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Universal Relationships in Sooting
Methane-Air Diffusion Flames

C.R.KAPLAN*, G. PATNAIK and K. KAILASANATH

Department of Navy, Laboratory for Computational Physics and Fluid Dynamics,
Naval Research Laboratory, Code 6183, Washington, DC 20375, USA

{Received 12 December 1995; in final form 28 July 1997)

The laminar flamelet concept is based on the premise that scalar properties in laminar diffusion
flames are nearly universal functions of mixture fraction. It has been well-tested and proven for
temperature and the major species, however, few studies have addressed its applicability for
minor species especially the radical species. In this study, we present a direct numerical
simulation of an axisymmetric, laminar, methane-air diffusion flame to examine these universal
relationships, including the major and minor chemical species, and the radical species. The
numerical model solves the axisymmetric, time-dependent, reactive-flow Navier-Stokes
equations coupled with sub-models for soot formation and radiation transport, and includes
a detailed reaction mechanism for methane-air combustion. Quantitative comparisons with
existing experimental data show a slightly wider computed flame compared to the experimental
flame, however, the peak values and radial locations of temperature and soot volume fraction
line up well with the experimental measurements. To study the universal relationships, scatter
plots are made for temperature and the major and minor species throughout the entire flame
and compared with existing experimental measurements. Excellent agreement is obtained
between the computations and experiments for temperature and mole fractions of CHy, Os,
OH, H,0, 0, H, CO, and N, as a function of mixture fraction in the fuel lean, stoichiometric
and fuel rich regions of the flame. The computations underpredict the concentration of H; and
CO in the fuel rich region, however, excellent agreement is obtained in the fuel lean and
stoichiometric regions. The computations also overpredict the concentration of CHj; in the
stoichiometric and fuel rich regions, however, the peak concentration occurs at the same
mixture fraction for both the experiments and computations. The scatter plots indicate that
many of the species studied, including the minor species and radical species, can be considered
universal functions of mixture fraction, however some of the species show more scatter than
others. The species which showed the least scatier were those whose production rates were
fastest in the stoichiometric and fuel lean regions of the flame. Those species whose production
rates were highest in the very fuel rich region showed less universality with mixture fraction.
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INTRODUCTION

Over the past few years, there have been several efforts to develop time-
dependent simulations of axisymmetric jet diffusion flames. Due to
computational cost considerations, most of these numerical models have
utilized simplified or phenomenological chemical reaction sub-models. Chen
et al. (1988); Davis et al. (1991) and Katta and Roquemore (1993) have
studied the unsteady interactions between flames and their associated inner
and outer vortex structures for CyHg-air flames, using flame sheet and
conserved variable approximations. Ellzey et al. (1990, 1991) investigated
the effects of heat release viscosity, and gravity on the development and
dynamics of H,-air flames, using a finite-rate single-step reaction model.
Takahashi and Katta (1993) and Hsu et al. {1993) conducted numerical and
experimental investigations of flame-vortex interactions in a CHg-air jet
diffusion flame, using the Shvab-Zel’dovich formulation in conjunction with
a flame-sheet assumption. More recently, Katta et al. (1994) and Katta and
Roquemore (1995) have incorporated a more detailed chemical reaction
model for H,-air flames to study the effects of nonunity Lewis number,
finite-rate chemistry, and the influence of preferential diffusion on the
dynamics and structure of these jet diffusion flames.

Since many practical combustion conditions involve sooting hydro-
carbon-air diffusion flames, we have focused our efforts on the develop-
ment of a time-dependent, axisymmetric, reactive-flow numerical model
which also includes the processes of soot formation and radiation
transport. Over the past couple of years, we have used this numerical
model with phenomenological chemical reaction sub-models to study
various time-dependent behaviors of hydrocarbon-air jet diffusion flames.
We have investigated the effects of multidimensional radiation transport in
an ethylene-air jet diffusion flame (Kaplan es al., 1994a) and showed how
radiative losses change the overall temperature, species concentrations, and
soot volume fraction distributions, using a finite-rate single-step Arrhenius
reaction rate for ethylene-air combustion. This model has also been used to
investigate fluid-chemical interactions in lifted methane-air jet diffusion
flames using a phenomenological Arrhenius reaction rate (Kaplan et al.,
1994b), to study enhanced soot production in time-varying methane-air
flames using the conserved scalar approximation (Kaplan et al.,, 1996a),
and most recently, to study the effects of gravity on soot formation in
ethylene jet diffusion flames, using a conserved scalar approximation
(Kaplan et al., 1996D).
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In the present work, we further develop this numerical model to include a
detailed multi-step, multi-species chemical reaction mechanism, not only to
improve the accuracy of the chemical reaction sub-model, but also to enable
us to track more species which have recently been determined to be
important in the soot formation process. We conduct these simulations for a
laminar methane-air flame which has been studied extensively experimen-
tally (Shaddix et al., 1994; Shaddix and Smyth, 1995), and which has been
previously studied by us numerically with a phenomenological chemical
reaction model (Kaplan et al, 1996a). We present qualitative and
quantitative comparisons between the simulation results and the experi-
mental measurements in terms of radial profiles of temperature and soot
volume fraction. We then present a series of scatter plots of temperature and
major and minor species concentrations as a function of mixture fraction
and height in the flame, to investigate whether or not these quantities are
universal functions of mixture fraction throughout the entire flame. We
compare these computed universal relationships with experimentally-
measured quantities (temperature and species concentrations versus mixture
fraction, measured at one height in the flame) in a Wolfhard-Parker
rectangular burner using existing data from Norton et al. (1993).

The laminar flamelet concept (Bilger, 1977) is based on the premise that
scalar properties in laminar diffusion flames are nearly universal functions
of mixture fraction. The applicability of this theory is a very important
assumption for computations of turbulent diffusion flames, which
frequently utilize libraries of conserved scalar relationships determined
from one-dimensional strained (counterflow) flame calculations (Liew
et al., 1981, 1984; Peters, 1984, 1986). Laminar flamelet theory has been
well-tested and proven for temperature and the major species in diffusion
flames (Bilger, 1977; Gore and Faeth, 1986). However, few studies have
addressed the applicability of laminar flamelet theory for minor species,
especially the radical species. Also, very few comparisons have been made
between experimental measurements and detailed falme computations
concerning the minor and radical species (Barlow et al., 1990-a, 1990-b;
Barlow and Collignen, 1991; Norton et al, 1993). In this paper, we
address these issues by comparing our detailed flame computations with
experimental measurements (Norton et al., 1993) for temperature and
major and minor species (including the radical species), and we test the
laminar flamelet theory by presenting results of these quantities as
functions of mixture fraction throughout the entire flame, including the
sooting region.
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NUMERICAL METHOD

The numerical model solves the time-dependent equations for conservation
of mass density. momentum, energy, individual species number densities,
soot number density and soot volume fraction:

op -

7TV k=0 M)
a_g’ll/.,_v.(pVV):—VP-{—pG—V-‘r (2)
OE V.- (EV)=-V.PV -V -V h 3
.a_t+ ( = . (qc+qr) 'an'l)k k+Q ()

Bnk
TR V-(mV) ==V (mwue) + wx (4)

On
5+ (V) ==V (un) +w, (5)
%f_t"+v-(ﬁV)=~—V-(v,ﬁ.)+wf_. (6)

Equations (1-6) are closed by the ideal gas relations:

P=nrkT (7)

de = pC,dT. (8)

Equations (1-4) include terms for convection, thermal conduction,
molecular diffusion, viscosity, chemical reaction and energy release, gravity,
and radiation transport. The soot conservation equations, Eqs. (5) and (6),
include terms for convection and thermophoresis, where the thermophoretic
velocity is defined by '

I
v = —0.54v6;rT. (9)

Our solution to Egs. (1 —6) includes both the radial and axial components
of the convective and diffusive transport terms (thermal conduction,
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molecular diffusien, and viscosity). However, only the radial component of
the thermophoretic term is considered in Egs. (5) and (6), and only the axial
component of the gravitational acceleration term is included in Eq. (2).
These equations are then rewritten in terms of finite-difference approxima-
tions on an Eulerian mesh and solved numerically for specified boundary
and initial conditions. The model consists of separate algorithms for each of
the individual processes, which are then coupled together by the method of
timestep splitting (Oran and Boris, 1987).

Convective and Diffusive Transport

Fluid convection is solved with a high-order implicit algorithm, Barely
Implict Correction to Flux-Corrected Transport (BIC-FCT), that was
developed by Patnaik er al. (1987) to solve convection equations for low-
velocity flows. The Flux-Corrected Transport (FCT) algorithm (Boris and
Book, 1976) itself involves an explicit, finite-difference method that is
constructed to have fourth-order phase accuracy. However, because FCT is
an explicit algorithm, the numerical timestep required for accuracy and
stability is limited by the velocity of sound. The basic approach used in BIC-
FCT is to treat only those terms whose accuracy and stability are limited by
the sound speed (such as the pressure terms in the momentum and energy
equations) implicity.

Thermal conduction, molecular diffusion, and viscosity are evaluated
using explicit two-dimensional finite differencing (Kaplan e: al., 1994a,b;
1996 a,b). The algorithm for molecular diffusion includes multi-component
diffusion among all 16 species tracked, where the binary diffusion
coefficients are calculated as a function of temperature for each species-
pair from kinetic theory (Hirschfelder er /., 1954). Similarly, the thermal
conduction and viscosity coefficients are also calculated from kinetic theory
for each individual species as a function of temperature. Using mixture rules
{Hirschfelder er al., 1954), an overall mixture thermal conductivity, mixture
viscosity coefficient, and mixture diffusion coefficient are then calculated
from the species coeflicients in each computation cell. The viscosity sub-
model includes all of the viscous terms in the compressible Navier-Stokes
equations.

The overall timestep is determined by the convection (BIC-FCT)
algorithm. In the diffusive transport submodels, however, numerical
stability criteria further restrict the timestep to values less than the overall
convective timestep. Therefore, the diffusive transport submodels subcycle
several times within the overall convective timestep.
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Chemical Reaction

The reaction mechanism which was incorporated into this axisymmetric
diffusion flame code is the “skeletal” mechanism for methane-air combus-
tion (Smooke, 1991), which includes the 16 species. H, O, H,, OH, H,0, O,
HQO,, H,0,, CH,4, CH;, CH;0, CH,0, CHO, CO, CO, and N;. The set of
35 reactions is shown in Table I. This mechanism has been applied to
various test problems for CHy-air premixed and diffusion flames, and for
studies on the applications of reduced mechanisms (Smooke, 1991, chapters

within).

TABLE 1 *Skeletal” methane-air reaction mechanism (Smooke, 1991)
No. Reaction A B —E,/R
1 H+0, -0+0H 3.320E-10 0.00 8.456E+03
2 O+OH—H+0; 2.606E—11 0.00 J4T6E+02
3 H,+Q0—~H+OH 2.988E—-14 1.00 4.442E+03
4 H+OH—H,+0 1.328E-14 1.00 3J403E+03
5 H;+QH—H+H,0 1.945E—-15 1.30 1.825E+03
6 H+ H,;0—-H,+ OH 8.448E-15 1.30 9.355E+03
7 OH+OH—-0+H,0 9.959E-16 .30 0.000E+00
8 O+ H,;0—0H +OH 9.793E-15 1.30 8.57IE+03
9 H+0;+M—HO,+M 6.336E-30 —0.80 0.000E + 00
10 i H+HO;—OH +OH 2.490E~10 0.00 5.052E+02
11 H+HO;—H,+0, 4419E-11 0.00 1.524E+02
12 OH+HO,—H,0+ 0, 3.320E-11 0.00 5.028E+02
13 HO;+HO;—H;0;+ 0, 3.320E-12 0.00 0.000E + 00
14 H;0; +M—OH+OH+M 2.158E-07 0.00 2.290E+04
15 OH+OH+M—=H,0,+ M 2. 16E-33 0.00 —2.552E+03
16 H,0;+O0OH—-H,0+HO; 1.660E-11 0.00 9.057E+02
17 H,0+HO,—H,0,+0H 4.747E-11 0.00 1.650E +04
18 H+OH+M—H,0+M 6.060E—26 -2.00 0.000E + 00
19 H+H+M—-H;+M 4.959E-30 —1.00 0.000E + 00
20 CO+0OH—~CQ,;+H 2.506E—17 1.30 -3.813E+02
21 CO;+H—-CO+OH 2.606E~15 1.30 1.127E + 04
22 CH,—CH;+H 2.300E+38 —7.00 5.756E +04
23 CH;+H—CH, 3.155E+12 -1.00 4.555E+03
24 CH;+H—CH;+H; 3.651E-20 3.00 4.403E+03
25 CH3+H;—CH4+H 1.588E-21 3.00 4.403E+03
26 CH,4+OH—CH;+H;0 2,656E—18 2.10 1.238E+03
27 CH;+H;0—CH,+OH 5.012E-19 2.10 8.768E + 03
28 CH;+0—CHO+H 1.129E-10 0.00 0.000E + 00
29 CH;0 +H—-CHO +H, 4.149E-11 0.00 2.009E +03
30 CH;0+0OH—CHO+H,0 4.979E—11 0.00 6.014E+02
31 CHO+H—CO+H, 6.639E-11 0.00 0.000E + 00
32 CHO+M—-CO+H+M 2.656E—10 0.00 7.398E+03
33 CH; +Q;—CH;0+0 1.162E—11 0.00 1.291E+04
34 CH30+H-—CH,0+H, 3.320E-11 0.00 0.000E + 00
35 CH3;0 +M—=CH,0+H+M 3.983E-11 0.00 1.450E+04

Units are in molecules, cubic centimeters, seconds, K, cal/mole.
Third body efficiencies: CHa= 6.5, H;0=6.5, CO;=1.5, H;=1.0, C0=0.75, 0,=04, N;=04.
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Soot Formation and Radiation Transport

The formulation of integrated soot models (including soot inception, surface
growth, agglomeration and oxidation processes) is an active area of
combustion research (Moss et af., 1988; Syed et al., 1990; Stewart et al.,
1991; Kennedy et al., 1990, 1991; Villasenor and Kennedy, 1992; Leung
et al., 1991; Lindstedt, 1994; Honnery et al., 1992; Kent and Honnery, 1994;
Honnery and Kent, 1992). In this work, as in some previous studies (Kaplan
et al., 1994b, 1996), we use the integrated soot model of Syed er al. (1990),
as it is based on local gas properties and is easily incorporated into a
multidimensional finite-difference code. In future studies, as we use more
detailed chemical reaction models which include the more-relevant soot
formation species {(such as the C, species), we will be able to use more
detailed integrated soot models.

The thermophoretic term which appears in the conservation equations
(Egs. 5 and 6) is solved with explicit finite differencing. The source terms in
Egs. (5) and (6) are represented by a set of two coupled ordinary differential
equations in terms of the soot number density and the soot volume fraction.
These quantities are computed as a function of the local gas properties based
upon the: simplified rate expressions of Syed et al. (1990), which were
developed from measurements in a steady CHy/air flame:

dn - C 36m)!3 Wsc n/>
w":;i”: CuNopzT'/erme T(./T_FﬁTllznZ _( ) I;JZC (10)
1 e pSOOtf‘U
d, C _ C -
wfuz%z-f_CaPZTl/ZXfuele TQ/T+T‘;pT1/2Xfucle Tt 23
t pSOO[ pSOOl (I I)
(36m)'° Wiscn!/1 Y3
Psoot ’

where the soot particle density, peor, 15 assumed to be 1.8 g/cm3, and the
coefficients and activation temperatures are

C,=6.54 x 10" cm®/g? . K2 .5
Cp=13x 10" cm® /K% .5

C, = 1.0 x 10° em®/g?? . K'/2 .5
Cs=144%x10°g

T, =4.61 x 10° K
T,=126x10* K.
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The first and second terms on the right hand side of Eq. (10) correspond to
nucleation and coagulation, while the first and second terms in Eq. (11)
represent nucleation and surface growth. The third term on the right-hand
side of Egs. (10) and (11) represents soot oxidation, which includes the Nagle
and Strickland-Constable (NSC) (1962) rate for oxidation by O (g/cm?s),

k4Po
W =12 —— 2 kgPo, (1 - 12
NSC {]+kzP02X+ 8 Oz( X)}1 ( )
where
1
X=—] (13)
]+k8k}’02
and

k4 = 20exp (—30000/RT) g/cm’ - s - atm

kp = 4.46 x 107> exp (—15200/RT) g/cm® - s - atm
kr=1.51 x 10° exp (~97000/RT) g/cm® - s

kz =2.13 exp (4100/RT) 1/atm.

The other variables and factors in the oxidation terms in Eqs. (10) and (11)
are used to convert the NSC oxidation rate into appropriate units for the
set of ordinary differential equations, and have been described in detail
previously (Kaplan et al., 1996a).

Because methane is a relatively low sooting fuel, the radiation transport
sub-model uses an optically-thin assumption,

_v‘qr=4aovcrallU(T4_ Tio)u (]4)

where o is the Stefan-Boltzman constant. The absorption coeflicient for soot
{cm™') is based on an expression from Kent and Honnery (1990), while that
for CO, and H,O is derived from an expression from Magnussen and
Hjertager (1977). These are then combined to form an overall Planck mean
absorption coefficient:

Aoverall = 2-66 - const - £, - T+ 0.001 (){Co2 + XH;O). (]5)

RESULTS AND DISCUSSION

The flow conditions for the simulations were specifically chosen to
reproduce the conditions used in the experiments of Shaddix et al. (1994)
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and Shaddix and Smyth (1995). The fuel and air cold flow velocities are both
7.9 cm/s; the fuel tube radius is 0.55 cm and the air annululs radius is 5.1 cm.
The full computational domain is extended out to 10 ¢cm radially (and contains
quiescent air from 5.1 c¢m to 10 cm radially), 20 cm axially, and contains 128 x
152 cells. Cells of 0.02 cm x 0.02 cm are concentrated around the lower and
left-hand boundaries (where the flame is located), and the grid is then
stretched both radially and axially. The fuel and air are preheated to 550 K
and 330 K, respectively, based upon experimental thermocouple measure-
ments for a series of heights just above the burner (Kaplan er al., 1996). The
conditions modeled include parabolic pipe flow for the fuel and a flat velocity
profile for the coflowing air stream at the inflow boundary, flat thermal
profiles for the fuel and air streams, symmetry at the left-hand boundary, free-
slip wall at the right-hand boundary, and zero-gradient (simple continuative)
outflow condition at the top of the computational domain.

A quantitative comparison is made between the computations and
experimental measurements (Shaddix et al., 1994; Shaddix and Smyth,
1995; Kaplan e: al., 1996) of the CHy-air flame under the same conditions.
These comparisons are shown in Figure | for temperature, and in Figure 2 for
soot volume fraction. Although the computations result in a wider flame
thickness at mid-flame heights compared to the experiments (as shown in both
the temperature and soot volume fraction comparisons), the overall flame
height and soot burnout height are well predicted. Quantitative comparisons
of soot volume fraction show that the computations underpredict peak soot
volume fraction at the lower and mid-flame heights, but are within 10% of the
peak soot volume fraction at the higher heights. The radial location of the
peak soot volume fraction and the radial location of the soot profiles in
general, are well matched between the experiments and the computations.

The remaining results address the universality of temperature and major
and minor species as a function of mixture fraction throughout the entire
flame. The mixture fraction (£) at any location can be physically interpreted
as the mass fraction of fluid at that location which originated in the fuel
stream, and is defined as

)
=B =p (16)

where the subscripts 1 and 2 refer to the fuel and oxidizer streams, res-
pectively, and 3 is a weighted summation of atomic fractions (Bilger, 1988)

3

Zc Zny Zo
=2+ 05— — =, 17
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FIGURE 1 Comparison between computed and experimentally-measured (Shaddix er al.,
1994; Shaddix and Smyth, 1995; Kaplan et al., 1996) radial profiles of temperature at various
heights.

Figure 3 shows the mixture fraction and chemical heat release rate for the
computed axisymmetric flame. The solid line in the mixture fraction image
corresponds to the location of the stoichiometric contour, £=0.054. As
expected, the maximum chemical heat release rate occurs along this
stoichiometric contour. The computations also show that there is a thin
region of negative chemical heat release along the slightly fuel rich contour,
that is for 0.054 < £ < 0.15. This corresponds to the very light region
immediately to the left of the stoichiometric heat release rate. Although
there is a negative heat release rate at this location, the local temperature
(as shown in Fig. 1) does not decrease due to thermal conduction and
convection.

The species concentrations shown below are for the 16 species which are
included in the “skeletal” mechanism (Smooke, 1991). The data from the
computations are shown at six different heights (1, 2, 3, 4, 5and 6 cm) in the
flame, to illustrate whether or not these species are universal functions of
mixture fraction throughout the entire flame, or only in certain locations.
The results from the computations are obtained by taking radial traverses at
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FIGURE 2 Comparison between computed and experimentally-measured (Shaddix er al,
1994; Shaddix and Smyth, 1995; Kaplan et al., 1996) radial profiles of soot volume fraction

at various heights.

the indicated heights and creating scatter plots of the computed quantity
(temperature or species mole fraction) versus the mixture fraction at each

point along the radial traverse; hence, each scatter plot contains approxi-

mately 300 data points. These figures also include experimental data in

terms of temperature and species concentrations as a function of mixture
fraction taken at one axial location (9 mm) in a rectangular laminar

methane-air diffusion flame. The experimental data are taken from Norton
et al. (1993) and are available for 0 < £ < 2. Although the experimental
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FIGURE 3 Mixture fraction and chemical heat release rate for the computed flame. The solid
line corresponds 10 the stoichiometric mixture fraction. £=0.054.

configuration (rectangular Wolfhard-Parker burner) is very different than
the conditions of our simulations (axisymmetric co-flow burner), one would
expect that the universal relationships with mixture fraction would still be
valid, regardless of the flame geometry. The legend, shown only in Figure 4,
is applicable for all of the scatter plots in Figures 4—12. Each figure below
also contains a grayscale image of the quantity in the scatter plot to better
understand the flame structure and how that affects universality.

Figure 4 shows images and scatter plots for temperature and CH4 mole
fraction. The scatter plots show that both temperature and CH, are strong
universal functions of mixture fraction at all six heights. It is noteworthy
that the universality is maintained even in the sooting region (slightly fuel-
rich region) of the flame, where the effects of radiative heat losses are the
most significant. In the fuel-lean region, temperatures predicted by the
computations are in excellent agreement with those measured experimen-
tally. However, in the fuel-rich region, 0.054 < £ < 0.2, the computations.
predict temperatures which are 50-100 K higher than those measured
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FIGURE 4 Images and scatter plots of temperature (K) and CH, from the computations
at six heights in the flame and from the experiments of Norton er al. (1993) at one height.
The legend shown with Figure 4 is applicable for Figures 4—11.

experimentally. At each of the six heights, the computations show that the
temperature peaks at 2100 K at £=0.054; the experiments show a peak
temperature of 2080 K at £=0.0485 for the one height represented in the
experiments. The predicted CH, mole fraction is in excellent agreement with
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FIGURE 5 Images and scatter plots of O; and OH from the computations at six heights in
the flame and from the experiments of Norton et al. (1993) at one height.

the experimental measurements in the fuel-rich, stoichiometric, and fuel-lean
regions.

The scatter plots for O, and OH mole fraction (Fig. 5) show excellent
universality throughout the entire lame, and show excellent agreement with
the experimental data (available for 0 < £ < 2). The O; plot shows oxygen
leakage into the fuel rich region of the flame. The scatter plot for OH shows
that OH peaks at £=0.048 at all six heights, and the peak value varies from
5.4x107° to 6.2x 10~ among the different heights. This is in good agree-
ment with the experiments, which show a peak OH mole fraction of
5.0x107% at £=0.0477 for the one height covered in the experiment. The
maximum production rate of OH occurs in a fuel lean region (£=0.048),
where the heat release rate is moderate (~ 800 erg/cm’-s).
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FIGURE 6 Images and scatter plots of H,O and H; from the computations at six heights
in the flame and from the experiments of Norton er al. (1993) at one height.

Scatter plots for H;O and H; mole fraction are shown in Figure 6. The
computations show that H,O peaks at 0.163 to 0.167, for £ ranging from
0.054 to 0.038, at the six different heights in the flame. The experiments
show a peak H,O mole fraction of 0.165 at £ = 0.0577 at the 9 mm height
represented. The predicted H,O mole fraction is in good agreement with the
experimental measurements in the fuel-rich, stoichiometric, and fuel-lean
regions. However, for a given mixture fraction in the fuel rich region, there
1s ~10-15% scatter in the corresponding H,O mole fraction. The maximum
production rate of H,O occurs in the stoichiometric region, which is the area
of maximum heat release, ~ 3000 erg/cm?>-s.

The computations also show that H, peaks at 0.0189 to 0.021, for £
ranging from 0.09 to 0.1, while the experiments show a peak H, mole
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FIGURE 7 Images and scatter plots of HO; and H,Q, from the computations at six heights
in the flame. There are ne experimental data for these species.

fraction of 0.0348 at £=0.108. The computations significantly underpredict
the peak H, concentration compared to the experimental measurements in
the rectangular burner. Although the mechanism was tested extensively and
calibrated for laminar premixed and laminar counterflow diffusion flames
(Smooke, 1991), it seems to underpredict H, concentration in this coflow
diffusion flame configuration. The H; plot also shows some scatter in the
fuel rich region: that is, for a given mixture fraction in the fuel rich region,
there is ~ 15% scatter in the corresponding H; mole fraction. The fastest
reaction rate for the production of H; occurs in a fuel-rich region, £ ~0.1,
where the heat release rate is negative, ~ —90 to —100 erg/cm’-s.

Figure 7 shows images and scatter plots for HO, and H,0,. Considering
the relatively small quantities of these species present in the flame, these
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FIGURE 8 Images and scatter plots of O and H from the computations at six heights in
the flame and from the experiments of Norton ef al. (1993) at one height.

scatter plots show remarkable universality. The images show that HO; and
H,0; appear as an outer envelope around the flame. In the lean region of
the flame, HO, peaks at 1.7x107° at £=0.02, and in the fuel rich region
of the lame, HO;, peaks at 1.2x 107> at £ ~0.4. There is a very small degree
of scatter in the fuel lean region; e.g., HO, mole fraction varies from
1.55x10™% to 1.7x107°, at £=0.02, depending on height. The fastest
production rate of HO; occurs in the fuel lean region, where the heat release
rate is very small, ~ 90 erg/cm’-s.

In the lean region, H>O, peaks at 5.5x% 10~% at £=0.006. The peak value
varies from 4.9x107% to 5.5 x107%, and occurs at £ ranging from 0.006 to
0.0072. There are no experimental data from Norton et al. (1993) for these
species for comparative purposes. H,0; is produced imrthe very fuel lean
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FIGURE 9 Images and scatter plots of CO; and CO from the computations at six heights
in the flame and from the experiments of Norton er al. (1993) at one height.

region, where the heat release rate is ~1-2 erg/em®s. There is also signi-
ficant production of H,O; and HO; at very low heights (1 -2 cm) in the fuel
rich region, primarily due to the oxygen leakage into that region; however,
because these species are only produced at low heights in this fuel rich
region, universality at all heights cannot be addressed.

The scatter plots for O and H atoms (Fig. 8) show excellent universality
considering the relatively small quantity of these species present in the flame.
O peaks at £=0.0455 at all six heights in the flame, and the peak value varies
from 1.28x107> to 1.34x10™* depending upon height. Experimental
measurements show a peak value of O at 2.01x 107 for £=0.0376. The
maximum production rate of O atom occurs in the slightly fuel lean region,
where the heat release rate is ~ 9001000 ergs/cm3-s. H atom peaks at
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FIGURE 10 Images and scatter plots of CH; and HCO from the computations at six heights
in the flame. Experimental data are available for CH; only.

£=0.052 at all heights, and the value of the peak varies from 1.61x 1073 to
1.63x 107>, Experiments show a peak value of H at 2.5 x 107> for £=0.0580.
The maximum production rate of H atom also occurs in the slightly fuel lean
region, where the heat release rate is 1100 - 1200 ergs/cm’-s. Although the
computations underpredict the peak mole fraction for O and H atom, the
location of the peak in the mixture fraction space and the general
relationship between these species mole fractions and mixture fraction is
well predicted.

Scatter plots for CO, and CO are shown in Figure 9. The scatter plot
shows that CO, mole fraction peaks at £=0.0532 at all six heights in
the flame, and peak mole fraction varies from 8.84x 1072 t0 8.99x 1072, The
experimental peak CO, is 8.30x10™% and occurs at £€=0.0709. The
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FIGURE 11 Images and scatter plots of CH,O and CH3O from the computations at six

heights in the flame. There are no experimental data for these species.

computations show that the maximum production rate of CO, occurs in
the slightly fuel lean region, where the heat release rate is ~1500-2000
erg/cm>-s. The predicted CO, mole fraction is in good agreement with the
experimental measurements in the stoichiometric and fuel-lean regions,
however, the computations slightly overpredict CO, in the fuel rich region.

CO mole fraction peaks at values ranging from 0.0306 to 0.0318, and at
values of £ which vary from 0.0647 to 0.0731, while the experimental peak
mole fraction CO is 0.0335. and occurs at £=0.108. The computations
significantly underpredict the peak CO concentration in the fuel rich region,
compared to the experimental measurements in the rectangular burner.
Again, this skeletal mechanism was tested extensively for laminar premixed
and laminar counterflow diffusion flames (Smooke, 1991), but seems to
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FIGURE 12 Images and scatter plots of N, from the computations at six heights in the flame
and from the experiments of Norton et al. (1993) at one height.

underpredict CO concentration in this coflowing diffusion flame. The
computations show that the maximum production rate of CO occurs in the
fuel rich region, where the heat release rate is negative, ~—225 erg/cm®-s.
Figure 10 shows images and scatter plots for HCO and CHj; mole
fraction. Peak HCO mole fraction varies from 1.03x107° to 1.13x 1075,

“over values of £ ranging from 0.0547 to 0.0538. There are no experimental

measurements for HCO for comparative purposes. The maximum produc-
tion rate of HCO occurs in the stoichiometric region, which is the area of
maximum heat release, ~ 3000 erg/cm>-s. The computations predict that
CH; mole fraction peaks at 7.72x 1073 to 8.37x 1072, for values of £ ranging
from 0.0757 to 0.0815. The experiments show that CH, peaks at a similar
mixture fraction, £=0.0820, however, the maximum measured mole fraction
of CH; is 2.17x 1073, The CHj plot also shows significant scatter in the fuel
rich region. The fastest reaction rate for the production of CHj; occurs in a
fuel-rich region, £~ 0.07-0.08, where the release rate is negative, ~ —150
erg/cm>-s.

Images and scatter plots for CH;O and CH,O are shown in Figure 11.
These plots clearly show significant scatter, especially in the fuel rich region.
The fastest reaction rate for the production of CH;0 occurs in the fuel rich
region, £ ~0.2, where the heat release is small, ~ 40— 50 erg/cm°>-s. Similarly,
the fastest reaction rate for the production of CH,O occurs in an even richer
region, £~0.4, where the heat release rate is ~4—5 ergfem®s. The
production of these two species is greatest in the area where oxygen has
leaked into the fuel rich region.
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Lastly, Figure 12 shows scatter plot for N, which is considered to be
chemically inert in this “skeletal” mechanism. As expected, the computa-
tions predict that Nj is a strong universal function of mixture fraction at ali
heights in the flame. Predictions from the computations compare very
well ‘with the experimental measurements over the fuel lean, rich and
stoichiometric regions.

SUMMARY AND CONCLUSIONS

Direct numerical simulations of an axisymmetric, laminar, methane-air
diffusion flame were conducted to study universal relationships of the major
and minor chemical species with mixture fraction. The numerical model
solves the axisymmetric, time-dependent, reactive-flow Navier-Stokes
equations coupled with sub-models for soot formation and radiation
transport. The computations include detailed convective and diffusive
transport processes, with a l6-species ‘“‘skeletal” reaction mechanism for
methane-air combustion, while soot formation and radiation transport are
treated more phenomenologically. Qualitative and quantitative comparisons
are made between the simulation results and existing experimental data for a
methane-air flame with the same flow configuration. Qualitative compari-
sons show excellent agreement in overall flame shape, soot burnout height,
and peak temperatures and soot volume fractions. More quantitative
comparisons between radial profiles of temperature and soot volume
fraction at selected heights show a slightly wider computed flame compared
to the experimental flame, however, the radial locations of temperature and
soot volume fraction line up well with the experimental measurements.
Results from the computations are used to examine the universality of
temperature and major and minor species throughout the entire flame
(including the sooting region). Scatter plots are made by taking radial
traverses at six different heights throughout the flame (covering 1-6 cm
height) and plotting the indicated quantity (temperature or species
concentration) versus mixture fraction at each computational cell along
the radial traverse. The results also include experimental data in terms of
temperature and species concentrations as a function of mixture fraction
taken at one axial location (3 mm) in a rectangular methane-air diffusion
flame (Norton ef al., 1993). For CHg4, O;, OH, H20, O, H, CO; and N,
excellent agreement is obtained between the computations and experimental
results in terms of species mole fraction as a function of mixture fraction in
the fuel lean, stoichiometric and fuel rich regions of the flame. Likewise,
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good agreement is also obtained between the experiments and computations
for temperature as a function of mixture fraction in the fuel lean, rich and
stoichiometric regions. The computations underpredict the concentration of
H; and CO in the fuel rich region compared with the experimentally
measured values, however, excellent agreement is obtained in the fuel lean
and stoichiometric regions. The computations also overpredict the
concentration of CHj in the stoichiometric and fuel rich regions, however,
the peak concentration occurs at the same mixture fraction for both the
experiments and computations. Experimental data were not available for
species HO,, H,0,, HCO, CH;0 and CH,0.

The scatter plots indicate that many of the species can be considered
universal functions of mixture fraction, however, some of the species show
more scatter than others. CHy, O, and N, are very strong universal
functions of mixture fraction, and showed no scatter. The species which
showed very little scatter are those whose production rates are fastest in the
fuel lean region (OH, O, H, HO; and H;0;) and in the stoichiometric region
(H,0, CO; and HCO). H,0 showed more scatter than CO, or HCO, but
may have been due to the higher degree of scatter in H, mole fraction, some
of which subsequently converts to H,O. Species which showed more scatter
are those whose production rates are fastest in the slightly fuel rich regions
of the flame {(H,, CO and CH,) where there is a small negative chemical heat
release rate (although not a temperature decrease). Finally, the species
which form in the very fuel rich region of the flame (CH30, CH,0) cannot
be considered universal functions of mixture fraction due to the very high
degree of scatter. These species only form in the lower heights of the flame,
in the region where oxygen has leaked into the very fuel rich region.

Acknowledgements

This work was spensored by the Office of Naval Research. The computations
were performed under a grant of High Performance Computing (HPC) time
from the DoD HPC Shared Resource Center, CEWES Cray-C90. The
authors wish to thank Dr. Kermit Smyth for many insightful discussions on
chemical and sooting characteristics of laminar CH,-air diffusion flames.

NOMENCLATURE

Aoverall overall Planck mean absorption coefficient
C, heat capacity at constant volume
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internal energy density

fluid energy density

soot volume fraction

gravitational acceleration

enthalpy of species k

Blotzmann constant

constant in Nagle and Strickland-Constable model
soot number density

species number density for species &

total number density

Avogadro’s number

partial pressure of species &

pressure

chemical heat release

thermal conductive and radiative heat flux
radial distance

universal gas constant

fluid temperature

temperature of background gas

diffusion velocity of species k
thermophoretic velocity

time

fluid velocity

molecular weight of element &

oxidation rate, Nagle and Strickland-Constable model
mole fraction of species k

mass fraction of species k

axial distance

mass fraction of element &

weighted summation of atomic fractions

Co Cs, C,, Cs, T, T, constants in Syed et al., soot formation model

£
€t
p
¢

pSOOl

mixture fraction
stoichiometric mixture fraction
fluid density

equivalence ratio

density of a soot particle
Stefan-Boltzmann constant
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T viscous stress tensor

v kinematic viscosity

Wi source term for chemical reaction for species k&
Wy source term for soot number density

wr, source term for soot volume fraction
References

Barlow, R. 8., Dibble, R. W., Starner, S. H. and Bilger, R. W. (1990a) Piloted Diffusion Flames of
Nitregen-Diluted Methane Near Extinction: OH Measurements. Twenty-Third Symposium
(International) on Combustion, The Combustion Institute, Pittsburgh, PA, p. 583.

Barlow, R. S., Dibble, R. W., Starner, S. H., Biiger, R. W., Fourguette, D. C. and Long, M. B.
(1990b) Reaction Zone Structure in Dilute Methane Jet Flames Near Extinction AIAA,
Paper 90-0732.

Barlow, R. S. and Collignon, A. (1991) Linear LIF Measurements of OH in Nonpremixed
Methane — Air Flames: When are Quenching Corrections Unnecessary ? AIAA Paper 91-
0179.

Bilger, R. W. (1977) Reaction Rates in Diffusion Flames, Combust. Flames, 30, 277.

Bilger, R. W. (1988) The Structure of Turbulent Nonpremixed Flames, Twenty-Third Symposium
(Internaiional} an Combustion, The Combustion Institute, Pittsburgh, PA, p. 475,

Boris, J. P. and Book, D. L. (1976} Solution of Convective Equations by the Method of Flux-
Corrected Transport, Methods in Computational Physics, 16, Chapter 7, p. 85, Academic
Press, New York.

Chen, L.-D., Seaba, J. P., Roquemore, W. M. and Goss, L. P. (1988) Buoyant Diflusion
Flames, Twenty-second Symposium (International)y on Combustion, The Combustion
[nstitute, Pittsburgh, PA, p. 677.

Davis, R. W., Moore, E. F., Santoro, R. J. and Ness, J. R. (1990) Isolaticn of Buoyancy Effects
in Jet Diffusion Flames Experiments, Combust. Sci. Technol., 73, 625.

Davis, R. W., Moore, E. F., Roquemore, W. M., Chen, L.-D., Vilimpoc, V. and Goss, L. P.
(1991) Preliminary Results of a Numerical-Experimental Study of the Dynamic Structure
of a Buoyant Jet Diffusion Flame, Combust. Flame, 83, 263.

Ellzey, J. L. and Oran, E. S. (1990) Effects of Heat Release and Gravity on an Unsteady
Diffusion Flame, Twenty-Third Symposium (International) on Combustion, The Combus-
tion Institute, Pittsburgh, PA, p. 1635.

Ellzey, J. L., Laskey, K. J. and Oran, E. S. (1991) A Study of Confined Diffusion Flames,
Combust. Flame, 84, 249,

Gore, J, P. and Faeth, G. M. (1986) Structure and Spectral Radiation Properties of Turbulent
Ethylenef/Air Diffusion Flames, Twenty-First Symposium (International) on Combustion,
The Combustion Institute, Pittsburgh, 1521,

Gordon, S. and McBride, B. J. (1994) Computer Program for Calculation of Complex Chemical
Equilibrium Compositions and Applications. NASA Reference Publication 1311.

Hirschfelder, J. O., Curtiss, C. F. and Bird, R. B. (1954) Molecular Theory of Gases Liquids,
Wiley, New York.

Honnery, D. R., Tappe, M. and Kent, J. H. (1992) Two Parametric Models of Soot Growth
Rates in Laminar Ethylene Diffusion Flames, Combust. Sci. Technol., 83, 305.

Honnery, D. R. and Kent, J. H. (1992) Soot Mass Growth Modelling in Laminar Diffusion
Flames, Twenty-Fourth Symposium (International) on Combustion, The Combustion
Institute, Pittsburgh, PA, p. 1041.

Hsu, K. Y., Chen, L. D., Katta, V. R, Goss, L. P. and Roquemore, W. M. (1993) Experimental
and Numerical Investigations of the Vortex-Flame Interactions in a Driven Jet Diffusion
Flame, AIAA Paper 93-0455.



Downloaded by [NIST National Institiutes of Standards &] at 08:31 10 October 2012

64 C. R. KAPLAN et al.

Kaplan, C. R., Baek, S. W,, Oran, E. S. and Ellzey, J. L. (1994a) Dynamics of a Strongly
Radiating Unsteady Ethylene Jet Diffusion Flame, Combust. Flame, 96, 1.

Kaplan, C. R., Oran, E. S. and Beak, S. W. (1994b) Stabilization Mechanism of Lifted Jet
Diffusion Flames, Twenty-Fifth Symposium (International) on Combustion, The Combus-
tion Institute, Pittsburgh, 1183.

Kaplan, C. R,, Shaddix, C. R. and Smyth, K. C. (1996a) Computations of Enhanced Soot
Production in Time-Varying CHyfAir Flames, Combust. Flame, 106, 392,

Kaplan, C. R., Oran, E. 8., Kailasanath, K. and Ross, H. D. (1996b) Gravitational Effects on
Sooting Diflusion Flames, Twenty-Sixth Symposium (International} on Combustion, The
Combustion Institute, Pittsburgh, 1301. .

Katta, V. R. and Roquemore, W. M. (1993) Role of Inner and Quter Structures in a
Transitional Jet Diffusion Flame, Combust. Flame, 92, 274.

Katta, V. R., Goss, L. P. and Roquemore, W. M. (1994) Effect of Nonunity Lewis Number and
Finite-Rate Chemistry on the Dynamics of a Hydrogen-Air Jet Diffusion Flame, Combust.
Flame, 96, 60.

Katta, V. R. and Roquemore, W. M. (1995) On the Structure of a Stretched/Compressed
Laminar Flamelet-Influence of Preferential Diffusion, Combusi. Flame, 100, 61.

Kennedy, 1. M., Kollmann, W. and Chen, J.-Y. (1990) A model for Soot Formation in a
Laminar Diffusion Flame, Combust. Flame, 81, 73.

Kennedy, 1. M., Kollmann, W. and Chen, J.-Y. (1991) Predictions of Scot in Laminar Diffusion
Flames, AIAA Journal, 29, 1452.

Kent, J. H. und Honnery, D. R. (1994) Soot Formation in Combustion: Mechanisms and
Models, Springer Series in Chemical Physics, 59, edited by H. Bockhorn, Springer-Verlag,
Berlin, Chapter 12, pp. 199-220.

Kent, J. H. and Honnery, D. R. (1990) A Soot Formation Rate Map for a Laminar Ethylene
Diffusion Flame, Combust. Flame, 79, 287.

Leung, K. M., Lindstedt, R. P. and Jones, W. P. (1991) A Simplified Reaction Mechanism for
Soot Formation in Nonpremixed Flames, Combust. Fiame, 87, 289,

Liew, S. K., Bray, K. N, C, and Moss, J. B. (1981} A Flamelet Model of Turbulent Non-
Premixed Combustion,Combust. Sci. Technel., 27, 69.

Liew, S. K., Bray, K. N. C. and Moss, J. B. (1984) A Stretched Laminar Flamelet Model of
Turbulent Nonpremixed Combustion, Combust. Flame, 56, 199.

Lindstedt, R. P.(1994) Soot Formationin Combustion: Mechanisms and Models, Springer Series
in Chemical Physicals, 59, edited by H. Bockhorn, Springer-Verlag, Berlin, Chapter 27, p.417.

Magnussen, B. F. and Hjertager, B. H. (1977) On Mathematical Modeling of Turbulent
Combustion with Special Emphasis on Scot Formation and Combustion. Sixteenth Sym-
posium (International) on Combustion, The Combustion Institute, Pittsburgh, PA, p. 719.

Moss, J. B., Stewart, C. D. and Syed, K. J. (1988) Flowfield Modelling of Soot Formation at
Elevated Pressure, Twenty-Second Symposium (International) on Combustion, The
Combustion Institute, Pittsburgh, PA, p. 413.

Nagle, J. and Strickland-Constable, R. F. (1962) Oxidation of Carbon Between 1000—2000°C
Proc. Fifth Carbon Conference, 1, 154.

Norton, T. S., Smyth, K. C,, Milter, J. H. and Smooke, M. D. (1993) Comparison of
Experimental and Computed Species Concentration and Tempereature Profiles in
Laminar, Two-Dimensional Methane/Air Diffusion Flames, Combust. Sci. Technol., 90, |

Oran, E, S. and Boris, J. P. (1987) Numerical Simulation of Reactive Flow, Elsevier, New York.

Patnaik, G., Guirguis, R. H., Boris, J. P. and Oran, E. S. (1987) A Barely Implicit Correction
for Flux-Corrected Transport, J. Comp. Phys., T, 1,

Peters, N. (1984) Laminar Diffusion Flamelet Models in Non-Premixed Turbulent Combustion,
Progress in Energy and Combustion Science, 10, 319.

Peters, N. (1986) Laminar Flamelet Conceptsin Turbulent Combustion, Twenty-First Symposium
(Iniernational) on Combusrion, The Combustion Institute, Pittsburgh, PA, p. 1231.

Shaddix, C. R., Harrington, J. E. and Smyth, K. C. (1994) Quantitative Measurements of
Enhanced Soot Production in a Flickering Methane/Air Flame, Combust. Flame. 99, 723.

Shaddix, C. R. and Smyth, K. C., Laser-Induced Incandescence Measurements of Soot
Production in Steady and Flickering Methane, Propane and Ethylene Diffusion Flames,
submitted to Combus:. Flame.



Downloaded by [NIST National Institiutes of Standards &] at 08:31 10 October 2012

SOOTING METHANE DIFFUSION FLAME 65

Smooke, M. D., ed. (1991) Reduced Kinetic Mechanisms and Asymptotic Approximations for
Methane-Air Flames, No.384 in Lecture Notes in Physics, Springer-Verlag, Berlin.

Smyth, K. C., Harrington, J. E., Johnsson, E. L. and Pitts, W. M. (1993) Greatly Enhanced
Soot Scattering in Flickering CH4/Air Diffusion Flames, Combust. Flame, 95, 229.

Smyth, K. C. (1995) Private communication.

Stewart, C. D., Syed, K. J. and Moss, J. B. (1991) Modelling Soot Formation in Non-premixed
Kerosine-Air Flames, Combust. Sci. Technol., 75, 211.

Syed, K. J., Stewart, C. D. and Moss, J. B. (1990) Modelling Soot Formation and Thermal
Radiation in Buoyant Turbulent Diffusion Flames, Twenty-Third Symposium (interna-
tionaly on Combustion, The Combustion Institute, Pittsburgh, PA, p. 1533.

Takahashi, F. and Katta, V. R. (1993) Numerical Experiments on the Vortex-Flame
Interactions in a Jet Diffusion Flame, AIAA Paper 93-0456.

Villasenor, R. and Kennedy, I. M. (1992) Soot Formation and Oxidation in Laminar Diffusion
Flames, Twenty-Fourth Symposium (international) on Combustion, The Combustion
Institute, Pittsburgh, PA, p. 1023.



