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turbulence (ODT) model. The simulations are designed to investigate the effects of molecular and turbulent
transports on the process of autoignition. Both homogeneous and jet configuration simulations are carried
out. The jet configurations are implemented at different jet inlet Reynolds numbers and for two air preheat
conditions. Statistics for the cases considered show that, while the onset of autoignition may be delayed by
turbulence, the eventual evolution of the volumetric heat release rate indicates that turbulence enhances
the post-ignition stages. Since different regions of the mixture can have different ignition delays and may be
characterized by one- or two-stage ignition, the autoignition process can be accelerated by ignition kernel
propagation or the role of heat dissipation may be reduced through the prevalence of one-stage and two-

stage ignitions in different regions of the mixture.
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1. Introduction

Autoignition is an important process for initiating or sustaining
combustion in a number of practical devices [1,2]. It is also considered
a viable mechanism for flame stabilization in non-premixed systems
when either or both the fuel or oxidizer streams are preheated to
ignition temperatures [3]. Conditions of ignition are governed by
the competition of ignition chemistry with molecular and turbulent
transport; and this competition may determine the fate or intensity
of the combustion process. In igniting mixtures, this competition also
determines the autoignition delay time and the associated lift-off
height.

In addition to fuel autoignition in vitiated coflow [3], fuel au-
toignition in preheated coflow air [4,5] represents a useful canonical
problem for autoignition that is relevant to practical problems. This
configuration has been the subject of a number of experimental and
numerical studies, including the more recent work of Echekki and
Gupta [6,7], with a limited range of fuels, including hydrogen and syn-
gas. A number of control parameters are found to play an important
role in the autoignition process, including the fuel composition, the
preheat temperature of the oxidizer, and the inlet conditions (mean
flow and turbulence). Flow inlet conditions are associated with the
role of the evolving scalar dissipation rate field on autoignition delay.
For example, Markides and Mastorakos [4] find that turbulence serves
to delay the autoignition process for hydrogen fuels. Similar trends
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are found in other studies as well, including a more recent study by
Echekki and Gupta [6].

The roles of turbulence and the evolving scalar dissipation field
reflect a relatively complex picture of the competition between trans-
port (molecular and turbulent) and chemistry. An earlier study by
Mastorkas et al. [8] has shown that autoignition in non-homogeneous
mixtures is initiated at variable mixture conditions (composition and
temperature) and low rates of dissipation. This observation was fur-
ther corroborated by subsequent studies with complex chemistry,
including the more recent work by Im and Chen [9], Hilbert and
Thévenin [10] and Echekki and Chen [11]. Turbulent transport, in ad-
dition to the presence of the shear layer separating the fuel and the
co-flow, result in the presence of scalar dissipation, which depletes
radicals and heat from nascent ignition kernels [11]. Turbulence can
serve to modulate the scalar dissipation by either increasing the rate
of scalar dissipation or reducing it, as the fuel and oxidizer streams
mix.

In this paper, we investigate numerically turbulent jet auto-
ignition using a reduced mechanism for n-heptane using the one-
dimensional turbulence (ODT) model [12]. The ODT approach, which
is based on 1D unsteady simulations with a stochastic implemen-
tation for turbulent transport and a deterministic implementation
for the coupling of chemistry and molecular transport, has already
been implemented for the study of jet autoignition in hydrogen and
hydrogen/carbon monoxide fuels [6,7].

The model represents a valid formulation for jet flames sta-
bilized by autoignition where an inherently parabolic formulation
can be adopted. The formulation assumes that downstream effects,
especially those responsible for upstream propagation and flame
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stabilization, do not influence the onset of autoignition or the sta-
bilization mechanism for the jet diffusion flames. It is expected to
be valid for a class of lifted flames where the dominant stabiliza-
tion mechanism is based on autoignition. The study highlights the
key roles of molecular and turbulent transport in large hydrocarbon
autoignition in a turbulent jet configuration.

N-heptane is an important primary reference fuel for gasoline
and diesel fuels. An important feature of n-heptane ignition is the
presence of the so-called negative temperature coefficient (NTC). The
NTC behavior under certain conditions also results in 2-stage igni-
tion where the temperature initially rises, then, the mixture under-
goes a phase of endothermic reactions before the temperature rises
again. Within the context of turbulent autoignition, two-stage igni-
tion introduces additional time scales where turbulent and molecular
transports can play a role in delaying or enhancing the autoignition
process.

2. Model formulations and run conditions

Two sets of simulations are carried out using the 58-species re-
duced mechanism for n-heptane by Yoo et al. [13]. The mechanism
was developed with a two-stage directed relation graph (DRG) ap-
proach starting from the LLNL detailed mechanism for n-heptane
with 561 species and 2539 reactions [14]. The mechanism was vali-
dated using different combustion applications, including ignition, ex-
tinction, premixed flame structure and propagation.

The two sets of simulations include:

1. Zero-dimensional homogeneous reaction solver, and
2. One-dimensional stochastic model that emulates combustion in a
jet configuration.

The two models are described below.

2.1. Zero-dimensional models

The zero-dimensional simulations for homogeneous ignition are
used partly (1) to characterize the autoignition process of n-heptane
fuel as a function of mixture fraction given prescribed oxidizer pre-
heat and pre-vaporized fuel temperatures, (2) to identify the most
favorable mixture conditions for autoignition and (3) to provide a
reference case for comparison with jet autoignition under molecular
and turbulent transports.

The governing equations for a zero-dimensional constant pressure
system comprised of N chemical species correspond to the species
and the temperature equations:

- The species equation:
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» The temperature equation:
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In the above equations, all the symbols have their usual mean-
ing. t is the independent variable, which corresponds to time; T is
the temperature; Y} is the kth species mass fraction; p is the mixture
density; @y, is the kth species reaction rates (in dimensions of mass
per unit volume per unit time); ¢p is the mixture specific heat; and hy,
is the kth species total enthalpy (combining both chemical and sen-
sible enthalpies). The thermodynamic pressure, p, is assumed to be
constant, and the equation of state:

b , (3)
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can be used to determine the mixture density. The governing equa-
tions are integrated using a modified version of the CHEMKIN II code
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Fig. 1. Initial mixture temperature based on the prescribed mixture fraction for cases
A and B. The stoichiometric condition is shown with the dashed line.

SENKIN [15]. The system is integrated using a variant of the DASSL
software called DASAC [16].

The simulations are designed to complement the jet studies,
which prescribe unique temperatures for the oxidizer and the fuel. A
range of mixture fractions are considered where the fuel and oxidizer
are mixed adiabatically at fixed pressure (i.e. constant enthalpy) to
yield a mixture composition and temperature. Given that the oxidizer
is preheated, the fuel-lean conditions (i.e. low mixture fractions) have
higher temperatures then the fuel-rich conditions.

In these studies we have prescribed the fuel and oxidizer temper-
atures, Tp,e and Tyyq, and varied the mixture composition from fuel-
lean to fuel-rich by prescribing a mixture fraction (0 for all oxidizer,
1 for all fuel), Z. The initial mass fraction for a given kth species in
the mixture for a given mixture fraction is prescribed based on its
composition in the fuel and the oxidizer and the mixture fraction as
follows:

Yi =Z x Y ruel + (1 = 2) x Yy oxidizer (4)

where the subscripts “Fuel” and “Oxidizer” refer to the mass fractions
of the kth species in the fuel and the oxidizer streams, respectively.
The mixture temperature, Ty, iS prescribed by solving the solutions
for adiabatic mixing:

Z x hFuel(TFuel) +(1- Z) X hOxidizer(TOxidizer)
=7Zx hFuel(Tmix) +(1- Z) X hOxidizer(Tmix) (5)

The mixture conditions corresponding to this study correspond to a
reference state of pre-vaporized fuel at 400 K and 1 atm and two dif-
ferent air preheat temperatures at 650 K, identified as case A, and
1000 K, identified as case B, both at atmospheric pressures.

The run conditions were selected around the stoichiometric mix-
ture fraction of 0.0621 and range for values of the mixture fraction
from 0.002 to 0.2. Figure 1 shows the initial mixture temperatures for
both cases A and B based on the values of the mixture fractions con-
sidered. Because of the differences between the specific heats of the
fuel and the oxidizer species, the initial mixture temperature profiles
are not linear in mixture fraction space.

2.2. One-dimensional turbulence (ODT) model

Practical configurations of combustion of n-heptane fuel invari-
ably require combustion in a turbulent environment. We are using
a very powerful and relatively low-computational cost tool to ad-
vance our understanding of autoignition in turbulent media. The tool
is based on simulations using the stand-alone one-dimensional tur-
bulence (ODT) approach. A detailed description of the ODT model
formulation for the jet configuration is given by Echekki et al. [12].
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The model was implemented as a stand-alone model for the study of
other jet diffusion flames as well [17-21]. The ODT model is based
on a deterministic implementation of reaction and diffusion and a
stochastic implementation of turbulent advection in a space- and
time-resolved simulation on a 1D domain. In this problem, the 1D
domain corresponds to the transverse direction of the mean flow. The
temporal evolution of the 1D profile for the streamwise momentum,
energy and the species equations is interpreted as a downstream evo-
lution of the jet transverse profiles. The molecular processes are pre-
scribed by the following unsteady reaction-diffusion equations:

+ The streamwise momentum equation:
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» The temperature equation:

T 1< aT 1 9 (T 1 K.
at:M;Cp.kylcvkay'f‘pq)ay()\ay)_pﬁpzhkwk

k=1
(8)

In the above equations, all the symbols have their usual meaning. The
thermodynamic pressure, p, is assumed to be spatially uniform, and
the equation of state (Eq. (3)) is used again to determine the mix-
ture mass density, p. ¢, and Vj represent the kth species specific
heat and diffusion velocity, respectively and A is the mixture thermal
conductivity.

Egs. (6)-(8) represent a temporal solution of a turbulent jet flame.
The temporal evolution of the solution represents a downstream evo-
lution of the spatial profiles of the solution vector. The temporal evo-
lution is interpreted as a downstream spatial evolution (in x) of the
1D velocity and scalar profiles using the following equations [12]:

) S5 p(u—ux)dy
U— Uy = =22
o5 p(u—uy)dy

where 1 and u., correspond, respectively, to a bulk velocity and the
co-flow velocity.

Turbulent advection is implemented stochastically using stirring
events, each involving the application of a ‘triplet map’ [12]. The fre-
quency of stirring events is governed by the spatially-resolved evolv-
ing rate of shear in the jet. The stirring events are implemented as a
parallel process to the deterministic solution for the streamwise ve-
locity, species mass fractions and temperature. A stirring event in-
volves the random selection of a size [ and position y of an eddy
based on prescribed distributions (uniform for position and a dis-
tribution proportional to -2 for the size). However, the algorithm
eventually reconstructs the distribution of the positions and sizes of
the eddies based on the rate of shear in the jet. Further discussion
of the implementation of turbulent advection is provided in Ref. [12].
Two adjustable parameters, the so-called A and 8 [12], are identical to
previous values used in jet configurations with ODT well [17-21]. The
parameter A is of order unity and relates the local shear experienced
by the eddy to its characteristic time 7. The parameter g also is of
order unity. It relates an eddy turnover time to the time elapsed dur-
ing the simulations and is used to inhibit large eddies from occurring
towards the inlet of the jet, such that stirring events are allowed only
whent > g 1.

The temporal discretization of the governing equations is based
on full splitting of diffusion and reaction in which diffusion is ad-
vanced using the first-order Euler method, while the source term
is integrated using a stiff-integrator, DVODE [22]. A second-order
finite-difference scheme is used for spatial discretization. Transport
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Fig. 2. Computational configuration and initial run condition. The relative sizes of the
boxes indicate that the fuel jet exit velocity is higher than the co-flow velocity.

properties for heat and mass are based on a mixture-averaged for-
mulation and computed using transport libraries [23] within the
Chemkin II suite [24]. The boundaries of the ODT computational do-
main are maintained at free-stream conditions throughout the jet. In
the present implementation, dilatation is accompanied by an expan-
sion of the computational cells on the 1D domain proportional to the
density decrease [25]. The computer code is written in Fortran and is
implemented as an application coupled with Chemkin II libraries.

Figure 2 shows the computational setup for the jet simulations.
The initial configuration consists of a 2D segregated fuel jet with
heated air in the co-flow. The fuel jet has a fixed width of 1 cm; while,
the extent of the co-flow jet is prescribed based on the growth of the
boundary layer throughout the simulation, such that higher jet in-
let velocities required a higher range for the co-flow length. The fuel
and preheated co-flow air are prescribed with their temperatures and
inlet velocity. In all cases, considered, the fuel is considered as pre-
vaporized fuel with an inlet temperature of 400 K and 1 atm. The
oxidizer preheat has a temperature of either 650 K (case A from the
homogeneous mixture studies) or 1000 K (case B from the homoge-
neous mixture studies). The co-flow velocity is fixed at 1 m/s; while,
different fuel jet inlet Reynolds numbers are considered including
5000, 10,000, 20,000, 40,000 and 60,000.

3. Results: homogeneous ignition

In this section, we present results of the homogeneous ignition
studies. An important element of the discussion is the ignition delay
time and whether there is a presence of two-stage ignition vs. single-
stage ignition. We are using two methods to evaluate the time for
the onset of any ignition stage, which correspond to the presence of
a local peak of the temperature gradient and a local peak of the OH
mass fraction. The temporal evolution of temperature and OH and
HO, mass fractions are shown first to demonstrate the temporal evo-
lution of these quantities.

Figure 3 shows the temporal evolution of the temperature for 4
different mixture conditions, Z = 0.005, 0.02, 0.1 and 0.15 for case A.
Although not clear for mixture fractions 0.1, the three mixtures frac-
tions, 0.005, 0.02 and 0.1, exhibit a two-stage ignition process char-
acterized by an initial rise of the temperature, indicating a rapid heat
release, followed by a second rise. The gap between the two stages
decreases as the mixture fraction increases. They are fully merged at
Z =0.15. Both Z= 0.1 and 0.15 also show an overshoot of the temper-
ature at the end of the second ignition stage. Out of the 4 mixtures
fractions shown, Z = 0.02 exhibits the lowest ignition delay time for
both stages.

Figure 4 shows similar profiles to Fig. 3 corresponding to case B
where the oxidizer preheat temperature is higher at 1000 K. Mixture
fractions 0.05, 0.02 and 0.1 now exhibit only a single ignition stage.
While Z = 0.15 still exhibits a two-stage ignition process. Therefore,
in contrast with case A, case B exhibits two-stage ignition at richer
mixtures. Moreover, the latter two mixture fractions, Z = 0.1 and
0.15, exhibit a temperature overshoot before the termination stages
of the autoignition process. Also, similarly to case A, mixture frac-
tion Z = 0.02 exhibits the lowest ignition delay time for both stages.
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Fig. 3. Evolution of temperature during ignition for Case A at different mixture fractions.

1800

Z=0.005

1600

1400 I

Temperature (K)

1200 I

1000 -

L 1 1
8000 0.05 0.1 0.15

Time (sec)

1800
1600 -
1400

1200

Temperature (K)

1000

L 1 1
8000 0.1 0.2 0.3 0.4

Time (sec)

3000
2500

2000

Temperature (K)

1500

1000 |

)
0 0.05 0.1 0.15
Time (sec)

1800
I Z2=0.15
1600

1400 |

1200

Temperature (K)

1000

800

.
0.2 0.3 0.4
Time (sec)

Fig. 4. Evolution of temperature during ignition Case B at different mixture fractions.

Also, for both cases, this mixture fraction exhibits the highest tem-
perature rise given the fact that mixture fractions are much different
from the stoichiometric value result in excess fuel or excess oxidizer
that tends to lower the adiabatic flame temperature. However, in con-
trast to case A, there is no significant variation in the ignition delay
times for the different mixture fractions shown. This difference may
play an important role in reducing transport effects on ignition delay
time in the presence of scalar dissipation.

The weak dependence of the ignition delay time on mixture frac-
tion in case B has been observed in a number of studies, including
the recent work by Zhao and Law [26]. In that study, Zhao and Law
[26] have observed that the total ignition delay time for n-heptane-
air mixtures at 1 atm and different equivalence ratios (from lean to
rich) are comparable at a temperature just below 1100 K and little
variability at temperatures corresponding to the range of tempera-
tures illustrated in Fig. 7.
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Figure 5 shows the HO, and OH mass fraction temporal pro-
files corresponding to case A and the mixture fractions illustrated in
Fig. 3. The figure shows a prominent role played by HO, during the in-
duction stages (prior to each temperature rise). The profiles also are
closely correlated with those of OH, which only become larger once
the final stage of ignition is completed. The positions of the OH peaks
and those of temperature peak gradients with respect to other time
scales (e.g. ignition delays or times between stages) are reasonably
close to rely primarily on one to determine the ignition delay.

Figure 6 shows the HO, and OH temporal profiles corresponding
to case B and the mixture fractions illustrated in Fig. 4. Here, mix-
ture fraction Z = 0.15 clearly exhibits the two-stage ignition process
with two peaks for HO, and OH. Similar observations regarding the
choice of ignition criteria can be made here for OH and temperature
gradients.

Figure 7 presents the ignition delay times corresponding to the
first (dashed) and second (solid) stages of the ignition as functions of
the mixture fraction for the ranges of mixture fractions considered for
both cases A and B. The figure confirms some of the key observations
made from Figs. 3-6:

+ The two-ignition process is found at the lowest values of the mix-
ture fractions for case A for the range of mixture fractions consid-
ered where the gap between the two stages is also highest. The
opposite trend is observed for case B where the gap between the
two stages is higher at higher mixture fractions.

The ignition delay times corresponding to case B are lower ow-
ing to their higher oxidizer preheat temperatures. The trend is
sustained for a wider range of the mixture fractions where vari-
ations in second ignition delay are within a factor of 2-3 times.

Meanwhile, there is a large variation in the values of the ignition
delay times for case A.

« The final ignition stage (solid lines in Fig. 7) exhibits a local mini-
mum for case A at values of the mixture below the stoichiometric
value. This condition balances two competing effects, which cor-
responds to higher temperatures towards leaner mixture condi-
tions and the excess oxidizer in these mixtures. In contrast, several
minima are exhibited for case B, which correspond to both effects
of preheat and the ability of the first ignition stage to generate
important radicals that will precipitate the second ignition stage.
This trend is shown in Fig. 6, which illustrates higher concentra-
tions of HO, and OH for Z = 0.15 compared to Z = 0.1.

4. Results: turbulent jet autoignition

In this section, the process of autoignition in turbulent jet dif-
fusion flames is investigated. As stated earlier, two mixture condi-
tions are considered corresponding to different preheat tempera-
tures. For these two conditions, the (fuel) jet inlet Reynolds numbers
are varied from 5000 to 60,000. The autoignition process is discussed
using instantaneous spatial profiles at different times for representa-
tive thermo-chemical scalars. Statistics conditioned on the mixture
fraction also are used. The discussion builds on our observations
based on homogeneous ignition.

Figures 8-11 show spatial profiles of temperature and HO, mass
fraction for case A at different times t = 0.06, 0.12, 0.18 and 0.24 s and
for the jet Reynolds numbers of 5000, 10,000, 2000 and 40,000, re-
spectively. The time 0.12 s corresponds approximately to the time of
the earliest ignition in the homogeneous mixture corresponding to a
mixture fraction near 0.02. We have chosen to plot additional results
at increments of 0.06 (one below 0.12 and 2 above 0.12). Increasing
the jet inlet Reynolds number from 5000 to 40,000 also increases tur-
bulence effects.

As Fig. 8 shows, there are two peaks of HO, mass fraction at 0.06 s.
These peaks correspond to the presence of two mixing layers at the
interface of the fuel and the oxidizer. Under laminar conditions, au-
toignition would start at these layers and would exhibit two iden-
tical peaks around the position 0. At 0.06 s no stirring events have
occurred yet. However, even if turbulence effects are not present at
this time, molecular diffusion effects are. The presence of additional
fluctuations at later times indicates the presence of turbulent stirring
events whose sizes correspond to the contribution of various eddies
in the 3D context.

As the temperature profiles in Fig. 8, the presence of tempera-
ture peaks at 0.18 s indicates an autoignition process that has already
started and the formation of two autoignition kernels, with one (on
the right) exhibiting a higher temperature than the second one (on
the left). This difference can be attributed to the presence of stirring
events at an earlier stage (see the figure at 0.12 s), which increases
the local dissipation rate and contributes to a reduction in the radical
species (e.g. HO,) in the nascent kernel. However, a higher temper-
ature is seen on the left kernel at 0.24 s. Different mechanisms can
contribute to the reversal of trends in this case and others. One pos-
sible mechanism is that a higher rate of dissipation precipitates its
evolution to a lower value and a reduction in heat and radical losses
at nascent kernels. A second mechanism may be attributed to an on-
set of autoignition at mixture conditions that would yield a higher
adiabatic temperature.

Figures 9-11 illustrate some of the effects of turbulence on
the autoignition process. Increasing scalar fluctuations with higher
Reynolds numbers for the same times indicates a higher rate of stir-
ring events, which tend to “break up” nascent kernels. No new peaks
of temperature can be seen at times 0.06, 0.12 and 0.18 s indicat-
ing further ignition delay due to turbulence. The profiles at 0.24 s
show that autoignition has already started. They also show that, with
increasing stirring events, the mixture is made more homogeneous
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Fig. 16. Temporal evolution of the integrated heat release rate for Re = 5000, 10,000, 20,000, 40,000 and 60,000 for case A.

quickly at various patches of the mixture. Nascent kernels merge to
generate potentially larger kernels. The high temperature peaks at
higher Reynolds numbers also are broader, also suggesting a higher
rate of post-ignition, high-temperature combustion.

Figures 12-15 show spatial profiles of temperature and HO, mass
fractions similar to Figs. 8-11, but for case B, and showing results for
times t = 0.04, 0.07, 0.13 and 0.16 s. In Fig. 6, some of the earliest
autoignition delay times indicated correspond to approximately to
0.08 s at Z=0.02.

Figure 12 shows the presence of two ignition kernels at a much
earlier time than the earliest ignition delay times for the homoge-
neous mixture. As the temperature profiles show, no stirring events
are present at t = 0.04 s. Therefore, the mechanism that precipi-
tates ignition may be attributed to molecular transport, which is not
present in the homogeneous ignition scenarios.

The role of molecular transport in precipitating autoignition has
been identified in earlier studies (see for example, [6,27-29]). For
example, Echekki and Gupta [6] have identified the role of the
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Fig. 17. Temporal evolution of the integrated heat release rate for Re = 5000, 10,000, 20,000, 40,000 and 60,000 for case B.

differential diffusion of H, relative to CO in a CO/H,-air jet simi-
lar to the one adopted here as the mechanism for precipitating au-
toignition relative to homogeneous mixtures. In fact, at the onset of
autoignition, the H,/CO ratio is higher than the corresponding value
in the pure fuel stream.

Van Oijen [27] also investigated the autoignition process of
H,/CHg-air in a mixing layers using direct numerical simulations. Van
Oijen has found that the preferential diffusion of H, into the pre-
heated air stream also does contribute the precipitating the autoigni-
tion process relative to homogeneous reactor simulations.

Finally, temperature stratifications in the co-flow are also found
to play a role in precipitating autoignition with increased turbulence
as demonstrated by the lower lift-off heights/ignition delay times, re-
spectively, in both experiments [28] and computations [29], respec-
tively, for co-flowing streams of natural gas with hot vitiated air. In
both studies, [28] and [29], turbulence is able to bring a hotter co-
flow into the ignition zone.

In our study, involving a single-component fuel, n-heptane, we be-
lieve that the mechanism that results in earlier ignition may be at-
tributed to the onset of first-stage ignition in nearby richer mixture
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as a first step to preheat the most favorable sites for ignition (i.e. at
leaner mixture) and precipitate the final ignition stage at these mix-
tures. Therefore, the mechanism is governed by transport, which is
preceded by heat release.

Figures 12-15 clearly show that the presence of turbulence does
again result in autoignition delay; but, the trend is non-monotonic.
At 0.07 s, there is only one autoignition kernel for Re = 5000, no
ignition kernels for Re =10,000, and, then, two autoignition kernels
for Re = 40,000. Again, this non-monotonic behavior as a function
of Reynolds numbers reflects the presence of two effects that com-
pete on similar time scales. First, the presence of stirring events,
characteristic of turbulence, tends to increase the rate of dissipation
and delay the onset of autoignition. However, the same events also
tend to homogenize the mixture (as shown through the compari-
son of the temperature profiles at 0.04 s between Re = 20,000 and
Re = 40,000, resulting in the eventual decay of scalar dissipation.
If this occurs early enough, the more homogeneous mixture, which
does not exhibit a significant autoignition delay for case B ignites, and
may ignite sooner that autoignition kernels delayed by scalar dissipa-
tion (as seen in Fig. 13 for Re = 10,000). Therefore, the mechanisms
governing autoignition or its delay under turbulence conditions and
in the jet configuration can be competitive.

Another perspective of the trends observed for cases A and B can
be illustrated using the spatially integrated heat release rate profiles
corresponding to 20 realizations of the ODT simulations for the dif-
ferent Reynolds numbers, 5000, 10,000, 20,000, 40,000 and 60,000.
Figures 16 and 17 show the temporal evolution of the integrated
chemical source term for these Reynolds numbers for cases A and
B, respectively. The integrated chemical source term is expressed as:
- ;n“;f[’l‘ pifp Zf;’:l hyw,)dy. This term represents the 1D spatial in-
tegrated contribution from chemistry to the right-hand side of the
temperature Eq. (8).

From the figures, the following can be observed. First, the inte-
grated heat release profiles for case B exhibit an initial peak at peri-
ods between 0.01 and 0.02 s that appears to be primarily associated

with the first stage of autoignition at mixture fractions higher than
the stoichiometric values. We have indicated earlier that two-stage
ignition for case B occurred at mixture fractions greater than 0.1.

For case A, there is only a single peak. The scatter plot for the
heat release rate in this case shows the most spread at intermedi-
ate Reynolds number values, especially at Re = 20,000, and not nec-
essarily at the highest Reynolds numbers. The case of Re = 5000 ex-
hibits a nearly laminar behavior with the least spread. We believe that
this trend is attributed to the competition of the time scales associ-
ated with ignition chemistry and turbulent time scales. At the lower
Re values, chemical time scales are more dominant; while, at much
higher time scales, turbulent length scales tend to quickly homoge-
nize the mixture as it evolves from multiple ignition kernels to fewer
and merged kernels.

For case B, the higher peaks correspond to the second ignition
stage. The timing of this peak does not appear to change as a func-
tion of Reynolds number; although, a broader spread of this peak
around the values shown for Re = 5000 is present at higher Reynolds
numbers.

Based on the above observations, it would be interesting to see at
what mixtures the various stages of autoignition occur. This will be
investigated using conditional statistics of the temperature and the
heat release rate.

Figures 18-20 show conditional statistics of temperature and heat
release rate for case A, expressed in terms of the rate of change of
temperature —p%, zﬁﬂ hy@y, contributed by heat release, for times
0.15, 0.18, 0.21 and 0.24 s and corresponding to Reynolds numbers
of 5000, 20,000 and 60,000, respectively. The conditioning is made
based on the Bilger mixture fraction, which is expressed as [22]:

2(Ye — Ye o) /We + (Y — Yi,0) /2Wh — (Yo — Yo,0) /Wo
2(Yer —Yeo)/We + (Vi r — Yio) /2Wh — (Yo £ — Y0.0)/Wo
(10)

where the Y's are the elemental mass fractions corresponding to C, H
and O; the W's are atomic weights for C, H and O; and the subscripts

Z =
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Fig. 22. Conditional means of temperature (solid) and heat release rate (dashed) for Re = 20,000 and case B. The vertical dashed line corresponds to a stoichiometric mixture.
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Conditional means of temperature (solid) and heat release rate (dashed) for Re = 60,000 and case B. The vertical dashed line corresponds to a stoichiometric mixture.
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fand o correspond to the reference conditions of the fuel jet and the
coflow air, respectively. The statistics are based on 20 realizations of
the ODT simulations of jet ignition for each case. The trends can be
established even for as low as 5 realizations given the wide range of
conditions encountered at a given realization.

The figures show that the earliest heat release occurs at leaner
conditions; subsequently, the peak moves to richer conditions. The
range of mixture fractions at the same times shrinks with the
Reynolds number, indicating a process of mixing competing with that
of reaction. Given that ignition delays are longer for case A, the time
scales for turbulence compete directly with those associated with ig-
nition delay.

Among the 3 Reynolds numbers shown for case A, the condition of
Re = 5000 exhibits the earliest transition to autoignition. Compared
to Fig. 7, which shows ignition delay times as a function of mixture
fraction in the homogeneous case, it is clear that ignition propaga-
tion from leaner mixtures to richer mixtures precipitates the ignition
process in rich mixtures.

Figures 21-23 show similar conditional statistics of temperature
and heat release rate for case B for times 0.01, 0.02, 0.03, 0.04, 0.05,
0.06,0.07 and 0.08 s and corresponding to Reynolds numbers of 5000,
20,000 and 60,000, respectively. The figures show that the earliest
peaks of heat release rate do not occur at lean conditions where tem-
perature is highest as in case A. Instead, they occur at rich conditions
and correspond to the first-stage of ignition. These peaks initially mi-
grate to even richer conditions (higher mixture fractions); then, a sec-
ond peak forms at leaner mixtures, which is responsible for the most
important temperature rise.

These observations illustrate the role of two-stage ignition of non-
homogenous mixtures, like in the jet configuration studied here. The
peaks that we observe as early as 0.01 s correspond to the onset of
first-stage ignition at rich mixtures. We have to wait until 0.04 s to
see the formation of a second peak at leaner mixtures. Meanwhile, as
the leaner peak forms, the second peak at richer conditions contin-
ues to decay. By approximately this time, the two peaks are already
in place, and are bridged by a range of lower values of the heat re-
lease. This range may or may not be a strong indication of an ignition
front propagation from different mixtures as evidenced by observa-
tions of case A. However, an important consequence of the presence
of first-stage ignition at rich conditions and the single-stage ignition
at leaner mixtures is that the temperature profiles tend to be rela-
tively flat in mixture fraction space. Accordingly, heat dissipation is
reduced, further shielding nascent kernels from dissipation.

Figure 21 shows that for Re = 5000, the temperature rise above
1000 K occurs as early as 0.06 s, which is shorter than the shortest
time reported for homogeneous mixtures. However, higher turbu-
lence delays this temperature rise; although, the trend is not mono-
tonic. For example, the case of Re = 20,000 shows the highest delay
compared to 60,000. These trends may be interpreted as competi-
tion between higher turbulence conditions early on, which tend to
increase scalar dissipation and delay the ignition process versus the
formation of relatively shielded kernels with low dissipation at later
times, which promotes ignition of neighboring layers.

5. Summary and conclusions

The autoignition of n-heptane/air mixtures in a co-flow jet con-
figuration with preheated air and pre-vaporized fuel is investi-
gated using the one-dimensional turbulence model. Different inlet
jet Reynolds numbers and two conditions for air preheat are con-
sidered. The simulations are carried out with a 58-species reduced

mechanism and a detailed description of molecular transport. These
simulations were augmented with homogeneous mixtures’ simula-
tions at different mixture conditions consistent with the preheated
air and fuel references states.

The simulations show that turbulence plays different and poten-
tially competing roles for this fuel, which can be subjected to NTC
effects. The first role is that scalar dissipation tends to delay ignition
due to heat and radical losses from nascent kernels. However, once
ignition is established, a rapid mixing of the mixture ensures much
larger volumetric rates of heat release at conditions post-ignition.

Air preheat also plays an important role coupled with turbulence.
As evidenced by the two air preheat temperature cases, the first ig-
nition may occur at lean or rich mixtures and may correspond to the
first-stage or the only stage of ignition. Beyond this initial stage, heat
release from the mixture can play two different roles on the igni-
tion of neighboring mixture layers. The first effect is that of ignition
propagation, as shown in case A. The second effect translates into
generating less temperature stratification enabling nascent kernels
to experience lower heat dissipation. Both scenarios can precipitate
the autoignition process at mixtures where further delay may be ex-
perienced at homogeneous conditions.
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