10] reported the experimentally observed lift-off height was
H[Djet ~ 10. In previous studies, the lower [23,24,52] or higher
[15] experimental coflow temperature of 1045 K was adopted to
obtain the the lift-off height of 10Dj. Therefore, the simulations
considering differential diffusion appear to predict the experimen-
tal lift-off with the experimental coflow temperature.

5.2. Time-averaged statistics

For Case 1, the mixing model coefficient Cy4 needs to be spec-
ified. Here, several simulations with values ranging from 2 to 20
were performed (see Appendix C), with the optimal value found
to be 10. This optimal value implies that the profiles are as close
to experiments as possible by changing the parameter. In Case 2,
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Fig. 2. Three snapshots (Case 3) of resolved temperature (top) and mass fraction of OH (bottom) showing the evolution of the flame towards a statistically stationary state.

the model coefficient is determined dynamically and need not be
specified a priori. The radial profiles of time-averaged Cz‘1 (which
is dynamically-determined Cj) at different axial locations for Case
2 are investigated (see Appendix C). Figures 5 and 6 show vari-
ations in flame statistics, denoted by ( - ), to the scalar mixing
time-scale at three different axial locations. Overall, good agree-
ment with experiments is observed. The slight difference stems

from the fact that the early stages of ignition occurs at x ~ 10Dj,
in the measurements while the simulations predict ignition farther
downstream. As a result, the mean profiles of mixture fraction Z
and mass fraction of H, are overpredicted and temperature T and
mass fraction of OH are underpredicted. The comparison between
Case 1 and Case 2 shows that the local dynamic model for mixing
time-scale can provide results consistent with the optimal value of
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Fig. 4. Comparison of the instantaneous resolved temperature and mass fraction of OH without differential diffusion (Case 2) and with differential diffusion (Case 3). The
inner isoline corresponds to the stoichiometric mixture fraction (Zy; = 0.474) while the outer isoline shows the most reactive mixture fraction (Z,, = 0.054).
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Fig. 5. Radial profiles of mean mixture fraction and temperature at different axial locations for Cases 1 and 2.
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Fig. 6. Radial profiles of mean mass fractions of H, and OH at different axial locations for Cases 1 and 2.
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Cg- Since the model is dynamic in nature, it can also adjust to any
changes in flame structure based on the solution at the current
time-step. Hence, for Case 3 and 4, the dynamic model is used to
describe the mixing time.

The effect of differential diffusion is analyzed in Figs. 7-20. The
prediction of the farthest downstream location measured in the ex-
periment x/Dj,. = 26 is also presented (see Appendix D). The re-
sults of Case 4 are included for identifying the critical species that
influence flame stabilization. Figures 7-14 compare the radial pro-
files of mean and RMS fluctuations of mixture fraction, temper-
ature, and mass fractions of fuel and oxygen for Cases 2-4 with
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Fig. 8. Radial profiles of RMS fluctuations of mixture fraction at different axial lo-
cations for Cases 2, 3, and 4.

experimental data. It is seen that the mean and RMS profiles are
in good overall agreement with experimental data for Case 3. The
mixture fraction profiles are insensitive to the differential diffusion
models utilized, since it is assumed to be a conserved scalar in
the present work and the source term arising from differential dif-
fusion in the transport equation of mixture fraction is neglected
for simplicity. The radial profiles of mean and RMS of temperature
show that including differential diffusion effects considerably al-
ters the results. In particular, the prediction of ignition as well as
the radial temperature profiles are significantly better when both
differential diffusion and dynamic mixing scales are used. Interest-
ingly, reverting to a constant mixing coefficient or setting diffusiv-
ity of hydrogen species to zero result in similar profiles for tem-
perature. This indicates that the main role of differential diffusion
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Fig. 10. Radial profiles of RMS fluctuations of temperature at different axial loca-
tions for Cases 2, 3, and 4.

is in enhancing flame ignition, which causes the stabilization point
to move further upstream towards the inlet. The increase/decrease
in temperature/mass fraction of H, is more distinct at x/D = 11, 14
due to the increased role of molecular diffusivity at these down-
stream locations.

Comparisons between Case 3 and 4 reveal that the diffusion of
both H and H, play an important role in flame stabilization. Since
the stabilization mechanism of the lifted flame is due to autoigni-
tion chemistry, the mass transport of H, (involved in the chain
initiation reaction H,+0O,=HO,+H) and H (involved in the chain
branching reaction H+0,=0H+0) are very important. The molecu-
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Fig. 11. Radial profiles of mean Yy, at different axial locations for Cases 2, 3, and 4.
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Fig. 12. Radial profiles of RMS fluctuations of Yy, at different axial locations for
Cases 2, 3, and 4.

lar transport of H, and H can improve the probability of autoigni-
tion events and hence increase the H, consumption and temper-
ature, which can be seen from the comparisons between Cases 3
and 4 in Figs. 7-14. It is noted that the differential diffusion effect
is negligible at r/Djo; > 4.

Radial profiles of mass fractions of intermediate species OH
and product H,O are illustrated in Figs. 15 and 18. The OH
mass fraction plot shows that the predicted Yoy is considerably
lower than the experimental data for Cases 2 and 4, especially
at x/Dje = 10. This is attributed to the lift-off heights of Cases 2
and 4 are overpredicted and the temperature is underpredicted,
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as shown in Figs. 4 and 9. Similar to Figs 7-14, it is seen that the
mean and RMS profiles, computed with differential diffusion, are
in good agreement with experimental data. This is due to the fact
H, and H transport in the mixture have a great effect on the OH-
formation reaction (H,+0,=HO,+H and H+0,=0H+0O), especially
at the flame base. Similar to Yoy prediction, Fig. 17 shows Cases 2
and 4 underpredict the mean H,O mass fraction and calculations
with differential diffusion (Case 3) leads to improved results.
Figures 19 and 20 show the radial profiles of mean and RMS
of N, mass fraction at different axial locations, which confirms the
observations about mixture fraction (Fig. 7). It is seen that no ob-
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Fig. 15. Radial profiles of mean Yoy at different axial locations for Cases 2, 3, and 4.
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Fig. 16. Radial profiles of RMS fluctuations of Yoy at different axial locations for
Cases 2, 3, and 4.

vious difference is found for mean mass fraction of Yy, between
the three cases. Since N, is inert in these calculations, its evolu-
tion mainly depends on the flow field. Nevertheless, it is noted
that Yy, is not a conserved scalar since it is affected by differen-
tial diffusion between species. Therefore, unlike mixture fraction
that is assumed to be a conserved scalar in the present work, it is
found that considering differential diffusion can improve the vari-
ance prediction of Yy,, which further suggests the difference be-
tween the natures of N, and mixture fraction in the present work.
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From the above discussion, it can be concluded that species
mass fractions and temperature are considerably affected by in-
cluding differential diffusion physics. Case 3 yields significantly im-
proved predictions and provides the best agreement with exper-
imental data. Further, the effect of differential diffusion is nearly
absent beyond a radius of 4Dje.

5.3. Conditional statistics

To further analyze the sensitivity of the lifted flames to dif-
ferential diffusion, Figs. 21 and 22 show scatter data and condi-
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Fig. 19. Radial profiles of mean Yy, at different axial locations for Cases 2, 3, and 4.
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tional means of temperature and mass fraction of OH at two axial
locations (x/Dje; = 10, 11) around the flame base for Cases 2 and
3. These two locations correspond to regions where both mixing
and chemical reactions leading to ignition are important. When
the central fuel jet entrains hot oxidizer coflow, mixing is domi-
nant at x/Dj,; = 10 as seen by the scatter points distributed close
to the mixing line. However, there are some points away from
the mixing line indicating limited ignition behavior. As the core
of the fuel jet breaks down, the mixture fraction of fuel-rich side
at x/Dje; = 10 decreases from Z =1 to values between Z ~ 0.9 and
Z ~ 0.8, such that autoignition events happen. At x/Dj, = 11, one
diameter above the lift-off height, it is interesting to find that the
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data is scattered throughout the zone enclosed by the pure mix-
ing line and fast chemistry limit. In a time-averaged sense, this
would imply the existence of a thickened flame brush near the
flame base. In this region, it is likely then that subgrid fluctua-
tions will play a role in establishing the flame. It is apparent from
Fig. 21 that considering differential diffusion can increase the con-
ditional temperature which is consistent with the good prediction
of unconditional temperature shown in Fig. 9. Figure 22 shows that
the conditional mean of Ypy is considerably increased when differ-
ential diffusion effects are included, resulting in the lift-off height
of H/Dje; ~ 10. It is seen that the prediction of Yoy is very sensitive
to differential diffusion effect in the present LES/PDF study, which
is consistent with the prediction mean Yoy in Fig. 15. The above
discussions indicates the enhanced PDF model that includes differ-
ential diffusion and local dynamic model for mixing time-scale is
capable of capturing the small-scale ignition behavior.

5.4. Sensitivity of lift-off height to coflow temperature

Due to the importance of coflow temperature on the igni-
tion process, the lift-off height is highly sensitive to the coflow
boundary conditions. Previous experiments and simulations have
demonstrated that even 60-100K difference in coflow temperature
can triple the lift-off height [23,45]. To verify that the LES/PDF
calculations are able to reproduce this sensitivity, a number of

cases with different coflow temperatures were computed, and
the results are shown in Fig. 23. The simulations used models
corresponding to Case 2 and Case 3 with a jet velocity of 107 m/s.
The three sets of experimental data, obtained by Cabra et al. [10],
Wu et al. [45], and Gordon et al. [26], were measured at different
times with different thermocouples, and the differences between
the experimental data are within the expected error due to the
uncertainty in the temperature measurement which, at these
temperatures, is of the order of 30 K [10]. Figure 23 shows that
the flame is essentially attached to the burner when the coflow
temperature is larger than 1080 K. Lifted flames can be observed
as the temperature decreases from 1080 K. The lift-off height
strongly depends on the coflow temperature such that a slight
change in coflow temperature can result in a considerable increase
in the lift-off height. It is found that the present predictions are
generally consistent with the most recent results obtained by an
unsteady flamelet/progress variable (UFPV) approach within the
RANS framework [15]. It is noted that the coflow temperature in
Ref. [15] is increased to 1062 K to match the experimental data
measured by Cabra et al. [10], but in this work the lift-off height
H|[Dje; ~ 10 is accurately predicted by including the differential
diffusion effect (Case 3) at the coflow temperature of 1405 K
without any adjustment. In previous simulations [23,24,26,49,52],
in order to obtain the same lift-off height the coflow temperature
had to be reduced to about 1030 K. Comparisons between Cases
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2 and 3 shows that accounting for the differential diffusion de-
creases the lift-off height, which results in good agreement with
measurements by Gordon et al. [26]. This indicates that differential
diffusion has an effect on the lift-off height.

6. Conclusions

LES/PDF computations of autoignition in lifted turbulent flames
were performed. The PDF method was extended to account for
differential diffusion effect, while a dynamic scalar mixing time-
scale was used to describe small scale mixing. The ISAT algo-
rithm was applied to accelerate the chemistry calculations. The
autoignition-stabilized H, /N lifted turbulent flames in the vitiated
coflow burner were studied using the LES/PDF/ISAT approach. The
flame sensitivity to differential diffusion and scalar mixing time-
scale were thoroughly assessed. The following conclusions can be
drawn based on these studies:

« Compared to the standard IEM model in the PDF method, the
IEM model with differential diffusion and dynamic model for
scalar mixing time-scale provides better predictions of the ma-
jor species mass fractions, temperatures and lift-off heights of
the lifted turbulent flames.

» The predictions of temperatures, species mass fractions, and
lifted-off height are very sensitive to differential diffusion. It is
found that H, and H are two critical species that play a domi-
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nant role in this flame due to their high diffusivity and impor-
tance in the chain initiation and branching reactions.

Although the dynamic model for mixing time-scale removes the
need to specify the value of model constant in the I[EM model,
it only slightly improves the predictions than using the optimal
value of model constant. Nevertheless, the dynamic approach
is robust and cost-effective, since the optimal value can be de-
termined only based on multiple simulations and comparisons
with experimental data.

The presence of differential diffusion enhances autoignition
events near the base of the flame, which is the key mechanism
by which flame stabilization is achieved. However, the presence
of differential diffusion makes the flame narrower in physical
space, which is consistent with the experimental data as well.
This is mainly due to localized heat release that increase fluid
viscosity/diffusivity, which reduces turbulent fluctuations.

Given these results, this enhanced LES/PDF/ISAT approach is
seen as a promising tool for modeling similar flame configura-
tions where small-scale molecular transport, turbulent mixing, and
kinetics are all important. For instance, flames operating in the
MILD combustion regime, flames with local extinction and operat-
ing close to blowout will benefit from this modeling approach. To
further demonstrate the robustness of the enhanced LES/PDF/ISAT
approach, it is necessary to perform such comparisons with exper-
iments for a range of lifted flames, and this will be the focus of
future work.
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Appendix A. Consistency between LES and PDF mean density

Unlike the coupling algorithm proposed by Popov et al. [71],
there is no relaxation term in the present scalar transport equation
that is used to calculate density. The consistency between LES and
PDF mean fields obtained by using present coupling algorithm has
been validated in [43,62]. To verify the performance of the present
coupling algorithm, radial profiles of mean density at different ax-
ial locations for Case 3 are plotted in Fig. A.24. It is seen that the
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Fig. A.24. Radial profiles of mean density at different axial locations for Case 3. solid lines: LES calculations; dashed lines: PDF calculations.
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Fig. B.25. Time-averaged radial profiles mixture fraction (top), temperature (middle), and mass fraction of OH (bottom) computed using three different grids for Case 3.
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Fig. C.26. Radial profiles of time-averaged temperature and mass fraction of H, at different axial locations for Case 1.

density calculations from LES and PDF are in good agreement. The
slight discrepancy is due to the different numerical errors involved
in the LES and PDF implementations. The numerical consistency of
the density from LES and PDF makes the present two-way coupling
algorithm acceptable for the particular lifted flame.

Appendix B. Effect of grid resolution

In order to understand the role of spatial resolution on
these results, the effect of filter width on the profiles is pre-

sented here. Note that a change in grid spacing effectively al-
ters the relative importance of sub-filter and resolved scales.
More importantly, at relatively coarse scales, the influence of
numerical errors increases, leading to a corruption of the re-
solved fields [74-76]. Further, strong velocity and scalar gradi-
ents are inadequately resolved. Hence, a minimum grid reso-
lution is needed to ensure that such numerical effects do not
dominate the simulation results. Figure B.25 shows the time-
averaged statistics at four axial locations x/D = 8, 10, 11, and 14 for
Case 3.
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Fig. C.27. Radial profiles of time-averaged C;1 (which is dynamically-determined Cg) at different axial locations for Case 2.

Three sets of grids are considered in the simulations, of sizes
Ny x Ny x Ny =120 x 72 x 32, 192 x 108 x 32, and 320 x 180 x
32 in axial, radial, and azimuthal directions, respectively. It is seen
that the results from the baseline (192 x 108 x 32) and finest (320
x 180 x 32) grids are in good agreement with experimental data,
especially for scalar fields. In contrast, the results from the coarse
grid (120 x 72 x 32) are significantly different from the experi-
mental results. This comparison demonstrates that the results ob-
tained with the baseline grid are accurate enough (numerically) to
analyze the effect of differential diffusion.

Appendix C. Effect of Cy

To evaluate the sensitivity of the predictions to the values of Cg,
the radial profiles of time-averaged temperature and mass fraction
of H, at different axial locations for Case 1 are shown in Fig. C.26.
It is seen that the value of the mixing constant Cy has a rela-
tively small effect on the predictions. For the particular flame that
is largely chemically controlled, the computed results obtained us-
ing different values of Cj, are almost identical. There is minimal
change once Cy > 10. We use this as the choice for optimal value
for the coefficient.

To assess the effect of dynamically-determined Cy (i.e., CZ‘1), we
first examine the radial profiles of time-averaged sz] at different
axial locations for Case 2 in Fig. C.27. It is seen that the value of
(o T deviates evidently from 2 which is typically adopted in the
modeling of conditional mixing term in Eq. (7). Figure C.27 shows
that in the near field at x/Dj,; = 1, the variation of the value of
G T with radial location is evident inside the mixing layer between

central jet and coflow stream. At progressive downstream locations
(X/Djer = 1, 8, 14, 26), the value of C21 becomes closer to the opti-
mal value of 10 inside the mixing layer, and it tends to 20 outside
of the mixing layer. CZ‘1 reaches the maximum value in the laminar
flow region outside of the mixing layer. It is expected that using
the dynamically-determined C4 can not only remove the need to
specify the value of model constant but also more accurately and
cost-effectively represent the mixing time-scales of reactive scalars.
Nevertheless, Figs. 5 and 6 show that accounting for the dynamic
mixing time-scale model only slightly improves computed results
in the present study. This can be attributed to the observation that
large values of C, T are located outside the mixing layer where the
RMS mixture fraction is zero.

Appendix D. Results at x/Dje; = 26

Radial profiles of time-averaged and RMS mixture fraction, tem-
perature, and mass fractions of H, and OH at x/Dj, =26 are il-
lustrated in Fig. D.28. It is seen that the computed and measured
mean and RMS profiles are in good overall agreement for Case
3. Similar to results at x/Dje; = 8, 10, 11, 14, the mixture fraction
profiles are insensitive to the differential diffusion, since in the
present study we assume that the mixture fraction is a conserved
scalar and that the source term due to differential diffusion in the
transport equation of mixture fraction is neglected. The mean tem-
perature and mass fraction of OH for Case 2 are underpredicted
in the mixing-region between central jet and coflow stream. This
underprediction is due to that fact that differential diffusion can-
not be adequately presented by the conventional IEM model for
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Fig. D.28. Radial profiles of mean and RMS fluctuations of mixture fraction, temperature, and mass fractions of H, and OH at x/Dj,, = 26 for Cases 2, 3 and 4.

Case 2. On the other side, Case 3 yields considerably improved
predictions, especially in the shear layer between coflow and jet
stream. Similar to Case 2, the mean temperature of Case 4 is also
underpredicted, which demonstrates that H and H, are two criti-
cal radicals that play an important role in differential diffusion ef-
fect. The higher mean values of H, predicted for Case 2 are consis-
tent with the discrepancies in the prediction of mean temperature.
While mean predictions are in very good agreement with exper-
imental data, slight overpredicitions of RMS temperature and H,
are observed. Since the grid used here is stretched in the axial di-
rection, the filter width increases with downstream distance. This
slightly degrades the accuracy of the models as well as the numer-
ical schemes.

The above comparison analysis shows that the effect of differ-
ential diffusion is not negligible and that accounting for molecular
transport can significantly improve the predictions of mixture frac-
tion, temperature, and species mass fractions. Moreover, it is found
that H and H, are responsible for the differences in predictions of
Cases 3 and 4.

References

[1] N. Peters, Turbulent combustion, Cambridge University Press, Cambridge, 2000.

[2] CK. Law, Combustion physics, Cambridge University Press, Cambridge, 2006.

[3] T. Poinsot, D. Veynante, Theoretical and numerical combustion, Edwards,
Philadelphia, 2005.

[4] A. Lifian, M. Vera, S.L. Antonio, Ignition, liftoff, and extinction of gaseous dif-
fusion flames, Annu. Rev. Fluid Mech. 47 (2015) 293-314.

[5] Y. Mizobuchi, S. Tachibana, J. Shinio, S. Ogawa, T. Takeno, A numerical analysis
of the structure of a turbulent hydrogen jet lifted flame, Proc. Combust. Inst.
29 (2002) 2009-2015.

[6] Y. Mizobuchi, ]. Shinjo, S. Ogawa, T. Takeno, A numerical study on the forma-
tion of diffusion flame islands in a turbulent hydrogen jet lifted flame, Proc.
Combust. Inst. 30 (2005) 611-619.

[7] CS. Yoo, E.S. Richardson, R. Sankaran, J.H. Chen, A DNS study on the stabi-
lization mechanism of a turbulent lifted ethylene jet flame in highly-heated
coflow, Proc. Combust. Inst. 33 (2011) 1619-1627.

[8] C.S. Yoo, R. Sankaran, J.H. Chen, Three-dimensional direct numerical simulation
of a turbulent lifted hydrogen jet flame in heated coflow: flame stabilization
and structure, J. Fluid Mech. 640 (2009) 453-481.

[9] S. Deng, P. Zhao, M.E. Mueller, CK. Law, Autoignition-affected stabilization
of laminar nonpremixed DME/air coflow flames, Combust. Flame 162 (2015)
3437-3445.

[10] R. Cabra, T. Myhrvold, J.Y. Chen, R.W. Dibble, A.N. Karpetis, R.S. Barlow, Simul-
taneous laser raman-rayleigh-lif measurements and numerical modeling re-
sults of a lifted turbulent H,/N, jet flame in a vitiated coflow, Proc. Combust.
Inst. 29 (2002) 1881-1888.

[11] R. Cabra, J.Y. Chen, R.W. Dibble, A.N. Karpetis, R.S. Barlow, Lifted methane-air
jet flames in a vitiated coflow, Combust. Flame 143 (2005) 491-506.

[12] C.N. Markides, E. Mastorakos, An experimental study of hydrogen autoignition
in a turbulent co-flow of heated air, Proc. Combust. Inst. 30 (2005) 883-891.

[13] H. Pitsch, Large-eddy simulation of turbulent combustion, Annu. Rev. Fluid
Mech. 38 (2006) 453-482.

[14] M. Thme, Y.C. See, Prediction of autoignition in a lifted methane/air flame us-
ing an unsteady flamelet/progress variable model, Combust. Flame 157 (2010)
1850-1862.

[15] B. Naud, R. Novella, J.M. Pastor, J.E. Winklinger, RANS modelling of a lifted
H,/N, flame using an unsteady flamelet progress variable approach with pre-
sumed PDF, Combust. Flame 162 (2015) 893-906.

[16] S.B. Pope, PDF methods for turbulent reactive flows, Prog. Energy Combust. Sci.
11 (1985) 119-192.

[17] D.C. Haworth, Progress in probability density function methods for turbulent
reacting flows, Prog. Energy Combust. Sci. 36 (2010) 168-259.

[18] S.B. Pope, Small scales, many species and the manifold challenges of turbulent
combustion, Proc. Combust. Inst. 34 (2013) 1-31.

[19] Y. Yang, H. Wang, S.B. Pope, ].H. Chen, Large-eddy simulation/probability den-
sity function modeling of a non-premixed CO/H, temporally evolving jet flame,
Proc. Combust. Inst. 34 (2013) 1241-1249.

[20] H. Wang, M. Juddoo, S.H. Starner, A.R. Masri, S.B. Pope, A novel transient tur-
bulent jet flame for studying turbulent combustion, Proc. Combust. Inst. 34
(2013) 1251-1259.

[21] H. Wang, K. Kim, Effect of molecular transport on PDF modeling of turbulent
non-premixed flames, Proc. Combust. Inst. 35 (2015) 1137-1145.

[22] A.R. Masri, R. Cao, S.B. Pope, G.M. Goldin, PDF calculations of turbulent lifted
flames of H,/N, fuel issuing into a vitiated co-flow, Combust. Theor. Model. 8
(2004) 1-22.

[23] R. Cao, S.B. Pope, A.R. Masri, Turbulent lifted flames in a vitiated coflow inves-
tigated using joint PDF calculations, Combust. Flame 142 (2005) 438-453.

[24] W.P. Jones, S. Navarro-Martinez, Large eddy simulation of autoignition with
a subgrid probability density function method, Combust. Flame 150 (2007)
170-187.

[25] R.L. Gordon, A.R. Masri, S.B. Pope, G.M. Goldin, Transport budgets in turbulent
lifted flames of methane autoigniting in a vitiated co-flow, Combust. Flame 151
(2007a) 495-511.

[26] R.L. Gordon, A.R. Masri, S.B. Pope, G.M. Goldin, A numerical study of auto-igni-
tion in turbulent lifted flames issuing into a vitiated co-flow, Combust. Theor.
Model. 11 (2007b) 351-376.

[27] Y. Yang, S.B. Pope, ].H. Chen, An LES/PDF study of a turbulent lifted ethylene jet
flame in a heated coflow, 8th U.S. National Combustion Meeting 2013 2 (2013)
913-920.

[28] C. Heye, V. Raman, A.R. Masri, Influence of spray/combustion interactions
on auto-ignition of methanol spray flames, Proc. Combust. Inst. 35 (2015)
1639-1648.

[29] E.S. Richardson, J.H. Chen, Application of PDF mixing models to premixed
flames with differential diffusion, Combust. Flame 159 (2012) 2398-2414.

[30] E. Hawkes, A. Krisman, Modelling of DNS cases, 12th international workshop
on measurement and computation of turbulent flames, 2014, pp. 346-349.

[31] J.D. Regele, E. Knudsen, H. Pitsch, G. Blanquart, A two-equation model for
non-unity lewis number differential diffusion in lean premixed laminar flames,
Combust. Flame 160 (2013) 240-250.


http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0001
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0001
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0002
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0002
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0003
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0003
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0003
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0004
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0004
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0004
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0004
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0005
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0005
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0005
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0005
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0005
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0005
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0006
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0006
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0006
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0006
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0006
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0007
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0007
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0007
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0007
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0007
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0008
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0008
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0008
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0008
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0009
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0009
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0009
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0009
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0009
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0010
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0010
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0010
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0010
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0010
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0010
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0010
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0011
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0011
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0011
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0011
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0011
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0011
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0012
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0012
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0012
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0013
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0013
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0014
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0014
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0014
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0015
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0015
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0015
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0015
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0015
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0016
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0016
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0017
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0017
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0018
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0018
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0019
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0019
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0019
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0019
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0019
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0020
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0020
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0020
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0020
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0020
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0020
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0021
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0021
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0021
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0022
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0022
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0022
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0022
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0022
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0023
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0023
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0023
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0023
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0024
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0024
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0024
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0025
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0025
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0025
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0025
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0025
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0026
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0026
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0026
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0026
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0026
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0027
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0027
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0027
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0027
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0028
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0028
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0028
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0028
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0029
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0029
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0029
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0030
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0030
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0030
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0031
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0031
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0031
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0031
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0031

86 W. Han et al./Combustion and Flame 171 (2016) 69-86

[32] S.B. Pope, Turbulent flows, Cambridge University Press, Cambridge, 2000.

[33] R.O. Fox, Computational models for turbulent reacting flows, Cambridge Uni-
versity Press, Cambridge, 2003.

[34] K.A. Kemenov, H. Wang, S.B. Pope, Modelling effects of subgrid-scale mixture
fraction variance in LES of a piloted diffusion flame, Combust. Theor. Model.
16 (2012) 611-638.

[35] H. Pitsch, Unsteady flamelet modeling of differential diffusion in turbulent jet
diffusion flames, Combust. Flame 123 (2000) 358-374.

[36] R. McDermott, S.B. Pope, A particle formulation for treating differential dif-
fusion in filtered density function methods, J. Comput. Phys. 226 (2007)
947-993.

[37] AJ. Aspden, M.S. Day, ].B. Bell, Lewis number effects in distributed flames,
Proc. Combust. Inst. 33 (2011) 1473-1480.

[38] B. Savard, G. Blanquart, Broken reaction zone and differential diffusion ef-
fects in high Karlovitz n-C;H;s premixed turbulent flames, Combust. Flame 162
(2015) 2020-2033.

[39] S. Lapointe, B. Savard, G. Blanquart, Differential diffusion effects, distributed
burning, and local extinctions in high Karlovitz premixed flames, Combust.
Flame 162 (2015) 3341-3355.

[40] D. Frederick, J.Y. Chen, Effects of differential diffusion on predicted autoignition
delay times inspired by H,/N, jet flames in a vitiated coflow using the linear
eddy model, Flow Turbul. Combust. 93 (2014) 283-304.

[41] C. Celis, L. Figueira da Silva, Lagrangian mixing models for turbulent combus-
tion: review and prospects, Flow Turbul. Combust. 94 (2015) 643-689.

[42] S.B. Pope, Ten questions concerning the large-eddy simulation of turbulent
flows, New J. Phys. 6 (2004) p.35.

[43] V. Raman, H. Pitsch, R.O. Fox, Hybrid large-eddy simulation/lagrangian fil-
tered-density-function approach for simulating turbulent combustion, Com-
bust. Flame 143 (2005) 56-78.

[44] H. Wang, Consistent flamelet modeling of differential molecular diffusion for
turbulent non-premixed flames, Phys. Fluids 28 (2016) 035102.

[45] Z. Wu, A.R. Masri, RW. Bilger, An experimental investigation of the turbulence
structure of a lifted H,/N, jet flame in a vitiated co-flow, Flow Turbul. Com-
bust. 76 (2006) 61-81.

[46] H. Wang, S.B. Pope, Lagrangian investigation of local extinction, re-ignition and
auto-ignition in turbulent flames, Combust. Theor. Model. 12 (2008) 857-882.

[47] Z. Ren, S.B. Pope, Sensitivity calculations in PDF modelling of turbulent flames,
Proc. Combust. Inst. 32 (2009) 1629-1637.

[48] K. Gkagkas, R.P. Lindstedt, The impact of reduced chemistry on auto-ignition
of H, in turbulent flows, Combust. Theor. Model. 13 (2009) 607-643.

[49] ]. Lee, Y. Kim, DQMOM based PDF transport modeling for turbulent lifted ni-
trogen-diluted hydrogen jet flame with autoignition, Int. J. Hydrogen Energy
37 (2012) 18498-18508.

[50] S.M. Najafizadeh, M.T Sadeghi, R. Sotudeh-Gharebagh, D. Roekaerts, Chemical
structure of autoignition in a turbulent lifted H,/N; jet flame issuing into a
vitiated coflow, Combust. Flame 160 (2013a) 2928-2940.

[51] S.M. Najafizadeh, M.T. Sadeghi, R. Sotudeh-Gharebagh, Analysis of autoignition
of a turbulent lifted H,/N, jet flame issuing into a vitiated coflow, Int. . Hy-
drogen Energy 38 (2013b) 2510-2522.

[52] S.S. Patwardhan, S. De, K.N. Lakshmisha, B.N. Raghunandan, CMC simulations
of lifted turbulent jet flame in a vitiated coflow, Proc. Combust. Inst. 32 (2009)
1705-1712.

[53] C. Duwig, L. Fuchs, Large eddy simulation of a H,/N, lifted flame in a vitiated
co-flow, Combust. Sci. Technol. 180 (2008) 453-480.

[54] S. Navarro-Martinez, A. Kronenburg, Flame stabilization mechanisms in lifted
flames, Flow Turbul. Combust. 87 (2011) 377-406.

[55] I Stankovi¢, B. Merci, LES-CMC simulations of a turbulent lifted hydrogen
flame in vitiated co-flow, Therm. Sci. 17 (2013) 763-772.

[56] K. Luo, H. Wang, F. Yi, ]. Fan, Direct numerical simulation study of an experi-
mental lifted H,/N, flame. Part 1: validation and flame structure, Energy Fuel
26 (2012) 6118-6127.

[57] S.B. Pope, Computationally efficient implementation of combustion chemistry
using in situ adaptive tabulation, Combust. Theor. Model. 1 (1997) 41-63.

[58] C.D. Pierce, P. Moin, Progress-variable approach for large-eddy simulation of
non-premixed turbulent combustion, J. Fluid Mech. 504 (2004) 73-97.

[59] P. Moin, K. Squires, W. Cabot, S. Lee, A dynamic subgrid-scale model for com-
pressible turbulence and scalar transport, Phys. Fluids 3 (1991) 2746-2757.

[60] O. Desjardins, V. Moureau, H. Pitsch, High order conservative finite difference
scheme for variable density low mach number turbulent flows, J. Comput.
Phys. 227 (2008) 7125-7159.

[61] C.D. Pierce, Progress-variable approach for large-eddy simulation of turbulent
combustion, Stanford University, 2001 Ph.D. thesis.

[62] V. Raman, H. Pitsch, A consistent LES/filtered-density function formulation for
the simulation of turbulent flames with detailed chemistry, Proc. Combust.
Inst. 31 (2007) 1711-1719.

[63] PJ. Colucci, FA. Jaberi, P. Givi, S.B. Pope, Filtered density function for large eddy
simulation of turbulent reacting flows, Phys. Fluids 10 (2) (1998) 499.

[64] F.A. Jaberi, PJ. Colucci, S. James, P. Givi, S.B. Pope, Filtered mass density func-
tion for large-eddy simulation of turbulent reacting flows, J. Fluid Mech. 401
(1999) 85-121.

[65] J. Villermaux, L. Falk, A generalized mixing model for initial contacting of re-
active fluids, Chem. Eng. Sci. 49 (1994) 5127-5140.

[66] RJ. Kee, G. Dixon-Lewis, ]. Warnatz, M.E. Coltrin, J.A. Miller, A fortran computer
code package for the evaluation of gas-phase multicomponent transport prop-
erties, Technical Report, SAND86-8246, Sandia National Laboratories, 1986.

[67] H. Wang, S.B. Pope, Large eddy simulation/probability density function model-
ing of a turbulent jet flame, Proc. Combust. Inst. 33 (2011) 1319-1330.

[68] M. Muradoglu, P. Jenny, S.B. Pope, D.A. Caughey, A consistent hybrid finite-vol-
ume/particle method for the PDF equations of turbulent reactive flows, J. Com-
put. Phys. 154 (1999) 342-371.

[69] M. Herrmann, G. Blanquart, V. Raman, Flux corrected finite volume scheme for
preserving scalar boundedness in reacting large-eddy simulations, AIAA ]. 44
(2006) 2879-2886.

[70] J. Li, Z. Zhao, A. Kazakov, EL. Dryer, An updated comprehensive kinetic model
of hydrogen combustion, Int. J. Chem. Kinet. 36 (2004) 566-575.

[71] P.P. Popov, H. Wang, S.B. Pope, Specific volume coupling and convergence prop-
erties in hybrid particle/finite volume algorithms for turbulent reactive flows,
J. Comput. Phys. 294 (2015) 110-126.

[72] E. Mastorakos, Ignition of turbulent non-premixed flames, Prog. Energy Com-
bust. Sci. 35 (2009) 57-97.

[73] RJ. Kee, EM. Rupley, E. Meeks, ]J.A. Miller, CHEMKIN-III: A fortran chemical
kinetic package for the analysis of gas-phase chemical and plasma kinetics,
Technical Report SAND96-8216, Sandia National Laboratories, 1996.

[74] C.M. Kaul, V. Raman, G. Balarac, H. Pitsch, Numerical errors in the computation
of subfilter scalar variance in large eddy simulations, Phys. Fluids 21 (2009)
055102.

[75] CM. Kaul, V. Raman, A posteriori analysis of numerical errors in subfilter
scalar variance modeling for large eddy simulation, Phys. Fluids 23 (2011)
035102.

[76] C.M. Kaul, V. Raman, Analysis of a dynamic model for subfilter scalar dissipa-
tion rate in large eddy simulation based on the subfilter scalar variance trans-
port equation, Combust. Theor. Model. 17 (2013) 804-834.


http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0032
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0032
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0033
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0033
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0034
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0034
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0034
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0034
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0035
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0035
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0036
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0036
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0036
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0037
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0037
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0037
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0037
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0038
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0038
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0038
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0039
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0039
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0039
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0039
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0040
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0040
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0040
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0041
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0041
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0041
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0042
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0042
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0043
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0043
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0043
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0043
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0044
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0044
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0045
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0045
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0045
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0045
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0046
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0046
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0046
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0047
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0047
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0047
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0048
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0048
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0048
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0049
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0049
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0049
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0050
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0050
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0050
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0050
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0050
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0051
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0051
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0051
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0051
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0052
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0052
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0052
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0052
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0052
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0053
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0053
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0053
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0054
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0054
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0054
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0055
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0055
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0055
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0056
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0056
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0056
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0056
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0056
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0057
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0057
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0058
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0058
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0058
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0059
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0059
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0059
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0059
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0059
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0060
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0060
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0060
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0060
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0061
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0061
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0062
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0062
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0062
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0063
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0063
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0063
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0063
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0063
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0064
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0064
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0064
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0064
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0064
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0064
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0065
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0065
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0065
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0066
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0066
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0066
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0066
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0066
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0066
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0067
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0067
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0067
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0068
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0068
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0068
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0068
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0068
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0069
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0069
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0069
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0069
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0070
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0070
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0070
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0070
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0070
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0071
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0071
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0071
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0071
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0072
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0072
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0073
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0073
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0073
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0073
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0073
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0074
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0074
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0074
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0074
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0074
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0075
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0075
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0075
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0076
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0076
http://refhub.elsevier.com/S0010-2180(16)30119-5/sbref0076

	LES/PDF modeling of autoignition in a lifted turbulent flame: Analysis of flame sensitivity to differential diffusion and scalar mixing time-scale
	1 Introduction
	2 LES/PDF approach
	2.1 Low-Mach number LES solver
	2.2 Lagrangian PDF approach
	2.2.1 Conventional IEM model
	2.2.2 IEM model with differential diffusion
	2.2.3 Local dynamic model for mixing time-scale

	2.3 Two-way coupling algorithm

	3 Flow configuration
	4 Simulation details
	5 Results and discussion
	5.1 Instantaneous results
	5.2 Time-averaged statistics
	5.3 Conditional statistics
	5.4 Sensitivity of lift-off height to coflow temperature

	6 Conclusions
	 Acknowledgments
	Appendix A Consistency between LES and PDF mean density
	Appendix B Effect of grid resolution
	Appendix C Effect of C
	Appendix D Results at 
	 References


