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In Direct or Semi-Direct Numerical Simulations of turbulent reacting flows the exploitation
of complex, realistic and detailed chemistry and transport models often results in prohibitive
memory and CPU requirements when flows of practical relevance are treated.

The integrated Combustion Chemistry approach has recently been put forward as a
methodology suitable for the integration of complex chemical kinetic and chemistry effects
into large scale computational procedures for the calculation of complex and practical reacting
flow configurations. Through this procedure, a reduced chemical kinetic scheme involving only
a limited number of species and reactions is derived from a detailed chemical mechanism, so as
to include major species and pollutants of interest in the main flow calculation. The chemical
parameters employed in this integrated scheme i.e. rates, constants, exponents are then cali-
brated on the basis of a number of constraints and by comparing computations over a range
of carefully selected laminar flames so as to match a number of prespecified flame properties
such as adiabatic temperatures, selected target species profiles, flame speeds, extinction char-
acteristics. The present work describes such an effort for a commonly used fuel of both the
fundamental and practical importance that often is used to simulate the performance of higher
hydrocarbons in practical engine simulations, i.e. propane. The proposed nine-step scheme in-
volves nine major stable species and in addition to the basic propane oxidation model also
includes NOx production and soot formation submodels.

Key words: integrated Combustion Chemistry, reduced propane chemistry mechanisms, lam-
inar flames, chemical reaction schemes.

NOTATIONS

A preexponential factor in the Arrhenius law of reaction k,
As particle surface area in soot model,
a strain rate (sec™') in counterflow flames,

C, constant in radiative flux expression,

¢p specific heat,

C, constant in particle number density equation source term,

D, d diameter,

D;_n2 diffusion coefficient in binary mixture of the i-th species and nitrogen,

d, carbon particle diameter in soot model source term,
Enox NOx emission index,

fv  soot volume fraction,
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enthalpy,

enthalpy of species 1,

absolute value of enthalpy,

heat of formation at standard state,

Planck function in radiative flux expression,
number of momentum equations solved,
specific reaction rate constant,

Lewis number for species 1,

molecular weight of soot,

molecular weight of species 1,

number of species,

Avogadro number,

number of species involved in reaction k,
particle number density, in soot model,
static pressure,

radiative heat flux,

universal gas constant,

number of reaction in reduced scheme,
radius in porous cylinder counterflow flame configuration,
radial direction,

laminar flame speed,

temperature,

axial velocity,

approach air velocity in porous cylinder counterflow flame
configuration,

radial velocity,

fuel injection velocity in porous cylinder counterflow flame
configuration,

mole fraction of species 1,

mass fraction of species i,

y axis, transverse direction,

z axis, axial direction,

net rate of production of species 1.

temperature exponent in reaction step k,

transport coefficients in governing equations,

intergration intensities in radiative flux expression,
constant in particle number density equation source term,
thermal conductivity,

stoichiometric coefficients in forward and backward direction,

concentration exponents of species ¢ involved in reaction k,
3.14...,

density,

Boltzmann constant,

represents any variable (i.e. 1, u, v, H or Y;) used in

the governing equations,

molar concentration of species i.
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SUBSCRIPTS

b  backward,
er extinction,

f forward,

s  soot,

k  reaction step,

1 species i,
Nucl nucleation,

Growth  growth.

1. INTRODUCTION

The combustion of hydrocarbons for the production of energy is a common
and important phenomenon in many engineering applications. In most practical
devices, chemical reactions usually take place within and strongly interact with a
turbulent flow, and the adequate description of the combustion process requires
the consideration of a large number of fluid and chemical parameters [1]. On
the other hand, during the past decade the demand for higher efficiencies, the
stringent emission regulations and the need to reduce costs in design and op-
timization procedures for combustion chambers, has prompted the exploitation
of Computational Fluid Dynamics methods in support of experimental proce-
dures [2-4].

Direct or Semi-Direct Numerical Simulations (e.g. DNS, LES) of turbulent
reacting flows offer a promising tool toward understanding of the complex physics
of these flows. The full potential and advantages of these techniques can best be
realized when sufficiently complex and realistic but flexible and tractable chem-
istry and transport models are exploited [2, 5|. Currently, computational costs
and numerical considerations preclude spatially three-dimensional turbulent sim-
ulations with detailed chemistry and transport models in the parameter range of
practical interest. Instead, the judiciously reduced chemical mechanisms that can
be employed profitably within DNS or LES and provide a realistic description
of appropriate thermochemical parameters are preferred |2, 3, 6].

A number of methodologies have been exploited to simplify a detailed mech-
anism e.g. the systematic consideration of steady-state and partial equilibrium
assumptions leading to skeletal mechanisms |7], the analysis and categorization
of characteristic chemical time-scales of separate reaction groups [8] and the In-
tegrated Combustion Chemistry (ICC) approach [9], which involves the use of a
limited number of judiciously chosen species and reactions with kinetic parame-
ters tuned to match a prespecified number of constraints and flame properties.
The ICC approach, alone or in conjunction with other methodologies, offers
a viable alternative systematic reduction procedure, targeting specific require-
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ments with reference both to the thermochemical submodels and to the complete
computational procedure. In contrast to the first two approaches, |7, 8|, it only
involves a limited number of steps and focuses on major species and pollutants
of interest for the main simulation, in the effort to avoid the burden of interme-
diate radicals and elementary rates altogether that would prohibitively burden
the basic computational procedure.

The present work describes an effort along similar lines, to derive a simplified
and tractable chemical scheme for the oxidation of propane, a fuel of practical
interest, including NOx and soot production models. Its chemical parameters
are calibrated by using this scheme within one and two-dimensional reacting flow
solvers and by computing a number of well documented one and two-dimensional
and coflowing laminar flames, lifted and attached by matching a number of flame
properties such as peak temperatures, major target species, flame speeds and
extinction characteristics. The successful derivation and encouraging validation
of the presently proposed scheme for propane lends support for an extension of
the approach to more complex hydrocarbons, such as ethylene and alternative
fuels of practical relevance such as Hy and CH30H.

2. THE INTEGRATED COMBUSTION CHEMISTRY METHODOLOGY

2.1. The basic approach

The proposed approach is based on the requirement that the resulting mech-
anism must be able to predict, to a significant extent, what a state of the art
multi-step reduced mechanism is predicting for one, two-dimensional and jet
flames. The route to achieve this relies on the calibration of the rate parameters
of a starting selected chemical scheme by computing laminar flames for which
credible experimental data exist. In this investigation, the three-step reduced
scheme given by KENNEL et al. [7] is chosen here as the starting mechanism for
the basic methane oxidation:

CsHg + 205 — 3CO + 3Hs + H50O, (Rl)
CO + HyO « CO9 + Ho, (R2)
2H5 + O9 «— 2H50. (R3)

The original global rate parameters may be given in terms of linear combi-
nations of many of the rates of the elementary reactions of the C-chain skele-
tal mechanism and may involve a number of intermediates and radicals (e.g.
[7, 8, 10]). The original basic steps and species of (R1) to (R3) are retained but
the target here is to produce global rates with simple kinetic parameters exclud-
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ing altogether intermediate elementary rates and radicals in the resulting global
rate expressions.

A framework to achieve this goal has been put forward by [9]. The first ob-
jective is prediction of the flame temperature and heat release in various cases.
Because no extended product dissociation is allowed, the fuel heat of reaction
is slightly (5%) reduced to reproduce the experimental temperatures. The sec-
ond objective is the reproduction of variation of the laminar burning velocity
versus mixture dilution as close as possible by regulating the pre-exponential
constants (Ag), the activation energies (F4j) and the species exponents of the
above three rates, to fit the available experimental data. An appropriate choice
of a set of A, F 4, and relevant exponents is additionally constrained by the
adequate prediction of the extinction limits of selected opposed jet or stagnation
point flames. The third objective is the adequate computation of targeted prod-
uct species profiles for a range of strain rate values. This is interrelated with
the requirement that the resulting scheme should be also capable of predict-
ing unsteady effects, an aspect that represents the fourth objective and this is
particularly significant in highly turbulent flame calculations and at conditions
involving localized extinctions and reignitions. Here a strained counterflow flame
configuration and a pulsating lifted-off coflow diffusion flame are used for such
validation.

Apart from the choices for the chemistry model, the molecular transport
model, can also affect the correct computation of the flame properties. As in
massive complex flow simulations the simplified transport models are frequently
exploited, (e.g. [2, 3, 6]), validation tests are here performed utilizing similar
levels of complexity. Fick’s law with constant Lewis numbers, Sunderland’s law
for viscocity, constant Prandtl and Schmidt numbers and temperature-dependent
specific heats were presently employed. Only in the computations of the freely
propagating 1-D premixed flames, diffusion coefficients in binary mixtures of the
i-th species and Ny were exploited.

Anticipating that radiative losses can have a significant influence on NOx and
soot levels, an optically thin radiation model was embodied in the calculations
where it is assumed that the only significant radiating species are CO, COaq,
H50O and soot. By employing an optically thin limit in which self-absorption
of radiation is neglected, the divergence of the net radiative flux can be writ-
ten as:

(2.1) Var = Cy fvT® + 47> Cikprlvin
ik
where f, is the soot volume fraction and Ip;; is the Planck function evaluated

at the gas band centers of the contributing vibration-rotation or pure rota-
tional bands, whose integrated intensities are given by (;z. The value of the
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constant Cy is here taken as 4.243 - 10710, with units that give a power den-
sity in watts/cc with T in Kelvins, according to the suggestions of references
[6, 10].

2.2. The proposed mechanism

The basic oxidation of propane is here conveniently represented by the afore-
mentioned three-step scheme of reaction set (R1) to (R3). Regarding the pro-
duction of NOyx it has been established that the three main routes to NO for-
mation are the prompt, the thermal and the NoO mechanism [2, 9, 11], while
in rich environments the reburn mechanism is also known to be important. The
N2O production path here is not directly accounted for; its contribution how-
ever is indirectly apportioned through the calibration of the rate constants in
the employed NOx scheme on the basis of experimental data that include the
N5O levels. The proposed scheme takes into account the remaining contributions
through the set of reactions:

0.5N3 4 [O] < NO, (R4)

0CgHg + Ng + Og + O[O] + 0H50 < 2NO + 0C3Hg . (R5)

The zero coefficients for C3Hg, [O] and H2O in reaction (R5) mean that
these species do not participate explicitly in this reaction but are included in the
calibrated rate expressions. The required oxygen radical is here obtained from
partial equilibrium assumptions [8, 11]. The involvement of water and oxygen
radicals in the prompt production rate (e.g. Refs. |2, 11]) is therefore accounted
for in the formulated reduced NOx reaction scheme. The influence of interme-
diates and radicals related to the fuel structure is necessarily mimicked through
propane, which acts as a catalyst in reaction (R5).

To complete the overall scheme, a model for soot formation and oxidation
has also been implemented employing many features from the successful soot
model proposed by LINSTEDT [6, 10]. The underlying reactions for acetylene
production are here all summed up and represented through one model reaction
of the form:

2C3Hs < 3CoHs, + 5H, . (R6)

The corresponding soot nucleation and growth processes are addressed following
the modeling assumptions of reference [10] and represented as:

CyHy — 2C, + Hy . (R?)
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The subsequent soot oxidation reactions due to OH radicals and O2 is here
modeled and expressed as:

Cs + 0.505 — CO, (R8)
CS+H20 — CO—|—H2. (Rg)

In line with the integrated concept of the proposed mechanism, the radicals
involved in the original mechanism (e.g. OH, H) have been replaced by stable
species (e.g. HoO, Hg) addressed in the proposed reduced scheme. The result-
ing soot chemical scheme is implemented and applied by solving two additional
transport equations for particle number density and soot mass fraction, as dis-
cussed below in Sec. 3.

2.8. Determination of global mechanism kinetic rate parameters

The first step in the calibration procedure involves the identification of an
appropriate set of Ap and E4; values for the hydrocarbon chemistry starting
from the aforementioned basic oxidation scheme (reactions (R1) to (R3)). An it-
erative approach is then employed aiming to adjust the kinetic rate parameters
Ay, E 4, and determine any species exponents with respect to the four target
requirements described in Sec. 2.1. With the simple transport formulations de-
scribed previously, the kinetic parameters are tuned and adjusted through a
series of repeated test computations involving the prediction of the temperature
and species profiles, the flame speed and the extinction behavior of laminar one
and two-dimensional and coflowing jet flames within the context of the discus-
sions of Sec. 2.2 and the constraints of Sec. 2.1. With the propane oxidation
scheme established, the NOx reactions ((R4) and (R5)) are then added. The ap-
propriate initial set of Ay and F 45 values is here chosen with guidance from and
reference to several features of the relevant elementary NOx production steps,
(e.g. Ref. |9]). These rate parameters are then similarly tuned in repeated test
computations in which close prediction of the NOx levels in 1-D freely propa-
gating and 2-D coflow jet flame configurations is required.

The rate parameters of reaction (R4) are calibrated to achieve the correct
prediction of thermal NOx levels and then the prompt (Fenimore) and reburn
contributions are apportioned through reactions (R5) in the test cases described
in Sec. 4. In an analogous fashion the soot reaction scheme is finally added
and the rate constants for reactions (R6) to (R9) are adjusted to reproduce
the correct levels of CoHy and soot volume fraction for the test cases selected
and discussed below. The final set of the kinetic rate parameters is given in
Table 1.
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Table 1. Specific reaction rate constants for reduced Cs;Hs-air oxidation scheme.
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Rxn Preexponential Temperature Activation Species
No. (Ak) exponent, (ay) energy, (Eak) exponents
1 3.5E5 1 12500 CsH2¢, 040
2,f 48750 1.65 —300 COo%8, H,OM%
2,b 1.825%10° 1.14 —1000 CcO38, H3'®
3,f 4.2%108 —0.72 0 Hi1% 0965
3,b 1.25%108 —0.7 0 H,0! 2?5
4.f 1*10%° 0.3 37770 [0]°-97
4b 7107 0.9 20600 NO® ™5 [0]*%4
5,f 1.5*%10'° 0 11100 C3HJ-%3, N3¢,
0(2).037 H200‘5,
[O]I.O
5,b 8*10% 0 8100 C3H2%, NO'-5¢
6,f 5%102! —4.35 25198 C3HJ-%?
6,b 7.5%10%° —3.8 34500 CoHY % HIO
7 As reported As reported 23000 CoH3-0!
in [10] in [10]
8 As reported 0.4 23850 As reported
in [10] in [10]
9 3.6 0.75 0 c%t H,0'7

Units in mole/cm3, sec™!, K, cal/mole (species exponents not declared above are unity).

3. THE NUMERICAL METHOD

The flame configurations studied here are simulated by solving the time-
dependent form of the two-dimensional gas-phase conservation equations for
reacting flow. The adopted methodology is similar to that of [12] and closely
derives from the formulations of [4]. Conservation equations for mass, momen-
tum, energy and species are solved and the equation set can be expressed in e.g.
cylindrical coordinates (z,r) with the general form:

0 0 0
0 0 0 0 pvg Ly 0p
82( ¢8z> 6r< ¢3r> o 7 oor 5o

p, u and v denote density, axial and radial velocities and, depending on the
variable used for @ (i.e. 1, u, v, H or Y;), this general form represents the conser-
vation of either mass, momentum, energy or species. The transport coeflicients
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I's are obtained from the molecular transport model discussed previously while
the source terms, S, are provided in Table 2, and their treatment is similar to
that discussed in [12]|. The enthalpy H is defined as:

T N, N,
H:/cpdt:ZE-Hi:ZYi(hi—hoi),
Ty 1 1

where h and h? represent the enthalpy and the heat of formation at standard
state respectively.

Table 2. Transport coefficients and source terms appearing in governing

equations.
Equations 10} Iy Se
Continuity 1 0 0
. Op 0 ou 0 ov 1%
Axial u S R U N Rl [ i el (il s
momentum
20 w9 w9
3 0: "o: "o Mor Toz M
. dop 0 Ju 0 ov 1807 v
Radial | v || =5 450 May T Py Thar M
momentum

Species mass

fractions Yi | pDi-n, Wi
#
A B4 . B4 0
Energy H — vV — Le; " —1 H;)VY; — Ry
Cp Cp

1 1

Le; is the Lewis number of species 4, defined as Le; = A/pcpD;_n2, where
D;_no is the diffusion coefficient of the i-th species in a binary mixture of that
species and nitrogen. These binary diffusion coefficients were exploited only in
the computations of the freely propagating 1-D premixed flame configurations.
Also the global species and the state equations,

Ns—1 N Y
(3.2) Yn, = 1.0 — 21: Y;, P= pRuTEI: M

where R, is the universal gas constant, 7" is the temperature, M; is the molecular
weight of species 4, together with the net rate of production of the i-th species



302 P. KOUTMOS, G. GIANNAKIS, P. MARAZIOTI

due to the number of chemical reactions NV expressed as:
N

u Eap pYi\ "
(83)  wik = (v —vig) # Ak xT p{‘m}H <M>

which appear in the source terms of the species conservation equations, complete
the set of governing equations. Here Yj is the mass fraction of the species i, v/
and v, are the stoichiometric coefficients of species i in reaction k in forward
and backward direction, v; ;, are concentration exponents of species 4 involved in
reaction step k, A and E 4 are the preexponential factor and activation energy
in the Arrhenius law of reaction k.

The computational domain in each different test case is commonly bounded
by inflow and outflow boundaries, wall and symmetry or axis planes. Constant
values of the variables were specified at inlet sections, with velocity, tempera-
ture and mixture compositions taken from the reported experiments. At lines of
symmetry the radial (normal) velocity was set to zero and a zero gradient was
assumed for the axial velocity, temperature and species concentrations. A zero
gradient was applied at the outflow boundaries that were carefully located far
away from regions of steep gradients of the variables. Open boundaries were im-
plemented as slip lines where a zero radial (normal) velocity and a zero gradient
condition for axial velocity, temperature and species concentrations were ap-
plied. The governing equations are integrated by using a finite-volume approach
with a staggered, non-uniform grid system. The momentum equations are dis-
cretized using an implicit QUICKEST finite-difference scheme (KouTmoS et al.
[4]), while a hybrid scheme is employed for stability in the species equations. An
iterative alternating direction implicit (ADI) technique [12] is used for solving
the set of Ny + Iy + 1 algebraic equations (Ns + 1 is the number of species and
the enthalpy equation and I represents the number of the momentum equations
solved, depending on the dimensions of the configuration studied). A stable nu-
merical integration procedure is achieved by coupling the species and energy
equations through the chemical reaction source terms and the chemical source
terms are linearized to improve convergence. The pressure field is calculated at
every time step by solving the pressure Poisson equations in every grid node
simultaneously and exploiting the LU (Lower and Upper diagonal) matrix de-
composition technique. For the validation test runs involving freely propagating
premixed flame configurations, the standard PREMIX Sandia code [13]| was used.
The extinction behavior of non-premixed stagnation point flames to steady and
unsteady strain rate were investigated by adapting the basic two-dimensional
detailed flow solver to the particular flame/geometry configuration.

The chemical reaction scheme for soot production and oxidation is combined
with the solution of two additional model transport equations for particle number
density, Ps, and soot mass fraction, Ys, as proposed by [6]. These have the same
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form as Eq. (3.1), written for the i-th species as given in Table 2. Chemical
reaction (R7) represents here both nucleation and growth while reactions (R8)
and (R9) represent the soot oxidation process.

The relevant source term, Sy, for soot mass fraction, Y, can then be written:

(3.4) Sy, = 2k7 Nua [C2Ha] M,
+ 2k;7,GI‘OWthAS [CQHQ] Ms - kSAs [02] Ms - kQAs [H2O] Ms

while that for particle number density, P, can be expressed as:

(3.5) Sp, = 2kr et [CoHa] —VA— — 20, d2 <6UBT) (pPs)?.
1)C,min Ps

According to the recommendations of references [6, 10| the following set of
constants is utilized in the above source expressions. Mg and p, are the molecular
weight and density of soot, og = 1.38 - 10723 J/K is the Boltzmann constant,
N4 = 6.022 - 10% particles/kmol is the Avogadro number, Cy = 9, 7 min = 60
and A, = 7rd]23,0 P, is the particle surface area with d, = (6Ys/mpsPs), the
carbon particle diameter. Here the nucleation and growth rate constants used
above, k7 Nucl and k7 growth for reaction (R7), and the oxidation rate constant
due to oxygen, kg, are taken as suggested by [6, 10] with only minor changes
as indicated in Table 1, while the rate constant, kg, due to soot oxidation from
OH is duly modified to take into account the replacement of the radical OH
contribution in reaction R9 with the stable available species HoO. The tuned
reaction rate constants for reactions (R6) to (R9) are also given in Table 1.

4. RESULTS AND DISCUSSION

The performance of the basic oxidation mechanism was evaluated by com-
puting unstretched laminar premixed propane-air flames having different equiv-
alence ratios, @. An important validation parameter is the laminar flame speed,
S1, which was presently calculated and is compared against experimental data
from the extended literature (e.g. references [2, 6, 7]) as a function of equiva-
lence ratio @ in Fig. la. The predicted lean and stoichiometric part of the Sy,
curve appears quite satisfactory with a peak Sy of 0.45 m/sec against experi-
mental values in the region 0.39 to 0.47. The rich Sy branch however seems to
be underpredicted possibly due to exclusion of intermediate radicals such as H
and OH. In an initial effort to alleviate, in a simple manner, this rich branch
deficiency and allow a more fruitful exploitation of the proposed scheme, a pa-
rameterization and tabulation of the preexponential factor of reaction (R3) as a
simple function of the local equivalence ratio was attempted targeting the more
correct prediction of the rich Sy branch values as depicted in Fig. 1la. A more
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measurements of [14] (points) in a counterflow diffusion flame configuration for major species
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fusion flame of Ref. [14]. Computations from Ref. [15] with a four-step reduced mechanism (4),
present computations (—).
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elaborate and extended approach along these lines can be applied by following
the approach of reference [5] when more involved chemical schemes are adapted
to local conditions and constraints.

The reduced scheme (R1) to (R3) was subsequently tested by computing a
stagnation point diffusion flame in front of a porous cylinder (Tsuji-type burner,
Fig. 3b, [14]) in a one-dimensional calculation by reformulating the detailed
mathematical model of Sec. 3. Computed major species and temperature profiles
for a strain rate, a = Uair.00/Rey1, of 150 sec™! and a fuel injection velocity v,
of 0.112 m/s (see Fig. 3b), agreed well with the classical experimental results of
TsuJi and YAMAOKA [14] as shown in Fig. 1b. The computed unstretched flame
peak temperature lies around 1950 K below the adiabatic value due to effects of
transport processes and finite reaction rates. The presently calculated drop in
the peak temperature with increasing strain rate (a) is adequately supported in
similar calculations by JONES and LINDSTEDT [15] as displayed in Fig. lc. As
the strain rate, a, increases the peak temperature drops due to reactant leakage
until no steady state solution exists and this point corresponds to the extinction
limit. The computed e, is 645 sec™! while the measurements of reference [14]
suggested a value of about 670 sec™!.

Amongst the various flame configurations used for the present scheme calibra-
tion, the one selected for discussion here is from the range of opposed jet burner
(Fig. 3c) flame studies reported by WEHRMEYER et al. [16]|. Specifically the
structure of partially premixed opposed jet CsHg-air flames produced by coun-
terflowing reactant jets of disparate and very lean or very rich stoichiometry i.e.
a lean Hq-air jet impinging on a rich or lean C3Hg-air jet, was experimentally
and computationally investigated in that work (Fig. 3c). The resulting complex
type of flames are of relevance to combustion processes occurring under stratified
charge mode operation of direct injection spark ignition engines, where a flame
in a region of burnable stoichiometry supports combustion in adjacent lean or
rich regions that are outside the ignitable limits and thus represent a stringent
test of the presented reduced scheme.

Here one partially premixed flame of a CsHg-air jet (& = 1.25) opposing a
Hy-air jet (® = 0.4) at a strain rate of 180 s~ was chosen for computation as
it represents a stringent test for the proposed model. The results of the com-
parisons between the present numerical calculations and the measurements and
computations, obtained by WEHRMEYER et al. [16], with the extended C3Hg-air
mechanism M5 as reported in Reference [2], are shown in Figs. 2a and 2b. The
present computations are in good agreement with the reported temperature and
species profiles except for their narrower width due to a slower rise of tempera-
ture and species on the rich fuel side. This is due to a weaker penetration of the
triple flame into the rich fuel side. This is not unexpected since the uncorrected
calibrated reduced sheme produces a lower flame propagation rate, Sy, when
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we move toward the rich equivalence ratios, as discussed previously with respect
to the underprediction of the experimental Sy, branch in Fig. 1a. The calibrated
mechanism, when corrected by employing a local adjustment of the (R3) reaction
rate preexponential factor as a function of the prevailing local equivalence ratio,
results in an improved agreement in the predicted temperature profiles as illus-
trated in Fig. 2a. The adjusted calculations, due to the locally increased reaction
rates, exhibit an extended reaction zone profile that now reaches deeper toward
the premixed fuel supply, as indicated by the comparisons shown in Fig. 2a, with
consequent improvements in the species profiles as well (lines without correction
are not shown for clarity in Fig. 2b).
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Fia. 2. Comparisons between present calculations (lines) and measurements and computa-
tions of WEHRMEYER et al. (symbols, dashed line) in an opposed jet burner premixed flame

configuration: a) for the mean temperature profile along the burner stagnation axis; b) for the
mean CO and H2O profiles along the burner stagnation axis.
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Subsequently a range of two-dimensional axisymmetric coflowing laminar jet
diffusion flames, with or without partial premixing, attached and lifted were
calculated targeting at the qualitative and quantitative reproduction of major
species, temperature, NOx and soot production. Any discrepancies identified in
these test runs led to readjustment of the reduced chemical scheme rate para-
meters that were fed back to the runs for the one-dimensional flames discussed
above; this iterative cycle produced the final tuned set of the chemical rate pa-
rameters of Table 1.

A sketch of the two-dimensional axisymmetric geometry burner configuration
employed in the two-dimensional computations is given in Fig. 3a. It includes a
fuel supply, an oxidizer supply and in certain test cases — a coflowing surrounding
air stream. In the first test case the range of coflowing diffusion flames studied
by WON et al. |17] were computed. Fuel (a mixture of C3Hg/No at 0.1486/0.8514
by mass) and air, both coflowed at various velocity ratios and formed a rich va-
riety of diffusion flames ranging from attached, slightly detached, lifted and also
oscillating from the burner rim. Temperature contours predicted by the present
two-dimensional formulation employing the above proposed reduced scheme are
shown in Figs. 4a, b and ¢ depicting three fuel velocity conditions with none,
moderate and significant lift-off from the burner exit. The characteristic fishbone
structure at the base as well as the high temperature regions and the overall
flame shape have been captured well when compared with the flow visualization
photographs reported by WoN et al. [17].

a) . J/;"\—n
[
[

air

air fuel

[F1c. 3a)
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Fig. 3. a) Unconfined coflowing axisymmetric laminar diffusion flame burner configuration

used in the computations; b) Porous cylinder counterflow diffusion flame configuration used

in the computations (Refs. [14, 20, 21]); ¢) Opposed jet burner configuration used in the
computations (Ref. [16]).

In the experiments of WON et al. [17] it was also found that as fuel velocity
increases, in the intermediate velocity range, a regime can be identified, where
the lift-off height varies intermittently between distinct lower and higher values,
a feature that reportedly has been related to propane lift-off behaviour in other
investigations as well [17]. As unsteady effects play an important role during
localized extinctions and reignitions in highly turbulent flames, it was thought
of interest to address the whole extent of the variation of the flame lift-off height
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Fi1c. 4. Computations of temperature isotherm topology for the axisymmetric coflowing jet
burner configuration studied by WoN et al. [17]: a) attached flame, b) moderately lifted flame,
c) highly lifted flame.

with fuel velocity change for the flames studied by WON et al. [17] to estab-
lish the capability of the method to predict inherent unsteady flame behaviour.
Figure 5 displays the calculated variation of lift-off height along with the experi-
mentally reported values. Both the attached and lifted flame lengths and lift-off
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heights have been reproduced quite satisfactorily while, quite encouragingly, the
oscillating flame regime, as indicated by the two branches in the graph, has also
been retrieved by the present model. Evidently the presently proposed scheme
produces an adequate response to the unsteady strain field produced by the pul-
sating nature of the flames, despite some quantitative differences in the reported
values for the upper lift-off heights.

4
& EXP. Rei. [17] attached flame
| ] EXP. Ref. [17] statonary flame
A EXP. Ref [17] oscillating flame
R
3 PRESENT FRED "
5
£ 2
—
I
1F
D "
0 2 4 5] 8 10 12

Ui (emisec)

Fica. 5. Comparisons between predicted with the present scheme (line) and experimentally
established in WON et al. [17] (symbols) of the variation of the flame lift-off height with
fuel exit velocity (note the pulsating flame behaviour indicated by the displayed loop).

Subsequently, the capability of the proposed NOx module to capture the
NOx production levels was tested. HEWSON [18] has reported a series of bulk
NOx emissions measurements in laminar coflow, nonpremixed jet flames for a
wide range of exit propane velocities and burner diameters while retaining the
constant air coflow velocity. The reported emission index is expressed as ENox =
(3XNoxMnN021000) /(Xco2Mpyel), where X; and M; are the mole fraction and
the molecular weight of species ¢, and this expression includes both the NO and
NOy contributions. A comparison of the emissions calculated by the presently
tuned scheme (the basic oxidation model now including reactions (R4) and (R5))
against a sample from the reported variations is displayed in Fig. 6. Despite
the fact that the NOgy contribution is not accounted for in the present model
explicitly but only through tuning and calibration of the constants involved
in the prompt rate expressions, the experimental trend and levels are repro-
duced encourangingly well. As a further test, the NOx levels (including thermal,
prompt and NoO contributions) reported in the work of BOCKHORN et al. [11]
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Fig. 6. Comparisons between presently predicted (lines) and experimental (HEwWSON [18],
symbols) variations of the emission index Exox with fuel dilution at two fuel velocities in
the axisymmetric coflowing burner configuration.

for a range of lean partially premixed 1-D propane flames were additionally
studied to further tune the present NOx model. Following the experimental
conditions, calculations were run for an inlet mixture temperature of 400°C
and a range of equivalence ratios corresponding to an adiabatic flame temper-
ature variation from 1290°C to 1540°C. Results from the present computations
are compared, in Fig. 7, with experimental and calculated results reported by

7
5 + EXP. Bochorn et al (1994) *
—a— PRED. Bochorn et al (1994)
5 [ |— PRED. PRESENT
; 4
3 3
=
2
1 -
0
1250 1300 1350 1400 1450 1500 1550 1600
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Fic. 7. Comparisons between present predictions (—) and experimental (¢) and
computational (—4-) results from BOCKHORN et al. [11], of the distribution of the NOx
concentration levels in a flat premixed 1-D flame burner configuration with variation
in the mixture equivalence ratio.
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BOCKHORN et al. [11], who employed a version of the GRI 3.0 mechanism (e.g.
Ref. [19]). Both the trend and the level of variation of the experimental results
with mixture strength are apparently reproduced quite adequately by the tuned
((R4) and (R5) reactions) scheme.

The soot model was finally added to the basic C3Hg oxidation mechanism,
tuned, calibrated and tested in a range of flame configurations. As an exam-
ple, calculations for two CsHg sooting counterflow diffusion flame arrangements
(Fig. 3b), studied by VANDSBURGER et al. [20] and LAW et al. |21] are here dis-
cussed. Additional transport equations with source terms given by Egs. (3.3) and
(3.5) and the reactions (R6) to (R9) were now employed in these computations.
The present model predicts the general shape, structure and peak temperature
levels of this complex flame configurations. The level of agreement for the ma-
jor species was of similar good quality as that encountered in the previously
discussed computations. Within the context of the present reduced scheme, a
critical factor in reproducing the measured soot distributions is the adequate
reproduction of the acetylene profile concentrations, the only soot precursor ad-
dressed in the reduced scheme, since benzene is here excluded. Levels of CoHg
were computed with maximum discrepancies in peak values of less than 12%
(e.g. compared with the measured peak values given in reference [20]). The ef-
fect of oxygen enrichment in the counterflow flames of VANDSBURGER et al. [20]
and the predicted trends in soot production for two levels of fuel enrichment are
subsequently shown in Fig. 8. Calculated peak soot volume fractions are in good
agreement with experimental values while the variation along the centerline is

1.2
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© ] N 28% | -ee-- [
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FiG. 8. Comparisons between present predictions with the proposed reduced scheme (lines)
and experimental and measured by VANDSBURGER et al. [20] (symbols) soot volume fractions
for counterflowing C3Hg-O2-N2 flames with varying levels of Oz enrichment.
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captured well. Peak temperatures and major species addressed by the proposed
mechanism were also in good agreement with the reported measurements. Next
the influence of inert additives and /or air enrichment (25% O3) in sooting coun-
terflow flames measured by LAw et al. [21] was studied with the above proposed
mechanism. Figure 9a displays the measured and presently computed variation
of the temperature along the distance from the burner surface for a fuel mix-
ture of 20%He-80%C3Hg in this counterflow configuration. The good agreement
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F1a. 9. a) Comparisons between present predictions with the proposed reduced scheme (lines)
and experimental and measured by LAw et al. [21] temperature distributions with distance from
burner exit for propane-air counterflowing diffusion flame with inert addition on the fuel side
2(0%He-80%C3Hsg). b) Comparisons between present predictions with the proposed reduced
scheme (lines) and measurements by Law et al. [21] of soot volume fraction distributions
as a function of distance from burner surface for propane-enriched air (25%) counterflowing
diffusion flame with different inerts added on the fuel side.
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between measurements and predictions allows a meaningful evaluation of the
soot model. Figure 9b displays predictions and experimental data for soot vol-
ume fraction at 20% fuel dilution by two different inert additives, namely He
and Ar and air enrichment with oxygen maintained at 25%. Although some
quantitative discrepancies are evident, it is most encouraging to see that the
measured trends are reproduced quite well. This lends some credibility in the
models sensitivity to delineate between different soot loadings due to different
flame conditions.

From the above described test runs and comparisons it appears that the pro-
posed reduced scheme has an acceptable and consistent behavior over the range
of flame conditions investigated, and adequately predicts the target character-
istics of Sec. 2.1 for the diffusion and premixed flame configurations studied.
Inaccuracies apparently increase locally for rich mixtures beyond an equivalence
ratio of about 1.3 e.g. in the test runs for the lifted flame. This aspect might be
conveniently remedied to a large extent by employing concepts of adaptive chem-
istry as in Reference [5] and locally adjusting (at each computational grid node
and time-step) selected parameters of the reduced scheme in accordance with the
prevailing local flame conditions. Here, following a less involved approach along
these lines proved the promising gains that may accrue from such a more general
procedure; the flame speed was augmented for rich compositions (i.e. when the
mixture strength locally exceeded 1.3) through an appropriate parameterization
and tabulation of the preexponential factor of reaction (R3) as a simple function
of the local equivalence ratio, thus improving the performance of the chemical
scheme over an extented range of mixture compositions.

5. SUMMARY AND CONCLUSIONS

An Integrated Combustion Chemistry approach has been employed to derive
a reduced oxidation scheme for a technically significant fuel, propane, including
submodels for NOx and soot production. The complete scheme involves nine
reactions and nine species focusing on major and stable species and pollutants,
while avoiding altogether the computational burden of intermediate radicals and
elementary rates. The chemical rate parameters were calibrated by systemati-
cally computing a range of well-documented one-dimensional freely propagating,
premixed and stagnation point diffusion flames as well as two-dimensional ax-
isymmetric coflowing jet diffusion flames, lifted and attached. Its overall perfor-
mance has been encouraging and with further tests and refinements it can be
valuable in large-scale computations of complex turbulent reacting flows. The
procedure can be systematically extended to other practical fuels such as higher
hydrocarbons, ethylene or alternative fuels of technological interest such as hy-
drogen, methanol and ethanol.
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