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In this work, we perform numerical studies of the unsteady response of laminar diffusion flamelets relevant to the

near field (x=d < 30) of high-Reynolds-number gaseous-fuel jets that are injected into high-pressure and high-

temperature chambers.A large-eddy simulation database of a 70,000-Reynolds-number variable-density round jet is

employed to compute turbulent time histories of the scalar dissipation rate in the near field. With this information,

studies of diffusion flamelets subjected to scalar dissipation rate fluctuations are performed in which the unsteady

flamelet equations are solvedwith the assumption of unity speciesLewis number. The commonly employed diesel fuel

surrogate n-heptane is chosen as the fuel, and its oxidation chemistry is modeled by a kinetic mechanism

incorporating 159 species among 1540 reaction steps. Results show that in the simulated near field of the 70,000-

Reynolds-number jet, transient temporary flame-weakening events followed by flame recovery are probable.

Although theflame temperature,major species, andpollutants suchas unburnedhydrocarbons showa relatively fast

response and good agreement with steady flamelet predictions, the pollutant, nitric oxide, respondswith a significant

phase lag, rendering steady flamelets inadequate. The analysis is extrapolated to higher-Reynolds-number jets with

higher-intensity scalar dissipation rate fluctuations, in which transient flame-extinction/reignition events are

observed. The applicability of steady flamelets to predict temperature and species responses during extinction/

reignition is assessed, and the implications of extinction/reignition events for jet near-field phenomena, such as flame

liftoff, are explored.

Nomenclature

c = progress variable
h = specific sensible enthalpy of the mixture
h0k = standard enthalpy of formation of species k
p = pressure
T = temperature
_wk = chemical production/destruction rate of species k
Yk = mass fraction of the kth species
Z = mixture fraction
� = mass density of the mixture
� = instantaneous scalar dissipation rate
�e = steady extinction limit for a laminar diffusion flamelet
�st = conditional-mean scalar dissipation rate conditioned on

the stoichiometric mixture fraction

I. Introduction

T URBULENT jet flames are inherently unsteady and are char-
acterized by spatiotemporal fluctuations of quantities, such as

the flame temperature, species concentrations, and mixing and
reaction rates. Fluctuations arising from turbulence–chemistry
interactions [1,2] may be particularly significant in the near field of
jet flames, in which they can influence phenomena such as flame
liftoff [1]. For instance, in the case of diesel jet flames, recent
experiments [3,4] have shown that liftoff not only controls flame
stabilization, but also the formation of pollutants such as soot
through fuel–air premixing in the near field. Conventional modeling
approaches employing Reynolds-averaged Navier–Stokes (RANS)-
based closures, such as steady flamelet models [5] and perfectly

stirred reactors [6], have been successful in the prediction of steady
flame liftoff over a limited range of conditions. These models,
however, are not able to predict transient variations in the liftoff
height [7]; this limitation may arise from the neglect of effects due to
flow unsteadiness on the local and transient flame structure. Hence, it
is important to assess the applicability of commonly employed
closures, such as steady flamelets, in the jet near field and to assess
the potential impact of unsteady effects on jet near-field phenomena,
such as flame liftoff.

In the near field of the jet in which liftoff occurs, turbulence–
chemistry interactions can influence a variety of processes, such as
autoignition [1,8], partially premixed flame propagation [1,9], and
local extinction/reignition [1,9]. For instance, consider one possible
conceptual picture of the instantaneous flowfield of a lifted-jet
diffusion flame, shown in Fig. 1. As shown in the figure, autoignition
kernels that originate downstream in the jet may propagate upstream
and undergo local extinction/reignition at the base of the lifted-jet
flame. Although unsteady effects on all of these contributing phe-
nomena such as autoignition, flame propagation, and extinction/
reignition are important, we focus on extinction/reignition in this
work. Consistent with the laminar flamelet concept for turbulent jet
flames [1], we investigate the unsteady response of laminar diffusion
flamelets subject to fluctuations of the scalar dissipation rate.

The approach adopted in this work is as follows. Turbulent time
records of the scalar dissipation rate are obtained from the analysis of
the near field of a nonreacting, 70,000-Reynolds-number, variable-
density, round gaseous-fuel jet computedwith large-eddy simulation
(LES). With this information, the unsteady response of flamelets
(i.e., flame temperature, major species, and pollutants computedwith
the flamelet assumption) are investigated and the applicability of
steady flamelet libraries is assessed. The analysis is extrapolated
to jets with higher global strain rates, in which local extinction/
reignition events may be observed, and the potential impact of
extinction/reignition events on flame liftoff is discussed.

Note that neglecting the effects of combustion heat release on the
predicted scalar dissipation rates in the LES is an important
simplification in our approach. There are only few studies in the
literature focusing on the effects of heat release on passive scalar
statistics and scalar dissipation rates. For instance, recent direct
numerical simulation (DNS) studies of Pantano et al. [10] in reacting
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mixing layers show that turbulent kinetic energies and turbulent
dissipation rates, as well as scalar variances and dissipation rates,
show a moderate sensitivity to heat release. The authors found that
whereas the peak values of the scalar dissipation rate in reacting
mixing layers decrease by up to 30% relative to nonreacting mixing
layers, reacting mixing layers with different levels of heat release
show minor differences. On the other hand, recent LES studies and
experiments of Geyer et al. [11] in turbulent opposed-flow jets show
that combustion heat release increases scalar dissipation rate
magnitudes due to increased diffusivities. Although the effects of
heat release on scalar statistics in high-Reynolds-number jets are not
known to our best knowledge, it is likely that �st amplitudes in the
generated flamelet histories would be affected. However, the DNS of
Pantano et al. [10] in reacting shear layers and the LES studies of
Pitsch and Steiner [12] in reacting jets show that probability density
functions (PDFs) of conditional-mean scalar dissipation rates (i.e.,
�st) show lognormality, just as in the case of nonreacting jets. Hence,
it is expected that the nature of fluctuations of �st computed in
the present case for the near field of a nonreacting jet is fairly
representative of the fluctuations in the presence of heat release and
reaction zones, even though magnitudes encountered are likely to
differ. In addition, with respect to jet near-field phenomena, such as
flame liftoff, it is well known that theories entirely based on the large-
scale mixing behavior of isothermal jets [13,14] have met with
reasonable success in qualitatively and quantitatively predicting
experimental trends [14].

It is realized that an alternative to account for combustion heat
release effects on scalar dissipation rates is to carry out LES with
relatively simple models, such as steady flamelets or equilibrium
chemistry models. However, such simple models are likely to yield
erroneous effects of heat release on the mixing field, which may
further affect the conclusions drawn from this work. Moreover, the
present nonreacting LES jet is amenable to validation through
comparisons with readily available data on passive scalar statistics in
self-similar jets [15–18]. The absence of such measured data for
validation in the case of reacting jets would further increase the
numerical uncertainties in the analysis. Nevertheless, the influence of
heat release on scalar dissipation rates in the near field of high-
Reynolds-number jets has to be clarified in future experimental and
computational investigations.

Comprehensive reviews of LES of nonreacting and reacting flows
may be found in several publications [19–21]. Recent studies have
focused on velocity field statistics in nonreacting high-Reynolds-
number jets [22,23] and passive scalar statistics in nonreacting low-
Reynolds-number jets [24]. The LES studies of high-Reynolds-
number variable-density jets, typical of diesel engine applications,
are limited in the literature. In the present work, we employ the LES
formulation recently employed by Anders et al. [25] to compute
passive scalar statistics and turbulent time histories of scalar
dissipation rates in the near field (x=d < 30) of a 70,000-Reynolds-
number jet with an injected-to-ambient gas density ratio of 3.5. Next,
we will briefly discuss previous works in the literature that focus on
the unsteady response of diffusion flames.

The effect of flow unsteadiness on the structure of counterflow
diffusion flames has received considerable attention in the last two

decades [26–30]. These studies have been carried out by imposing
oscillatory strain rates on the flames. Two major conclusions from
these studies are as follows:

1) At high frequencies of the imposed perturbation, the flame
becomes relatively insensitive due to increased phase lag.

2) This insensitivity may lead to extinction strain rates higher than
steady limits.

Egolfopoulos and Campbell [26] performed numerical inves-
tigations of counterflow methane–air flames subject to velocity and
fuel mass-fraction oscillations at the nozzle exits. It was shown that
the phase lag associated with the flame response at high frequencies
results from the attenuation of the oscillations imposed in the outer
convective layer, by diffusion in the inner diffusive-reactive layer. In
other words, the unsteady response of diffusion flames is diffusion-
limited. In another numerical study involving counterflowmethane–
airflames, Im et al. [27] investigated the chemical response of species
including pollutants such as carbon monoxide (CO) and nitrogen
oxides (NOx) to oscillating strain rate under conditions far from
extinction. Their studies showed that owing to relatively slow
characteristic chemical time scales, the response of CO and NOx is
weak at high frequencies. Furthermore, the authors showed that
the scalar dissipation rate � is a more appropriate parameter to
characterize unsteady flames than the strain rate, because � accounts
for the diffusion-limited flame response. In this context, the present
study employs theflamelet formulation,where�directly appears as a
parameter incorporating the flow unsteadiness. Note that in addition
to the numerical works discussed previously, recent experiments
[28] on propane–air diffusion flames have also confirmed the
diffusion-limited frequency response of diffusion flames to strain
rate oscillations, resulting in an increased lag at high frequencies.

Oscillatory perturbation studies have also focused on unsteady
flame extinction. For instance, Im et al. [29] compared the unsteady
response of near-extinction flames and flames in the Burke–
Schumann limit (i.e., infinitely fast chemistry). Near-extinction
flames were shown to bemore sensitive to flow unsteadiness, and the
heat release rate response of these flames exhibited a phase lag to the
imposed strain rate oscillation. Unsteady extinction in counterflow
hydrogen–air flames in the presence of sinusoidal strain was studied
numerically and experimentally by Kistler et al. [30]. These studies
showed that for strongly burningflames (i.e.,flames initially far from
extinction), the unsteady extinction strain rates increasingly deviate
from steady values at relatively high frequencies, due to the delayed
response of the flames. In addition to oscillatory strain rate studies,
unsteady effects on diffusion flames have received attention through
studies of flame–vortex interactions [31–33]. In agreement with the
oscillatory perturbation studies, the flame–vortex interaction studies
[32,33] indicate that unsteady extinction limits may be higher than
steady values and that the unsteady limits are flow-dependent (i.e.,
increase with an increase in the vortex velocity scale).

Although the studies discussed previously employing oscillatory
or vortex-induced perturbations have provided useful insight into the
unsteady response of diffusion flames, they only include the effects
due to a specific amplitude and frequency (i.e., due to a single
turbulent eddy). In a turbulent jet flame, the flamelets would con-
tinuously interact with a spectrum of eddies (i.e., amplitudes and
frequencies), which may alter the unsteady flame response and the
probabilities of events such as local extinction. Hence, in this work,
we focus on themore realistic case of flamelets subjected to turbulent
fluctuations of the scalar dissipation rate�. Note that studies focusing
on the unsteady flame response to � fluctuations are limited in the
literature. Recent reacting LES studies of Pitsch [34] investigated the
role of locally resolved fluctuations of � to the predictions of the
mean flame structure of Sandia flame D [35]. Predictions from two
flamelet models, one accounting only for the conditionally averaged
� and the other accounting for locally resolved fluctuations of �,
were comparedwith experimental data. It was shown that accounting
for local fluctuations of � resulted in improved predictions,
particularly for intermediates such as CO andH2 and pollutants such
as NO. Though the unsteady responses of the flame temperature and
species were not investigated in detail, it was argued that modeling
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Fig. 1 Conceptual picture of the instantaneous flowfield of a lifted-jet

diffusion flame.
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unsteady effects on the turbulence–chemistry interactions resulted in
improved predictions.

In a turbulent jet flame, excursions of the instantaneous scalar
dissipation rate � greater than or equal to the steady extinction limit
�e [1,36] may lead to local extinction events. Following local
extinction, the extinguished flamelets may reignite through one or
more means, such as autoignition [37] or edge-flame dynamics
[33,37,38]. In recent years, reignition phenomena have received
attention through experimental works on vortex-perturbed flames
[39,40], and numerical works in reacting isotropic turbulence [37],
flame–vortex interactions [33,38,41], and jet flames [42,43]. The
studies of Sripakagorn et al. [37] in reacting isotropic turbulence and
those of Venugopal andAbraham [33,38] in vortex-perturbed flames
show that mechanisms such as edge-flame propagation are more
likely to cause reignition than autoignition when the excursions
of � above �e are large. In this work, the choice of the flamelet
formulation precludes the inclusion of edge-flame-related phe-
nomena, which are governed by curvature effects [33,38], so that the
reignition phenomena reported in this work occur only through
autoignition. Nevertheless, studies so far have not focused on the
unsteady response of the flame temperature, major species, and pol-
lutants during extinction/reignition events. In this context, our work
provides insight into unsteady extinction and reignition through
autoignition, which is one of the possible reignition scenarios in a
turbulent jet flame. Moreover, note that although previous works
have focused on simpler fuels such asmethane, we choose n-heptane
as the fuel, which is a commonly used surrogate for practical fuels
such as diesel. A more complex fuel such as n-heptane has a wider
range of chemical time scales that may interact with the flow
unsteadiness.

In the following section, we outline the specific objectives and
contributions of this work. Thereafter, the numerical formulation is
presented in Sec. III. Results and discussion follow in Sec. IV. The
paper closes with conclusions in Sec. V.

II. Objectives and Contributions

In this work, we are interested in the unsteady response of laminar
diffusion flamelets subjected to turbulent fluctuations of the scalar
dissipation rate�. These turbulentfluctuations of� are obtained from
the analysis of the near field of a 70,000-Reynolds-number variable-
density round gas jet computed using LES. The following questions
are addressed in the present work:

1) How do diffusion flamelets (specifically, the temperature and
species) respond to turbulent fluctuations of � representative of the
near field of variable-density high-Reynolds-number jets?

2) Are steady flamelets applicable for the predictions of the
temperature and species responses in unsteady flowfields?

3) What is the impact of extinction/reignition events on the
unsteady flame response, and the applicability of steady flamelets?

4) What are the implications of extinction/reignition events for
flame liftoff in high-Reynolds-number jets?

In our opinion, the preceding questions have not been addressed
adequately in the literature, but they are important for the under-
standing of localized flame dynamics in high-Reynolds-number jet
flames commonly encountered in applications, such as diesel engines
and gas turbines.We employ a higher hydrocarbon,n-heptane, as the
fuel to represent practical fuels such as diesel. Relatively high
pressures (40 bar) and high oxidizer temperatures (1000 K) are
employed. Part of the motivation for using high pressures and
temperatures is to capture reignition through autoignition following
extinction, which can be described within the framework of flamelet
modeling.

III. Numerical Formulation

A. LES

The Flow, Large-Eddy and Direct Simulation (FLEDS) code
[25,44,45] is employed for the LES of a 70,000-Reynolds-number
variable-density isothermal round gaseous-fuel jet. The FLEDS code
has been employed in previous DNS studies of nonreacting mixing

layers [44] and reacting jets [45], LES of nonreacting jets [25], and
studies offlame–vortex interactions [33,38]. A detailed discussion of
the LES formulation employed here, including the numerical
schemes, filter characteristics, subgrid-scale models, and inlet-
perturbation techniques, may be found in a recent publication by
Anders et al. [25]. Here, we will present only a brief summary.

Spatial discretization is achieved through the sixth-order compact
finite-difference scheme of Lele [46], and a compact-storage fourth-
order Runge–Kutta scheme [47] is employed for time integration. A
sixth-order tridiagonal filter [46] is implemented for spatial filtering.
Subsonic inflow and partially reflecting outflow characteristic
boundary conditions [48] extended for multicomponent gaseous
mixtures [25] are employed. To trigger transition to turbulence, the
vortex-ring perturbation technique of Bogey et al. [23] is used. In
addition, a numerical-sponge layer is implemented [49] to suppress
turbulent fluctuations and spurious pressure waves at the exit
boundary that could lead to numerical instabilities and contamination
of the physical jet flowfield. In the sponge layer, artificial damping
terms are added to gradually transition the flowfield to a smooth
target solution, which is chosen in the present case as the self-similar
solution for an incompressible round jet [50]. The compressible form
of the constant-coefficient Smagorinsky model [25] is employed for
subscale closure.

The center z–x plane of the 3-D numerical grid is shown in Fig. 2.
The physical region of the grid in which the jet flowfield of interest is
simulated extends up to 25 jet diameters in the axial direction.
Beyond this distance, a sponge region is implemented with
exponential grid stretching and artificial damping. The 3-D grid
comprises 401 �axial� � 113 � 113 grid points,which leads to a total
of about 5.1 million points. The simulated jet exit Reynolds number
is about 70,000 and the exit diameter d is 1 mm. As indicated in
Fig. 2, the physical part of the domain has 351 points in the axial
direction. This results in a uniform resolution of about 71 �m, which
is about 0:07d. The grid is stretched exponentially beyond 25d to
form a buffer zone in which the maximum resolution increases to
about 0:8d. In the transverse y and z directions, the grid is stretched
from the center to the boundaries. The resolution varies from about
0:026d to about0:44d. This places about 26 cells in the nozzle radius.
The simulated near-field region of the jet, the jet exit Reynolds
number, and the numerical resolution employed here are comparable
with those in the LES studies of Uzun [49] and Anders [51].

The simulated pressure is 40 bar and the temperatures of the
injected n-heptane vapor fuel and ambient gases are 1000 K. In the
context of practical combustors, such as diesel engines, the choice
of 1000 K for the air temperature is a realistic one, because the
compression temperature in a diesel engine is typically about 1000K
[7]. However, note that injected fuel temperatures are generally
lower (�400 K). Even though the near-stoichiometric regions in
which the flame is located would have temperatures close to the air
temperature (i.e., 1000 K) before combustion, regions close to the
injector and near the jet centerline would have lower temperatures in
a diesel jet. In the present case involving LES of a nonreacting jet, the
choice of a higher fuel temperature (1000 K) leads to a lower
injected-to-ambient gas density ratio of about 3.5, compared against
a density ratio of about 8 with 400 K n-heptane temperature.
However, it is expected that trends observed with respect to the
computed turbulent statistics will be representative of diesel con-
ditions, because density-ratio effects are known to show scaling
behavior [52]. In the case of the flamelet calculations, the fuel
temperature will influence chemical time scales, and we will
comment on the implications of choosing a higher fuel temperature
in Sec. IV.B.

For a jet diameter d of 1 mm, the jet exit Reynolds number of
70,000 corresponds to an injection velocity Uj of 42:5 m=s. This
injection velocity is significantly lower than inmodern diesel engines
(�400 m=s), but the Reynolds number is comparable, due to the
relatively large value ofd. The ambient gas in the chamber consists of
diluted air with 15% O2 and 85% N2, to simulate the presence of
residual product gases in a diesel chamber. A relatively small coflow
velocityUcf of 0:425 m=s (�0:01Uj) is imparted to the ambient gas.
The inclusion of Ucf is merely to decrease velocity gradients in the
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flowfield, and experimental data [53] indicate that for Ucf=Uj<
0:08, the coflow velocity of the ambient fluid has negligible effects
on the spreading characteristics of the jet. Themaximum initialMach
number in the domain is about 0.15.

In this work, we are primarily interested in the statistically
stationary jet structure. The flowfield is initialized with the steady
self-similar solution of an incompressible turbulent round jet [50].
Then perturbations are introduced using the vortex-ring perturbation
technique [23,25] close to the inlet (x� 0:8d) to trigger transition to
an instantaneous turbulent flowfield corresponding to the conditions
being simulated. Figure 3 shows the initial contours of filtered

mixture fraction ~Z in the simulated physical region of the jet, which is
identical to thefiltered fuelmass fraction for the nonreacting jet. Note
that an initial shear-layer thickness � about 30% of the orifice
diameter d is employed [25]. Note in Fig. 2 that an initial guess of
about 6d is used for the axial length of the potential core (i.e., the

region of uniform ~Z), beyond which the self-similar profile [50] is
imposed. Effects due to the initial potential core length, the initial
self-similar profile, and the initial discontinuity in the transition
region (see Fig. 2) disappear within one flow time (�xdomain=
Uj � 0:6 ms) and have no bearing on the statistically stationary
structure of the jet, which is of interest here.

The LES computationwas performed in parallel with 128 3.2GHz
Intel Xeon processors. The simulation was performed for about 7
flow times, and temporal statistics were obtained over about 6 flow
times to obtain converged statistics. Based on the approximately
constant numerical time step (�1:6E � 8 s) and the CPU time per

time step (�14 s), the CPU time for the computation was about
42 days.

B. Unsteady Flamelet Studies

To investigate the unsteady response of diffusion flamelets, the
following unsteady flamelet equations [1,54] are solved:

�
@Yi
@t
� ��

2

@2Yi
@Z2
� _wi (1)

�
@h

@t
� ��

2

@2h

@Z2
�
XN
i�1

h0i _wi (2)

where Z is the mixture fraction; h is the mixture sensible enthalpy; �
is the mixture mass density; Yi, _wi and h

0
i are the mass fraction,

chemical production/destruction rate, and standard specific enthalpy
of species i, respectively; and N is the total number of species. In
Eqs. (1) and (2), � is the instantaneous scalar dissipation rate, which
is assumed to depend on Z according to the relation [1,54]

�� �st expf�2�erfc�1�2Z�	2g
expf�2�erfc�1�2Zst�	2g

(3)

where �st is the instantaneous scalar dissipation rate at the
stoichiometric mixture fraction Zst. The functional form assumed in
Eq. (3) is valid for both steady diffusion flames and unsteady mixing
layers [1]. The stoichiometric scalar dissipation rate �st serves as an
input parameter in the flamelet equations. Note that the flamelet
equations considered here assume a unity Lewis number for all
the species. Though we encounter a wide range of species Lewis
numbers in n-heptane flames, the species with Lewis numbers
significantly different from unity, such as H2 and H, occur in
relatively small proportions. For instance, our recent work on
vortex-induced extinction/reignition of n-heptane flames [38] under
pressures and temperatures similar to those considered in the present
work show negligible differences in the flame temperatures and
major species mass fractions between the unity Lewis number model
and themixture-averagedmodel for species transport. The governing
equations are discretized inZ space using 102 grid points. The grid is
significantly stretched aboutZst to achieve good resolution (about 12
grid points in a 10% thickness about Zst) in the flame zone. Previous
studies show that this grid is adequate to obtain grid-independent
results [5]. Spatial discretization is achieved through second-order
central differences and first-order backward temporal discretization
is employed. Chemical kinetic source terms are computed through an

Fig. 2 The numerical grid employed in the LES studies, center z–x plane (every second grid point shown).

Fig. 3 Initial contours of filtered mixture fraction ~Z in the center z–x
plane of the jet.
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interface with CHEMKIN subroutines. The resulting discretized
equations are solved using the Thomas algorithm. Note that this
flamelet code has been employed in several previous studies of jet
flames under diesel engine conditions [5,55,56].

In this work, we choose n-heptane as the fuel and describe its
oxidation chemistry through a kinetic mechanism incorporating 159
species among 1540 reaction steps, developed by Seiser et al. [57].
Seiser et al. validated the 1540-step mechanism to predict auto-
ignition delay times up to 100 bar and extinction strain rates at 1 bar.
In addition,we have employed thismechanism in previous studies on
autoignition [55] and extinction [5] under conditions similar to those
employed here. Nevertheless, to the best of our knowledge, there is
no experimental data on the structure and extinction of n-heptane
diffusion flames (or even simpler fuels such as hydrogen and
methane) at engine-relevant pressures (�40 bar). In the absence of
experimental data for mechanism validation to predict extinction at
high pressures, we will defer from drawing conclusions about
reaction pathways and important chemical species for extinction/
reignition in this work. However, we will characterize the flamelet
characteristics through nondimensional numbers, such as the
Damköhler number, so that the trends observed with respect to
variation in the nondimensional parameters are expected to be valid
with different kinetic mechanisms. The NO submechanism from
GRI-Mech 3.0 is employed to describe NO formation.

In the section that follows, we will first present results of passive
scalar statistics and turbulent time histories of� computed using LES
and then discuss the unsteady response offlamelets subjected to these
time histories.

IV. Results and Discussion

A. LES: Passive Scalar Statistics and Scalar Dissipation Rate Time
Histories

In this section, we will first present results of passive scalar (i.e.,
mixture-fraction statistics to validate the LESmodel employed here)
and then discuss the generation of turbulent time histories of the
scalar dissipation rate. Figures 4a and 4b show the instantaneous

isocontours of the filtered mixture fraction ~Z and the filtered scalar
dissipation rate ~� in the center z–x plane of the jet at 2.45ms after the
start of injection (ASI). Note from Fig. 4a that the stoichiometric

isocontour ~Z� 0:05 appears to be significantly wrinkled and
stretched.Moreover, the potential core region (i.e., region of uniform
~Z in the axial direction) is observed to extend to about 8 jet diameters.
The filtered scalar dissipation rate ~� shown in Fig. 4b is computed

as [21]

~�� 2�Dt �Dl��r ~Z�2 (4)

whereDl is the laminar mass diffusivity andDt is the turbulent mass
diffusivity of the mixture, estimated as

Dt �
�t
Sct

(5)

In Eq. (5), �t is the eddy viscosity computed from the constant-
coefficient Smagorinsky subgrid-scale model [25], and Sct is the
turbulent Schmidt number, assumed to be 0.9 [25] in this work. We
observe from Fig. 4b that relatively high values of ~� (�500 s�1)
occur closer to the jet orifice (x=d < 15) and are interspersed by
relatively low values, indicating strong spatial fluctuations. We will
characterize the temporal fluctuations of ~� later in this section. Now
let us consider some of the mean temporal statistics of the mixture-
fraction field and compare the computed values with available
experimental data in self-similar jets.

The jet half-width rz1=2 based on the mean mixture fraction �Z is
shown as a function of x=d in Fig. 5a. As expected, the jet spreads
linearly, and the spreading rate, estimated as the slope of the linear fit
to the computed data, is about 0.096. This value agrees within 15%
with the measured range of 0.097–0.115 reported in experiments on
variable-density jets of methane and propane with jet exit Reynolds
numbers in the range of 4000–25000 [15,16,53] in the region
10< x=d < 70.

The reciprocal of the centerline mixture fraction, 1= �Zcl, is shown
in Fig. 5b as a function of x=de, where de is an effective jet diameter
accounting for density-ratio effects [43], given by

de � d 
 ��j=�a�1=2 (6)

In Eq. (5), d is the jet diameter, and �j and �a are the injected and
ambient gas densities, respectively. In the present case, �j=�a is
about 3.5, and hence de � 1:86d. A decay rate of 0.192 is estimated
from the linear fit to the computed data, which is reasonably close
(within 25%) to the range of 0.212–0.25 reported in the measure-
ments [15,16,53]. Note that apart from the inadequacies of the
constant-coefficient Smagorinsky model employed here, the
observed discrepancies may be related to the lack of self-similarity
in the simulated near field (x=d < 30) of the jet.

To explore the self-similarity of the computed mean mixture-
fraction field in the jet near field, consider Figs. 6a and 6b, which
show the radial profiles of the normalized mean mixture fraction
�Z= �Zcl and the square root of the normalized filtered variance

� �Z002=� �Z002�cl�1=2, respectively. Computed and measured results are
shown.We observe from Fig. 6a that even though the meanmixture-
fraction field lacks self-similarity in that the profiles at different axial
locations are not superimposed, the computed values agree well
(within 10%) with measurements. Similarly, the variance field
clearly lacks self-similarity in the simulated jet near field, as seen
from Fig. 6b, but the peak values and locations of the peaks are
reasonably close (within 20%) to the measured values in the
region, 0< r=rz1=2 < 2. Now we will characterize the means and
fluctuations of the scalar dissipation rates in the jet.

Figure 7 shows the computed radial profiles of the time-averaged
conditional-mean scalar dissipation rate ��Z at different axial

Fig. 4 Instantaneous isocontours in the center z–x plane of a) filtered mixture fraction ~Z and b) filtered scalar dissipation rate ~� at 2.45 ms ASI.
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locations in the jet. Following Bushe and Steiner [58], the
conditional-mean scalar dissipation rate �Z is related to the filtered
value ~� by the expression

~��
Z
Z�1

Z�0
�ZPZ�Z; �Z; �Z002�dZ (7)

where PZ is the subgrid-scale probability density function (PDF) of
the mixture fraction, which is, in general, a function of �Z and �Z002. In
the present work, we assume that PZ is a beta PDF, shown to be a
good estimate for the subgrid-scale PDF of the mixture fraction in
reacting DNS studies of homogenous turbulence [59], and widely
employed in LES studies of reacting jets [12,34]. Moreover, the
functional dependence of �Z on Z is presumed according to Eq. (3)
[1,58], and so �Z and the conditional-mean scalar dissipation rate �st

conditioned on the stoichiometric mixture fraction are given by the
expressions

�Z � �stf�Z� (8)

and

�st �
~�R

Z�1
Z�0 f�Z�PZ�Z; �Z; �Z002�dZ

(9)

In Eqs. (8) and (9), f�Z� is the inverse complementary error function
profile given in Eq. (3). Note that in using Eq. (3), we assume that the
functional dependence of�Z onZ is not bimodal. From the LES data,
this lack of bimodality was found to be true in the case of the filtered
value ~� as well. We observe from Fig. 7 that ��Z shows the
characteristic double-peak profile reported in measurements [17].
Moreover, consistent with measured trends [17,18], ��Z strongly
decays (�x�4) as we proceed downstream in the jet due to turbulent
mixing.

Fig. 5 Mean jet spreading rate in terms of a) mixture-fraction half-width rz1=2 and b) inverse of centerline mixture fraction (1= �Zcl).

Fig. 6 Computed radial profiles of a) normalizedmeanmixture fraction �Z= �Zcl and b) square-root of normalized filtered variance � �Z002=� �Z002�cl�
1=2 in the

jet.

Fig. 7 Computed radial profiles of time-averaged conditional-mean

scalar dissipation rate ��Z in the jet.
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The time evolution of the scalar dissipation ratio [33,38], �r, is
shown in Fig. 8 at the jet location x=d� 12 on the jet centerline,
where �r is computed as

�r �
�st

�e
(10)

In Eq. (9), �e is the steady extinction limit, equal to 500 s�1 for the
simulated pressures and temperatures (to be discussed in Sec. IV.B).
We observe strong temporal fluctuations of �r in Fig. 8. It is
interesting to note that large values of �r (�1) are relatively short-
lived and are often followed by relatively small values (less than 0.1).
Consequently, the mean value at the chosen jet location (i.e., x=d�

12 and r=d� 0) is relatively small (0:04�e). We will now char-
acterize the temporal PDF of �st at different locations in the jet.

Figures 9a–9d show the computed PDFs of ln ��st� at different
locations in the jet. Also shown in the figures is a normal distribution,
computed as

PN�ln � ~��� �
1������
2�
p

�
exp

�
� �ln � ~�� � ��

2

2�2

�
(11)

where� and� represent themean and root-mean-square (rms) values
of ln � ~��, respectively, computed from the turbulent time records at
different locations in the jet. Note that data collected over 100,000
time steps were used for the evaluation of the PDF. Figures 9a–9d
show that the normal distribution describes the PDF of ln ��st�
reasonably well, particularly at downstream jet locations (see
the results for x=d� 16). In other words, consistent with the
experimental findings of Effelsberg and Peters [18], the lognormal
distribution is a reasonable approximation for the PDF of the scalar
dissipation rate. Reacting LES studies [53] have also reported good
agreement of the scalar dissipation rate PDF with the lognormal
distribution. Figures 9a–9d show that the discrepancies between the
lognormal distribution and the computed PDFs arise primarily at the
tails (i.e., at relatively high and relatively low values of the scalar
dissipation rate). Interestingly, these represent low-probability
events that are expected to be important for extinction/reignition
and may not be captured by a universal distribution, such as the
lognormal distribution. These eventsmay be specific to the simulated
jet.

The reasonable agreement of the computed results with mea-
surements in terms of both qualitative and quantitative trends
discussed so far lends credence to the computed results. Nowwewill
discuss the generation of�st time histories, which can be employed to
investigate the unsteady response offlamelets. Note that the turbulent

Fig. 8 Time evolution of �r at the jet location x=d� 12 and r=d� 0.

Fig. 9 Comparison of the computed temporal PDFof�st with a lognormal distribution at a) x=d� 12 and r=d� 0, b) x=d� 16 and r=d� 0, c) x=d� 12

and r=d� 0:5, and d) x=d� 16 and r=d� 0:5.
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time record shown in Fig. 8 at the jet location x=d� 12 may be
viewed as fluctuations due to the passage of multiple eddies through
that location. In a reacting jet, these eddies will correspond to a
flamelet. In other words, to generate turbulent time histories of the
scalar dissipation rates experienced by the flamelets in the near
field of the jet, we need to employ Lagrangian-type tracking of
stoichiometric isocontours in space and time. Tracking stoichio-

metric contours is consistent with the flamelet concept that assumes
flamelets to be very thin regions about the stoichiometric mixture
fraction [1]. The tracking procedure and results are discussed next.

To track a flamelet originating from a given axial location, the
following algorithm is employed. At a given time instant, the
stoichiometric mixture-fraction isocontour is computed as

rnf � fn�xnf� (12)

where rnf and x
n
f represent the radial and axial locations of theflamelet

at thenth time level, respectively.Moreover, the instantaneous scalar
dissipation rate�nst at a given time level and axial location is estimated
as

�nst � �stjxn
f
;rn
f

(13)

where �stjxn
f
;rn
f
is the conditional-mean scalar dissipation rate con-

ditioned on the stoichiometric mixture fraction, computed using
Eq. (9) at the location �xnf; rnf�. As discussed by Peters [1], the

conditional-mean �st accounts for subgrid fluctuations (through a
presumed subgrid PDF of the mixture fraction) and, hence, is an
appropriate parameter in the flamelet equations. The radial location
rnf is computed as a number average of all radial distances, where
~Z� Zst � 0:05Zst at a given axial location x

n
f. At the next time level,

the x displacement of the flamelet is computed as

xn�1f � xnf � ~unf�t �
r 
 ��DrZ�
�jrZj2

@Z

@x
�t (14)

where ~unf is the instantaneous axial velocity at the stoichiometric

mixture fraction at a given axial location (computed as a number

average over ~Z� Zst � 0:05Zst similar to rnf). In Eq. (14), the third
term on the right-hand side represents the axial component of the
diffusive velocity of the mixture fraction [34]. Because mixture-
fraction gradients are stronger in the radial direction, the axial
contribution of the diffusive velocity of the mixture fraction is
expected to be negligible [34]. Furthermore, in the present case, the
axial convection velocities are relatively large in the jet near field and
would outweigh the axial diffusive velocities. Hence, the flamelet
trajectories are computed using the convection velocities alone in
Eq. (14). Once xn�1f is known, rn�1f can be computed knowing the

stoichiometric contour at the n� 1 time level as

rn�1f � fn�1�xn�1f � (15)

In addition, �n�1st can be estimated using Eq. (13) for the n� 1 time
level. Flamelets that originate at different axial locations in the jet
(i.e., with different x0f) will be subject to different�st time histories as

they traverse through the jet.
In the present case, we generate 10 representative scalar dissi-

pation rate �st time records spanning a time interval of 3.5 ms (about
6 flow times in the jet) and the region 6< x=d < 20. Henceforth, we
will refer to these time records as flamelet histories to indicate that
these time records are employed to investigate the unsteady response
of flamelets. The 10 representative flamelet histories originate from
different axial locations in the jet. In particular, flamelets 1–10 are
tracked in time and space using the stoichiometric isocontours
originating from x=d� 6, 6.25, 6.5, 7.0, 7.25, 8.0, 8.5, 9.5, 10.5, and
11.0 in the jet, respectively. For instance, consider Fig. 10, which
shows the computed paths of three flamelets originating at x=d� 6
(flamelet 1), 7.25 (flamelet 5), and 11 (flamelet 10). Figure 11 shows
the three corresponding�st time histories. The differences in the time
histories illustrate the unsteady and intermittent nature of the
turbulent jet. We observe that whereas the flamelet originating at an

upstream jet location (i.e., flamelet 1) is subjected to a relatively large
number of peaks in �st, the downstream flamelets predominantly
encounter relatively low values. Recall from our earlier discussion
that we observed similar trends in the time-averaged conditional-
mean scalar dissipation rates ��Z in the jet near field, which were
found to decrease with axial location in the jet. Note that the time
records have been obtained from the unsteady LES data collected
every 0.01 ms. Hence, it is possible that some of the additional peaks
of �st (for instance, see Fig. 8) have not been captured in the records.
However, such peaks would also be short-lived and may not
significantly influence the flame response.

In the following section,wewillfirst quantify the steady extinction
characteristics and then investigate the unsteady flame response to
fluctuations of the scalar dissipation rate. In the subsequent analysis,
we choose the stoichiometric mixture fraction Zst as the diagnostic
point.

B. Unsteady Flamelet Studies

Before we characterize unsteady flame response, it is useful to
quantify the steady behavior of the flamelets investigated in this
work. Figure 12 shows the temperature Tst and chemical heat release
rate Qst at Zst as a function of �st. As expected, Tst decreases as �st

increases, due to the diffusive loss of heat and radicals to richer and
leaner fractions. Note that Qst increases initially, up to about
�st � 75 s�1, as a result of enhancedmixing, but decreases thereafter
due to the opposing effect of decreasing flame temperatures. These
trends are in agreement with asymptotic theory [60]. In addition,
note that due to relatively shallow temperature gradients close to
extinction, theflame becomes increasingly insensitive to large values
of �st (greater than 300 s�1). It is interesting that for the chosen
conditions (i.e., a pressure of 40 bar and fuel and oxidizer

Fig. 10 Paths of three flamelets originating at different axial locations

in the LES jet flowfield.

Fig. 11 Time histories of �st (s�1) for three flamelets originating at

different axial locations in the LES jet flowfield.
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temperatures of 1000 K), we obtain a stretched S curve [61], as seen
from Fig. 12. In other words, there is no distinction between steady
ignition and steady extinction limits in the present case, and so the
steady extinction limit�e serves as a useful parameter to characterize
the chemical time scale of the flame.

In this work, we define the extinction point as the value of �st at
which the frozen solution (Tst � Ta � 1000 K, where Ta is the air-
side temperature) is reached. From Fig. 12, at �st � 500 s�1, Tst is
within 3% of 1000 K, and the maximum temperature (at Z � 0:3)
was found to be within 8% of Ta. Here, we will assume that this
condition to be close enough to the frozen solution and hence choose
�e � 500 s�1. It is realized that this is somewhat arbitrary, and one
may choose even higher values to reach closer to frozen flow.
Furthermore, alternative criteria for the determination of �e can also
be employed: for instance, the turning point of Qst [32], which
corresponds to �st � 75 s�1 in Fig. 12. In the present case with
Tfuel � Ta � 1000 K, these two criteria yield significantly different
values. This will change the range of Damköhler numbers based on
�e (to be discussed), but not the underlying physical mechanisms
governing unsteady flame response. Now we will investigate the
unsteady response of flames subjected to oscillatory perturbations.

It is useful to characterize the generated histories in terms of a
mean and root-mean-square (rms) value, which also determine the
temporal PDF. Figure 13 shows the computed mean and rms of the
10 flamelet histories. It is interesting to note that the mean values are
relatively small (less than 0:06�e), because the relatively large values
of�st are short-lived in all the cases.We observe fromFig. 13 that the
rms and the mean values show similar trends. Note that whereas
increasing themean values would increase the peaks that may lead to
flame extinction/flame weakening, increasing the rms values would
decrease the minimum values of �st (in addition to increasing the
peaks) that may favor reignition and/or flame recovery. Based on the

mean value of �st for a flamelet history, h�sti, which represents the
inverse of a mean mixing time scale, and the steady extinction limit
�e, which represents the inverse of a characteristic chemical time
scale [9], we can define a Damköhler number Da as

Da� �e
h�sti

(16)

Note that h�sti is distinct from ��st, which represents the temporal
mean of �st at a given axial location. In other words, h�sti represents
themean value of�st experienced by aflamelet as it traverses through
time and space in the simulated near field of the jet. Hence, the values
ofDa corresponding to the range of values of h�sti shown in Fig. 13
would represent the range of Damköhler numbers of flamelets that
are likely to be encountered in the jet near field. TheseDa values lie
in the range of 15–50, which represent moderately strained flamelets
reasonably far from extinction.Wewill also consider highly strained
flamelets (Da� 1) in the subsequent analysis to clarify the effects of
Da on the unsteadyflame response. Let us nowconsider the unsteady
responses of the flame temperature and species to fluctuations of �st.

Figures 14a–14c show the responses of Tst and the mass fractions
of CO2 and H2O as a function of �r for flamelet history 3,
respectively. Note from Fig. 13 that flamelet history 3 has the
maximum values of mean (�0:06�e) and variance (�0:06�e) of the
10 flamelets considered. In Figs. 14a–14c, predictions using a steady
flamelet library are shown for comparison. The steady flamelet
library was constructed using steady solutions corresponding to 21
values of �st in the range of (0.002–4.0)�e. Interpolation based on
each value of �st from the turbulent time record is then employed to
obtain the temperature and species response corresponding to the
steady flamelet. Note that for the unsteady cases, the initial condition
is the steady flamelet solution corresponding to the initial value of�st

in the time record.
The unsteady temperature response to flamelet history 3 involves

temporary flame-weakening events at relatively large values of �r
(greater than 0.3), followed by flame recovery at relatively small
values of �r. We observe from Fig. 14a that the trends in Tst values
predicted by both unsteady and steady flamelet calculations agree
reasonably well. However, the steady flamelet model does not
describe the transient flame weakening and recovery well. For
instance, Tst at the maximum value of �r (�0:6) at about 1.93 ms is
underestimated by about 38% by the steady flamelet model in
comparison with the unsteady flamelet model. Such discrepancies
can have important implications for relatively sensitive species such
as NO. Let us now consider the unsteady response of the major
species CO2 and H2O and the pollutants NO and unburned
hydrocarbon (UHC).

Figures 14b and 14c compare steady and unsteady flamelet
predictions for the mass fractions of CO2 and H2O, respectively.
Comparing Figs. 14a and 14b, we observe good qualitative
agreement in the unsteady responses of Tst and CO2. In comparison
with CO2 response, Fig. 14c shows relatively good agreement
between steady and unsteady flamelet predictions for H2O, indi-
cating faster chemical-response time scales. To quantify this
observation, we can estimate characteristic chemical time scales �ck
for the species as

��1ck �
j _wckj 
MWmix

�
(17)

where _wck is the net molar chemical production rate of species k,
MWmix is themixturemolecular weight, and � is themixture density.
Note that the definition in Eq. (17) is similar to the chemical time
scale defined in the flame–vortex simulations of Safta et al. [62]
with a single-step kinetic model. For instance, at �st � 0:1�e,
�ck;CO2

� 0:16 ms, whereas �ck;H2O
� 0:02 ms. Hence, consistent

with the ordering of the chemical time scales, H2O shows a faster
response and recovery during reignition in comparison with CO2.
Also, �ck;NO � 6:41 ms and �ck;UHC � 0:19 ms, implying that UHC
is expected to respond much faster to �st fluctuations relative to NO.

Fig. 12 Tst (K) and Qst (W=m
3) as a function of �st (s

�1) from steady
flamelet solutions.

Fig. 13 Means and rms values of the generated flamelet histories.
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Figures 15a and 15b show the responses of NO and UHC to
flamelet history 3. NO response shows significant differences
between steady and unsteady flamelet predictions. Note that in the
case of flamelet history 3, we begin with a relatively large value of�r
(�0:38), and hence the initial NO mass fraction is negligibly small
due to the associated low temperatures (�1400 K). Following the
rapid decrease in�r, the steady flamelet model predicts an immediate
increase in NO mass fraction, whereas the unsteady flamelet
calculation predicts a delayed response due to the relatively slow
response times of NO. Consequently, the steady flamelet model

overestimates peak values during the unsteady response by as much
as 1.5–2 times in comparisonwith the unsteadyflamelet calculations.
Hence, even for the relatively small excursions of �st above �e (i.e.,
�r < 1:0) considered here, steady flamelet models are inadequate to
predict transient NO response. On the other hand, UHC shows much
faster response to �st fluctuations, as seen from Fig. 15b. The steady
flamelet model significantly overestimates UHC values at larger
values of �r (greater than 0.3), but due to fast response times, the
UHC mass fractions relax to values closer to steady values at the
lower values of �r. Moreover, note that in the present case, the

Fig. 14 Response of a) Tst (K), b) CO2 mass fraction, and (c) H2O mass fraction as a function of �r for flamelet history 3 with unsteady and steady

flamelets.

Fig. 15 Unsteady response of a) NO and b) UHC to flamelet history 3 using unsteady and steady flamelet models.

1500 VENUGOPAL AND ABRAHAM



majority of the values of UHC mass fraction are relatively low (less
than 0.005), due to the absence of extinction and the associated high
temperatures.

It is useful from amodeling perspective to compute the (temporal)
mean temperature at different axial locations from the flamelet
histories and to compare the predictions from unsteady and steady
flamelet models. Figures 16a and 16b show the mean Tst and NO
mass-fraction values computed from the flamelet histories using
unsteady and steady flamelet calculations. In other words, the mean
Tst at each axial location is computed as an average over all the
flamelets passing through that location. Because different flamelets
pass through a given axial location at different instants of time, the
mean values shown in Figs. 16a and 16b represent temporal means.
We observe from Fig. 16a that the agreement between the models
with respect to mean Tst is within 5%. Hence, the relatively small
differences between the two models even at upstream jet locations
confirm the low probability of events with relatively large values of
�st, which do not significantly affect the mean. Note that because all
the tracked flamelets do not penetrate to the downstream jet locations
(x=d� 17 and 18, for instance) during the duration of 3.5 ms, the
number of flamelet histories over which averaging is performed
decreases at these locations. However, because we predominantly
encounter lower values and lower-intensity fluctuations of �st at
downstream regions, the estimates of the mean temperatures and
major speciesmass fractions are reasonable. Though not shown here,
mean UHC predictions with the steady flamelet model agreed well
with unsteady flamelets.

Note from Fig. 16b that the differences are greater (up to 20% at
x=d� 12) with respect to NO due to its relatively high temperature
sensitivity and phase-lag effects, but the predictions from both the
models agree reasonably well. Hence, in the present case, steady
flamelet models are adequate for the prediction of mean temperature,
major species, and UHCs and are reasonable for the prediction of the
mean concentration of pollutants such as NO. This is a useful result
from a modeling perspective, because steady flamelets are easier to
implement as a reacting LES submodel compared with unsteady
flamelets and do not require the use of an additional tracking scalar,
such as the progress variable [63], to capture the time coordinate and
are therefore computationally more efficient.

In the results presented so far, we did not account for radiative heat
losses from the flame zone. The review of flamelet structure and
extinction byWilliams [60] shows that radiant energy losses become
significant only under very low strain rates (i.e., far from strain-
induced extinction), and the presence of shallow gradients and high-
temperature zones result in relatively high rates of radiative losses. In
n-heptane flames, such losses would primarily result from soot
radiation. Hence, it is expected that when the flamelets experience
low strain rates in thefluctuating time record, radiative lossesmay act
to further increase the chemical-response times. This would further
increase the discrepancies between steady and unsteady flamelet
models, particularly for sensitive species, such as NO.

In addition, although the results discussed so far are useful to
understand unsteady flame response in turbulent flowfields and the
applicability of steady flamelet models, the predicted temperatures
and species mass fractions and their axial variations (for instance,
Figs. 16a and 16b) are likely to differ in a reacting LES computation.
In the present case, the �st time histories are generated from a
nonreacting jet flowfield and do not include the feedback effects due
to combustion heat release. In addition, the flamelet histories
generated here correspond to the unsteady near field of a 70,000-
Reynolds-number jet. In practical combustors, such as diesel
engines, although the injection velocityUinj employed may be more
than an order of magnitude higher than that employed here, the
orifice diameters d may be order of magnitude smaller. This implies
that though the chosen jet Reynolds number of 70,000 may be
representative of diesel engine applications, the global strain rates
Uinj=d would be 1 to 2 orders of magnitude higher for diesel jets.
Hence, it is useful from a practical perspective to extrapolate the
present analysis to a higher-strain-rate jet, in which stronger
fluctuations of � would be encountered. In the section that follows,
we consider stronger scalar dissipation rate fluctuations and
investigate the potential impact of unsteady extinction/reignition
events on the unsteady flame response, applicability of steady
flamelets, and jet near-field phenomena such as flame liftoff. In
addition, fuel temperatures are typically lower (�400 K) in diesel
engine applications than those employed here (1000 K), which can
result in relatively weaker (or strained) flamelets (Da� 1). Hence,
we will also explore the possible implications of employing a lower
fuel temperature in the following sections.

1. Extrapolation to a Higher-Strain-Rate Jet

In the present case, we consider a moderate increase by a factor of
5 to demonstrate the influence of stronger fluctuations of the scalar
dissipation rate on the unsteady flame response. Under the
assumption that the cumulative distribution function (CDF) of the
fluctuating time records of �r computed from the present LES jet
remains valid for a higher-strain-rate jet, we can generate flamelet
histories with higher means and rms values. In other words, if the
CDF remains constant, the following expression can be used:

�r1 � �1

�1
� �r2 � �2

�2
(18)

where subscripts 1 and 2 refer to the lower- and higher-Reynolds-
number cases, respectively, and � and � represent the mean and the
rms, respectively. Here, we consider �2 � 5�1, and �2 � 5�1 to
generate the fluctuating time records. It is clear from Fig. 11 that with
higher means and rms values, there are repeated excursions of �r
above unity (i.e., �st > �e). Note that when the means are increased
5 times, the maximum value of the mean among the 10 flamelet
histories considered is about 0:3�e. Let us now explore the unsteady

Fig. 16 Mean values of a) Tst (K) and b) NO mass fraction computed from the flamelet histories as a function of axial location in the jet.

VENUGOPAL AND ABRAHAM 1501



temperature and species responses for the flamelet histories with
higher means and variances.

Figures 17a–17c show Tst and the mass fractions of NO and UHC
as a function of �r, respectively, for flamelet history 3 when� and �
are increased 5 times. In this case, the unsteady flame approaches
local extinction, indicated by the relatively low temperatures (less
than 1400 K) at the larger values of �r�>1:0�, as seen from Fig. 17a.
Moreover, in qualitative agreement with previous studies in the
literature focusing on oscillatory[26–30] and vortex-induced [32,33]
perturbations, the unsteady flame is more resistant to extinction, due
to chemical phase-lag effects, and does not reach frozen flow (i.e.,
T � 1000 K) even at the maximum �r value of about 3. Moreover,
Fig. 17a shows that the transient reignition involves partially burned
states that cannot be represented uniquely by a parameterization
solely in terms of �st: that is, Tst � fn��st�, where fn is the
functional relationship derived from the steady flamelet equations
[i.e., Eqs. (1) and (2) without the unsteady term]. A reactive scalar,
such as the reaction progress variable [1,63] cst, has to be used to
distinguish the transient states during reignition from those during
extinction. Hence, from a turbulent combustion-modeling view-
point, an unsteady flamelet/progress variable model [64] is more
appropriate than steady flamelets to simulate the transient extinction/
reignition phenomena observed here.As in the recentworks of Pierce
and Moin [63] and Pitsch and Ihme [64], the progress variable c can
bemodeled as the sumofmajor speciesmass fractions, and themean/
filtered value can be solved through a transport equation in a RANS/
LES submodel. Furthermore, note from Figs. 14a and 17a that we
observe much greater deviations between the steady and unsteady
flamelet predictions as the mean and rms of �st fluctuations increase.
Conceptually, these trends are similar to those in oscillatory [26–30]
and vortex-induced [32,33] perturbation studies, which indicate
increasing departures from steady behavior with increasing �st

amplitudes and frequencies or increasing vortex velocity scales. We
will now investigate the response of species to the turbulent time
records with higher means and rms values. The major species (e.g.,
CO2) show trends similar to those in the temperature, and hence we
will only discuss, for brevity, the responses of NO and UHC.

Figures 17b and 17c show the unsteady responses of NO andUHC
mass fractions, respectively, to the flamelet history 3 with higher �
and �. Figure 17b shows that NO formation is significantly
suppressed due to local extinction events, which occur with a
higher probability in this case. Furthermore, due to relatively slow
chemical-response times, NO fails to recover even during the
reignition events in spite of the associated relatively high tem-
peratures (greater than 2200 K). Hence, these trends indicate that
unsteady extinction/reignition events are beneficial both in terms of
flame stability, because they prevent complete extinction of the
flame, and NO formation control. Note that as � and � increase, not
only do the �st amplitudes increase, these amplitudes also occur with
a higher frequency (or probability). In other words, with highermean
and rms values, we encounter shorter mixing times (i.e., higher
amplitudes) and shorter residence times (i.e., higher frequencies),
which have significant effects on slower species such as NO. The
experiments of Barlow and Frank [35] in Sandia flames A–F indicate
significant suppression of NO formation as one proceeds from
flameA to flame Fwith increasing Reynolds numbers and increasing
levels of local extinction/reignition. The authors suggest decreasing
residence times as a possible explanation for NO suppression.
Furthermore, the strong dependence of NO formation on residence
times has been reported in engines as well [65]. As expected, the
steady flamelet model grossly overestimates NO mass fractions at
several instants, due to its inherent inability to account for transient
extinction/reignition and the associated phase-lag effects.

Fig. 17 Unsteady response of Tst (K) as a function of a) time and b) �r for flamelet history 3 with higher � and � using unsteady and steady flamelet

models.
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We observe from Fig. 17c that UHC mass fractions significantly
increase during local extinction events, indicating tradeoffs between
UHC and NO formation. This suggests that temporary flame-
weakening/flame-recovery events (see Figs. 14a–14c, for instance)
may be more favorable than local extinction/reignition events for the
simultaneous control of NO andUHC. Essentially, during temporary
flame weakening/recovery, whereas NO levels may be lower due
to delayed response and phase-lag effects, UHC levels would
remain low due to the absence of extinction and the associated high
temperatures (greater than 1500 K). Consistent with the faster
chemical-response time scales of UHC, we note in Fig. 17c that
steady flamelet models perform relatively better with respect to
UHC, even though deviations up to 33% are observed in the
instantaneous peak values.

To relate the local extinction/reignition events to spatial infor-
mation in the jet, consider Fig. 18, which shows five time histories of
Tst represented as a function of axial location in the jet from unsteady
flamelet computations employing higher mean and rms values of�st.
We observe local extinction events at upstream axial locations and
temporary flame-weakening events beyond x=d� 14. For the
flamelet histories shown, reignition events are also observed at the
upstream locations, indicating that the mean temperature would
represent the net effects due to extinction and reignition events. We
can then think of flame liftoff height as the location at which there is
predominantly extinction and less reignition, so that the mean flame
would remain extinguished. Furthermore, these trends are in good
qualitative agreement with those reported in Sandia flames E and F
[35], in which the probabilities for local extinction and reignition
were found to decrease and increase, respectively, with increasing
axial locations.

Figures 19a and 19b show the computedmean temperature Tst and
NO mass fraction, respectively, from the 10 flamelet histories with
higher-intensity fluctuations as a function of axial location in the jet.
Note that in addition to the predictions with unsteady and steady
flamelet models, Figs. 19a and 19b show the predictions using a
steady-flamelet/steady-strain (SFSS) model. Essentially, the SFSS
prediction corresponds to the steady flamelet solution at the mean (or
steady) value of �st at each axial location. In other words, the SFSS
model results are similar to what one may obtain from a RANS
simulation employing a steady flamelet model, in which temporal
fluctuations are not taken into account. However, note that the
(temporal) mean value of �st at each axial location is estimated using
the time histories generated from LES. Hence, in using this analogy
between the SFSS model and RANS results, we are making the
implicit assumption that the mean value of �st is the same, regardless
of whether it is computed using RANS or LES. Though this is true in
principle, the mean values from RANS and LES may differ
depending on factors such as the choice of subgrid-scale models and
the selected numerical resolution and filter characteristics in LES.
Nevertheless, the analogy between SFSS and RANS is invoked here
to merely explore the importance of accounting for the transient
flame response to fluctuations of �st.

We observe from Fig. 19a that the Tst predictions from the three
models agree within 5% for axial distances considered, indicating
that the mean values of Tst are not significantly affected, due to
instantaneous excursions of �st above and below �e. This trend
may be understood by an inspection of Fig. 17a, which shows
that whereas the steady flamelet model underestimates Tst during
extinction (essentially predicts frozen flow temperatures at values of
�st close to �e), it overestimates Tst during reignition, due to the lack
of chemical phase-lag effects. This leads to compensatory effects and
mean values close to unsteadyflamelet predictions.However, aswith
the lower-intensity fluctuations, mean NO values would be
significantly affected.

We observe from Fig. 19b that the SFSS model grossly under-
estimates the mean NO mass fraction at x=d� 12, whereas the
steady flamelet model overestimates NO by about an order of
magnitude. These discrepancies between the models indicate that
fluctuations of �st and transient effects on NO response due to
extinction/reignition events are relatively significant at upstream jet
locations (x=d < 14). The agreement between the models improves
at downstream jet locations, where the SFSS and steady flamelet
models yield somewhat similar values of NO. Hence, in the
simulated jet near-field region at higher Reynolds numbers, we may
expect unsteady effects to significantly influence NO formation. In
addition, as in the case of lower-intensity �st fluctuations, mean axial
profiles of UHC agreed well with all the three models, indicating that
mean UHC concentrations are minimally affected by �st fluctuations
and transient effects. We will now clarify the effects of Da on
the unsteady flame response through the variation of the fuel
temperature.

Fig. 18 Temperature Tst time histories from unsteady flamelet
calculations corresponding to higher-intensity fluctuations represented

as a function of axial location in the jet. Only five flamelets are shown for

clarity.

Fig. 19 Mean values of a) Tst (K) and b) NOmass fraction computed from the flamelet histories with higher-intensity fluctuations as a function of axial

location in the jet.
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2. Influence of Da on Unsteady Flame Response

In the discussions so far with Tfuel � Ta � 1000 K, we considered
relatively strong flames (Da > 10), which respond relatively fast to
the imposed scalar dissipation rate fluctuations. Hence, the observed
unsteady effects on mean temperatures and species mass fractions
(except NO) were not very significant. However, with lower fuel
temperatures (�400 K) more common in practical applications, the
flamelets will respond with longer characteristic time scales, which
can in turn result in greater unsteady effects on the temperature
and species responses. To explore this possibility, we carried out
simulations for flamelets with Tfuel � 450 K and subjected them to
the time histories with higher mean and rms values. Note that when
Tfuel is decreased from1000 to 450K, the computed steady extinction
limit�e decreases from about 500 to about 170 s�1. Accordingly, we
encounter much greater excursions of �st above �e (�r � 6:0) for the
Tfuel � 450 K cases. Moreover, the Da [see Eq. (17)] values for the
Tfuel � 450 flamelets lie in the range of 1.1–3.5, indicating highly
strained flamelets that are closer to extinction. In addition, when
Tfuel � 450 K, the injected-to-ambient gas density ratio increases to
about 8.0 (compared against 3.5 with Tfuel � 1000 K), which would
lead to higher �st amplitudes, due to reduced spreading of the jet [5].
Nevertheless, we subject both the Tfuel � 1000 and the 450 K flames
to similar turbulent time histories to isolate effects due to Da.

Figure 20 shows the mean values of Tst computed from the
flamelet histories (with higher means and rms) values when
Tfuel � 450 K. Relative to Fig. 19a, the mean temperature is lower
for the lower fuel temperature, indicating the increasing role played
by extinction as the fuel temperature decreases (i.e., the flame is
weaker). It is interesting that steady flamelet predictions agree well
with unsteady flamelets, indicating compensatory effects during
extinction and reignition, as in the cases with Tfuel � 1000 K,
discussed before. However, at x=d� 12, the SFSS model predicts
an extinguished flame, whereas the steady and unsteady flamelet
models result in temperatures that are about 40% higher. This
indicates the role of transient flame response tofluctuations of�st and
possible differences in flame liftoff predictions between the models.
Hence, for jets with higher global strain rates (Uinj=d) and with
relatively weak (or strained) flames (i.e., lower Da), fluctuations of
the scalar dissipation rate are expected to be important for flame
liftoff predictions. Though not shown here, the conclusions
discussed before for the Tfuel � 1000 K cases with respect to
differences between steady and unsteady flamelet models and
chemical phase-lag effects on the response of species, such as NO
and UHC, were found to be valid with Tfuel � 450 K as well. Note,
however, that questions related to kinetic effects, such as the role of
low-temperature and high-temperature reaction pathways during
extinction/reignition in the presence of scalar dissipation rate
fluctuations, could be influenced by choices such as the fuel
temperature. In the present work, the choice of a relatively high fuel
temperature of 1000 K, though relatively high in the context of
engine combustion, has minimal effects on the conclusions drawn

from the results. Furthermore, because we primarily encounter
relatively large strain rates for the extrapolated cases considered here,
it is expected that radiative heat losses would be outweighed by
strain-induced diffusive losses [60]. Hence, the conclusions drawn
with respect to unsteady extinction/reignition, species (such as NO)
responses, and liftoff are expected to be valid even when radiative
heat losses are included.

Before we summarize and conclude, it is important to note that the
conclusions from the present work regarding the trends in local
extinction/reignition and the validity of steady flamelet models
pertain to high-Reynolds-number variable-density jets under high
pressures and high-temperature conditions. With respect to the
nature of scalar dissipation rate fluctuations in the near field of the
jet, parameters such as the injected-to-ambient density ratio are
expected to have a significant effect. For instance, as we proceed
from variable-density to constant-density jets, certain trends in the
fluctuating �st time records, such as relatively short-lived peak
values, which are closely linked to the performance of steady
flamelet models, may change. Moreover, the flamelets considered
here at relatively high pressures and temperatures respond with
relatively fast chemical time scales. In the case of laboratory-scale
atmospheric flames, such as the Sandia flames [35], the chemical
time scales may be much slower, which would affect the validity of
steady flamelet models. Clarifications of effects due to the chosen
flame characteristics (i.e., pressure and fuel/oxidizer temperatures)
and jet characteristics (such as the density ratio) on the unsteady
response of flames are interesting and important avenues for future
works.

V. Conclusions

In this work, we investigated unsteady effects on the response of
laminar diffusion flamelets subjected to turbulent fluctuations of the
scalar dissipation rate. These turbulent fluctuations were obtained
from the analysis of the near field of a nonreacting 70,000-Reynolds-
number variable-density isothermal gas jet computed with LES. A
reduced-chemical kinetic mechanism for n-heptane oxidation
involving 159 species and 1540 reaction steps was employed. The
pressures and temperatures simulated were representative of diesel
engine combustion chambers. The unsteady response of the flame
temperature, major species (i.e., CO2 and H2O), and pollutants (i.e.,
NO and UHC) was investigated, and the applicability of steady
flamelet models was assessed.

TheLES formulation employedwas validated for the prediction of
passive scalar statistics, such as means and variances, through
comparisons with available measurements in self-similar jets. The
means and fluctuations of the scalar dissipation rates were char-
acterized. To generate fluctuations of �st that are experienced by
the near-field flamelets in the jet, Lagrangian-type tracking of
stoichiometric isocontours in space and time was employed. Ten
representative flamelet histories were computed and then employed
in studies focusing on the unsteady response of diffusion flamelets.
However, the effects of combustion heat release on the predicted
scalar dissipation rate time histories were ignored. The impact of this
assumption on the conclusions has to be assessed in future studies.

The generated flamelet histories involved relatively small means
(�0:06�e), rms (�0:06�e), and peak values (�0:3�e) and relatively
large mean Damköhler numbers (�15–50), and so temporary flame-
weakening events followed by flame recovery were observed in the
jet near-field region. The unsteady flame response was also com-
pared with predictions from a steady flamelet library corresponding
to the instantaneous �st values from the turbulent time records. The
comparisons showed good agreement between the unsteady and
steady flamelet models with respect to the mean temperature, mean
major species (i.e., CO2 and H2O), mass fractions, and mean UHC
mass fractions. However, deviations up to 20%were observed in the
meanNOmass fraction due to the inability of steady flamelet models
to describe the delayed response of NO (i.e., phase-lag effects)
during flame-weakening/recovery events.

To understand the possible behavior in jets with higher global
strain rates occurring in diesel chambers, we considered flamelet

Fig. 20 Mean values of Tst (K) computed from the flamelet histories

with higher-intensity fluctuations and Tfuel � 450 K as a function of

axial location in the jet.
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histories with higher means and rms values than those computed for
the 70,000-Reynolds-number jet. In these cases, transient local
extinction/reignition events were observed, which can be described
by unsteady-flamelet/progress-variable models from a modeling
standpoint. In addition, extinction events increase in importance as
weaker flames (i.e., with a fuel temperature of 450 K, resulting in
lower Damköhler numbers) are considered. The extinction/reignition
events significantly suppress NO formation, due to reduced mixing
and residence times and the associated chemical phase-lag effects. In
contrast, UHC levels were found to increase, due to extinction events
and faster recovery following reignition. This tradeoff between NO
and UHC suggested that temporary flame-weakening/recovery
events may be more favorable than local extinction/reignition events
for the simultaneous control of these pollutants.

Steady flamelet models were found to significantly underestimate
the temperatures during extinction and to overestimate the tem-
peratures during reignition. Because of these compensatory effects,
the mean temperatures with steady and unsteady flamelet models
agreed well. However, the failure of steady flamelet models to
describe transient extinction/reignition had a drastic effect on
instantaneous and mean NO mass fractions, leading to deviations
more than an order of magnitude at upstream jet locations (e.g.,
x=d� 12). Hence, the present results indicate that although steady
flamelet models in the context of LES (i.e., accounting for �st

fluctuations but not chemical phase-lag effects) may be reasonable
for the predictions of mean temperatures, major species, and UHCs,
unsteady flamelets (which account for both �st fluctuations and
chemical phase-lag effects) will be needed for mean NO predictions.

The analysis of flame response to turbulent time records with
higher means and rms values showed that unsteady extinction/
reignition events may be associated with phenomena such as flame
liftoff. Based on the present results, flame liftoff in the jet can occur at
the location at which multiple flamelet histories predominantly lead
to extinction, with low probabilities for reignition. This would
result in the mean flame being extinguished at the liftoff location.
Comparisons of unsteady and steady flamelet predictions with a
steady-flamelet/steady-strain (SFSS) model showed that accounting
for the transient flame response to fluctuations of the scalar
dissipation rate is important in predictions of near-field phenomena
in high-Reynolds-number jets.
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