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Abstract

The effect of steady strain on the transient autoignition-tieptane at high pressures is studied numerically
with detailed chemistry and transport in a counterflow configuration. Skeletal and redhegdane mechanisms
are developed and validated against experiments over a range of pressure and stoichiometries. Two configurations
are investigated using the skeletal mechanism. First, the effect of strain rate on muliigtag&ne ignition is
studied by imposing a uniform temperature for both the fuel and the oxidizer streams. Second, a temperature
gradient between the fuel and the oxidizer streams is imposed. The global effect of strain on ignition is captured
by a Damkdhler number based on either the heat-release rate or the characteristic chain-branching rate. Results
show that for low to moderate strain rates, both the low- and intermediate-temperature chemistries evolve in
a manner comparable to that in homogeneous systems, including the negative temperature coefficient regime,
but with somewhat slower evolution attributable to diffusive losses. At high strain rates diffusive losses inhibit
ignition; for two-stage ignition, it iSound that ignition is inhibited duringhe second, intermediate-temperature
stage. The imposition of an overall temperature gradient further inhibits ignition because reaction zones for key
branching reactions with large activation energies are narrowed. For a fixed oxidizer stream temperature that is
not sufficiently high, a higher fuel temperature results in a shorter ignition delay provided that the heptyl radicals
are mainly oxidized by low-temperature chemistry. Apected, an increase in pressure significantly increases
reaction rates and reduces ignition delay time. However, with increasing pressure there is a shift toward single-
stage low-temperature-dominated ignition which serves to delay ignition.
0 2004 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction premixed configurations with compressed reactants
particularly valuabler-Heptane has a cetane number
Ignition processes are an integral part of combus- (CN = 56) similar to that of diesel fuel (Ck 50),
tion in many practical systems including, for example, and it is widely used as a model fuel to study the
diesel engines. Ignition in diesel engines typically oc- ignition process. Research intsheptane ignition in
curs while strong fuel-air and temperature inhomo- homogeneous systems, where kinetics is best stud-

geneities exist, making the study of ignition in non- 1€d, has progressed nicely [1-11], but there have been
few fundamental studies of inhomogeneous mixtures

at conditions relevant to diesel ignition. The cur-
* Corresponding author. rent work seeks to provide a better understanding of
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specifically, the effects of fuel-air gradients and tem-
perature gradients on the ignition process are studied.
The key chemical behavior that distinguishes igni-
tion under the present diesel-like conditions from that
under other conditions is the combined effect of so-
called low-temperature and intermediate-temperature
chemistry on the ignition process. It is known that
for homogeneous-heptane—air mixtures ignition can
occur in a multistage mode [1] where both low- and
intermediate-temperature chemistries play a role. The
different chemistry regimes are defined in later sec-
tions and Refs. [3] and [4] provide details of these
processes.

Ignition in inhomogeneous systems with highly
simplified chemistry has been studied for some time
[12,13] and has recently been studied in the con-
text of detailed chemical mechanisms. Blouch and
Law [14] studied the effects of strain and pressure on
the air temperature required to autoignitéheptane
in steady-state counterflow systems. Seiser et al. [15]
studied strain effects on extinction and autoignition
in a steady-state counterflow configuration at one at-
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Motivated by the need to study transient autoigni-
tion processes in CFD that include coupling between
transport and reaction, new skeletal and reduced
mechanisms for studies of multistage autoignition
at high pressures are developed and validated over
a wide range of conditions. Seiser et al. [15] had pre-
viously developed a short mechanism of 159 species
and 770 reversible reactions from a detailed mecha-
nism that includes 2540 reversible elementary reac-
tions among 556 species [3]. However, computing
transient ignition with this mechanism is very in-
efficient. The present skeletal mechanism is much
smaller with 43 species and 185 reactions, counting
forward and backward reactions individually. The re-
duced mechanism has 18 global reaction steps.

The first objective of the present study is to exam-
ine the effect of strain rate on multistageheptane
ignition between countfiowing fuel and oxidizer
streams, each at the same temperature. The second
objective is to investigate the effect of strain rate in
the presence of an imposed temperature gradient be-
tween the fuel and the oxidizer streams. In particu-

mosphere. Sreedhara and Lakshmisha [16] studied the lar, the temperature gradient considered encompasses

autoignition ofr-heptane in an itially nonpremixed
medium under isotropic, homogeneous, and decaying
turbulence environment using direct numerical sim-

ulation. Measurements and analysis in these studies

were conducted at temperatures sufficiently high that
the low-temperature chemistry was of little impor-
tance. Schnaubelt et al. [17] studiedeptane droplet
ignition in microgravity at temperatures and pres-
sures suitable for observing the multistage autoigni-
tion process. Pitsch and Peters [18] numerically in-
vestigated the autoignition af-heptane under diesel
engine conditions using a flamelet model in conjunc-
tion with CFD simulations and proposed a formula-
tion of ignition delay time under strained conditions
as a function of scalar dissipation rate and homoge-
neous ignition delay time for a fixed fuel tempera-
ture of 400 K at 40 to 50 bars. In these studies the
strain rate (or scalar dissipation rate) was identified as
tending to inhibit ignition, as do lower boundary tem-
peratures and pressures. In recent work, Gopalakrish-
nan and Abraham [19] have numerically investigated
the role of differential diffusion im-heptane igni-
tion and found that differential diffusion effects are
most significant for those cases, at lower pressures
and temperatures, whergnition delays are longer.

the low- to intermediate-temperature ignition kinetics
with ignition causing a transition to high-temperature
kinetics.

In the following, the skeletal and reduced chemical
mechanisms for-heptane ignition and oxidation are
presented first. This is followed by an overview of the
numerical methods and multistage ignition phenom-
ena. Then the effect of strain rate on ignition delay is
discussed for uniform and stratified fuel and oxidizer
boundary temperature conditis. Finally the effects
of pressure and fuel stream temperature on ignition
are examined.

2. Reduced chemical mechanismsfor n-heptane

The development of the reduced mechanism starts
from a detailed kinetic reaction mechanism for the ig-
nition and combustion of-heptane [20]. This mecha-
nism has been revised and updated in thé3- and
the G—Cs-part using recent kinetic rate data from
Baulch et al. [21,22]. The detailed mechanism con-
sists of 1008 elementary reactions and 168 chemi-
cal species. With the knowledge of the main reaction
paths, already described by Pollard [23] and Ben-

Nevertheless, there are no comprehensive studies, toson [24], a remarkably shortened mechanism can be
the authors’ knowledge, that analyze the effects of in- derived by neglecting unimportant side chains. This
homogeneities, specifically the gradients associated mechanism is referred to as a skeletal mechanism and
with those inhomogeneities, on the transient igni- is the starting point for the further reduction. The
tion process for temperatures and pressures where resulting skeletal mechanism consists of 43 chemi-
both low- and intermediate-temperature chemistries cal components and 185 reactions, counting forward
are significant. and backward reactions individually. The reactions
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remaining in the skeletal mechanism and the Arrhe- tions, a further @ addition, and a first OH abstrac-
nius coefficients are given in Appendix A. tion to ketoheptylperoxide ORO,H. The decompo-

A similar skeletal mechanism has been derived sition of this component in reaction IV, which re-
previously by Bollig et al. [25] to predict NOQprecur- sults in the formation of an OH radical, represents the
sor species in steady diffusion flames. This reaction chain branching in the low-temperature range. Reac-
set has been included as a subset of the present mech-ions V-XIII describe the consumption of the inter-
anism to preserve the applicability of the mechanism mediate component hexene, butene, propene, allene,
in pollutant formation calculations. ethene, acetylene, methane, the methyl radical, and

In addition to the mechanism from Bollig et formaldehyde, respectively. Steps XIV and XV lead
al. [25], for a proper description of the ignition to the formation of radicals in a very short, radical-
process, a fuel consumption path over a second heptyl poor initiation time, during wich the H abstraction
radical is needed. Also some reactions for radical- by O, attack leads to a relatively high amount of hy-
poor combustion, for instance, some reactions with droperoxy radicals. These reactions also form radicals
HO, and K05, have to remain in the mechanism. during ignition at high temperatures. The water gas
The low-temperature reaction paths arising by dif- shift reaction XVI represents the oxidation of CO to
ferent heptyl isomers have been lumped to only one CO,, which occurs during thermal runaway and leads
chain, which is similar to the low-temperature au- to strong heat release. Reaction XVII is the main rad-
toignition steps by Cox and Cole [26]. ical producing step after ignition occurs, and finally,

Starting from the skeletal mechanism and in- global reaction XVIII represents chain breaking by re-
troducing steady-state assumptions for intermediate combination reaction.
components, which are consumed rapidly as com- In the following we show comparisons of results
pared to their formation and changes by transport from the skeletal and the reduced mechanism with
processes, a reduced reaction scheme with 18 global measured data from various experiments. A com-
reaction steps can be obtained. These global reactions parison of autoignition delay times of homogeneous
are given in Table 1 and characterize the main con- n-heptane/air mixtures computed using the skeletal
sumption reactions of the species included therein. and the reduced 18-step mechanism with experimen-
The reaction rates of the global steps are based on the tal data from shock tube experiments by Ciezki and
kinetic rate data of the elementary reactions and can Adomeit [1] and measurements in rapid compression
be provided on request. machines by Minetti et al. [2] is shown in Fig. 1. Com-

Reactions | and Il are the initiation reactions for putational ignition delay times have been determined
high- and low-temperature autoignition, respectively. from the simulation of a homogeneous reactor at con-
The low-temperature initiation reaction Il reveals the stant volume. The ignition delay times are given in an
formation of heptylperoxy radicals (R These re- Arrhenius diagram as a function of the inverse of the
act in global step Il by internal isomerization reac- initial temperature7© for lean, stoichiometric, and
rich mixtures at three different pressures. For the ex-
periments, ignition is defined by the maximum CH
band emission. In the calculations, the ignition crite-
rion is at the highest temperature rate of change with
respect to time, which coincides very well with the
maximum CH concentration. Despite the very con-
cise representation of the low-temperature kinetics,
the agreement between calculated and measured data
is very good, even at low pressures. No appreciable

Table 1
Reduced 18-step mechanism feheptane

No. Reactions

| n-C7H16 = C3Hg + 2CHg + Ho

I n-C7H16 + O2 + OH = RO, + HO

Il RO, + Oy = OR'OzH + OH

v OR”0O3H = 2CyH4 + CH20 + CH3z + CO+ OH

M 1-CgH12 + H20 = CgHg + C3Hs + H20 difference can be observed between the results from
Vi 1-CaHg + OH = CoHs + CHs + CH0 the skeletal and the reduced mechanism
VIl CgHg + HpO = CoHg + CHpO + Hy :

In addition to the ignition delay times, the delay

VI C3Hg + HO=CyHg + CO+ Hp ; : . A o
of the first stage in multistage ignitionsy, is given

IX CoHy =CoHa +Hy

X CoHp + Oy = 2CO+ Hy in Fig. 1 for different equivalence ratios, but only for
Xl CH4 +H=CHz + Hy the highest pressure. Also shown are the experimental
Xl CH3 + OH=CH0 + Hy data by Ciezki and Adomeit [1]. Since the tempera-
Xl CH,0=CO+Hy ture and pressure rise during the first stage of ignition
XIV - 2HO2 = H20z + Oz are not very sharp, the calculated valuespére de-

XV H20; =20H fined as the time of the first maximum of the OH con-
;x:l gg:ﬂ;iz}cﬁz +H2 centration._The predicted yalues for are too long,
XVIIl 2H = Hy but, especially at low equivalence ratios, the agree-

ment is still reasonable.
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Fig. 1. Homogeneous ignition delay timessheptane/air
mixtures for different pressas and equivalence ratigsas a
function of initial temperatures in a comparison of numerical
simulations with experimental data from shock tube [1] and
rapid compression machine (RCM) experiments [2]. The
low pressure data at =1 is from the RCM experiments.

For a further validation of the mechanism, simu-
lations have been performed for the plug flow reac-
tor experiments by Held et al. [27], who studied
heptane oxidation in highly diluted mixtures at 3 atm.
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Fig. 2. Numerical results for leam-heptane oxidation in a

plug flow reactor compared with experimental data by Held
etal. [27].
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Fig. 3. Numerical results for rich-heptane oxidation in a
plug flow reactor compared with experimental data by Held
etal. [27].

results of the simulations for the skeletal and the re-
duced mechanism are compared with the experimen-
tal data in Figs. 2 and 3. For the rich case, both mecha-
nisms show excellent agreement where the conversion
rate for the skeletal mechanism is only marginally
higher than the 18-step mechanism. For the lean case,
the induction period is represented quite accurately,
but the predicted conversion of smaller intermediates
to CO seems to be too slow.

Fig. 4 shows the temperature increase after a fixed
reaction time of 1.8 s from the stoichiometric oxi-
dation of n-heptane at different initial temperatures.
Experimental data for this configuration at 12.5 atm
have been provided by Callahan et al. [9]. The re-
duced 18-step mechanism reproduces the results from

The experiment is simulated as a homogeneous reac- the skeletal mechanism very well. Both mechanisms
tor at constant pressure. Two different conditions are agree well with the experimental data at higher tem-
considered here: a lean case at an equivalence ratio of peratures, but underpredict the temperature increase

¢ = 0.79 and an initial temperature at® = 940 K
and a rich case at = 2.27 and79 = 1075 K. The

for initial temperatures lower than 700 K. This is con-
sistent with the overprediction of the ignition delay
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Fig. 4. Numerical results for temperature increase at a given
time of reaction (1.8 s) of the stoichiometricheptane ox-
idation in a plug flow reactor compared with experimental
data by Callahan et al. [9].
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Fig. 5. Numerical results (solid lines with open symbols,
skeletal mechanism; dashed lines with open symbols, re-
duced mechanism) of temperature and major species distrib-
ution inn-heptane/air counterflow diffusion flame compared
with experimental data by Seiser et al. [28] (filled symbols).

time for the first stage of ignition in the shock tube
calculations shown in Fig. 1.

Finally, the behavior of the mechanisms for steady
flames is shown in Figs. 5 and 6. Results obtained
from both mechanisms are compared with experi-
mental data from an-heptane counterflow diffusion
flame by Seiser et al. [28]. The experiment has been
performed at 1 atm for a strain rate @f= 150 s™1.
Other details of the configuration can be found in
Seiser et al. [28]. The oxidizer is air and the fuel
is diluted with nitrogen, such that the stoichiomet-
ric mixture fraction isZst = 0.1. As suggested by
Seiser et al. [28], to account for the effect of buoy-
ancy, the profiles have been shifted by 0.34 mm away
from the fuel duct. The results of the skeletal and
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Fig. 6. Numerical results (solid lines with open symbols,

skeletal mechanism; dashed lines with open symbols, re-
duced mechanism) of intermediate species distribution in
n-heptane/air counterflow diffusion flame compared with

experimental data by Seiser et al. [28] (filled symbols).
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Fig. 7. Schematic ofaunterflow configuration.

nor species profiles with the experimental data shows
some differences, but the agreement is still very good.

3. Overview of numerical smulation

The skeletal chemical kinetic mechanism for
heptane ignition and oxidation described in the pre-
vious section is used to study the ignition process
in inhomogeneous systems to identify critical rate-
limiting elementary reaction steps. The reduced 18-
step mechanism is not used in the present one-
dimensional uneady ignition study; however, rel-
ative to the skeletal mechanism, its efficiency may
make it feasible to perform multidimensional simu-
lations of n-heptane ignition processes. The present
numerical configuration corresponds to a steady, ax-
isymmetric, laminar flow of two impinging streams,
issuing from two nozzles separated by a distahce
as schematically illustrated in Fig. 7. The main flow is
in the axial direction, denoted by the coordinateit

the reduced 18-step mechanism agree well with each the left boundaryX = 0), the fuel stream flows from a
other. The predictions are also in very good agreement nozzle at a temperature 6§ with a constant velocity

with the experimental data for temperature and the
major species shown in Fig. 5. The comparison of mi-

normal to the stagnation plan&g. The fuel stream
consists of prevaporized-heptane maintained at a
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mass fraction ot (Y = 0.38 in the present study),
with the remainder of the fuel stream being nitrogen.
Air is supplied from the right boundary (= L) atTp

and V. The velocitiesVy and Vy are determined
such that the momentum of the two streams is equal,
and there is a stagnation plane close to the midpoint
of the domain. Ignition simulations are performed at
a constant pressure of 40 atm (except for considera-
tion of pressure effects in Section 6) with a domain
length of L = 0.5 cm. Boundary air and/or fuel tem-
peratures are adjusted to affect the ignition kinetics.
Simulations are conducted using OPUS [29]. Initial
conditions are obtained in a two-step process: a fully
burning OPPDIF [30] result is used to obtain a well-
refined mesh, and this mesh is used to provide the
OPUS initial condition by olatining a new solution
with all reaction terms suppressed so that only reac-
tants are present. CHEMKIN software libraries [31]
are interfaced with both OPUS and OPPDIF to eval-
uate reaction rates as well as thermodynamic and
transport properties.

4. Multistageignition phenomena

Ignition can be defined as the transition from rel-
atively slow chemistry to the relatively fast chemistry
typical of high-temperature combustion. The condi-
tions under which ignition ccurs in certain inhomo-
geneous systems is studied in this paper. At the most
fundamental level, ignitio occurs when the rates of
heat release and/or chain-branching are fast relative
to the various loss mechanisms [32]. The loss mecha-
nisms of concern for the present inhomogeneous ig-
nition conditions are diffusive transport of thermal
energy, reaction intermediaries, and products from the
reaction zone to surrounding less reactive gases. In
hydrocarbon fuels, threg/pies of ignition chemistry
can be identified and losses can affect any of these.

At the lowest temperatures, a chain-branching
process centered on the OH radical dominates igni-
tion chemistry. The OH radical formed in this process
rapidly abstracts a H atom from the fuekheptane
in the present study, through reactions R99 and R100,
where the reaction numbeete refers to the reaction
step in the skeletal mechanism given in Appendix A.
The resulting alkyl radical reacts rapidly with mole-
cular oxygen to form €H,50, (R105f, R106f) and
then isomerizes to form £11400H (R107). A sub-
sequent @ addition (R108) is followed by another
isomerization (R109) and release of one OH (R110).
A typical product of this last isomerization is a keto-
heptylperoxide (referred to henceforth as KET). Up
to this point the process is chain-carrying, consum-
ing the same number of radicals as it produces and
releasing a moderate amount of heat (26.8 kJ per
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mole of fuel). The KET then decomposes (R111) to
products including an addithal OH radical, making
the sequence chain-branching. The last decomposi-
tion step (R111) has relatively high activation energy
and there tends to be a buildup of KET while the low-
temperature chemistry occurs.

At temperatures near 900 K, although the exact
temperature is pressure dependent, the chemical equi-
librium for the addition of Q to heptyl radicals shifts
strongly toward dissociation back to heptyl and O
(R105b, R106b). This greatly reduces the concen-
tration of C;H150- available for isomerization and
for the low-temperature chain-branching process. At
the same time, the rates for beta-scission reactions
become significant (e.g., R85, R86, R88, R91, R92,
R93), and the resulting smaller alkyls tend to react
with O, to form HO, (R66f, R74f, R82f). The HQ
reacts with itself to form HO» (R14), making the se-
qguence essentially chain-terminating until theQ4
dissociates to form a pair of OH (R15). This disso-
ciation has high activation energy and only results
in a chain-carrying sequence. Because of the slow
rate of O, dissociation and the slow rate of rad-
ical branching, this intermediate-temperature chem-
istry tends to progress more slowly toward ignition
with a rate that increases strongly with increasing
temperature. More detailed analysis of the relevant re-
action kinetics can be found in Refs. [3] and [4].

At higher temperatures, the rate of the branch-
ing reaction H+ O — OH + O (R1) becomes
faster than the chain-terminating reactions, typically
H+ 02+ M — HO2 + M (R8), and the overall rates
of reaction increase rapidly due to branching. At these
temperatures, the chemistry is significantly faster than
that of either the low- or intermediate-temperature
regimes.

For certain initial conditions, heat release asso-
ciated with the low-temperature chemistry causes a
transition in the kinetics from the low- to interme-
diate-temperature chemistry, resulting in what is
referred to as two-stagégnition. The two-stage
ignition chemistry typtal of large hydrocarbons
is a consequence of reduced reaction rates in the
intermediate-temperature regime. For relatively low
initial temperatures, at a time when the transition
from low- to intermediate-temperature kinetics oc-
curs, fuel has been totally consumed, and thus igni-
tion progresses directly to high-temperature chem-
istry such that the ignition process is dominated by
low-temperature kinetics. This is the so-called single-
stage low-temperature chemistry dominated igni-
tion. For relatively high initial temperatures, ignition
bypasses the low-temperature chemistry and starts
directly from the intermediate-temperature chem-
istry. This condition is referred to as single-stage
intermediate-temperature chemistry dominated igni-



326

tion. More detailed information on multistage ignition
for n-heptane in homogeneous systems can be found
in Refs. [3] and [4].

Ignition is primarily dependent on the consump-
tion of fuel by radicals, primarily OH, and thus rad-
ical production through braing reactions is criti-
cal. However, the key branching reactions have rel-
atively large activation energies and are sensitive to
heat losses from the reaction zone. These key reac-
tions are the dissociation of KET (R111) in the low-
temperature regime ando,B> decomposition (R15)
in the intermediate-temperature regime. Based on this
understanding ofgnition chemistryfor homogeneous
systems, heat and radical losses in inhomogeneous
systems are the focus of the present study. The crit-
ical ignition phenomena are identified in the spatial
dimension through local maxima of OH concentration
in time; the location of these maxima is defined as the
ignition kernel. The ignition delayg, similar to ho-
mogeneous systems defined in the previous section, is
the time at the kernel when the temperature rate-of-
change experiences a maximu@?27/d:2);, = 0,
indicating a maximum in the heat release rate. For
those conditions that exhibit a distinct two-stage igni-
tion, the ignition delay associated with the first stage,
11, is defined as the time at which the maximum OH
at the kernel is attainedd Yon/dt)-, = 0.

For the skeletal mechanism, the fraction of fuel
consumed by low-temperature chemistry (through
R107) is defined by

w107

~ 104 ’
Zi=97wi

wherew; (mol/cm3/s) is the reaction rate of reac-
tion i. Because the interchange between heptyl and
heptylperoxy (R105 and R106) is fast and reversible,
it is the essentially irreversible reaction R107 that de-
termines the moles of fuel that are consumed by the
low-temperature branch. A value aof= 1 indicates
that all of the fuel is oxidized by the low-temperature
chemistry, whereas a value of = 0 indicates that
the fuel is consumed through intermediate- and high-
temperature paths. The valuewfdepends primarily
on temperature, pressure, and oxygen concentration.
For a fixed pressure of 40 atm, the chemistry for sto-
ichiometric mixtures shifts from low-temperature to
intermediate- and high-temperature ignition chem-
istry between 792 and 1005 K, whewe= 0.95 and

«a = 0.1, respectively, using the skeletal mechanism.
Between these two temperatures, the ignition kinet-
ics is either dominated by low-temperature chem-
istry (@ > 0.5 or T < 901 K) or by intermediate-
temperature chemistryy(< 0.5 or T > 901 K). The
temperature atr = 0.5 is defined as the crossover
temperature (901 K at 40 atm) [6], indicating the
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Fig. 8. The parameter as a function of temperature at
40 atm for three equivalence ratias, ranging from 0.5 to
30.0.

transition from a low-temperature- to an intermediate-
temperature-dominated kinetics regime. Assuming
heptyl and heptylperoxy radicals are in steady state,
and neglecting the difference between the primary
and secondary hepty, is estimated to be

1
ar ,
1+ (kg1+kg2+kg3) (k105 +k106+k107)
k107(k1057 +k106/)102]

@)

wherek; is the rate constant of reactierwhich de-
pends on temperature and/or pressure, andighe
initial oxygen concentration (m;zjd:m3) in the mix-
ture. The value ofr at 40 atm is presented in Fig. 8
evaluated using Eq. (2) as a function of tempera-
ture for three equivalence ratiog)( ranging from
0.5 to 30.0. It is found tha& is dependent primar-
ily on temperature rather than equivalence ratio (oxy-
gen concentration). So for nonpremixed systems, the
change in temperature between fuel and oxidizer is a
stronger determinant ef at any spatial location than
the change in stoichiometry. The pressure dependency
of « is discussed later. Peters et al. [6] provide further
excellent discussion af for homogeneous systems.

5. Resultsand discussion

The focus of the current paper is on ignition in
mixtures where the fuel and the oxidizer are initially
nonpremixed and on the effect of strain and temper-
ature differences between the reactants on ignition.
Two series of numerical experiments are conducted
in physical space. In the first series the temperatures
of the fuel and the oxidizer streams are equal, whereas
in the second series the temperatures of the fuel and
the oxidizer streams differ significantly. In all simula-
tions the fuel stream is diluted with 85% nitrogen by
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Fig. 9. Kernel temperature evolution during single-stage ig-

nition for uniform boundary temperaturd (= 700 K and
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volume (Y = 0.38) so that the stoichiometric point
is shifted somewhat away from the oxidizer stream.
In the counterflow configuration the velocity gradient
imposes a diffusion rate or mixing rate, commonly re-
ferred to as the strain rate. To generalize this strain
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Fig. 10. Kernel temperature evolution during multistage ig-
nition for uniform boundary temperaturé& & 870 K).

rich side of stoichiometry (except when the tempera-
ture gradients are strong enough to prevent reactions
there). The local dissipation rate varies as a func-
tion of stoichiometry, primarily in accordance with
the relationship derived in [34], and also as a func-
tion of increasing temperature in accordance with the

rate to other geometries, the scalar dissipation rate is temperature-dependent diffusion coefficient.

used, which is measured in physical space, defined as

X = 2D(3% /ax)?, @3)

where £ is the mixture fraction [33] and is the mix-
ture thermal diffusivity.

5.1. Uniform boundary temperature

The first case to be considered corresponds to
a uniform fuel and oxidizer boundary temperature
of 700 K. For ignition in homogeneous systems at
these low initial temperatures, the fuel is typically
consumed in its entirety before the temperature in-
crease bootstraps the mixture into the intermediate-
temperature regime. Thus, ignition is a single-stage,
low-temperature chemistry dominated process. For
the nonpremixed reactants studied here, this is also
true of the ignition kernel. Naturally, once ignition
results in higher temperatures, the intermediate- and
the high-temperature chemistries play important roles
in the fuel consumption. As the scalar dissipation
rate increases, the ignition delay is observed to rise
as demonstrated by the kernel temperature evolution
shown in Fig. 9, whergq is the scalar dissipation rate
evaluated at the stoichiometric locatioh £ 0.146)
of the frozen flow. This scalar dissipation rate is the
well-defined characteristic mixing rate for each sim-
ulation evaluated for frozen flow conditions. During
the process of ignition, various chemical reactions
take place at different stoichiometries; for example,
low-temperature fuel chemistry tends to occur to the

At somewhat higher temperatures, the heat release
associated with the low-temperature ignition chem-
istry is sufficient to raise the temperature into the
intermediate-temperature regime before all of the fuel
is consumed. This is the case for a uniform bound-
ary temperature of 870 K, where there is clear evi-
dence of two-stage ignition, indicated in Fig. 10 by
a temperature jump at the kernel during the ignition
process. As before, increased scalar dissipation rate
leads to an increase in the ignition delay and, if the
scalar dissipation rate is sufficiently large, leads to
inhibition of ignition (xg = 207.5 s1in Fig. 10).
However, the effect of scalar dissipation rate on the
low- and intermediate-temperature chemistry regimes
is observed to be unequal. Specifically, strain primar-
ily affects the intermediate-temperature chemistry in
these two-stage ignition processes.

For higher boundary temperatures, e.g., at 920 K
and above, the intermediate-temperature chemistry
dominates, and the ignition process exhibits only
a single-stage, as was observed for 700 K bound-
ary temperatures. However, it differs in that the
920 K system is an intermediate-temperature chem-
istry dominated ignition. The kernel temperature evo-
lution for the 920 K boundary temperature is also
shown in Fig. 9.

Ignition delays for uniform boundary tempera-
tures of 700, 870, and 920 K are shown in Fig. 11
as a function of inverse scalar dissipation rate evalu-
ated at the stoichiometric location of the frozen flow.
Itis evident that increased scalar dissipation rates lead
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Fig. 11. Ignition delay as a function of inverse scalar dissi-
pation rate for various uniform boundary temperatures.

to longer ignition delay forlaboundarytemperatures,
although this effect is only pronounced for large dissi-
pation rates. The sensitivity of ignition delay to scalar
dissipation rate can be explained by considering the
conservation equation for a participant scalar vari-
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heat release associated with low-temperature chem-
istry causes the kernel temperature to rise to the vicin-
ity of 920 K. Subsequently there is a delay associated
with the intermediate-temperature chemistry. In the
system initially at 920 K (Fig. 9), the intermediate-

able such as temperature. In the conservation equation (e mperature chemistry dominates the entire ignition

for a homogeneous system, there is a source term

and a transient term that describe the rate of evolu-
tion of the system. In an inhomogeneous system like

process. The kinetics associated with radical-pool
buildup and fuel consumption are slow in the vicinity
of 920 K compared to the low-temperature chemistry

the present, there are additional dissipative terms that ;¢ g70 leading to the NTC behavior. The difference
work against the source term and thus serve to reduce penween the two cases is that at the time the tempera-

the rate of evolution toward ignition. If the dissipative
term is sufficiently large, it balances the source term
and the system’s rate of evolution will be zero; this
corresponds to a situation wieggnition fals to occur
(e.9.,T =870 K, xo = 2075 s L in Fig. 10). If the
dissipative terms are small relative to the source term,
the balance is between the transient evolution term

ture increases to the vicinity of 920 K for the system
beginning at 870 K, a radical-pool has accumulated
and the fuel has been partially consumed such that
the remainder of the ignition process proceeds more
readily. Details can be found in studies of homoge-
neous systems [3,4].

It is also observed in Fig. 11 that, when dissipa-

and the source term and changes in dissipation have tjon significantly affects the ignition delay, the system

minimal effect on ignition delay as observed for small
scalar dissipation rate in Fig. 11. This is in agreement
with the asymptotic analysis for ignition in a stretched
flow field [35].

As is shown in Fig. 11, for a boundary temper-
ature of 700 K, the ignition delay is longer than
for 870 and 920 K systems for the entire range
of scalar dissipation rates studied here. This is due
to the much slower low-temperature chemistry at
700 K compared with the low-temperature chemistry
at 870 K, attributable to the large effective activa-
tion energy of the low-temperature chemistry. Com-
paring the cases with boundary temperatures of 870
and 920 K in Fig. 11, it is evident that, for low dis-
sipation rates, the lower temperature system ignites
earlier. This is an example of the negative tempera-
ture coefficient (NTC) behavior typical of fuels like

at 870 K is more strongly affected, to the point that
ignition is completely supmssed at lower scalar dis-
sipation rates than for 920 K. This can be explained
by considering the temperature gradients surrounding
the kernel. Fig. 12 shows a comparison of the temper-
ature profiles for boundary temperatures of 870 and
920 K, respectively, at early (55% of ignition delay)
and late (93% of ignition delay) times for high scalar
dissipation rate xo ~ 190 371)_ For systems where
two-stage ignition is important, e.g., at 870 K, the
second stage is most susceptible to dissipative heat
losses (Fig. 10) because the associated temperature
gradients are most severe. The difference between
the single-stage, intermediate-temperature chemistry
system (at 920 K) and the twstage chemistry sys-
tem (at 870 K) is the magnitude of the temperature
gradient. For the two-stage chemistry the tempera-

n-heptane in homogeneous systems [4]. As observed ture gradient {7'/dx) at the earlier time (55%;g)

in Fig. 10, for the system that started at 870 K,

is of the order 13500 Kcm, while for the single-
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Fig. 13.Dar at the kernel in the induction period for uni-
form boundary temperature of 870 K. (InsBg under the
same conditions.

stage ignition the temperature gradient is of the order
4100 K/cm. Thus, more significant heat losses dur-
ing the intermediate-temperature chemistry results in
a slower temperature rigsend a longer ignition delay
for the lower boundary temperature of 870 K at a fixed
scalar dissipation rate. This leads to the crossover ob-
served in Fig. 11 at high dissipation rates.

The global effect of scalar dissipation rate may be
represented by a Damkdhler numbBag) based on
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heat occurs at a rate that is fast relative to dissipation
of thermal energy. On the other hand, there also exist
values of scalar dissipation rate (e gy,= 207.5 s_l)
that are sufficiently large so as to prevent ignition due
to excessive heat loss relative to its generation. For
these conditions, the transition to high-temperature
kinetics and thermal runaway does not occur. The
transition from gniting to nonigniting conditions cor-
responds to the lower turning point of the well-known
“S” shape curve, indicating that although a steady-
state flame solution can ist, nonignition is a stable
solution above the critical scalar dissipation rate.
Similarly, the Damkéhler numbeb@y) based on
the HyOo dissociation reaction, R15, is presented in
the inset in Fig. 13, defined as

_ @W)/(pYp)
P

DaR (5)
where w (mol/cm3/s) is the consumption rate of
H>0, through R15 to produce a pair of OH radicals,
W is the molecular weight of 5D», andp is the den-
sity of the fuel stream. InterestinglfDag behaves
qualitatively similar toDaz, indicating that a single
rate-controlling process affects both radical growth
and heat release.

In summary, for uniform boundary temperature,
ignition is inhibited when a large scalar dissipation
rate leads to sufficient heat or radical loss to break

the heat-release rate at the kernel, which is defined as the chain-branching behavior. Moreover, under high-

pay _ @/ YP)/Ho

4
whereg (kJ/mol/s) is the instantaneous heat-release
rate at the kernelHp is the heat of combustion
of n-heptane g = 271 k¥mol n-heptane),Yr, as
mentioned earlier, is the mass fraction of fuel at
the fuel stream Xz = 0.38), and x is the instan-
taneous scalar dissipation rate evaluated at the ker-
nel. The Damkoéhler number based on heat release,
as presented in Fig. 13, is tracked through the in-
duction period for three different scalar dissipation
rates at a boundary temperature of 8700@r in-
creases significantly during the first stage, low-tempe-
rature chemistry. Following the transition from low-
to intermediate-temperature kinetics the Damkdéhler
number decreases for a short time, reflecting the
intermediate-temperature chemistry susceptibility to
dissipative heat losses. Reaction flux analysis indi-
cates that the rate-limiting reaction in the intermedi-
ate-temperature chemistry is the®b dissociation
reaction, R15. The decrease D&y occurs in con-
junction with this slow reaction becoming the dom-
inant chain-branching reaction at early times of the
second stage. For conditions where ignition occurs,
the value oDar is significantly greater than unity at
the time of ignition, indicating that the generation of

strain conditions for two-stage ignition, it is found
that ignition is inhibitedduring the second, interme-
diate-temperature stage where the dissociation of hy-
drogen peroxide is rate-limiting; self-generated tem-
perature gradients resulting from multistage ignition
are more severe, leading to dissipative losses larger
than those for single-stage ignition.

5.2. Nonuniform boundary temperature

Temperature gradients between the fuel and oxi-
dizer streams are typical in practical systems where
the fuel stream is often cooler than the air stream be-
cause of smaller ratios of specific heats and enthalpy
required to vaporize liquid fuels. The existence of a
temperature gradient between the fuel and the oxi-
dizer streams will be shown to have an additional
inhibiting effectbeyond that of scalar dissipation with
uniform boundary temperatures. To demonstrate this,
numerical simulations are conducted with fuel and
oxidizer stream temperatures of 572 and 827 K, re-
spectively. This fuel temperature corresponds to the
boiling point ofn-heptane at 40 atm and the oxidizer
temperature is obtained by adiabatically compressing
ambient air (300 K) from 1 to 40 atm. With these
boundary temperatures, the entire domain evolves
initially through low-tempeature kinetics with the
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Fig. 15. Kernel temperature evolution in the induction pe-
riod for nonuniform boundary temperatur@y( = 572 K,
To = 827 K). (Inset)YpoH evolution under the same con-
ditions.

Fig. 14. Kernel evolution in the induction period for nonuni-
form boundary temperaturelf = 572 K, Tp = 827 K,
xo=T774s1.

strongest reaction rates (thymition kernel) occurring
on the hot oxidizer side of the domain. As the OH generation and destruction reactions for two differ-
concentration rises during the low-temperature kinet- ent scalar dissipation rategy = 40.2 s~ and g =
ics, the kernel moves toward stoichiometric and then 82.03 s™1, with the second representing failed ig-
rich mixtures. The kernel region subsequently transi- nition at the second stage. As is shown in Figs. 16
tions to intermediate-temperature kinetics, at 1.4 ms and 17 in both physical and mixture fraction coor-
(1) with xo = 77.4 s~ as shown in Fig. 14, demar-  dinates, the dominant reactions are R15, R110, and
cated by a temperature jump, the transition from KET R111 for OH generation and R36 and R100 for de-
to HyO5 as the intermediate of significance, and the struction. Late in the first-stage ignition where low-
appearance of a local OH maximum. temperature chemistry still dominates (Fig. 16), re-
Similar two-stage ignition behavior is found for  action rates of R110, R111, R36, and R100 for low
various scalar dissipation rates for these fuel and ox- scalar dissipation rate are comparable with that for
idizer temperatures. The kernel temperature evolu- high scalar dissipation rate, indicating the negligible
tion in the induction period for various scalar dis- effect of scalar dissipation rate on low-temperature
sipation rates is presented in Fig. 15 and the inset chemistry. Although Fig. 16 shows that the reaction
showsYpn evolution at the kernel. Similar to the uni-  rate of R15 is affected significantly by the scalar
form boundary temperatuase exhibiting two-stage  dissipation rate, other ignition reactions (R111 and
ignition (T = 870 K), the effect of the scalar dissi- R110) are more important during the first stage. Upon
pation rate on ignition manifests itself mainly in the the transition from the first to the second ignition
second stage where intermediate-temperature chem- stage, low-temperature chemistry becomes less im-
istry dominates. For low scalar dissipation rates, e.g., portant than intermediate-temperature chemistry. This
xo = 4.96 571, ignition evolves like a homogeneous s the situation depicted in Fig. 17 where R15 is
system, whereas for high scalar dissipation rates the clearly the dominant reaction responsible for OH gen-
delay occurs in the second stage. For scalar dissipa- eration. For the smaller scalar dissipation rate, R15
tion rates higher than a critical value above which and temperature increase gradually, whereas for the
ignition cannot occur, e.gxo = 82.03 s™1, ignition larger scalar dissipation rate the increase in R15 and
fails in the second stage, again indicating the slow temperature is negligible due to significant heat and
reactions in the intermediate-temperature chemistry radical losses at the kernel relative to heat and rad-

with relatively high heat and radical losses. For the

ical generation. Thus, scalar dissipation rate has an

particular temperatures shown here, ignition occurs effect on intermediate-temperature chemistry much

for equivalence ratios near unity at low scalar dissi-

more profound than that on low-temperature chem-

pation rates and for equivalence ratios above 2 at high istry for two-stage ignition. It is noteworthy that the

scalar dissipation rates [18].
To verify the effect of the scalar dissipation rate

peaks of the reactions for low and high scalar dis-
sipation rates differ in physical location due to the

on the intermediate-temperature chemistry and to de- strain effect, shown in Figs. 16a and 17a; however,

termine the rate-limiting reaction in this chemistry
regime, a reaction flux analysis is performed for OH

they are solely determined by the temperature and
composition (mixture fraction), as shown in Figs. 16b
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Fig. 16. OH reaction profiles forg = 40.20 sl and Fig. 17. OH reaction profiles forg = 40.20 s 1 and

xo = 8203 s 1 with T =572 K, T = 827 K late in the xo = 8203 s1 with T; = 572 K, Tp = 827 K during
first-stage ignition (1.4 ms foxg = 40.20 sland 1.47 ms the second-stage ignition (1.5 ms fgg = 40.20 s1and
for xo = 8203 s 1) (a) in physical coordinates and (b) in 4.0 ms for xo = 8203 s 1) (a) in physical coordinates
mixture fraction coordinates lvere low-temperature chem- and (b) in mixture fraction coordinates where intermedi-
istry dominates. ate-temperature chemistry dominates.

and 17b, which are independent of physical loca- ary temperature results anlonger ignition delay for
tion. high scalar dissipation rates; (2) the critical scalar dis-
The dependence of the ignition delay on the scalar sipation rate is smaller for the nonuniform tempera-
dissipation rate (again evaluated at the stoichiomet- ture case; and (3) comparable critical scalar dissipa-
ric position for the frozerilow) for these nonuniform tion rates are observed for two uniform temperature
boundary temperatures is shown in Fig. 18, contrasted cases, though the boundary temperature differs, be-
with ignition delay foruniform boundary tempera-  cause of the varying roles of low- and intermediate-
tures of 820 and 757 K. The uniform temperature of temperature chemistry as is described shortly.
820 K matches the temperature at the initial kernel lo- First, consider the difference between the uniform
cation for the nonuniform temperature case, whereas boundary temperature of 820 K and the nonuniform
757 K matches the ignitiodelay for the nonuniform boundary temperatures. By tracking the kernel evolu-
temperature case at low scalar dissipation rates. The tion or from the analysis of the relationship between
following observations can be made from a compari- « and temperature described in an earlier section, itis
son of these cases in Fig. 18: (1) nonuniform bound- known that a uniform temperature of 820 K also ex-
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Fig. 18. Ignition delay versus the inverse of scalar dissipation
rate for nonuniform boundary temperaturesigf = 572 K
andTp = 827 K compared with uniform boundary temper-
atures,T =820 K andT = 757 K.

hibits two-stage ignition. For both cases, the temper-
ature gradient associated with the transition from the
first to the second stage of ignition reduces the width
of the kernel (reaction zone), thereby increasing dis-
sipative losses. This is demonstrated in Fig. 19, which
presents the temperature and mass fraction profiles for
a scalar dissipation rate close to 64'sat times when

the kernel temperature rise is approximately 120 K for
the nonuniform (at 1.83 ms) and uniform (at 0.71 ms)
boundary temperature cases. This particular temper-
ature rise brings the ignition kernel to temperatures
where itis dominated by intermediate-temperature ki-
netics and where the ignition kernel is most suscep-
tible to strain. The initial temperature and OH mass
fraction for the nonuniform temperature case is also
shown in Fig. 19a for reference. The reaction-zone
thickness, defined as the full width at half maximum
of the OH profiles, shown in Fig. 19a, is 49 and 88 um
for nonuniform and uniform cases, respectively. Dif-
ferences observed in width are due to the added effect
of the imposed temperature gradient for the nonuni-
form case. Moreover, the branching reactions R111
and R15 have relatively large activation energies and,
hence, are rapidly reduced as the colder fuel stream is
approached for the nonuniform case.

The effect of temperature gradient on ignition
delay has long been known for simplified chem-
istry [12,13] and it is interesting that the same result
seems applicable to multistage chemistry. It is note-
worthy that, for this particular (typical) range of tem-
peratures, both the low- and intermediate-temperature
chemistries are active throughout the domain, and
both are narrowed by the temperature gradient, as
demonstrated in Fig. 19b. Low-temperature chemistry
is represented by KET and grmediate-temperature
chemistry by HO> since the branching of these in-
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Fig. 19. Profiles of (a) temperature akigy and (b)Yn,0,

and Yyet for nonuniform boundary temperatures Bf =

572 K andTp = 827 K (solid) at 1.83 ms compared with
uniform boundary temperature d@f = 820 K (dashed) at
0.71 ms when kernel temperatures have risen approximately
120 K. The initial temperature andpy profiles are also
shown in (a) for the nonuniform boundary temperature case.

termediates produces OH. The twin peaks of KET
are due to the higher generation rate of KET at cer-
tain temperatures and compositions. The minimum
KET between the two peaks is due to the higher con-
sumption rate of KET at the relatively higher tem-
perature locally. The coexistence of both low- and
intermediate-temperature chemistry in this particular
temperature range enhances ignition by generating
heat and radicals through both chemistries.

In addition to a comparison of uniform and
nonuniform boundary temperatures that both ex-
hibit two-stage ignition, consider the comparison be-
tween the nonuniform temperature case and a uniform
boundary temperature of 757 K. This uniform bound-
ary temperature is representative of single-stage low-
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Fig. 20. Profiles of temperature aighy when kernel tem-
peratures have risen 120 K for nonuniform boundary tem-
peratures of =572 K andTp = 827 K (solid) at 1.83 ms
compared with uniform boundary temperaturel'of 757 K
(dashed) at 1.47 ms.

temperature chemistry dominated ignition, similar to
the 700 K case discussed in the previous section. The
temperature of 757 K is selected because the low-
strain rate ignition times are the same as those for
the nonuniform temperature case (Fig. 18), indicat-
ing similar kinetic time scales when the kinetics are
not influenced by mixing. Fig. 20, similar to Fig. 19,
shows the profiles of the temperature afygh for this
comparison when the kernel temperature increase is
approximately 120 K at 1.83 and 1.47 ms for nonuni-
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systems are comparable; i.e., that the rate of R111 in
the 757 K system is comparable with the rate of R15
in the 820 K system when both reaction zones are
subject to high dissipation rates. This expands on the
earlier conclusion that for two-stage ignition the low-
temperature chemistry is faster than the intermediate-
temperature chemistry by noting that, for some lower
temperature, the low-temperature kinetics are com-
parable to the intermediate-temperature kinetics. At
high dissipation rates, the comparable kinetics occur
for a temperature pair that differs from that tempera-
ture pair for which the kinetics are comparable at low
dissipation rates or for homogeneous systems.

The global effects of scalar dissipation rate on ig-
nition for nonunifom boundary tempeture can also
be represented by the Damkdhler numb&a; and
Dag. The trends observed f@ra; andDay are qual-
itatively similar to those observed for uniform bound-
ary temperature cases and, hence, are not discussed in
further detail.

In summary, for nonuniform boundary tempera-
ture, ignition is further delayed by the imposition of
temperature gradients because the reaction zones for
both low- and intermediate-temperature chemistries
are narrowed beyond that for similarly strained uni-
form boundary temperature@nditions. This leads to
a smaller critical scalar dissipation rate compared
to uniform boundey conditions. Similar to uniform
boundary temperature casegnition in the second
stage for two-stage ignition is found to be more sus-

form and uniform boundary temperatures, respec- ceptible to dissipative losses. This is attributed to the
tively. It also shows the effect of temperature gradient Slow rate-limiting chemistry and the self-generated
on further decreasing the reaction-zone thickness and temperature gradient associated with the transition

increasing dissipative losses for the nonuniform tem-
perature case. Interestingly, the kernel temperature
for the uniform case (870 K) is lower than that for
the nonuniform case (940 K); however, the maximum
value of OH for the uniform case is much higher than
that for the nonuniform case. This occurs because the
low-temperature chemistry is much faster than the
intermediate-temperature chemistry at their respec-
tive kernel temperatures. However, it takes a much
longer time for the kernel temperature to increase
120 K at a uniform boundary temperature of 757 K
(1.47 ms) due to the slow chemistry compared to the
820 K system (0.71 ms) which starts at a relatively
higher temperature in the low-temperature kinetics
regime.

Finally, a smaller critical scalar dissipation rate
for nonuniform conditions is expected due to the ad-
ditional effect of the imposed temperature gradient.
However, for uniform conditions for two different
boundary temperatures of 757 and 820 K, a compa-
rable critical scalar dissipation rate is observed. The
similar value of the critical scalar dissipation rate sim-
ply indicates that the rate-limiting reactions for both

from low- to intermediate-temperature chemistry.
5.3. Effect of fuel temperature on ignition

Diesel fuel evaporates over a range of tempera-
tures that depends on the fuel constituents. Typically
n-heptane is at the low end of this temperature range.
To understand the effect of eéhfuel-distillation tem-
peratures on ignition, a series of fuel temperatures
(572, 604, 762, and 920 K) was considered, with
the oxidizer temperature fixed at 920 K. Due to the
higher oxidizer temperature relative to the fuel tem-
perature, the kernel is located closer to the oxidizer
stream initially ¢ ~ 0.03), and thus the initial ker-
nel temperature is nearly constant over the range of
fuel stream temperatures selected. In time, the ker-
nel migrates to a location where the chemistry (both
low- and intermediate-temperature chemistry) is fast.
There are two potential outcomes of varying the fuel
stream temperature: (1) a lower fuel stream temper-
ature leads to a higher temperature gradient, thereby
reducing the chemical rates as the fuel stream is ap-
proached; or (2) a higher fuel temperature may bypass
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Fig. 21. Ignition delay versus the inverse of scalar dissipation
rate for various fuel boundary temperatures, with oxidizer
temperature fixed & = 920 K.

the low-temperature chemistry and result in a single-
stage intermediate-temperature chemistry dominated
ignition, which may be slower than two-stage igni-
tion. The two mechanisms compete leading to distinct
ignition behavior, as shown in Fig. 21, from the cor-
relations of ignition delay with scalar dissipation rate
evaluated at the stoichiometric location of the frozen
flow.

First, Fig. 21 shows that lower fuel-stream temper-
atures lead to a longer ignition delay for fuel temper-
atures of 572, 604, and 762 Ignition occurs more
rapidly as the temperature gradient is reduced, but
where the kernel is still dominated by low-tempera-
ture chemistry (i.eq nearly unity). Therefore, of the
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In summary, increasing the fuel-stream temper-
ature reduces ignition delays as long as the ini-
tial chemistry occurs in the low-temperature regime.
When the fuel temperature rises sufficiently that the
chemistry is occurring in the NTC regime, this behav-
ior may be reversed. At high dissipation rates, though,
the NTC behavior is less evident because of the pre-
viously described significance of second-stage heat
losses. Since practical ignition processes occur at high
scalar dissipation rates, it is suggested that, for a fixed
oxidizer temperature, e.g., 920 K at 40 atm, faster ig-
nition is obtained if the temperature of the fuel stream
is maximized, but still within the temperature range
wherea (Eg. (2)) is close to unity.

6. Effect of pressureon ignition

In practical diesel enginignition conditions pres-
sure is usually higher than 40 atm. The results from
the current study may still be applicable by consider-
ing the effect of pressure on ignition chemistry. The
pressure scaling for homogeneous systems is largely
valid for inhomogeneous systems provided that it is
applied to the vicinity of the kernel. The scaling in-
cludes the shift of the crossover temperature that de-
termines the dominant chemistry to a higher temper-
ature as pressure increases. The analysis of the pa-
rametere, as functions of temperature, pressure, and
oxygen concentration in the present study, differs with
that of Peters et al. [6] in that the species steady-state
assumptions and chemical mechanism are different.
The dependence of the parametepn temperature
and pressure is presented in Fig. 22 for a stoichiomet-

three cases considered, ignition occurs the fastest for ric n-heptane/air mixture.

a fuel temperature of 762 K. Consistent with this, the
critical scalar dissipation rate is also higher for the
higher fuel boundary temperature, shown in Fig. 21.

Second, for a fuel boundary temperature of 920 K,
the chemistry is entirely in the intermediate-tempera-
ture regime. Comparing the curves for 762 and 920 K
in Fig. 21, for the lower fuel-boundary temperature
ignition delay is shorter at low scalar dissipation rate
and longer or comparable at high scalar dissipation
rate. The argument for this behavior is the same as
for the uniform boundary temperature cases, 870 and
920 K, described in Section 5.1, where the NTC be-
havior is present for low scalar dissipation rates, simi-
lar to a homogeneous system. For high scalar dissipa-
tion rates, the loss of heat and radicals for the second
stage of the two-stage ignition in the 762 K system
is more severe than that for the 920 K system be-
cause of the additional temperature gradient created
by the temperature jump associated with the transi-
tion from low- to intermediate-temperature chemistry
for the 762 K systems.

It is seen from Fig. 22 that the crossover tem-
peratures are 901 and 950 K at pressures of 40 and

1
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Fig. 22. The parameter representing the fraction of heptyl
radicals oxidized by the lowemperature chain for various
pressuresg = 1).
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Fig. 23. Kernel temperature arnthy (inset) evolution for a
nonuniform boundary temperature conditidf=(= 572 K,
To =827 K, xo =519 s~1) at various pressures.

120 atm, respectively, which represents 50 K increase
in temperature. This implies that, for the current fuel
and oxidizer temperature for the uniform as well as
the nonuniform boundary temperatures, two-stage ig-
nition may revert to a single-stage low-temperature
chemistry dominated ignition. Due to an increase in
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Fig. 24. Ignition delay time as a function of pressure for a
nonuniform boundary temperature conditidf(= 572 K,
To=827K, xg=519s1).

also observed in a diesel-spray ignition experiment
where fuel was injected into an ambient gas repre-
senting air at a temperature of 1000 K, density of
14.8 and 30.0 kgn3, corresponding to pressures of

41 and 84 atm, respectively, in Fig. 11 [36]. The effect
of strain-induced gradient and imposed temperature
gradient for uniform and nonuniform boundary tem-

pressure, the reaction rates increase accordingly and perature conditions on ignition remains valid for high

thus accelerate the ignition process. This is demon-
strated in Fig. 23 for the case of fuel and oxidizer

boundary temperatures of 572 and 827 K and a scalar

dissipation rate of approximatelyy = 52 s 1 at dif-

ferent pressures. The scalar dissipation rate, evaluated

at the stoichiometric location for the frozen flow, over

pressures.

7. Conclusion

The effect of steady strain on the transient au-
toignition of n-heptane at high pressures in a coun-

the range of pressures remains nearly constant as aerfiow configuration is studied numerically with

result of the competitive effects of decreasing thermal
diffusivity and increasing mixture fraction gradient as
pressure increases.

Fig. 23 shows that the ignition delay is reduced

with an increase in pressure. For higher pressure, e.g.,

120 atm, ignition is low-temperature chemistry domi-
nated single-stage ignition, which is slower than two-
stage ignition for the same pressure. However, the
ignition time is much less than that for two-stage ig-
nition at lower pressures, e.g., 40 atm. This indicates

detailed chemistry and transport. Newly developed
skeletal and reduceg-heptane mechanisms are val-
idated over a range of pressures and stoichiome-
tries. Transient ignition simulations with uniform and
nonuniform boundary fuel and oxidizer temperatures
are performed using the skeletal mechanism so that
the critical rate-limiting &mentary reaction steps in
the ignition process can be identified.

For both configurations at low scalar dissipation
rates, ignition exhibits behavior similar to that found

that the increase in reaction rates due to an increase for homogeneous systems, including the negative

in pressure is much more significant than the shift
in crossover temperature which determines the tran-
sition of single-stage ignition to two-stage ignition.

Thus, an increase in pressure will decrease the igni-

temperature coefficient (NTC) regime. However, this
behavior changes when scalar dissipation rates are in-
creased to a point where losses of radicals and heat are
significant. Strain-induced gradients delay ignition

tion delay considerably. The pressure dependence of because they reduce the reaction-zone thickness and

the ignition delay time shown in Fig. 23 can be fitted

to a power relationship;g = 36.04p~ 98253 shown

increase losses of heat and radicals produced during
the ignition process. These losses are more significant

in Fig. 24. The observed dependence is consistent for two-stage ignition than for single-stage ignition

with the analytical solution obtained for a homoge-
neous mixture shown in Fig. 13 of Ref. [6]. A de-
crease in ignition delay with increasing pressure was

because the temperature rise associated with the tran-
sition from low- to intermediate-temperature chem-
istry results in more severe temperature gradients. The
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second, intermediate-temperature stage is found to be to unity. In this manner, for turbulent environments

more sensitive to strain/dissipation than the first low-
temperature stage in two-stage ignition. When the
fuel and oxidizer boundary temperatures are nonuni-
form, ignition is further delayed because the reaction
zone is narrowed beyond that for similarly strained
ignition with uniform boundary temperates. This is
true of both the low- and intermediate-temperature
chemistries, which can coexist at different positions
across the physical domain for the appropriate condi-
tions.

The global effects of the scalar dissipation rate are
presented in terms of a Damkdhler number based on

characterized by high scalar dissipation rates, the ig-
nition delay can be shomed by proceeding through
two-stage ignition, rather than through intermediate-
temperature chemistry dominated ignition. This pre-
sumes that the oxidizer temperature is not sufficiently
high such that the intermediate-temperature chem-
istry is fast.

Pressure effects on ignition are comparable to
those of homogeneous systems. The crossover tem-
perature increases with pressure, and hence, for a
given boundary temperature, a two-stage ignition
shifts to a single-stage low-temperature chemistry

the heat-release rate or characteristic chain-branching dominated ignition. However, the increase in reaction

rate, normalized by the characteristic diffusion rate at
the kernel. Ignition ocas when the Damkdhler num-
ber of the system is well above a critical value, repre-

senting the balance between heat or radical generation

and the losses of heat or radicals due to strain-induced

and/or temperature stratification-induced gradients.
Results suggest that, toimmize ignition delay

for nonuniform boundary temperatures, the fuel tem-

rate with pressure is more significant than the shift
in the dominant chemistry. Hence, ignition delay is
reduced with increasing pressure.
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Appendix A
Skeletal mechanism for-heptane
Number Reaction A n E
1f O, +H—->OH+O0 2.000E+14 000 703
2f H>+O— OH+H 5.060E+04 267 263
3f Hy + OH— HO+H 1.000E+08 160 138
Af 20H— H,O+ O 1500E+09 114 042
5f 2H+ M — Hy + M 1.800E+18 —1.00 0
6f 204+ M — Oy + M/ 2.900E+17 —1.00 0
7f H+OH+ M — HyO+ M’ 2.200E+-22 —2.00 0
8f H+ 0y +M — HOp + M/ 2.300E+18 —-0.80 0
of HO7 + H — 20H 1500E+14 000 42
10f HO, + H — Hy + Oy 2.500E+13 000 29
11f HO, + H— HO+ O 3.000E+13 000 72
12f HO; + O — OH+ Oy 1.800E+13 Q00 -17
13f HOy + OH — HyO + Oy 6.000E+13 000 0
14f 2HO, — Hy05 + O 2.500E+11 000 -52
15f 20H+ M’ — Hp0p + M/ 3.250E+22 —2.00 0
16f H,05 + OH — H0 + HO, 5.400E+12 000 42
17f CO+0OH—COy +H 6.000E+-06 150 -31
18f CO+ HOy — COy + OH 1500E+14 000 987
19f CO+0+M —CO + M 7.100E+13 000 -19
20 CH+ O, - HCO+ O 6.000E+13 000 0
21 CH+ CO, - HCO+ CO 3400E+12 000 29
22f CH+ H20 — CH,OH 5.700E+12 000 —-3.2
23f HCO+ M’ — CO+H+ M’ 1.566E+14 000 659
24f HCO+ Oy — CO+ HOy 3.000E+12 Q00 0
25f 3-CH +H— CH+ H»p 6.000E+12 000 —-75
26f 23-CH — CyHp + Ha 1.200E+13 000 34
271 3-CHy + CHz — CoHgq + H 4.200E+13 000 0
28f 3-CH, + 0, - CO+OH+H 1.300E+13 000 62
20f 3-CHy + Oy — COp + Ho 1.200E+13 000 62

(continued on next page)
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Appendix A Continued)

Number Reaction A n E
30f 1-CH, + M’ — 3-CH, + M/ 1.200E+13 000 0
31f 1-CH+ 0 - CO+OH+H 3.100E+13 000 0
32f 1-CH+Hy - CH3 +H 7.200E+13 000 0
33f CHO+ M — HCO+H + M’ 5.000E+16 000 320
34f CH,O + H — HCO+ H» 2.300E+10 105 137
35f CH,O + O - HCO + OH 4.150E+11 057 116
36f CHyO + OH — HCO + H,0 3.400E+-09 120 -19
37f CHyO + HO» — HCO + Hy0 3.000E+12 000 547
38f CH3 + 0O — CH,O+H 8.430E+13 000 0
39f CHz +H— CHs kg 6.257E+23 —-1.80 0

koo 2.108E+14 000 0
40 CH; + OH— CH30 +H 2.260E+14 000 648
41 CHz + Op - CH»0 + OH 3.300E+11 000 374
42f CHz + HO» — CH30 + OH 1.800E+13 000 0
43f CHz + HOp — CHy + Op 3.600E+12 000 0
44 2CH; — CoHg + H» 1.000E+16 000 134
45f 2CH3 — CoHg ko 1.272E+41 —7.00 116
koo 1.813E+13 000 0
46f CH30 + M’ — CHO + H + M’ 5.000E+13 000 105
A47f CH3O + H — CH»0 + H» 1.800E+13 000 0
48f CHzO + Oy — CH,0 + HO» 4.000E+10 000 89
49f CH,OH + M’ — CH,O + H + M’ 5.000E+13 000 105
50f CHyOH + H — CH»0 + H» 3.000E+13 000 0
51f CHyOH + Oy — CH20 + HO, 1.000E+13 000 30
52f CHs +H — Hy + CH3 1.300E+04 300 336
53f CHg + OH — HO + CH3 1.600E+07 183 116
54f HCCO+H — 3-CHy, + CO 1500E+14 000 0
55 HCCO+ O — 2CO+H 9.600E+13 000 0
56f CyHy + O — HCCO+ OH 2.000E+-08 150 126
57f CoHy + O — 3-CHy + CO 1720E+04 280 21
58f CyHy + O — HCCO+H 1.720E+04 280 21
50f CoHz — CoHo +H kg 1.187E+42 —7.50 190
koo 2.000E+14 000 166
60 GH3 + Op — CH>,O + HCO 5420E+12 000 0
61f CoHg + M’ — CoHp + Hy + M/ 2.500E+17 000 320
62f CoHg + H— CoHz + Ho 1.700E+15 000 629
63f CoHg + OH — CoH3 + H2O 6.500E+13 000 249
64f CoHg — CoHa +H kg 1.000E+16 000 126
koo 1.300E+13 000 167
65f CoHs + H — 2CHs 3.000E+13 000 0
66f CyHg + Oy — CoHy + HOo 1.100E+10 000 -6.3
67 GHg + H— CoHg + Ho 1.400E+09 150 311
68 GHg + OH — CyHg + HyO 7.200E4-06 200 36
69 GHg + CH3 — CoHg + CHy 1.500E-07 6.00 254
70 GH4 + OH — CH0 + CoH3 1.000E+12 000 0
71 GHg + OH — HCO + CyHg 1.000E+12 000 0
72f CgHg — C3Hg +H 3.980E+13 000 293
73f C3Hs + H— CgHs + Ho 5.000E+12 000 0
74f CgHg + Oy — CgHy4 + HO2 6.000E+11 000 419
75f C3Hg — CoH3 + CH3 3.150E+15 000 359
76f C3Hg + H— CgHs + Ho 5.000E+12 000 63
77f C3Hg + OH — CyHg + CH,0 7.900E+12 000 0
78f C3Hg + OH — C3Hs + H20O 4.000E+12 000 0
79 GsHg + CH3 — C3Hg + CHy 8.960E+12 000 356
80f N-C3H7 — CHz + CoHy 9.600E+13 000 130
81f N-C3H7 — H + C3Hg 1.250E+14 000 155
82f N-C3H7 + O — CgHg + HO» 1.000E+12 000 209

(continued on next page)
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Appendix A (Continued)

Number Reaction A n E
83f 1-C4Hg — CgHs + CHs 8.000E+16 000 307
84f 1-GHg + OH — N-C3H7 + CH,0 6.500E+12 000 0
85 P-GHg — CoHs 4+ CoHg 2.500E+13 000 121
86 1-GHy1 — CoHyg + N-CgH7 3.200E+13 000 119
87 CsH11 — C3Hs + C3Hg 2.500E+13 000 126
88 1-GsHy2 — N-C3H7 + C3Hs 2.500E+16 000 298
89 1-GsH12 + H — CgHq1 + Ha 5.000E+12 000 0
90 1-GsHy2 + OH — CgH11 + H20 5.000E+12 000 0
91 1-GHq5 — 1-CsHqq + CoHy 2.500E+13 000 121
92 2-G/H15 — P-G4Hg + C3Hg 1.600E+13 000 118
93 2-G/H15 — 1-CgH12 + CHg 4.000E+13 000 138
94 1-G/Hy5 — 2-C7H1s 2.000E+11 000 758
95 2-GHy5 — 1-C7H1s5 3.000E+11 000 884
96 N-CzH16 — P-G4Hg + N-C3H7 3.160E+16 000 339
97 N-C7H1g + H — 1-C7H15+ Ho 7.300E+07 200 322
98 N-C7H16 + H — 2-C7H15 + Ho 3.500E+07 200 209
99 N-G7H1g + OH — 1-C7H15 + HoO 1056E+10 110 76

100 N-G/H16 + OH — 2-C7H15 + H20 5.200E+09 130 29
101 N-G/H1g + HO — 1-C7H1g + HoOo 1.790E+13 000 812
102 N-G/H1g + HO» — 2-C7H15 + H2O0 1.340E+13 000 712
103 N-GH1g + O — 1-C7H15 + HOo 5.500E+13 000 205
104 N-GH1g + Oy — 2-C7H15 + HOo 8.000E+13 000 199
105f 1-GH15 4+ O — ROy 2.000E+12 000 0
105b RQ — 1-C7H15+ Oy 1.750E+15 000 117
106f 2-C/Hi5 + O — ROy 2.000E+12 000 0
106b RQ — 2-C7H15+ Oy 1.750E+15 000 117
107 RG — ROyH 6.000E+11 000 856
108 RO,H + Oy — O,R'OoH 5.000E+11 000 0
109 QR OoH — HO,R"OoH 2.000E+11 000 712
110 HOR"OoH — OR’OH + OH 1.000E+09 000 314
111 OR'OyH — OR’O + OH 8400E+14 000 180
112 OR'O — CH20 + 1-CgHy1 + CO 2000E+13 000 628

Units are mole, cubic centimeter, second, kilojoule, Kelvin.

Third body collision efficiencies argV’] = 3.0[n-C7H1g] + 1.0[H2] + 0.75CO] + 0.40[N2] + 6.5[H20] + 0.4[O3].

For those rate constants which depend on the pressufg, andk~ are given in the table ankl= Fkg[M]/ (koo + ko[M]),
where logg F = logg Fe/(1+ (Iog1g(kgIM1/ ko) /N)?) and N = 0.75— 1.27 logy g Fe.

Broadening functions are given h¥,.39 = 0.577exg—7/2370 K), F.45 = 0.38exp—7/73 K) + 0.62exp—7/1180 K),
F.50=0.35, andF g4 = 0.411 exg—73.4 K/ T) 4+ exp(—T /4228 K).
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