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Computational fluid dynamics (CFDs)-based predictions are presented for nonpremixed and partially
premixed flames burning vaporized n-heptane fuel. Three state-of-the-art chemical kinetics models are
incorporated into a time-dependent, two-dimensional, CFD model known as UNICORN. The first mecha-
nism is the San Diego (SD) mechanism (52 species and 544 reactions), the second one is the Lawrence
Livermore National Laboratory (LLNL) mechanism (160 species and 1540 reactions), and the third one
is the National Institute of Standards and Technology (NIST) mechanism (197 species and 2926 reac-
tions). Soot model based on acetylene, and radiation model based on optically thin media assumption
are included. Two-dimensional calculations are made for the detailed structures of nonpremixed and par-
tially premixed flames, strain-induced extinction and diffusion-controlled autoignition and the results
are compared with the available experimental data. Diffusion-controlled autoignition characteristics
are also compared with the ignition delay times calculated in homogeneous stoichiometric mixture of
n-heptane and air. Through the simulation of complete flowfields between the opposing fuel and air
ducts reasons for the flame curvature seen in some experiments are explained. Compared to the tradi-
tional one-dimensional models for opposing-jet flames, two-dimensional simulations are found to give
results closer to the experimental values when the flames are highly stretched. While LLNL mechanism
predicted extinction of a nonpremixed flame better, NIST mechanism predicted the autoignition behavior
in the flowfield established by the opposing jets of fuel and heated air better. However, all three mech-
anisms predicted both the nonpremixed and partially premixed n-heptane flames very well. Surprisingly,
SD mechanism with less than one-third of the species used in the other two mechanisms predicted flame
structures with nearly the same accuracy. Comparisons made with the available experimental data could
not suggest which mechanism is better in predicting the minor species concentrations. Computations
could not predict the temperature rise detected in the experiments in the premixed-combustion zone
of a partially premixed flame when it was subjected to a moderately high stretch rate.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

for simple as well as complex hydrocarbon fuels. A considerable
part of this effort has focused on the oxidation chemistry of meth-

Detailed chemical kinetics for describing combustion of ane (CH,) and n-heptane (n-C;H;g), as these two fuels are consid-

hydrocarbon fuels involves several hundred species and several
thousand elementary reactions. Accurate chemical-kinetics models
help not only in understanding the combustion phenomena but
also for modeling the combustion processes in various practical
devices and, thereby, making combustion more efficient and less
polluting. The need for more accurate and presumably larger
chemical-kinetic mechanisms is being strongly driven by the esca-
lating costs of petroleum-based fuels and the search for alternate
and renewable fuels. Significant progress has been reported in
recent years in the development of detailed reaction mechanisms
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ered as the most representative gaseous and liquid fuels,
respectively. Moreover, methane is the dominant constituent of
natural gas, while n-heptane is a primary reference fuel for octane
rating in internal combustion engines, and also a good surrogate
for gasoline [1,2] and diesel [3,4] fuels. Consequently, several
detailed mechanisms have been developed and validated for these
two fuels. The mechanisms for methane oxidation include GRI-3.0
[5], HPNGB-1 [6], and Curran [7] mechanisms. Similarly, several
detailed reaction mechanisms have been reported for n-heptane
oxidation [8-10].

Detailed chemical-kinetics mechanisms for fuels are generally
validated using some specific targets, such as flow reactor data,
ignition delay times from shock tube experiments, and laminar
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flame speeds. The validation process then involves performing
zero- and one-dimensional simulations using codes such as
RUN1DL [11], OPPDIF [12], and CHEMKIN [13] and comparing the
results with the available experimental data. Extensive experimen-
tal data for the intermediate species concentrations are required for
obtaining a reasonably built or validated kinetics mechanism. How-
ever, it is not always feasible to obtain concentrations of the numer-
ous hydrocarbon intermediates generated during the combustion
of complex hydrocarbon fuels. As a result, validation of complex
chemical-kinetics mechanisms using the traditional zero- and
one-dimensional experimental/numerical studies can be per-
formed only partially. Alternatively, one could include more target
flames, such as coaxial nonpremixed [14], Bunsen [15], and center-
body flames [16], and validate the mechanisms for predicting flame
shapes, lift-off heights, blowout characteristics, temperature and
species distributions, etc. Most of these data can be obtained using
measurement techniques ranging from inexpensive (direct photo-
graphs) to expensive (laser diagnostics) techniques.

The main reason why researchers are restricting themselves to
zero- and one-dimensional data for validating a given chemical-
kinetics mechanism stems from modeling limitations. The addi-
tional target flames listed above are all of multidimensional in nat-
ure and can only be simulated using two- or three-dimensional
codes. In fact, calculation of multidimensional flames using detailed
chemistries is known since 1960s [17] and the need for understand-
ing combustion phenomena such as flame stability, pollutant for-
mation, and re-ignition have led to the development of CFD codes
with detailed chemical kinetics [18-21]. However, due to the fact
that computational time increases significantly with the size of
the chemical-kinetics mechanism used, CFD code developments
are limited to either simple fuels such as hydrogen [22], methane
[23], and ethylene [24] that are described with smaller detailed
mechanisms (less than 100 species) or to complex fuels such as pro-
pane [25], heptane [26], and JP-8 [27] that are described with re-
duced mechanisms (tens of species). On the other hand, computer
hardware technology has advanced significantly during the past
decade and desktop cpu with hundreds of cores [28] could become
available in the next 10 years or so-paving roads for computing
multidimensional flames using hundreds of species and thousands
of reactions routinely. Recently, Katta and Roquemore [29] have
demonstrated feasibility of such simulations through adopting effi-
cient algorithms for faster and error-free calculations with large
chemical-kinetics mechanisms. The present paper is aimed at (1)
demonstrating the current ability to perform detailed chemical-
kinetics validation studies using a multidimensional code and (2)
to understand the accuracies of the existing mechanisms for n-hep-
tane fuel in simulating various types of combustion phenomenon.

There is a considerable interest in understanding n-heptane
combustion as it is treated as a primary reference fuel for octane
rating in internal combustion engines. Numerous investigators
have developed chemical-kinetic mechanisms describing the oxi-
dation of n-heptane [8-10]. Extensive experimental work has also
been performed for validating/developing these detailed mecha-
nisms [30-32]. In the present paper three mechanisms developed
by University of California at San Diego, Lawrence Livermore Na-
tional Laboratory, and National Institute of Standards and Technol-
ogy are incorporated into a two-dimensional CFD code, UNICORN
(UNsteady Ignition and COmbustion using ReactioNs), and investi-
gated their ability to predict chemical and thermal structures of
nonpremixed and partially premixed flames, extinction limits,
and ignition characteristics.

2. Mathematical model

UNICORN code [29,33,34] is a time-dependent, axisymmetric
mathematical model, which is used for the simulation of unsteady

reacting flows. It is capable of performing direct numerical simula-
tions (DNSs) and has been developed/improved over several years.
Its evolution has been in conjunction with experiments conducted
to test its ability to predict ignition, extinction, stability limits, and
the dynamic characteristics of nonpremixed and premixed flames
of various fuels. It solves for u- and v-momentum equations,
continuity, and enthalpy- and species-conservation equations on
a staggered-grid system. The body-force term due to the gravita-
tional field is included in the axial-momentum equation for simu-
lating vertically mounted flames. A clustered mesh system is
employed to trace the large gradients in flow variables near the
flame surface. Details of the finite-differencing schemes and the
methodologies used for handling stiff species-conservation equa-
tions are given in Refs. [29] and [34].

Three detailed chemical-kinetics models developed for heptane
combustion are incorporated into UNICORN. First one is San Diego
(SD) mechanism [35]. It consists of 52 species and 544 elementary
reactions. The second one is Lawrence Livermore National Labora-
tory (LLNL) mechanism [36]. It consists of 160 species and 1540
reactions. And the third one is National Institute of Standards
and Technology (NIST) mechanism [37]. It consists of 197 species
and 2926 reactions. These three mechanisms were chosen as they
represent state-of-the-art semi-detailed and detailed chemistries
for n-heptane combustion. The thermodynamic properties such
as enthalpy and specific heats of all the species are calculated from
the polynomial curve fits developed for the temperature range
300-5000 K. The transport properties such as viscosity, thermal
conductivity and binary molecular diffusion coefficients for each
species are evaluated using Chapman-Enskog treatment for collid-
ing molecules and Lennard-Jones potentials and reduced tempera-
tures as described in Ref. [38]. Mixture viscosity and thermal
conductivity are then estimated using the Wilke and Kee expres-
sions, respectively. Molecular diffusion is assumed to be of the
binary-diffusion type, and the diffusion velocity of a species is cal-
culated using Fick’s law and the effective-diffusion coefficient of
that species in the mixture.

Soot formation is described using two transport equations, one
for the particle number density, Ns, and the second one for the soot
mass fraction, Y;. These equations can be written for unsteady flow
as

agivs +V - (pVNs) — V - (pDn,VN5) = @, (1)
Y,
WL (pVY) V- (DY) = 0 )

where V is the velocity vector, p is density, D is the molecular diffu-
sion coefficient, and w is the production term from chemical reac-
tions. The two source terms in Eqs. (1) and (2) are obtained using
the following inception-growth-oxidation approach of Lindstedt
(39],

GHy = Csoor + Ha (R1)
CoHa + pCsoot = (P + 2)Csoor + Ha (R2)
0.50; + Csoot = CO (R3)
OH + Csoot = CO+H (R4)
0 + Csoor = CO (R5)
qCs00t = Cyso0t (R6)

In the above mechanism R1 describes nucleation process, R2
growth process, R3-R5 oxidation process, and R6 agglomeration
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process. Here, Cs,or represents gaseous soot particles, and the
coefficients p and q are used for describing the particle growth
and agglomeration processes, respectively. A simple radiation mod-
el [40] for gaseous species (including soot), based on the optically
thin-media assumption [41], is incorporated into the energy equa-
tion. Only radiation from CHy4, CO, CO,, H,0, and soot is considered
in the present study. The radiation source term (q,) is then calcu-
lated as

=-CHT° = kyoT, (3)

where fy is soot volume fraction, C is a constant calculated based on
spectral absorption coefficient of soot [42,43], o the Stefan-Boltz-
mann constant, and k, the Planck mean absorption coefficient of
the ith species [40]. Detailed radiation studies on ethylene jet diffu-
sion flames conducted by Liu et al. [44] suggested that the radiation
model used in the present study (optically thin model) could result
in less than 2% error in soot volume fraction and 50 K in peak tem-
perature when compared to more sophisticated discrete-ordinates
radiation models [44].

The finite-difference forms of the momentum equations are ob-
tained using an implicit QUICKEST scheme [34,45], and those of the
species and energy equations are obtained using a hybrid scheme
of upwind and central differencing. At every time step, the pres-
sure field is accurately calculated by solving all the pressure
Poisson equations simultaneously and using the LU (Lower and
Upper diagonal) matrix-decomposition technique. Different types
of boundary conditions such as adiabatic wall, isothermal wall,
symmetric surface, outflow, and inflow can be applied to the
boundaries of the computational domain [46].

3. Results and discussion

Multidimensional-flame simulations using UNICORN are per-
formed on a Personal Computer with an AMD Opteron-250 cpu
and 2.0 GB of memory. Execution times strongly depend on the
number of species considered in the chemical-kinetics model and
the grid size. Typical execution times using a mesh of 15 K nodes
and with the SD, LLNL, and NIST mechanisms are 8, 23, and 30 s/
time-step, respectively. Steady state solutions are typically
obtained in about 4000 time steps starting from the solution ob-
tained using the global combustion chemistry model. Calculations
made with different heptane chemical kinetics models are
presented in the following subsections.

3.1. Nonpremixed flame structure

The nonpremixed flame considered for validating the numerical
models is a flat flame formed between the opposing jets of pre-
vaporized n-heptane and air. Seiser et al. [30] have conducted
experiments on this laminar flame and obtained temperature and
species measurements along the axis of symmetry (centerline).
They performed one-dimensional calculations for the flame struc-
tures along the centerline using a shortened version of SD mecha-
nism [30]. In their further studies [31] of these flames they also
used LLNL mechanism and a larger version of it having 282 species
[36]. The burner was made up of two opposing ducts with inner
diameters of 22.2 mm through which reactants were introduced
separately. The distance between the ducts at the exits was
10 mm. A known mixture of n-heptane vapor and nitrogen was
introduced from the bottom duct while air was introduced from
the top duct. The temperatures of the fuel and air jets were 338
and 298 K, respectively. Experiments were conducted for different
global strain rates (k) through varying the jet velocities while
satisfying the following conditions

StrainRate k = 2|V2 ( :51‘,/ > (4)
2

and V1| = VA Vsl 5)

While Eq. (4) defines global strain rate, Eq. (5) enforces momentums
of the fuel and oxidizer jets to be equal for keeping the flame at the
midsection of the burner. Here, V; and V, represent the velocities of
the fuel and air jets, respectively and p; and p, represent the
densities of the respective jets. L is the separation distance between
the fuel and oxidizer ducts.

A two-dimensional modeling of the opposing-jet flame requires
jet exit velocities. Since the experimental data reported in [30] and
[31] for these flames are in terms of strain rate, the jet exit veloc-
ities are calculated using Eqgs. (4) and (5) while densities of the fuel
and oxidizer jets are calculated from the measured temperatures
and ideal gas law at standard pressure. For model validation
purpose the flame established at a moderate strain rate of
150 s~ is considered. Fuel used for this flame contained 15% hep-
tane and 85% nitrogen. The fuel and air velocities, as determined
from Eqgs. (4) and (5), are 0.342 and 0.375 m/s, respectively. Veloc-
ity for the N, curtain flow surrounding the fuel and oxidizer jets
was set as 0.1 m/s. Simulations for the flowfield between the upper
and lower ducts are performed using a 301 x 41 variable grid sys-
tem, which yielded a uniform spacing of 33 um in the axial direc-
tion and expanding spacing with a minimum of 100 um in the
radial direction. Calculations are performed using the SD, LLNL,
and NIST chemical kinetics models. The three steady state flames
obtained are shown in Fig. 1. Temperature distributions between
300 and 1800 K are plotted using rainbow color scheme. A compar-
ison among the temperature distributions shown in Fig. 1 reveals
that the three mechanisms have resulted in flames that are nearly
identical in shapes and sizes. The nonpremixed flame formed
between the opposing reactant ducts is nearly flat (planar); how-
ever, a close observation indicates that it is slightly curved upward
toward air duct. As described in the previous section, gravitational
force in the axial direction is included in the calculations and the
observed flame curvature, at first sight, might appear to be devel-
oping because of buoyancy. However, calculations repeated after
turning off the gravitational forces also resulted in a curved flame
identical to that shown in Fig. 1, which, suggested that the curva-
ture to the flame surface did not develop because of buoyancy.

Based on stoichiometry it is known that about 11 mol of oxygen
are needed for burning one mole of heptane. Because of such high

N, Air N,

(a)

nCHg+ N,

(b)

(c)

Fig. 1. Opposing-jet nonpremixed heptane flame simulated using (a) SD, (b) LLNL,
and (c) NIST mechanisms. Global strain rate is 150 s~'. Temperature distributions
are shown between 300 and 1800 K.
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Lines represent flames computed using different chemical kinetics mechanisms and
symbols represent measurements of Seiser et al. [30]. Global strain rate is 150 5.
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Fig. 3. Distributions of fuel, oxygen, H,0, and CO, plotted along the centerline.
Lines represent flames computed using different chemical kinetics mechanisms and
symbols represent measurements of Seiser et al. [30]. Global strain rate is 150 s~ .

requirement for oxygen nonpremixed flame in the opposing-jet
burner establishes on the airside of the stagnation plane (surface
along which the axial velocity component is zero). Consequently,
the volumetric expansion occurring along the flame surface will
be more on the airside of the stagnation plane. The additional
momentum generated by the hot gases toward the stagnation
plane moves the stagnation point (where axial as well as radial
component of velocity are zero) closer to the fuel jet and makes
the stagnation plane (and also the flame surface) curve toward
the air jet. Shift in the location of the stagnation point from the
mid section of the burner is evident in Fig. 2.

Temperature and axial-velocity distributions along the center-
line across the flame are shown in Fig. 2. While the computed pro-
files are shown using lines, temperature measurements obtained
by Seiser et al. [30] are plotted with solid symbols. Even though
the moments of the fuel and air jets were matched, the stagnation
point (U=0) is located ~0.5mm away from the midsection
(z=5 mm) toward the fuel duct. The peak-temperature surface is
located ~0.2 mm away from the midsection toward the air duct,
which is also the case in the experiment. All three mechanisms
resulted in nearly identical temperature and velocity profiles,
which is as expected since the main heat-release steps in these
mechanisms are validated for heptane-air combustion. On the
other hand, formation mechanisms of minor species in the three

Fig. 4. Distributions of intermediate fuel species H,, C;H, + C;Hy, and CO plotted
along the centerline. Lines represent flames computed using different chemical
kinetics mechanisms and symbols represent measurements of Seiser et al. [30].
Global strain rate is 150 s~

kinetics models are less validated and one might expect some vari-
ations in their predictions. Calculated peak temperature values
compare well with the measurements. However, flame in the
experiment seems to be broader and shifted by ~0.2 mm toward
the air duct. Interestingly, the one-dimensional calculations
performed by Seiser et al. [30] also resulted in a temperature
profile similar to the predictions shown in Fig. 2-suggesting that
one-dimensional assumption for this nearly flat, moderately
stretched flame is reasonable. Maximum temperature predicted
by the NIST mechanism is ~40 K lower than those obtained with
the SD and LLNL mechanisms (Fig. 2). This lower temperature
caused less volumetric expansion for the combustion products
and less increase to velocity (negative) at z ~ 5.8 mm.

Predicted distributions of fuel, oxygen, H,0, and CO, along the
centerline are shown in Fig. 3 along with the measured ones. Once
again, all three chemical-kinetics models predicted nearly the
same distributions for these species. Comparisons with experiment
are also reasonable, even though, H,O concentration was under-
predicted. Similar to the differences noted in temperature data
(Fig. 2), measured species profiles are broader and shifted toward
the air duct. It is important to note that measurements for temper-
ature and species concentrations were made using different
probes-suggesting that observed differences between the mea-
surements and computations are beyond the experimental errors.
However, since both the probes used for the measurements (ther-
mocouple and quartz microprobe [30]) are intrusive type, the
uncertainty with regard to the perturbation to the flame in the
experiment remains. It is also possible that the H,-species chemis-
try/transport is not adequately represented in these mechanisms.
Diffusion of H, further into the air jet than what the models are
predicting could also result in shifts in the peaks of water concen-
tration and temperature closer to the air inlet. Nevertheless, as
described in the Mathematical-Model section, the transport prop-
erties of the individual species in these simulations were estimated
using rather sophisticated molecular theory and corrections to
their values needs investigations at fundamental level. Overall, it
may be considered that all three chemical-kinetics mechanisms
are resulting in the same distributions for the major species shown
in Fig 3 even though there are some differences in the temperature
predictions (Fig. 2).

Comparisons between the predictions and measurements for
some other species such as fuel fragments and radicals are shown
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Fig. 5. Distributions of intermediate species CH4, C3Hg, and C,Hg plotted along the
centerline. Lines represent flames computed using different chemical kinetics
mechanisms and symbols represent measurements of Seiser et al. [30]. Global
strain rate is 150 s,

in Fig. 4 and 5. Distributions of H,, CO and C;H, + C;H4 are plotted
in Fig. 4 and those of CH,4, C3Hg and C,Hg are shown in Fig. 5. In
general, models are over predicting the concentrations for these
species. Note, similar discrepancies between measurements and
calculations were also reported by Seiser et al. [30] in their one-
dimensional simulations using CHEMKIN and a shortened version
of SD mechanism [47]. Consistent with the differences noted
between the experiment and simulations for the temperature
and major species concentrations, measured distributions for H,
and CO are also shifted closer to the air inlet. While SD and NIST
mechanisms in the present two-dimensional simulations predicted
concentrations for H, close to those measured, LLNL mechanism
predicted nearly 25% higher concentration. On the other hand, NIST
mechanism’s prediction for total concentration of C;H, and C;Hy is
lower when compared to the other two mechanisms, but closer
when compared with the measurements. Differences in the predic-
tions made by the three mechanisms become more noticeable for
the minor species shown in Fig. 5. Over all, the moderately
stretched nonpremixed flame was predicted reasonably well with
all the three chemical-kinetics mechanisms and no mechanism is
found distinctly more accurate than the others.

3.2. Strain-induced extinction

Using the opposing-jet burner described in the previous section,
Seiser et al. [31] obtained limiting strain rates for extinguishing the
nonpremixed flames. Selecting a particular value for the n-hep-
tane-nitrogen ratio in the fuel jet and fixing the stoichiometric
mixture fraction & (defined as [1 + “YZFVV?F)Z ]’1, where W and W,
represent the molecular weights of fuél and oxygen, respectively,
and Yr and Y,, represent the mass fractions fuel and oxygen,
respectively) at 0.1, Seiser et al. [31] obtained the ratio between
air and nitrogen required in the oxidizer jet. They performed the
extinction experiments through varying the fuel and oxidizer jet
velocities while allowing only a small change in the flame location
by matching the momentums of these jets (Eq. (1)). Calculations
for these experiments are performed using UNICORN code for
assessing the abilities of the SD, LLNL, and NIST mechanisms in
predicting the critical extinction strain rates.

Results obtained for the flame with the highest concentrations
of fuel and oxygen used in the experiment are shown in Fig. 6.

1800 T \
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Fig. 6. Maximum flame temperatures obtained at different strain rates. Solid circles
represent extinction conditions.

Temperatures of the fuel and oxidizer streams were set as 345
and 298 K, respectively. While the fuel jet was composed of
28.2% n-heptane and 71.8% nitrogen by volume, oxidizer jet was
composed of 20.5% oxygen and 79.5% nitrogen. A separation
distance of 10 mm was maintained between the fuel and oxidizer
jets. Calculations for a weakly stretched nonpremixed flame were
performed initially after specifying low values for the jet velocities.
Stretched flames were then obtained by increasing the fuel and
oxidizer jet velocities in steps. Calculations were continued until
the flame was extinguished; however, the incremental increases
imposed to the velocities were reduced as the flame approached
extinction conditions. Extinction strain rates for the three mecha-
nisms were obtained through repeating the calculations starting
from the weakly stretched flame.

Due to an imbalance between the heat produced in the flame
and heat transported away from the flame, opposing-jet flame gets
thinner and its maximum temperature decreases as the strain rate
(or velocity) is increased. Changes to the flame temperature with
strain rate obtained with three chemical-kinetics mechanisms are
shown in Fig. 6. Strain rate and temperature obtained for the crit-
ical flame (just prior to extinction) are shown with filled circles.
Measured extinction strain rate is shown with a hatched rectangle.
Significant differences may be found in the flame responses to
stretch obtained with the three mechanisms. LLNL mechanism
gave the most stable flame with a critical extinction strain rate of
447 s7!. This value compares well with the measured value of
460 s~!. NIST mechanism, which predicted lowest maximum tem-
peratures in a weakly stretched flame (Figs. 2 and 6), predicted
flame extinction at a strain rate of 340 s~!. SD mechanism, which
predicted highest temperatures in a weakly strained flame (Figs.
2 and 6), predicted flame extinction at a strain rate of 4055~
Interestingly, one-dimensional calculations performed by Seiser
et al. [31] for this flame using two versions of LLNL mechanism
(159-species version that is identical to the one used in this study
and a 282-species version) yielded extinction strain rates close to
520s~!, which are ~13% higher than the measured value. The
two-dimensional simulations performed in this study using the
same mechanism resulted in extinction strain rate that is just 3%
lower than the measurements. As expected, calculations per-
formed for the diluted flames resulted in flame extinction at lower
strain rates and the critical values matched well with the measure-
ments. Note that the one-dimensional calculations performed by
Seiser et al. [31] also yielded a better agreement between the mea-
surements and simulations for the extinction strain rates for the
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diluted flames. The better agreement between the measurements
and calculations made with the two-dimensional model for the
larger-extinction-strain-rate cases suggests that the errors associ-
ated with the one-dimensional assumption for the opposing-jet
flame are becoming significant at higher strain rates. Such differ-
ences in measured and predicted (one- and two-dimensional)
extinction conditions were also noted in the previous studies of
opposing-jet partially premixed flames [48].

Among the three mechanisms considered here, NIST mecha-
nism has the most number of species (197). Yet, it gave the stain
rate for extinction much lower than that measured in the experi-
ments. It is important to realize that majority of the species used
in large mechanisms appear in flames only in trace amounts. They
don’t affect the basic combustion processes such as ignition and
heat release. However, they are included for making the mecha-
nism useful in predicting other combustion processes such as
pollutant formation. The main reason for NIST mechanism to
predict flame extinction at stretch rates well below the measured
values is evident from Figs. 2 and 6. In general, NIST mechanism
under predicts flame temperature by about 50 K. Since flame
chemistry is strongly related to temperature, NIST mechanism gen-
erates flames that are weaker than those generated by the other
two mechanisms and, consequently, they extinguish relatively
sooner on a stretch-rate scale. LLNL mechanism, on the other hand,
predicted temperatures lower than those of the SD mechanism ini-
tially and gradually higher as the stretch rate is increased - leading
to the highest extinction stretch rate. Interestingly, all three mech-
anisms extinguished the flame in Fig. 6 when the peak temperature
dropped to 1620 £ 4 K.

3.3. Autoignition

Using the previously described opposing-jet flame configura-
tion Seiser et al. [31] performed experiments for the autoignition
of heptane fuel. They issued n-heptane-nitrogen mixture from
the bottom duct and heated air from the top duct. Autoignition
condition was reached by gradually increasing the air temperature.
The volume fraction of n-heptane in the fuel jet was kept constant
at 15% while the fuel temperature was maintained at 378 K. Exper-
iments were performed for different strain rates. For validation
purpose calculations for this configuration are performed for a
strain rate of 400s~'. This strain rate corresponds to a fuel jet
velocity of 0.57 m/s and to a 1264-K air jet velocity of 1.2 m/s.
Two-dimensional simulations for autoignition using SD, LLNL,
and NIST mechanisms are performed by gradually increasing the
air temperature. Since autoignition depends not only on tempera-
ture but also on induction time, calculations for this problem must
be performed sufficiently long - well beyond the time required for
establishing a steady-state flowfield. Temperature distribution
obtained for a 1263-K-airflow case is shown in Fig. 7. This is com-
puted using LLNL mechanism and flame was not established as
autoignition did not take place. However, when the airflow tem-
perature was increased by another degree to 1264 K autoignition
took place and a steady flame similar to that shown in Fig. 1 was
established.

Heated air mixes with the relatively cold fuel in the region sur-
rounding the stagnation plane. Simultaneous mixing of fuel and
oxygen also takes place. A combination of local equivalence ratio,
strain rate and temperature determines whether autoignition can
take place or not. Therefore, one should not refer air temperature
itself to as autoignition temperature and the ability of a chemical
kinetics mechanism in predicting autoignition must be assessed
through simulating the entire flowfield. Two-dimensional calcula-
tions for autoignition of opposing-jet flow are performed using the
three chemical-kinetics mechanisms. It is observed that tempera-
ture and OH concentration in the mixing region increase exponen-

Air (1263 K)

nC;H;+ N, (378 K)

Fig. 7. Flowfield established between opposing jets of heated air and fuel prior to
autoignition. Global strain rate is 400 s~'. Temperature distribution between 300
and 1300 K and OH concentration between 0 and 60 ppm are shown in the left and
right halves, respectively.
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1250 = ===~ LLNL Mech
--------- NIST Mech

Tmax (K)
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1050 !

1100 1200 1300
Oxidizer Temperature (K)

Fig. 8. Maxima in temperature and OH concentration developed between the
opposing jets of heated fuel and air jets for different air-jet temperatures. Solid
circles represent autoignition conditions.

tially with air temperature. Therefore, for tracing autoignition
process, computed results in the form of maximum temperature
and OH concentration for different air temperatures are shown in
Fig. 8. The conditions at which autoignition took place in the calcu-
lations are marked with solid circles. The air temperature at which
autoignition took place in the experiment is shown with a hatched
rectangle. Among the three mechanisms, NIST mechanism is
predicting autoignition process closer to the experiment. On the
other hand, one-dimensional calculations performed with LLNL
mechanism [31] resulted in autoignition when the air temperature
was 1237 K. Current two-dimensional calculation with the same
mechanism predicted (Fig. 8) autoignition at 1264 K. In compari-
son experiment has suggested 1204-K air temperature for autoig-
nition. However, there is about 50-K error margin associated
with the measurements made by Seiser et al. [31].

Simulations for the opposing-jet-autoignition experiments are
useful in validating a chemical-kinetics model. However, diffusion
of fuel, oxygen and radical species in these simulations influence
the ignition process and complicate the analyses of ignition chem-
istries used in the mechanisms. Traditionally, chemical-kinetics
mechanisms are evaluated for their ignition characteristics
through the investigation of ignition delay times at different tem-
peratures. Calculations for the ignition delay times of a stoichiom-
etric fuel-air mixture at 1-atm pressure are performed using
UNICORN code with SD, LLNL, and NIST mechanisms for various
temperatures and the results are shown in Fig. 9. These homoge-
neous ignition calculations are performed in a tube with adiabatic
and slip-wall boundary conditions. Results obtained by Seiser et al.
[31] for the LLNL mechanism with CHEMKIN code are also shown
in Fig. 9 with filled circles. In general, ignition delay times
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Fig. 9. Ignition delay times of homogeneous stoichiometric mixture of n-heptane
vapor and air at different temperatures.

increased rapidly when the temperature of the mixture is
decreased up to 900 K. LLNL mechanism predicted a drop in
ignition delay time before raising further (NTC or negative-
temperature-coefficient region) for temperatures less than 900 K.
UNICORN code with LLNL mechanism has reproduced the ignition
characteristics including the NTC region computed by Seisir et al.
[13]. On the other hand, both the SD and NIST mechanisms yielded
monotonically increasing ignition delay times. Once again, even
though NIST mechanism has the highest number of species, it
failed to predict the NTC region of heptane ignition curve. How-
ever, ignition delay times exceeding 10 ms are of academic interest
only and most of the practical combustion systems require temper-
atures >1000 K for ignition purpose. All three mechanisms yielded
nearly the same ignition delay times for temperatures >1000 K.
Interestingly, the homogeneous-mixture calculations (Fig. 9) per-
formed at 1263 K resulted 0.81, 0.89, and 0.62 ms delay times for
the SD, LLNL, and NIST mechanisms, respectively, while the oppos-
ing-jet-autoignition simulations (Fig. 8) predicted that LLNL mech-
anism ignites the mixture at lower temperature than the SD
mechanism can.

3.4. Partially premixed flame structure

The opposing-jet burner used by Berta et al. [32] for obtaining
detailed structures of partially premixed flames consists of upper
and lower nozzles and is similar to the burners used in the studies
of nonpremixed flames [30,35]. The diameter of each nozzle was
27.38 mm and the separation distance (L) between them was
varied between 10 and 20 mm. Fuel in the form of a mixture of
pre-vaporized n-heptane, air and nitrogen was introduced from
the bottom nozzle. Oxidizer was introduced from the top nozzle.
A nitrogen curtain was established through an annular duct sur-
rounding the fuel jet in order to isolate the flames from ambient
disturbances. Berta et al. [32] also built an annular duct around
the top oxidizer nozzle; however, it was used for venting the gas-
ses flowed into the burner. While the oxidizer was issued at room
temperature, the fuel nozzle was heated and its temperature was
controlled for maintaining the fuel-containing stream at 400 K.
The fuel vaporizer and mixer are described in Ref. [32].

Four partially premixed flames established in this burner are
considered for the evaluation of the chemical-kinetics models. Di-
gital images of these flames are shown in the left half of Fig. 10. The
weakly stretched weakly premixed flame in Fig. 10a was obtained
with k=50s""!, ¢ =15.3, the weakly stretched moderately pre-
mixed flame in Fig. 10b was obtained with k=50s"1, ¢ = 2.5, the
moderately stretched moderately premixed flame in Fig. 10c was
obtained with k=150s"!, ¢ =4.1 and, finally, the moderately

stretched weakly premixed flame in Fig. 10d was obtained with
k=150s"1, ¢ =12.6. A separation of 10 mm between the fuel
and oxidizer nozzles was maintained for all the flames except that
in Fig. 10b for which the separation distance used was 20 mm.
While the images in Fig. 103, c and d were taken at the same expo-
sure time, the image in Fig. 10b was taken at double the exposure
time for compensating the lower luminosity of the flame. The fol-
lowing visual observations were made [32] from the flame photo-
graphs in Fig. 10:

o An orange-red zone present below the blue' layer in Fig. 10a.

e Green and blue layers are well separated and flame is curved in
Fig. 10b.

e Green and blue layers are barely separated in Fig. 10c.

e Merged green and blue layers in Fig. 10d.

e As the stretch is increased and/or the level of premixing is
reduced, the premixed reaction zone (green layer) moves closer
to the nonpremixed zone (blue layer), i.e., the separation
between the two layers decreases.

Two-dimensional simulations for the n-heptane partially pre-
mixed flames at different strain rates and equivalence ratios (¢
are made using UNICORN code and with SD, LLNL, and NIST chem-
ical-kinetics mechanisms. Boundary conditions, including the suc-
tion from the outer duct of oxidizer nozzle, were matched to those
used in the experiment. Computational results obtained with LLNL
mechanism for the four flames in the left half of Fig. 10 are shown
in the right half. Temperature distributions between the upper and
lower nozzles are plotted in the left half of the computed flames
and soot distributions are shown in the right halves. Note that
the flames computed with the other two mechanisms (SD and
NIST) also yielded temperature and soot structures identical to
those shown in Fig. 10. Shapes of the computed flames matched
well with those seen in the experiment. The weakly stretched
moderately premixed flame (Fig. 10b) is curved all the way from
the center to the edge, while the other three flames are curved only
near the edges and yielded flat-flame regions near the center. Sim-
ulations made after replacing the suction boundary condition for
the oxidizer-side (top) outer duct with an inflow boundary condi-
tion similar to that used for the fuel-side (bottom) outer duct
yielded nearly flat flames for all the four cases [49], even though
gravitational forces were included in the calculations. This suggests
that the flame curvatures (especially, near the edges) seen in
Fig. 10 are due to the suction employed in the experiment - but
not because of the gravitational force acting on the hot products.

A comparison of calculated temperature and soot distributions
of all the flames in Fig. 10 suggest that the weakly stretched mod-
erately premixed flame (Fig. 10b) is the thickest and the weakly
stretched weakly premixed flame (Fig. 10a) is the sootiest. These
predictions matched well with the observations made in experi-
ments. In general, soot surfaces in all these flames are located on
the fuel side (bottom) of the peak-temperature surface (red color).
However, a careful examination of the computed results reveals
that soot surface of the flame in Fig. 10a is significantly away from
the peak-temperature surface and this separation decreases grad-
ually as we move through Fig. 10a-b flames. This is consistent with
the digital images from experiments. Soot typically forms on the
fuel side of a nonpremixed flame [50,51] and on the products side
of a premixed flame [52]. The soot-temperature structure of the
partially premixed flame in Fig. 10a exhibits predominantly that
of a nonpremixed flame and soot surface moves closer to the
peak-temperature surface as in Fig. 10b-d as the influence of

! For interpretation of color in Fig. 10, the reader is referred to the web version of
this article.
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Fig. 10. Actual and simulated opposing-jet partially premixed flames. Direct photographs and simulations made with LLNL mechanism are show in the left and right halves,
respectively for (a) weakly stretched weakly premixed flame, (b) weakly stretched moderately premixed flame, (c) moderately stretched moderately premixed flame, and (d)
moderately stretched weakly premixed flame. Distributions of temperature are plotted between 300 and 2100 K in the left halves and distributions of soot between 0 and

1 ppm are shown in the right halves of the computational flames.

premixed combustion increases. Based on the visual chemilumi-
nescence from C, species and radiation from CO-oxidation species
Berta et al. [32] arrived at the similar conclusions on nonpremixed
and premixed reactions in these flames.

Computed structure of the weakly stretched weakly premixed
flame (Fig. 10a) along the centerline is compared with measure-
ments in Fig. 11. Flame structures obtained with SD, LLNL, and NIST
mechanisms are shown with lines and measurements made with
thermocouple and gas chromatograph are shown with symbols.
Temperature and reactant species (nC;H;6 and O;) are compared
in Fig. 11a, major product species (H,0, CO,, CO, and H,) are com-
pared in Fig. 11b, fuel fragments (CH4 and C;H;) are compared in
Fig. 11c, and, finally, ethylene and butene are compared in
Fig. 11d. In general, all three chemical-kinetics mechanisms
resulted in nearly the same temperature and reactant and major-
product-species concentrations, while significant deviations in
the predicted concentrations of fuel fragments are observed. Com-
puted temperature profile matched reasonably with that obtained
in the experiment (Fig. 11a), even though the measurements show
a broader distribution - especially, on the air side. In fact, when
compared with the measurements, the predicted temperatures
on the air side are shifted toward the air inlet while the predicted
water concentrations on the air side are shifted toward the fuel
inlet. This observation is different from that noted in the simula-
tions of experiments conducted by Seiser et al. [30] and cannot
be explained with deficiencies in chemical kinetics. Note that the
measurements of Berta et al. [32] contained intrusive probes,
which could have perturbed the flame and made the distributions
shifted. Interestingly, LLNL mechanism predicts the premixed com-
bustion (z~ 3 mm) more distinctly compared to the other two
mechanisms and agrees better with the measurements. This is a
somewhat surprising result considering the lower autoignition
temperature (Fig. 8) obtained with NIST mechanism. The structure
of a partially premixed flame is characterized by synergistic

interactions between the two reaction zones, with the nonpre-
mixed zone supported by the intermediate fuels (i.e., CO and H;)
produced in the premixed zone, while the latter is supported by
the product species generated in the nonpremixed. These interac-
tions between the premixed and nonpremixed zones make exten-
sion of autoignition results to partially premixed flames more
difficult or inappropriate. Figs. 11c¢ and d suggest that SD mecha-
nism predicts CHy4, C;H, and C;H4 concentrations better than the
other two mechanisms.

Flame structures obtained with the three mechanisms for the
weakly stretched moderately premixed flame are shown in
Fig. 12. The strong premixed combustion that is causing the
temperature to increase at z ~ 7.5 mm is well captured by all the
three mechanisms. However, LLNL mechanism seems to initiate
this premixed combustion slightly upstream where velocity would
be higher (in opposing-jet flow velocity decreases with distance
from jet exit). Like in the previous case (Fig. 11) measured temper-
ature profile is broader than the predicted ones and is shifted to-
ward oxidizer nozzle (Fig. 12a). Major species concentrations
except that of H,O are well predicted. The one-dimensional calcu-
lations performed by Berta et al. [32] using Ranzi’s chemical-kinet-
ics model [53,54] also resulted in similar discrepancy in H,O
predictions. Note that since measured H,0 values were obtained
through mass balancing of all the other measured species including
N,, discrepancy between the measurements and calculations for
H,0 reflects integrated discrepancy for all the species. Figs. 12c
and d indicate a good agreement between the predictions and
measurements for different fuel fragments, even though SD mech-
anism seems to be performing better compared to the other two
mechanisms.

Calculations made for the moderately stretched moderately
premixed flame are compared with the measurements in Fig. 13.
The agreement among the predictions made with different chemi-
cal-kinetics models is the best for this flame. Temperature and
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Fig. 11. Comparisons of the structures of the weakly stretched weakly premixed
flame simulated using different chemical-kinetics mechanisms (lines) with those
measured (symbols). Profiles of (a) temperature and reactant species, (b) major
product species, (c) methane and acetylene, and (d) ethylene and butene are
compared.

major-product-species-concentration profiles computed with
three mechanisms almost lie on top of each other. However, all
three mechanisms failed to predict the temperature rise due to
premixed combustion seen in the experiment (Fig. 13a). On the
other hand, computed nC;H;, O, H,, CO, and CO, profiles matched
well with the measurements. Contrary to the agreement obtained
between the predictions and measurements for CH4 and C;H, in
the previous two flames (Figs. 11c and 12c), these fuel fragments
are underpredicted in this moderately stretched moderately pre-
mixed flame (Fig. 13c¢). It is believed that the higher concentrations
of CH4 and CoH; in the experiment led to the development of the
premixed-combustion branch.

(X yy )X 100

Fig. 12. Comparisons of the structures of the weakly stretched moderately
premixed flame simulated using different chemical-kinetics mechanisms (lines)
with those measured (symbols). Profiles of (a) temperature and reactant species, (b)
major product species, (c) methane and acetylene, and (d) ethylene and butene are
compared.

Comparisons between the predictions and measurements for the
moderately stretched weakly premixed flame are shown in Fig. 14.
Reasonable agreement between the measurements and predictions
is obtained for this flame. Once again, the major discrepancies are
found in the temperature and water comparisons. Measurements
clearly show the premixed-combustion branch in the temperature
profile (bulge on the fuel side), while none of the mechanisms
predicted such a bulge. Instead, all the mechanisms predicted inflec-
tions in the temperature profiles on the fuel side. As shown in
Fig. 14d, concentrations of minor fuel fragments are reasonably
predicted by the three chemical-kinetics mechanisms.
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Fig. 13. Comparisons of the structures of the moderately stretched moderately
premixed flame simulated using different chemical-kinetics mechanisms (lines)
with those measured (symbols). Profiles of (a) temperature and reactant species, (b)
major product species, (c) methane and acetylene, and (d) ethylene and butene are
compared.

In summary, there are negligible differences between the pre-
dictions of the three mechanisms with respect to temperature
and major species profiles (nC;H4, O,, CO,, CO). However, there
are noticeable differences with respect to the intermediate fuel
species. For instance, the NIST mechanism predicts less C;Hy, but
more C4Hg compared to the other two mechanisms. The LLNL
mechanism predicts more Hy, while the SD mechanism predicts
less CoH, compared to the other mechanisms. LLNL mechanism
also consumes nC;H4 and O, in the fuel jet faster than the other
two mechanisms. All three mechanisms generally reproduced the
experimental data in terms of the temperature and major species
profiles, although there are some differences with respect to these
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Fig. 14. Comparisons of the structures of the moderately stretched weakly
premixed flame simulated using different chemical-kinetics mechanisms (lines)
with those measured (symbols). Profiles of (a) temperature and reactant species, (b)
major product species, (¢) methane and acetylene, and (d) ethylene and butene are
compared.

profiles. Predictions locate the peak flame temperature more
toward the fuel jet, by about 0.5-1.0 mm, compared to measure-
ments. The peak CO mole fractions are underpredicted by all three
mechanisms compared to measurements. The differences between
the predictions and measurements are more significant with
respect to intermediate species (CoH,, CoHg4, C4Hg), indicating a
need for further examination of these mechanisms. The predicted
rates of production of these species are slower compared to the
measured rates, and their peak mole fractions are generally over-
predicted by all three mechanisms compared to measurements.
Also, not shown here, benzene (PAH species leading to soot
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production) is included only in the NIST mechanism, and its pre-
dictions exhibit reasonable agreement with the measured values,
although the location of the peak predicted value is shifted slightly
toward the oxidizer jet compared to the measurements.

4. Conclusions

A computational study was performed to elucidate the differ-
ences in the combustion characteristics predicted by different
detailed chemical kinetics modes for n-heptane fuel. Three chemi-
cal kinetics models, namely (1) San Diego (SD) mechanism (52 spe-
cies and 544 reactions), (2) Lawrence Livermore National
Laboratory (LLNL) mechanism (160 species and 1540 reactions),
and (3) National Institute of Standards and Technology (NIST)
mechanism (197 species and 2926 reactions) were considered.
These mechanisms were incorporated into a time-dependent,
two-dimensional, computational-fluid-dynamics model known as
UNICORN. Abilities of the numerical models in predicting various
diffusion-influenced combustion processes were investigated.
Predictions were made for the detailed structures of nonpremixed
and partially premixed flames, strain-induced extinction and diffu-
sion-controlled autoignition and the results were compared with
the available experimental data. Instead of following the tradi-
tional approach of simulating opposing-jet flows with one-dimen-
sional models that utilize assumptions on boundary conditions,
two-dimensional simulations for the complete flowfields between
the opposing nozzles were made.

Flames formed in the opposing jet burners that used momen-
tum-matched velocities for the fuel and oxidizer are found to be
nearly flat even under the influence of gravitational forces. Small
curvature toward the oxidizer jet establishes as the diffusion flame
forms on the air side of the stagnation plane. The three chemical-
kinetics mechanisms considered in this study resulted in nearly
the same flame locations, shapes and sizes. Flow and chemical
structures along the centerline of a moderately stretched nonpre-
mixed flame are simulated reasonably well. Nearly identical veloc-
ity, temperature and major species concentrations are obtained
with SD, LLNL, and NIST mechanisms, even though the latter mech-
anism seems to predict slightly lower peak temperature and CO
concentration. Regarding the minor species concentrations none
of these three mechanisms gave results consistently comparable
to the experiments.

LLNL mechanism predicted the extinction of opposing-jet non-
premixed flame very well. Agreement between the measured and
predicted extinction strain rates for a weakly diluted flame was
better than that obtained with the same (LLNL) mechanism but
with a one-dimensional code. The difference between the extinc-
tions obtained with one- and two-dimensional codes vanished in
the diluted-flame case for which extinction strain rate was lower.
Flames computed with NIST mechanism extinguished at lower
strain rates compared to those computed with the other two
mechanisms. On the other hand, NIST mechanism predicted
ignition of the opposing-jet flow at lower oxidizer temperatures,
which agrees better with the experiment. The inverse temperature
dependence or non-monotonic behavior of ignition delay time
with respect to increasing temperature in the LLNL mechanism is
absent in the other two mechanisms.

The curved opposing-jet partially premixed flames of Berta et al.
[32] have been predicted well by the two-dimensional code. Suc-
tion from the outer duct surrounding the upper air nozzle used
in the experiment for cooling purpose was found to be responsible
for curving the flames. Calculations made without such suction
yielded nearly flat flames and it was found that the flame struc-
tures along the centerline are not affected by this curvature. All
three chemical-kinetics mechanisms computed nearly the same

overall shapes for the partially premixed flames although there
are some differences in the predicted detailed structures, espe-
cially in the premixed-combustion region. LLNL mechanism initi-
ated decomposition of n-heptane by about 0.5 mm ahead
(toward the fuel duct) of the locations where SD and NIST mecha-
nisms have initiated. However, none of these mechanisms
predicted the temperature rise associated with premixed combus-
tion in moderately stretched flames. On a positive note, all three
mechanisms correctly predicted the exothermic premixed
combustion in a partially premixed flame when stretch rate and
premixing were weak.

In general, SD, LLNL, and NIST mechanisms predicted nonpre-
mixed and partially premixed n-heptane flames well. Surprisingly,
SD mechanism with just one-third of the species used in the other
two mechanisms predicted flame structures with nearly the same
accuracy. Comparisons with the available experimental data could
not suggest which mechanism is better in predicting the minor
species concentrations. Computations have underpredicted the
concentration of water (not measured directly) in both the nonpre-
mixed and partially premixed flames.
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