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The study of the spatial dynamics of steady one-dimensional H,/O, flames is continued. Algorithms for
generating low-dimensional manifolds for these systems are presented and used to find low-dimensional
manifolds for the flames and the corresponding adiabatic, isobaric chemical-kinetic systems. It is
demonstrated that these algorithms generate manifolds that are more accurate than the ILDM algorithm
for two-dimensional manifolds of the flames. The manifolds are then employed to study the relationship
between the manifolds of the flame and the manifolds of the chemical-kinetic system. It is shown that
the one-dimensional manifolds of the flame match well with the composite manifolds of the chemical
kinetics, but that for two-dimensional manifolds there are discrepancies between the flame manifolds

and the chemical-kinetic manifolds.

I. Introduction

In our previous Article, the spatial dynamics of steady Hy/
O, flames were studied in detail! using the dynamical-system
formulation of Hirschfelder and Curtiss?> and Dixon-Lewis.? It
was shown in ref 1 that steady flames were trajectories on a
stable manifold of a saddle fixed point. This saddlepoint
corresponds to a chemical equilibrium, but is unstable due to
transport processes. The goal of that study was to understand
the phase space structure of flame systems, and this led to the
conclusion that there were attractive low-dimensional submani-
folds on the stable manifold of the saddlepoint. An important
result from ref 1 was that the dimension of the stable manifold
matches the dimension of the adiabatic, isobaric chemical-kinetic
system under most conditions. This makes the comparison
between the chemical-kinetic systems and the flame systems
more straightforward.

Because the accurate modeling of reactive flows is com-
putationally intensive,* there has been a good deal of interest
in finding means to reduce the effort, reviewed in several
places.’ The need for reduction is particularly acute, because
these systems are multiscale in nature, with a large range of
spatio-temporal scales. One means for accomplishing this
reduction is through the use of low-dimensional manifolds.
Important work by Maas and Pope,® Fraser, Roussel, and
co-workers,” 19 and Lam and Goussis!! examined the phe-
nomenology that leads to low-dimensional manifolds and
presented important methods for reducing the dimension of
systems based on this realization. Many other workers have
examined and extended these methods.>!'?-2> The mathemati-
cal foundations of the methodologies have also been
elucidated.?-28

The effect of transport processes on reduction has been
studied for several years,'?-1418-23.29 and this Article is a
contribution to that field. Its main goal is to examine and
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understand the relationship between low-dimensional mani-
folds of chemical-kinetic systems without transport and
manifolds of one-dimensional flames with the same chemical
kinetics but also transport processes. This study is done within
a dynamical-systems perspective, something that was under-
taken previously for chemical-kinetic systems in ref 15, and
one important aspect of the Article is to devise means to
compare the spatial dynamics of flames with the temporal
dynamics of corresponding chemical-kinetic systems through
the low-dimensional manifolds.

Part 1 (our previous Article) showed numerical evidence that
there were low-dimensional submanifolds of the stable manifold
of the saddlepoint of the flame. The purpose of this Article is
to continue that study by explicitly generating one- and two-
dimensional manifolds. This Article will have a detailed
comparison of the flame manifolds with the chemical-kinetic
manifolds and will demonstrate that for one-dimensional
manifolds there is little difference between the flame manifolds
and composites of the chemical-kinetic manifolds, but that there
are differences between the two types of two-dimensional
manifolds. Comparisons will also be made between the more
accurate manifolds generated here and ILDMs.° It will be shown
that the ILDMs are accurate for one-dimensional manifolds, but
not for two-dimensional manifolds.

The outline of this Article is as follows. Section II
describes the generation of low-dimensional manifolds.
Section III presents several numerical examples of one- and
two-dimensional manifolds for a chemical-kinetic system and
a flame system. It also presents comparisons of the manifolds
generated in this Article and the more approximate ILDMs.
Section IV presents the main results of the Article, comparing
the low-dimensional manifolds of the flame systems and
composite low-dimensional manifolds generated from adia-
batic, isobaric chemical kinetics. Section V presents further
results, showing how these comparisons vary with stoichi-
ometry and enthalpy. Section VI has further discussions and
conclusions.
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Figure 1. The phase space structure of a chemical-kinetic system
is shown in the top panel, and the phase space structure of a flame

system is shown in the bottom panel. Yyu,o refers to the mass fraction
of HZO.

II. Low-Dimensional Manifolds

A. Background. Reference 1 studied the detailed dynamics
of steady flames from a dynamical-systems perspective using
the formulation of refs 2 and 3. It was shown that a steady flame
was a trajectory on the stable manifold of a saddle fixed point.
This fixed point corresponds to an equilibrium point of an
adiabatic, isobaric system. The instability arises due to the
transport equations, as the stable manifold is generally the same
dimension as the chemical-kinetic space. Figure 1 summarizes
the phase space structure of a system governed by adiabatic,
isobaric conditions as compared to the flame system studied in
ref 1 and here.

The top panel indicates that an adiabatic, isobaric system is
stable. In this case, the stable manifold for the Hy/O; system?
is at least as large as the space of all physically realizable
chemical species and temperature.'? The long-time behavior of
any trajectory started on the stable manifold is to approach the
equilibrium point, as indicated by the arrows on the stable
manifold in the top panel.

The flame system is unstable, as shown in the bottom panel
of Figure 1. For almost all cases we have studied, the
16-dimensional phase space of the flame system has a 6-di-
mensional stable manifold and a 10-dimensional unstable
manifold. In addition, the sum of the eigenvalues of the Jacobian
of the system at the saddlepoint is greater than zero, making
the system a repellor.’! An arbitrary trajectory will have
components on both the stable and the unstable manifolds. This
means that an arbitrary trajectory of the system will not
eventually be attracted to the saddlepoint, but will generally
move to infinity at long time, or perhaps to a sink outside the
physical region. In ref 1, a simple example of such unstable
behavior was presented and summarized in Figure 7 there. The
instability of the flame dynamics is well-known? and led to
the development of numerical procedures involving the solution
of the steady flame problem based on second-order differential
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equations and boundary-value techniques that are more stable
than methods that rely on the integration of trajectories of the
unstable dynamical system shown in the bottom panel of Figure
1. An example of such a code is “Premix” in the Chemkin
package.3?33

Reference 1 also studied the dynamics of the H»/O; system
of ref 30 away from the saddlepoint. Numerical evidence
was presented in ref 1 that suggested the stable manifold
pictured in the bottom panel of Figure 1 extended away from
the saddlepoint and that the separation of spatial scales on
the stable manifold evident near the saddlepoint extended
well away from the saddlepoint. The present study extends
the observations of ref 1 by explicitly generating one- and
two-dimensional manifolds that are submanifolds of the six-
dimensional stable manifold. Of particular interest in this
Article is how the submanifolds of the stable manifold of
the flames compare to the low-dimensional manifolds of the
adiabatic, isobaric chemical-kinetic system, whose dynamics
is presented near its equilibrium in the top panel of Figure
1.

B. Generating Low-Dimensional Manifolds. Using a modi-
fication of the ILDM algorithm of Maas and Pope,® Bongers et
al.!? demonstrated that it was possible to estimate submanifolds
of a stable manifold using techniques originally developed for
stable systems. The goal of ref 19 was to explore the possibility
of improving ILDMs for reactive flow problems by calculating
them with diffusion included. They found that the manifolds
calculated this way for steady flames outperformed manifolds
estimated only from chemical kinetics. The nature of the present
study is exploratory, and it takes a somewhat different approach
than does ref 19. The low-dimensional submanifolds are
calculated for the flame systems with full transport, and direct
comparisons are made to chemical-kinetic manifolds. Although
the ILDM algorithm is generally not used in this Article,
comparisons are made to manifolds generated from that
algorithm in section III.C.

Low-dimensional manifolds are calculated here using Fraser’s
algorithm.”!8 References 15 and 17 provide numerical proce-
dures for the implementation of this method. A system of first-
order equations defines a dynamical system:

dy,,
dx

where it is assumed that the independent coordinate is the
spatial coordinate x, which it is for the flame. For the
chemical-kinetic cases studied here, the independent coor-
dinate is time. There are n equations describing n dependent
coordinates that are indexed by the integer m. The dynamical
system defined by eq 2.1a is described as “n-dimensional”.
For the flame system studied here and in ref 1, n = 16, with
the 16 yn’s referring to 9 mol fractions (X;), 6 mass flux
fractions (Gy), and the temperature (7). The dimension is 16
rather than 21 (10 X’s, 10 G’s, and T) because the X’s and
G’s sum to 1.0 and there are three additional constants
associated with the mass flux fractions. In all calculations,
the y’s refer to the following:

Yo =179, X0 X1 X0-X01:X0,X1,0, X ArX e Xn1,0

=F,m=1—n (2.1a)

Y M= 10715, Gy1,G,Go:Gpo,:G1,0,,0n,0
yie=T (2.1b)

The other five coordinates, Xu,, Gu,, Go,, Gar, Gue, are
calculated from the constants noted above and described in
ref 1.
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The algorithm for calculating manifolds starts by writing the
equation for an M-dimensional manifold based on eq 2.1a:

M3
F (b Aah =Y Z2F) (D, (2) 0 () =0
=178

(2.2a)

where it is assumed that a subset of the original coordinates,
labeled as {z}, can be used as a good coordinate system along
the manifold. It may be necessary to take a more general
coordinate system for the manifold under some circumstances,
but that does not appear to be the case for the systems studied
here. For the manifolds studied here, the following are used
for the manifold coordinates:

1D manifolds: z, =y, =T
2D manifolds: z; =y ¢ =T, 2, = y;5=Gy o (2.2b)

Subtraction of the left- and right-hand sides of eq 2.2a leads to
the following form of the manifold equations that is used for
numerical solutions:

M 9 "
F,(y).eh =) Z7Fy) (eh=0 @220
=1 9%

In this Article, one-dimensional manifolds are generated with
temperature as z for the chemical-kinetic systems. For two-
dimensional manifolds, the z’s are T and Yy,o for the chemical-

kinetic systems (eq 2.1a in ref 1).

Fraser’s algorithm is used because it is more accurate for
two-dimensional manifolds in the flame system than the less
computationally intensive algorithm of Maas and Pope,° a
situation encountered previously for two-dimensional manifolds
in large systems in ref 23b, where significant error analysis was
undertaken. References 10, 15, 18, and 26 also have error
analysis of the Maas—Pope algorithm. A significant modification
is made to the version of Fraser’s algorithm developed in ref
15, which is now described.

The algorithm starts with an initial guess and allows the
system to relax to a slow manifold. In previous work using
numerical techniques,'>!7 the initial guess was the Maas—Pope
ILDM. In the present Article, the initial guesses are linear
manifolds emanating from the equilibrium point of the
chemical-kinetic systems or the submanifolds of the stable
manifold of the saddlepoint of the flame systems.

Equation 2.2¢ is solved on a discrete grid as in ref 15. For
one-dimensional manifolds, the grid is labeled with a single
index and uses the independent variable z;. If the grid points
are labeled with the index k and there are N points on the grid,
the following set of (n — 1) x N coupled equations result:

Sin = B2 Fryy = Ay Fry=0,m=1—=nk=1—=Nm=j
2.3)
where the grid is not necessarily defined with even increments
in zj, the independent coordinate along the manifold, which is

assumed to be y; in eq 2.3, as defined in eqs 2.1b and 2.2b.
Two-dimensional manifolds are defined on an N x M grid
with indices k and r. The function S is defined at each grid
point for each species in the following discrete form of eq 2.2c:
Skrm = AZkrlAZer}? krm Ay kpmAZerF krj - Ay rijZkrlF krp = 0’
m=1—nm=jp,k=1—N,r=1—M 2.4)
The grid in eq 2.4 is not necessarily defined with even
increments in z; and zp, the independent coordinates that are
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defined in eq 2.2b. Equation 2.4 describes (n — 2) x N x M
coupled equations.

Equations 2.3 and 2.4 describe the general equations, which
are solved for one-dimensional and two-dimensional manifolds.
Equation 2.2b defines the independent coordinates z; and z,
and eq 2.1b defines all of the coordinates (y’s) in terms of their
original designations.

Reference 15 described a relaxation procedure to converge
eqs 2.3 and 2.4, but it was used only for one-dimensional
manifolds. The method was modified in ref 17 and extended to
the calculation of two-dimensional manifolds. A new version
of the algorithm of ref 15 is developed here that involves two
relaxation procedures and is different from the algorithms in
refs 15 and 17.

As in ref 15, the relaxation procedure starts with a
Newton—Raphson approach to solving for the y’s in eqs 2.3
and 2.4. In the usual manner,?* a Jacobian is defined for the S’s
in terms of the y’s. This Jacobian leads to a system of linear
equations:

Jy—y)=S8, (2.5)

The superscript “P” in eq 2.5 indicates that J is evaluated
pointwise on the grid. This means that Ji¥ is an (n — 1) x (n
— 1) matrix for one-dimensional manifolds and an (n — 2) x
(n — 2) matrix for two-dimensional manifolds. The vectors y,
y', and S have length n — 1 for one-dimensional manifolds
and n — 2 for two-dimensional manifolds. The vectors y, y'
are the old guess and the new guess, respectively. Equation 2.5
is solved with the Lapack routines dgetrf and dgetrs.?> Following
ref 15, a pseudotime step is defined, and the following set of
equations is solved with a fourth-order Runge—Kutta algorithm:

dy _
Yy (2.6)

The Runge—XKutta vector on the right-hand side of eq 2.6
has length that reflects the size of the grid and the number
of species. For example, for one-dimensional manifolds, its
length is (n — 1) x N, where n refers to the number of species
(including temperature) and N refers to the number of points
along the one-dimensional grid. The relaxation procedure
requires the solutions to a series of linear equations as
outlined in eq 2.5. For example, a one-dimensional manifold
solved on a grid of 50 points along the temperature variable
requires 50 solutions to eq 2.5 with length (n — 1), and a 50
x 50 2-D grid requires the solution of 2500 linear systems
of length (n — 2). This relaxation procedure is terminated
under two conditions, a minimum tolerance is reached for
the maximum value of Ayy = y; — y'x or the procedure does
not converge evenly:

Iy, — Y NT+AD) >y, — y' () 2.7

The results of the initial relaxation procedure are then used
as input to a second relaxation procedure that depends on the
full extent of the manifold. A damped Newton—Raphson3*
method is used in this case. Equation 2.5 has the same form:

Jy—-y)=S8, (2.8)

JsP is a matrix generated by varying all points on the grid for
all species. A damped version of eq 2.8 signifies that the updated
version of y on the kth iteration is not y' but a vector that lies
between the (k — 1)th iterate of y and y':
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v =y U+ Ay -y ) 2.9)

The vectors y, y', and Sk, have length (n — 1) x N for one-
dimensional manifolds and (n — 2) x N x M for two-
dimensional manifolds defined on an NxM grid. Because of the
larger number of points, the solution of eq 2.8 is much more
computationally difficult than the initial relaxation procedure.
However, the Jacobian matrix in eq 2.8 is sparse for two-
dimensional manifolds, and sparse linear algebra techniques can
be used?® to reduce the computational effort. The sparse system
solver “super LU is used to solve eq 2.8 for two-dimensional
manifolds. Once again, as in the case of the first relaxation
procedure, convergence is assumed when the maximum com-
ponent of S in eqs 2.2a and 2.3 is less than a given tolerance.
It is assumed that the procedure is not converged if convergence
is not uniform in the sense of eq 2.7.

These methods have been tested for a large number of
chemical-kinetic and flame systems, over the range of param-
eters plotted in Figure 12 and Figure 13 of ref 1. These tests
are now summarized for the flame of ref 1 (see Figure 16 there).

C. One-Dimensional Manifolds. A result for the relaxation
procedure outlined above is presented for the standard flame
system of ref 1 presented in Figures 16—19 there. In this
way, a manifold is generated that includes full transport. An
analogous calculation has also been done for the chemical-
kinetic version of this system, with similar results obtained,
but not presented in this Article. The results presented in
Figure 2 are representative of a series of results generated
for the set of systems illustrated in Figure 13 of ref 1 and
sampled in section V.

The independent variable (z above) is always chosen to be
temperature. The top panel of Figure 2 shows a series of
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Figure 2. A series of one-dimensional manifolds are estimated in the
top panel as described in the text. Large dots show the estimate out to
1600 K, small dots to 1500 K, the segment out to 1400 K is a thick
dashed line, the segment to 1300 K is a thick solid line, the one to
1200 K is a dashed—dotted line, the segment to 1100 K is a thick dashed
line, and the one to 1000 K is a thin dotted line. The middle panel
compares the incremental convergence of the manifold out to 1200 K
from the top panel as a solid line, and a series of dots show the direct
calculation of the manifold. The bottom panel demonstrates that
trajectories are attracted to the manifold.
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calculations that start relatively close to the saddlepoint and work
away from it. The saddle is at 7= 2048 K, and a linear segment
is extended to 7 = 1600 K. This initial segment is converged
with the double relaxation method described above. There are
a total of 50 points used to estimate the manifold. This segment
is then extended 20 K by adding a point at the end that is
estimated by extrapolation. The additional 49 points along the
manifold are chosen to lie along the previous manifold estimate
by interpolating from the 50 points used in the previous segment.

The procedure is extended out to 1000 K if possible, as it is
for the calculation here. We have found many situations where
convergence out to 1000 K cannot be achieved in the uniform
manner described above and the calculation is stopped at the
temperature where uniform convergence cannot be achieved.
All calculations for the parameter ranges shown in Figure 13
of ref 1 can be converged down to at least 1200 K.

The top panel of Figure 2 shows a series of seven of these
calculations with end points at 1600 to 1000 K in 100 K
increments. The figure caption describes how each of these
calculations is plotted. This panel demonstrates that the manifold
is converged out to approximately 1200 K, because all manifolds
down to 1000 K are the same through 1200 K. It demonstrates
that the manifolds diverge after that. These results are typical
for a wide range of stoichiometries and asymptotic enthalpies,
and it is assumed in the rest of this Article that one-dimensional
manifolds can be converged to 1200 K, but not necessarily
lower.

This Article compares manifolds. One set of comparisons is
between chemical-kinetic manifolds and flame manifolds, and
another is between manifolds generated with two different
algorithms. So it is desirable to have portions of the manifold
for which convergence is not in doubt. As demonstrated in the
top panel of Figure 2, it is possible to use the algorithm below
1200 K, but it is not clear that algorithm is properly converged,
for the reasons discussed above. In addition, ref 1 has several
figures showing the manner in which the flame and chemical-
kinetic systems relax, and it is clear that any portion of the one-
dimensional manifold that extends below 1200 K is highly
unattractive. Because of this discussion, we chose a convergence
procedure that provides conservative estimates of the extent of
the one-dimensional manifolds to make sure that any differences
observed in the comparisons were accurate.

The middle panel of Figure 2 compares the incremental
calculation of the top panel with the direct calculation of the
manifold from a linear segment extended all the way out to T
= 1200 K. The solid line shows the results of the incremental
calculation from the top panel, and the dots show the results of
the convergence of the algorithm for an initial linear segment
extended out to 1200 K. This plot demonstrates that the direct
calculation is sufficiently accurate and will allow for a simpler
comparison between the chemical-kinetic and flame manifolds
discussed below.

The bottom panel of Figure 2 repeats the one-dimensional
manifold from the middle panel and also includes trajectories
drawn as dashed lines. The plot demonstrates that trajectories
are attracted to the one-dimensional manifold. As discussed in
ref 1, these trajectories are on the stable manifold, and such
trajectories cannot generally be propagated directly with nu-
merical integration, because any error in their initial conditions
causes them to be propagated to infinity along the unstable
manifold. Reference 1 presented an algorithm for generating
such trajectories, and this is what was used to calculate the
trajectories in the bottom panel of Figure 2.
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Figure 3. An example of a two-dimensional manifold is shown. It is
constructed from three pieces, as described in the text. Eight trajectories
were generated with initial conditions on the manifold, and the plot
demonstrates that they stay on the manifold. The temperature ranges
of the three overlapping pieces used to construct the manifold are
800—1200, 1250—1500, and 1450—1700 K.

D. Two-Dimensional Manifolds. The finite extent observed
for one-dimensional manifolds in the previous subsection also
causes difficulties in estimating two-dimensional manifolds (it
is the same issue but in a different part of phase space). The
two coordinates used to describe the manifold for the flame
systems are temperature and the mass flux fraction of water,
Gu,o (egs 2.2a—c). It was found that two-dimensional manifolds
in the flame systems get narrower in the coordinate Gu,o as
they approach the saddlepoint. Because of this, various tech-
niques were explored to change the boundary of the manifold
as it approached the saddlepoint. These techniques are still under
development, and instead it was decided to generate the manifold
in three overlapping sections whose width in Gy,o was constant
along each piece, but got narrower as the sections got closer to
the saddlepoint. On the basis of a comparison with trajectories,
it was found that these provided good estimates of the manifold,
provided that the portions had at least a length of 100 K in
temperature. The overlap of the pieces provides a check for
convergence of each of the pieces.

Because the manifolds are so narrow near the saddlepoint, it
was decided that the manifolds would only be generated to T
= 1700 K or T = 1800 K. The one-dimensional manifold is
highly attractive above this temperature, making analysis of the
two-dimensional manifold of less relevance. It was also found
that the two-dimensional manifolds rarely could be converged
below 800 K, and this led to the following ranges of temper-
atures used in the calculations: 800(850)—1250, 1200—1500,
and 1450—1700(1800) K. There are two ranges listed for the
lowest temperature portion, because the two-dimensional mani-
folds for lean flames generally did not extend below about 850
K. For stoichiometric and rich flame systems, they can generally
be extended down to 800 K. Convergence was achieved in the
manner described in section II.A by changing the boundary in
the coordinate Gy,o for the temperature ranges designated. All
of the results presented in the Article were generated for
manifolds calculated from three pieces converged on an 11 X
11 grid. Grid size was increased for all of the manifolds
presented here, and the results did not change in a significant
way.

Figure 3 shows a two-dimensional manifold generated with
the algorithm discussed in this subsection and section II.A. Note
how the manifold gets narrow for each of the three pieces as
the temperature increases along the manifold. Note also how
the pieces fit smoothly together, which is an indication of the
convergence. The solid lines drawn on the manifold provide
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Figure 4. A subset of the trajectories generated for Figure 5 of ref 1
are plotted along with the one-dimensional manifold in the top panel
and the two-dimensional manifold in the bottom panel. These plots
show how the trajectories are attracted to the manifolds for the chemical-
kinetic system.

another indication of the convergence of the algorithm. These
are trajectories that were started on the manifold and stay on
the manifold throughout their propagation, an indication of the
invariance of the manifold.

III. Manifold Examples

A. A Chemical-Kinetic Example. The accuracy of the
algorithms for one- and two-dimensional manifolds can be
ascertained by observing how trajectories are attracted to the
manifolds generated by them. A subset of the trajectories plotted
in Figure 5 of ref 1 for the adiabatic, isobaric chemical-kinetic
system is shown in the two panels of Figure 4. Once again, the
chemical-kinetic system is fixed by a constant mixture enthalpy
that matches the asymptotic enthalpy of the standard flame
system with the elemental constants chosen in the same manner
(eq 2.2 in ref 1).

The one-dimensional manifold is plotted in Figure 4 with a
thick solid line along with the set of trajectories plotted with
thinner, red lines. The top panel of Figure 4 demonstrates that
the trajectories are attracted to the one-dimensional manifold,
which starts at approximately 7 = 1200 K. The value of a; is
576.0 (eq 4.1a of ref 1), which is the ratio of the two least
negative eigenvalues at the equilibrium point (all of the
eigenvalues are negative at equilibrium). This value indicates
that near equilibrium the manifold has strong attractive proper-
ties, with this highly attractive behavior evident away from
equilibrium, down to approximately 7= 1200 K, as trajectories
appear to be strongly attracted to the manifold.

The bottom panel compares the same set of trajectories with
the 2-D manifold generated as described above with three
overlapping pieces spanning the temperature ranges: 850—1250,
1200—1500, and 1450—1800 K. This system has a value of a,
= 30.3 (eq 4.1b of ref 1), which is the ratio of the second and
third least negative eigenvalue at equilibrium. Such a value of
o, demonstrates that the manifold has strong attractive properties
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Figure 5. The top plot shows a series of five one-dimensional
manifolds for five systems with the same elemental constants but with
different enthalpies. The thick black line is for a system whose constant
enthalpy is equal to the asymptotic enthalpy of the standard flame
example. The bottom panel shows two-dimensional manifolds for
systems with two different enthalpies.

near equilibrium, and the plot in the bottom panel makes it clear
that the manifold is still attractive away from equilibrium.

The manifolds change as the chemical-kinetic system changes
with the constants that are the mixture enthalpy and the
elemental constants defined in eqs 2.2a—c of ref 1. The top
panel of Figure 5 shows five 1-D manifolds for five systems.
These systems all have the same elemental constants, which
are chosen on the basis of the values at the saddlepoint of the
standard flame system in Figure 2. The values of the enthalpy
of the systems are chosen over the range of enthalpies along
the one-dimensional flame manifold shown in Figure 2. The
range is from approximately —7 x 108 ergs/g to the asymptotic
value for the flame, —1.755 x 108 ergs/g (thick black line).

The two-dimensional manifolds also change as the chemical-
kinetic systems change with their constants. Two two-
dimensional manifolds are shown in the bottom panel of Figure
5 that nearly span the range of enthalpy of the two-dimensional
manifold for the standard flame system (Figure 3). The upper
green surface is at H = 3 x 10° ergs/g, and the lower blue
surface is at H = —7 x 10% ergs/g. Once again, the other
constants are the same as the asymptotic values for the standard
flame system.

B. Flame Examples. Figure 6 demonstrates that the steady
flame of ref 1 is first attracted to the two-dimensional manifold
in the bottom panel (see Figure 3), then to the one-dimensional
manifold in the top panel (see Figure 2). These plots demonstrate
that the qualitative features demonstrated in several figures of
ref 1 indeed correspond to motion on low-dimensional manifolds.

The analysis of the way trajectories are attracted to the
manifolds is completed by examining a subset of the trajectories
from Figure 17 of ref 1. The top panel of Figure 7 shows how
the trajectories are attracted to the one-dimensional manifold
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Figure 6. The one-dimensional manifold from Figure 2 is plotted in
the top panel along with the steady flame from the standard flame
system. In the bottom panel is plotted the same steady flame along
with the two-dimensional manifold from Figure 3.
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Figure 7. Trajectories of the standard flame system are compared to
the one-dimensional manifold in the top panel (thick, dark line) and
the two-dimensional manifold in the bottom panel.

of Figure 2, and the bottom panel of Figure 7 shows how the
trajectories are attracted to the two-dimensional manifold of
Figure 3.

C. Comparison with ILDMs. The manifolds generated
above via Fraser’s algorithm are now compared to ones
generated with the ILDM algorithm of Maas and Pope,® which
is a more approximate,'>2® but common, algorithm. The ILDM
algorithm is also generally a much faster algorithm, as is true
for the calculations in this Article. The version of the ILDM
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algorithm used here is a modification of the one in ref 23b, in
that analytical eigenvector derivatives are not used here. In the
rest of the Article, we refer to a manifold estimated from the
algorithm described in ref 23b and below as an “ILDM”. A
manifold estimated from Fraser’s algorithm is referred to as a
“manifold”, “iterated manifold”, or “relaxed manifold”. From
past experience (see, for example, ref 15), Fraser’s algorithm
provides a very accurate estimate of the true manifold.

For the chemical-kinetic systems, one-dimensional ILDMs
are estimated from the zeros of the following set of n — 1
equations:

R, (z)F(z,) =R, (z)F,(z)=0,k=1—nk=m (3.1)

where n is 6. As with the manifolds calculated with Fraser’s
algorithm in section II.B, the ILDM is defined along a progress
variable (z;) taken to be the temperature in this paper (eq 2.2a).
All of the quantities in eq 3.1 have all of the other dependencies
enumerated in section II.B, also. R,1(z1) and Ry (z;) refer to the
nth and kth component of the right eigenvector whose eigenvalue
is least negative along z;. This eigenvalue is negative and real
at equilibrium and generally is negative away from equilibrium
(T less than the equilibrium temperature), but can become
positive sufficiently far from equilibrium. The eigenvalue with
lowest magnitude can also become part of a complex conjugate
pair. At points where this happens, it is assumed there is not a
good one-dimensional ILDM. Such a condition is common for
general dynamical systems where trajectories spiral into equi-
librium,38 but for chemical-kinetic systems such behavior does
not generally occur at equilibrium. Because we have taken a
conervative approach to the convergence of the manifolds, as
outlined above, we do not observe this behavior when generating
one-dimensional manifolds. We do observe the behavior away
from the one-dimensional manifolds, when two-dimensional
manifolds are estimated.

For two-dimensional manifolds, the following n — 2 equations
are solved for the chemical-kinetic system:

Qb= Qb+ Opu’, = 0 (3.2a)
with
Qmp =R,z Zz)sz(Zl’ Z) — Rpl(zl’ 2R, (21, 2,)
(3.2b)

where R, and R, refer to the mth and pth components of the
right eigenvector whose eigenvalue is second largest. As in
section II.B, the ILDMs are characterized by two progress
variables, z; and 75, along their extent. The coordinate z; is once
again taken as T for both the chemical-kinetic and the flame
systems, and 2, is once again Yy,0 for chemical-kinetic systems
and Gp,o for flame systems.

The 1-D manifold of the chemical-kinetic system of Figure
4 is compared to the corresponding ILDM in the top panel of
Figure 8, and the 2-D manifold is compared to the ILDM in
the bottom panel. The 2-D manifold estimates are once again
generated on overlapping grids. For the iterated manifolds, the
grid is connected with solid lines. The ILDM grids are plotted
on top of the grids for the iterated manifolds and are represented
as a set of dots, which generally lie right on top of the iterated
manifold grids. Therefore, these plots demonstrate that [ILDMs
are very good approximations to the more accurate iterated
estimates for this chemical-kinetic system. The solid black line
in the bottom panel repeats the iterated 1-D manifold from the
top panel.

The calculation of ILDMs for flame systems requires extra
care, as noted in ref 19. Generally, when ILDMs are estimated
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Figure 8. The 1-D ILDM is compared to a one-dimensional manifold
generated via Fraser’s algorithm for the chemical-kinetic system in the
top panel, and the 2-D ILDM is compared to the 2-D manifold from
Fraser’s algorithm in the bottom panel. The iterated manifold is plotted
with solid lines in both panels and the ILDM as a series of dots. Once
again the 2-D manifold was generated in three pieces: 850—1250,
1200—1500, and 1450—1800 K.

for stable systems, positive eigenvalues are considered to lie
on the ILDM, as was done above for the chemical-kinetic
system. It is clear from the analysis in ref 1 that this is not a
proper way to estimate manifolds within the ILDM formulation
because the flame systems are dominated by a saddlepoint and
the low-dimensional manifolds that are estimated are submani-
folds of only the stable manifold of the system. So the following
prescription is used, which is a modification of that in ref 19.
Because the stable manifold at the saddlepoint is six-
dimensional, it is assumed that the stable manifold is six-
dimensional throughout the phase space. For a significant
fraction of the phase space studied here, this is equivalent to
ignoring the positive eigenvalues when calculating an ILDM,
because in these regions there are exactly six negative eigen-
values. However, away from the fixed point, particularly for
the 2-D manifolds, there are less than six negative eigenvalues,
and then it is assumed that the eigenvectors associated with the
other positive ones lie along the ILDM. These positive eigen-
values (some complex) arise when the smallest negative
eigenvalues become positive; thus we view this prescription as
consistent.

Figure 9 compares the low-dimensional manifolds for the
flame with the ILDMs. The top panel shows a comparison
between the 1-D manifold estimates, with the dots showing the
ILDM. As in the chemical-kinetic case, there is excellent
agreement between the ILDM and the iterated estimate. The
bottom two panels show comparisons between the two-
dimensional ILDMs and the relaxed manifolds. The lines show
constant temperature isoclines of both surfaces. The iterated
manifolds are drawn as solid lines, and the ILDM estimates
are drawn as dashed lines. The middle panel shows isoclines
for the temperature range 800—1250 K, and the bottom panel
shows the range 1200—1500 K, the two pieces of the manifold
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Figure 9. The top panel compares the 1-D manifold for the ILDM
(dots) with the iterated version (solid line). The bottom two panels
compare isoclines of the 2-D manifolds. The solid lines show the
iterated manifold, and the dashed lines show the ILDM. The middle
panel shows the low temperature piece (800—1200 K) and the bottom
the middle piece (1250—1500 K) from the manifold of Figure 3.

presented in Figure 3 and Figure 7. In both sets of panels, the
ILDMs differ significantly from the more accurate iterated
manifold. At the lowest temperatures in the middle panel, the
ILDM conditions are not always met, and the ILDM estimates
have shorter isoclines than the iterated manifold. The bottom
two panels demonstrate that, unlike for the chemical-kinetic
system, the flame system has a considerable difference between
the iterated manifold and the ILDM.

The relative accuracy of the ILDMs as compared to the
iterated manifolds can be gauged by investigating the approach
of trajectories to them. The comparison is most straightforward
using the mass flux fractions rather than the mass fractions. The
top panel of Figure 10 shows such a projection for the T =
1250 K isoclines of the iterated manifold (solid lines) and the
ILDM (dashed lines) along with trajectories from Figure 7. The
bottom panel repeats the trajectories along with the 7= 1440
K isoclines for the iterated manifold (solid line) and ILDM
estimates (dashed line). These panels demonstrate that the
iterated 2-D manifold is a much better representation of the
asymptotic behavior of trajectories than the 2-D manifold
estimated from the ILDM algorithm.

IV. Relationship between Chemical Kinetics and
Steady-State Flame Dynamics

In this section, comparisons are made between the manifolds
of the flame systems and the manifolds of the chemical-kinetic
systems. Because ILDMs may not be accurate estimates of two-
dimensional manifolds for the flame systems (for example,
Figures 9 and 10), the initial set of comparisons of the manifolds
in this section are made only with the algorithms described in
section IL.B. We expect that the manifolds generated with this
algorithm are essentially exact for both the flame systems and
the chemical-kinetic systems, allowing for the best possible
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Figure 10. Trajectories (dotted lines) are compared to isoclines of
the iterated surface (solid red lines) and ILDM (dashed lines) in the
two plots. The top plot shows the 7= 1250 K isocline, and the bottom
panel shows the 7= 1440 K isocline.

comparison between the manifolds of the two types of systems.
However, it proved interesting to compare the two-dimensional
flame manifolds generated with the more accurate algorithm to
chemical-kinetic manifolds generated from the ILDM algorithm,
and this is done in the latter plots in this section (Figures 15-17).

A. One-Dimensional Manifold Comparisons. To make
comparisons between the chemical-kinetic manifolds and the
flame manifold, the following is done. The elemental chemical-
kinetic constants (eq 2.2 in ref 1) and mixture enthalpy are
calculated along the 50 points that are used to define the flame
manifold in Figure 2. For each of these points, the constants
define a different adiabatic, isobaric chemical-kinetic system.
The equilibrium point of each of these systems is found, and
then the manifold method of section II.B is used to calculate a
one-dimensional manifold for the chemical-kinetic system. The
series of dots in the top panel of Figure 11 show the results of
this calculation plotted on top of the one-dimensional flame
manifold for the standard flame system. The dots in the top
panel are a composite of a series of one-dimensional manifolds
for a set of chemical-kinetic systems.

The bottom panel of Figure 11 shows an expanded view of
the information from the top panel with an additional series of
curves. These curves, plotted as dashed lines, show a small
portion of the chemical-kinetic manifolds generated at every
fifth point along the flame manifold. This information, along
with the top plot, indicates that the composite of the chemical-
kinetic manifolds is an excellent representation of the one-
dimensional flame manifold, despite the difference in the two
types of manifolds, as comparison between the solid line and
the dashed lines of the bottom panel demonstrates.

B. Two-Dimensional Manifold Comparisons. Comparisons
between the two-dimensional manifold of Figure 3 and chemi-
cal-kinetic composites are made in Figure 12. The three panels
show the three pieces of the manifold plotted originally in Figure
3 in order from low temperature (top) to high temperature
(bottom). The solid lines show the isoclines of the flame
manifold, and the dashed curves show the chemical-kinetic
composites. The isoclines are similar, but differences arise for
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Figure 11. The flame manifold is compared to a composite of the
chemical-kinetic manifolds. The top panel compares the flame manifold
(solid line) with the chemical-kinetic composites (dots). An expanded
view is shown in the bottom panel along with portions of the chemical-
kinetic manifolds used to generate the composite.

the Yo/Yu,0 projection as the one-dimensional manifold is
approached for higher values of Yy,o.

Additional information concerning the comparison is pre-
sented in Figure 13, which shows all of the other projections
of Y;/Yu,0 for the low-temperature isoclines. Once again, the
solid lines show the flame isoclines, and the dashed lines show
the chemical-kinetic composites. These projections demonstrate
that the Yo/Ym,0 projection in Figure 12 has the poorest
agreement between the chemical-kinetic composites and the
flame manifold.

The comparison of the composite 2-D chemical-kinetic
manifold and the 2-D flame manifold is completed in Figure
14, which shows how a single composite temperature isocline
is formed from 2-D chemical-kinetic manifolds. The top left
panel compares the flame manifold along the 7= 890 K isocline
of the 2-D manifold. It is shown projected in two ways in the
panel. The upper curve plotted as a solid line shows a Yo/Y,0
projection, and the bottom curve shows a You/Yn,0 projection.
The dotted line on top with dots shows the composite chemical-
kinetic isocline, and the dashed line in the lower part of the
panel shows the chemical-kinetic composite. The chemical-
kinetic and flame projections are very close. The Yo/Yu,0
projections differ by a small amount at the largest values of
Yn,0, and the You/Yn,0 projections lie on top of each other. This
panel re-emphasizes what Figure 12 and Figure 13 have shown
previously.

The rest of the panels in Figure 14 compare the surface for
the 2-D chemical-kinetic manifolds (solid lines) used to generate
the composite surface with the 2-D flame manifold (dotted lines).
These panels correspond to points 2, 4, 6, 8, and 10 (the dots,
left to right) in the top left panel. The chemical-kinetic surfaces
are generated at a set of chemical-kinetic constants fixed at the
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Figure 12. Comparisons are made between the chemical-kinetic
composites and the flame manifold of Figure 3. These panels show
isoclines for the low temperature (top), mid temperature (middle), and
high temperature portions of the manifold of Figure 3. The solid lines
show isoclines of the flame manifold, and the dashed lines show
chemical-kinetic composites. The ranges of the manifold sections are
described in section II.C and are the same as in Figure 3: 800—1250
K (top), 1200—1500 K (middle), and 1450—1700 K (bottom).

point on the flame manifold where the comparison is made.
The point of comparison is plotted as a large dot on each flame
manifold and as an “x” on each chemical-kinetic manifold.
While not as accurate as the analogous one-dimensional case
in Figure 11, the chemical-kinetic composites are much more
accurate than what may appear by comparing the full surfaces
in Figure 14, which can look quite different away from the point
of comparison.

Two-dimensional flame manifolds generated from the ILDM
algorithm do not agree with the more accurate iterated mani-
folds, as demonstrated in Figure 9. However, Figure 8 in section
II1.C demonstrated that for adiabatic, isobaric chemical kinetics,
two-dimensional manifolds generated with the ILDM algorithm
do agree with the more accurate iterated manifolds generated
for the same chemical-kinetic system. Because of this agreement,
we thought it would be interesting to compare chemical-kinetic
composites generated from ILDMs with the accurate iterated
flame manifolds, as was done in Figures 12—-14 where com-
parisons were made between flame manifolds and chemical-
kinetic manifolds both generated from the more accurate
iteration algorithm. The comparisons between the iterated flame
manifolds and the chemical-kinetic composites generated from
the ILDM algorithm are presented in Figure 15. Figure 15
repeats the two-dimensional iterated manifold from Figure 3 in
the three pieces it was generated and compares the three pieces
to the appropriate chemical-kinetic [ILDM composites. The two-
dimensional flame manifold is plotted with dashed lines, and
the chemical-kinetic ILDM-estimated composite manifolds are
plotted as a series of dots. Once again, these points are generated
at the values of the chemical-kinetic constants and enthalpy that
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Figure 13. These plots are different projections of the top panel of Figure 12.
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Figure 14. These plots demonstrate how the composite isoclines of Figure 12 are generated. The top left panel repeats two projections of the
isocline, and the surfaces presented in the rest of the panels show the chemical-kinetic manifold generated at that point and repeats the flame
manifold as a surface plotted with dotted lines. The relevant point along the isocline is shown as a dot for the chemical-kinetic manifold and an “x”’

for the flame manifold.

correspond to the equivalent point on the flame manifold.
Generally, the comparisons are similar to what is observed in
Figure 12.

The relatively good accuracy of the ILDM for the chemical-
kinetic manifolds allows a more detailed comparison that
bolsters the view given in Figure 12. Figure 16a and b shows
all of the temperature isoclines of the two-dimensional flame
manifold from the top and middle panels of Figure 12. These
are plotted as solid lines along with dotted lines showing the
composite chemical-kinetic manifolds. The flame manifold and
the chemical-kinetic composites are iterated manifolds. These
are compared to the ILDM estimates of the composite chemical-
kinetic manifolds plotted as a dotted line. The curves in Figure
16a, especially those in the bottom row, give additional support
for the difference between the chemical-kinetic composites and
the two-dimensional flame manifolds, because the iterated
chemical-kinetic manifold composites and the equivalent ILDM
composites lie on top of each other and are noticeably different
than the isoclines for the two-dimensional flame manifold.

Previous results in section III.C demonstrated that the ILDM
approximation was very accurate for the chemical-kinetic system
for both one- and two-dimensional manifolds and for one-

dimensional manifolds of the flame system. However, the ILDM
approximation was inaccurate for the two-dimensional manifolds
of the flame system. A comparison of all of these results is
made for a two-dimensional manifold in Figure 17.

Two isoclines are plotted as solid lines in Figure 17. The top
panel shows an isocline at 7 = 890 K, and the bottom panel
shows an isocline at 7= 1380 K. The lines plotted with dashes
are the ILDM for the flame and are very different from the
isocline of the iterated surface. This inaccuracy was made clear
in Figure 9 above. The two other curves on both plots are the
composite chemical-kinetic isocline plotted as a dotted line as
generated for Figures 13 and 14. The curves plotted with thicker
dashes are composite isoclines generated within the ILDM
approximation. Figure 17 demonstrates that the worst ap-
proximation to the two-dimensional manifold is generally an
ILDM approximation of the flame manifold and that this is
worse than a composite ILDM generated from chemical-kinetic
systems. This result disagrees with ref 19, which found that
flame ILDM manifolds were better for the system they studied.
It is not clear why this is true. Further investigation of this
discrepancy would be interesting.
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Figure 15. A comparison is made here between the temperature
isoclines of the two-dimensional flame manifolds and the chemical-
kinetic composites estimated from the chemical-kinetic ILDMs. The
three panels repeat the temperature ranges of the manifold in Figure 3,
from top to bottom: 800—1250 K, 1200—1500 K (middle), and
1450—1700 K (bottom).

V. Trends

Figures 12 and 13 of ref 1 presented results for a range of
systems that changed with stoichiometry and enthalpy. In this
section, many of the calculations in the present Article are
applied for nine systems chosen over the range of parameters
presented in those figures. This range is narrower in stoichi-
ometry than the systems in Figures 12 and 13 in ref 1, but has
nearly the same range of enthalpy.

Table 1 summarizes the nine systems. The first column lists
a stoichiometric factor defined implicitly in eq 4.2 of ref 1, which
in turn defines the set of constants described in eq 3.2 of ref 1.
These constants, along with the asymptotic enthalpy, define the
flame systems, with the second column giving the asymptotic
enthalpy for the nine flame systems. Table 1 also defines a set
of nine chemical-kinetic systems. These systems have constant
enthalpy, and this is taken to be the asymptotic enthalpy of the
flames listed in the second column. The additional constants
for the chemical-kinetic systems are listed in columns 3 and 4
and defined in eq 2.2 of ref 1. These constants are the asymptotic
values of these quantities for the flame systems.

Figures 12 and 13 of ref 1 laid out the way in which the
attractivity of manifolds changed with stoichiometry and en-
thalpy based on the ratio of the negative eigenvalues of the
Jacobian at the saddlepoint, and the results presented in Table
1 are consistent with the results of Figures 12 and 13. The first
column groups the systems into lean (ys = 0.5), stoichiometric
(%s = 1.0), and rich (ys = 1.5). For each of these mixtures, a
low enthalpy (0.0 ergs/g), medium enthalpy (3 x 10° ergs/g),
and high enthalpy case (6 x 10° ergs/g) is considered. The final
four columns list the attractivity of the one- and two-dimensional
manifolds at the fixed points of the chemical-kinetic (columns
5 and 6) and flame (columns 7 and 8) systems. These numbers
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demonstrate that all systems have highly attractive one-
dimensional manifolds near the equilibrium/saddlepoint, but
many of them do not have very attractive two-dimensional
manifolds, suggesting once again that the ILDM approximation
may not be accurate for these cases, based on past experience.!>%

The subsequent subsections of this Article examine results
for these nine systems.

A. Low-Dimensional Manifolds for the Flame Systems.
In Figure 18, the calculations from the top panel of Figure 2
are repeated for the nine systems of Table 1. Manifolds were
generated from a set of calculations from the saddlepoint to a
minimum temperature where convergence could be achieved
between 1200 and 1000 K. However, more information is
presented in Figure 18 than in Figure 2, because plots include
all of the manifolds generated with end points between 1600 K
and the minimum temperature where convergence can be
achieved, between 1200 and 1000 K at 20 K increments,
whereas Figure 2 used only those at 100 K increments. Most
of the manifolds in Figure 18 are plotted with thin solid lines,
but 6 of them have special line types. The manifold out to 1600
K is plotted with large dots, the segment out to 1500 K as small
dots, the segment out to 1400 K as a thick dashed line, the
segment to 1300 K is a thick solid line, the one to 1200 K is a
dashed—dotted line, the one to 1100 K is a short dashed line,
and the final one to 1000 K is a dotted line. It is possible to
converge the manifolds of lean flames in the top row out to
only about 1200 K, while the stoichiometric flames in the middle
row could be converged to approximately 1120 K (the highest
enthalpy case) down to below 1100 K for the lower two enthalpy
cases. In the bottom row, the lowest and highest enthalpy cases
could be converged to 1000 K and the middle enthalpy case to
below 1100 K.

Although the algorithm converges below 1200 K for many
of the cases in Figure 18, the plots in Figure 18 indicate that
most of these cases do not show strong convergence below 1200
K, because manifolds generated out to lower temperatures do
not lie on top of the ones generated out to higher temperatures.
This is most obvious in the high enthalpy case for the rich flame
in the bottom right, where the manifold is perhaps not even
converged to 1200 K. It is results such as these that led us to
make the estimate, stated in section II, that one-dimensional
submanifolds of the stable manifold were attractive from the
saddlepoint down to about 1200 K, and all of the comparisons
made in previous sections of the Article involved a one-
dimensional manifold that extended from 1200 K to a saddle-
point temperature of 2050 K.

The analysis of the one-dimensional manifolds is completed
in Figure 19, with a set of calculations that are the same as
those of the middle panel of Figure 2. The manifolds generated
in Figure 18 via 20 K extensions of the one-dimensional
manifolds are compared to manifolds generated directly from
the relaxation of a linear segment from the saddlepoint out to
1200 K. The manifolds out to 1200 K from Figure 18 are plotted
as solid lines in Figure 19 and compared to the direct method
drawn as a series of dots. Figure 19 demonstrates that the direct
calculation is as accurate as the incremental method.

The analysis of the two-dimensional manifolds for the nine
systems is presented in Figure 20, where calculations of two-
dimensional manifolds are presented. These are calculated in
the manner of section II.C as shown for the standard flame
system in Figure 3. Once again, these manifolds are generated
in three overlapping pieces. It was possible to converge the lean
flames in the top row out to 850 K. The stoichiometric flame
systems in the middle row and the rich flame systems in the
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Figure 16. (a) A comparison of the isoclines for the low-temperature portion of the two-dimensional manifold from Figure 12 (solid line) as
compared to the iterated composite chemical-kinetic isocline (dots) and the ILDM version of this curve (dotted line). (b) This is a continuation of

(a), showing isoclines for the middle temperature range of 1200—1500 K.

bottom row were converged out to 800 K, and the high
temperature pieces are converged to 1800 K. So the full range
of the manifolds for all three pieces is 850—1800 K for the
lean flames in the top row and 800—1800 K for the stoichio-
metric and rich flames in the bottom two rows. The lowest
enthalpy lean flame had a two-dimensional manifold that was
very narrow for the highest temperature portion and is not
included in the manifold on the top left of Figure 20.

Figure 20, like Figure 3 in section II, includes several
trajectories started on the two-dimensional manifolds. These
trajectories stay on the calculated manifold as they move to the
saddlepoint, demonstrating that the two-dimensional manifolds
are invariant surfaces for all of the flame systems.

B. Comparison to ILDMs. 1. Chemical Kinetics. Table 1
indicates that the one-dimensional manifolds for the chemical-
kinetic systems are strongly attractive near equilibrium. Gener-
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Figure 17. A comparison is made between isoclines for the two-
dimensional manifold of Figure 12. The solid lines show isoclines for
the accurate iterated two-dimensional flame manifold, and the dashed
line shows the inaccurate ILDM estimate. The dotted lines and the
thicker dashes show the iterated chemical-kinetic composites and their
ILDM approximates, which are very close and better approximations
to the accurate, iterated flame manifold than is the ILDM estimate.
The top panel shows the 7 = 890 K isocline, and the bottom panel
shows the 7 = 1380 K isocline.

TABLE 1: Summary of Fixed Point Properties of Nine
Systems

xs* h b co° CAlC o4 ! ou? O

05 0.0 0.012 0.80 824.6 359 2004 252
05 3x10° 0.012 0.80 947.8 253 1507 213
05 6x10° 0.012 0.80 953.6 222 1204 197
1.0 0.0 0.0083 0.85 5324 842 1324 2.89
1.0 3x10° 0.0083 0.85 560.9 6.43 109.6 243
1.0 6x10° 0.0083 0.85 594.7 5.37 98.2 2.17

1.5 0.0 0.00645 0.88 552.0 27.8 3194 759
1.5 3x10° 0.00645 0.88 608.7 16.4 219.6  3.61
1.5 6x10° 0.00645 0.88 636.8 9.4 164.9 257

@ Stoichiometry defined in eq 4.2 in ref 1. » Asymptotic mixture
enthalpy of the flame and constant enthalpy of the adiabatic,
isobaric chemical-kinetic system. In units of ergs/g. © The constants
of the saddlepoint, where chemical-kinetic and flame constants are
equal. See, for example, eqs 4.2f and 4.2¢g in ref 1. ¢ Ratios defined
in eqs 4.1a and 4.1b of ref 1. The subscript “f” refers to values for
the flame system.

ally, for one-dimensional manifolds, there is good agreement
between the ILDM estimates® and accurate manifolds when the
manifolds are very attractive.!>2¢ This was the situation for the
standard flame example in the top panel of Figure 8, and an
analysis of the one-dimensional manifolds indicates it is true
for the nine systems of Table 1. There is generally near perfect
agreement between the iterated manifolds and the [LDMs.

A comparison of the iterated two-dimensional manifolds with
their ILDM counterparts for the chemical-kinetic systems has
also been made, as defined above. The stoichiometric and rich
cases have the same excellent agreement as the one-dimensional
manifolds and the two-dimensional manifold in the bottom panel
of Figure 8. However, there are some small discrepancies in
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the lean cases near 7= 1000 K and the highest values of Y,o.
These systems have the least attractive manifolds and so are
most likely to have inaccurate ILDM estimates.'>-2

2. Flames. The top panel of Figure 9 demonstrated that there
was good agreement between the ILDM and the more accurate
relaxed one-dimensional flame manifold. This agreement ex-
tends to the flame systems in Table 1 as Figure 21 demonstrates.
Based on the eigenvalue ratios in Table 1, this result is not
unexpected. However, Figure 18 indicated that some of the
manifolds appear to be relatively unattractive near 7 = 1200
K, particularly the rich, high enthalpy case in the bottom right
of Figure 18. This case still has good agreement between the
ILDM and the more accurate manifold as demonstrated on the
bottom right of Figure 21.

The good agreement between the relaxed manifolds and the
ILDM estimates for one-dimensional manifolds is not evident
for the two-dimensional manifolds, something previously dem-
onstrated for the standard flame system in Figure 9. The low-
temperature pieces (Figure 20) shown in Figure 22a have
particularly strong differences. Temperature isoclines of the
relaxed manifolds are plotted as solid lines in Figure 22a, and
the dots show the ILDM estimates, which often do not extend
across the full isocline, because the ILDM criterion of eq 3.2a
is not satisfied. This is most evident at the lower values of Yy,0,
which are the furthest away from the one-dimensional manifold.

The comparison of the ILDMs with the iterated manifold is
continued in Figure 22b for the intermediate temperature
portions of the manifolds of Figure 20. In this temperature range,
one of the systems exhibits reasonably good agreement between
the ILDM and the relaxed manifold, the lean, low-enthalpy case
in the top left of Figure 22b.

Figure 22c continues the trend of Figure 22b. There is now
better agreement between the two types of manifolds, with very
good agreement for the lowest enthalpy case of the stoichio-
metric and rich flame systems in the left column and the
intermediate enthalpy case of the lean flame at the top of the
middle column in Figure 22c. The agreement, or lack of
agreement, shown in Figure 22a—c tracks reasonably well with
the eigenvalue ratios shown in the right-hand column of Table
1 at the saddlepoint. There is not completely a one-to-one
correspondence, although these cases are sufficiently far from
the saddlepoint that discrepancies are not surprising. A visual
inspection of the way trajectories approach the manifold in the
various temperature regions for all of the systems suggests that
these discrepancies are consistent with the dynamical behavior
of the systems. That is, the more attractive that the manifold
appears to be, the better is the agreement between the more
accurate manifold estimates and the ILDM estimates.

C. Flame Manifolds versus Chemical-Kinetic Manifolds.
Comparisons are now made between flame manifolds and
chemical-kinetic composites for the nine flame and chemical-
kinetic systems of Table 1. All comparisons are made between
manifolds generated with the iteration-relaxation algorithm of
section IL.B.

1. One-Dimensional Manifolds. The chemical-kinetic one-
dimensional composite manifolds are generally in very good
agreement with the one-dimensional flame manifolds for the
systems of Table 1 as Figure 23 demonstrates. These results
are consistent with results for the standard flame system
presented in Figure 11 of section IV.A.

Figure 23 shows the flame manifolds as solid lines and the
chemical-kinetic composite manifolds as a series of dots. A piece
of each chemical-kinetic manifold is shown as a dotted line in
Figure 23 for every fifth point of the composite manifold. Figure
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Figure 18. Calculations from the top panel of Figure 2 are repeated in these plots for the nine systems of Table 1. The various lines and symbols
have the same meaning as they did in Figure 2, as described in the text of this section. H refers to the asymptotic mixture enthalpy in 10° ergs/g,
as illustrated in column 2 of Table 1.
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Figure 19. These plots repeat the calculation of the middle panel of Figure 2 for the nine systems of Table 1. Once again, the solid line plots the
one-dimensional manifold as calculated in increments, as in Figure 18, with the direct calculation from a linear segment out to 1200 K. These plots
show excellent agreement between these two methods.
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Figure 20. A series of two-dimensional manifolds for the nine systems of Table 1 are presented along with trajectories. The calculations reported
here are the same as those in Figure 3. All manifolds were generated in three portions as before. The plot in the top left does not include the highest
temperature portion, which is very narrow.

23 indicates that the composite manifolds are in excellent 2. Two-Dimensional Manifolds. Two-dimensional manifolds
agreement with the flame manifolds, with only small differences are harder to approximate than one-dimensional manifolds with
near 7= 1200 K for all of the cases plotted. These plots show the chemical-kinetic composites, as previously indicated in
Yo/T projections, and the values of Yo are generally the least Figures 12—14. Isoclines for the lowest temperature portions
accurate in relative terms except for the very low trace species are shown in Figure 24a. The isoclines of the flame manifolds
such as H>O, and HO,. are drawn with solid lines, and the chemical-kinetic composites
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Figure 21. A set of comparisons between the one-dimensional flame manifolds for the nine systems of Table 1 (solid lines) and the ILDM
estimates for the same systems (dots).
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Figure 22. (a) A series of comparisons of the isoclines of the two-dimensional flame manifolds (solid lines) and the ILDM estimates for the nine
systems of Table 1 for the low-temperature portions of the two-dimensional manifolds of the flame systems of Figure 20 in the same order as they
appear there. (b) These plots repeat the calculations of (a) for the middle temperature portions of the 2-D manifolds of Figure 20. (c) The high-

temperature versions of the comparisons of (a) and (b) are shown in a series of plots for the manifolds of Figure 20.
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are drawn with dashed lines. Agreement is best for the rich
flames in the bottom row of Figure 24a, but is poor for the lean
cases in the top row. For the stoichiometric systems in the
middle row, the chemical-kinetic isoclines differ somewhat at
low values of Yy,0, but agree very well at high values of Yy,0,
as the two-dimensional manifold approaches the one-dimen-
sional manifold.

The intermediate temperature portions of the two-dimensional
manifolds presented in Figure 24b show worse agreement
between the chemical-kinetic composite manifolds and the flame
manifolds than do the lower temperature ones over most of the
extent of the isoclines. However, these cases show very good
agreement along the isoclines near the one-dimensional mani-
folds, as expected from Figure 23. The one-dimensional
manifolds are at the highest values of Yy,0 shown in Figure
24b. Unlike the lower temperature pieces of the two-dimensional
manifolds shown in Figure 24a, the one-dimensional manifolds,
which extend down to 1200 K, encompass the full temperature
range of Figure 24b.

The highest temperature portions of the isoclines for the flame
manifolds and the chemical-kinetic composites are shown in
Figure 24c. These portions of the manifolds extend over a
relatively small portion of phase space, as indicated by the
ranges on the axes. The manifolds are generally in better
agreement than the intermediate temperature cases of Figure
24b. However, the two highest enthalpy cases of the stoichio-
metric flame systems in the middle row of Figure 24b show
considerable disagreement between the chemical-kinetic com-
posites and the flame manifolds except near the one-dimensional
manifolds, which are at the highest values of Yy,0 pictured and
where the system is most attractive (it takes on characteristics
of the relatively strong attractive nature of the one-dimensional
manifold).

A better view of selected isoclines and the surfaces that
were used to generate them are presented in a series of plots

g =05, H=00

Xs = 0.5 H=3.0

Davis and Tomlin

in Figures 25-27. These figures are analogous to Figure 14
that was generated for the standard flame system. Figures
25-27 also provide more expanded views of the comparisons
of the isoclines in the upper leftmost panels.

The top left panel of Figure 25 shows two projections of a T’
=1050 K isocline for the lowest enthalpy, lean system. The
thicker solid line and the dotted line with the large dots on it
show Yn,0/Yo projections, and the dashed line and thinner solid
lines show Yu,0/Yon projections. The flame isoclines are plotted
with solid lines, and the others show the chemical-kinetic
composites. Because T is below 1200 K, there is no converged
one-dimensional manifold at this temperature.

The rest of the panels in Figure 25 show the surfaces used
to generate the composite isoclines plotted as solid lines, and
each of the panels shows the flame manifold as a grid made
up of dotted lines. The points along the isocline where the
composite was made are explicitly shown in each panel. The
point along the flame manifold is shown as a solid dot, and
the chemical-kinetic point is shown as an “x”.

The analysis of the low-temperature isoclines is continued
for the stoichiometric flame systems in Figure 26. The isocline
studied in this figure is 7 = 1025 K. This an intermediate
enthalpy case as noted in Table 1. The plots in this figure are
analogous to those in Figure 25 in terms of line types and other
features.

The plots in Figure 26 demonstrate that the agreement
between the chemical-kinetic composites and the flame mani-
folds for the Yn,o/Yon projections is generally very good, while
the Yo is often quite different.

The comparison of the two-dimensional manifolds is com-
pleted in Figure 27 for the T = 1025 K isocline of the rich
flame systems at the highest enthalpy. In these plots, there is
excellent agreement for Yoy and reasonably good agreement
for Yo.
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Figure 23. A comparison is made between composite chemical-kinetic manifolds and the flame manifolds in these plots for the nine systems. The

description of these plots can be found in Figure 11.
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Figure 24. (a) A comparison is made between the two-dimensional flame manifolds (solid lines) and the chemical-kinetic composite manifolds
(dashed lines) for the two-dimensional manifolds of the nine systems of Table 1 for the lowest temperature portions of the manifolds of Figure 20.
(b) These plots are a continuation of those in (a) for the middle temperature range for the manifolds of Figure 20. (c) These plots complete the
comparison of the flame manifolds and the chemical-kinetic composites started in (a) and (b). These plots are for the highest temperature ranges

of the manifolds of Figure 20.
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Figure 25. The top left plot shows two projections of a 7= 1050 K isocline and makes comparisons with the chemical-kinetic composites as
described in the text. The other plots show all of the surfaces used to generate the isoclines. The description of these surfaces can be found in the
caption to Figure 14.

%e=1.0,H=3.0
T Yo (107)
8

Y, (107)

point 1 point 3

TX) TX) T X T(X)

Figure 26. The intermediate-enthalpy stoichiometric flame system is shown here with the plots that are analogous to those in Figure 25.

D. Analysis. The main concern of this Article has been the system with multicomponent transport is a fairly complex
numerical investigation of low-dimensional manifolds for Hy/ system, the analysis of the sources of any disparities between
O, flames and the comparisons of these manifolds to composite the two systems was necessarily qualitative. Future publications
manifolds generated from the equivalent adiabatic, isobaric will study simpler systems, where detailed analysis is more

chemical-kinetic system without transport. Because the H,/O; straightforward to carry out.’® However, results for one-
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dimensional manifolds of simple systems can provide some
information about situations that lead to the differences, or lack
of differences, noticed in section V.C.

Consider the model reaction—diffusion system:

0y, 82yl

Ez_yl‘i‘l)lg (513.)
8y2 2 82y2
EZ_VyZ_i_ayl_'_ng (Slb)

The steady distribution of this reaction—diffusion system is the
solution of the following:

82y1
0=—y,+D— (5.22)
ox
82y
0= —yy2+ay$+D2—a : (5.2b)
X

This pair of equations can be converted to a four-dimensional
dynamical system, as was done in section III.A of ref 1 for
one-dimensional flames. The dynamical system has a two-
dimensional stable manifold and a two-dimensional unstable
manifold. There is a one-dimensional submanifold of this stable
manifold that has the following analytical form:

2
aD,y;

"7y, b, >y

The reaction—diffusion manifold can be compared to the one-
dimensional manifold of the original system in eq 5.1a without
transport:

T(X) TX)

J. Phys. Chem. A, Vol. 112, No. 34, 2008 7803

& _

a -V (5.4a)

dy,

< = vt (5.4b)

This system has the following one-dimensional manifold:

(5.5)

__a 2
y2_,y_2yl

Taking the difference between eqs 5.3 and 5.5 gives the error
between estimates based on the manifold without diffusion and
the actual manifold:

-2 D,
Ay, ===l the=5 6.6
Yo=Y ™ V> 7/_2)’13/_4(p @ D,
The relative error is defined as:
Ay _
rel = 02 = 4(10_ 42 (57)
Y, VT¢

Equation 5.6 demonstrates that the absolute error depends on
three factors: (1) the curvature, “a”, (2) the attractivity of the
manifold, “y”, and (3) the relative values of the diffusivities,
“¢”. Equation 5.7 demonstrates that the relative error depends
on the last two of these. The effect of differential diffusion and
curvature has been studied previously. For example, ref 22
shows they contribute to changes in a manifold when diffusion
is added to chemical reaction in transient reaction—diffusion
systems. However, ref 22 did not discuss the role of the degree
of attraction of a manifold on the differences between chemical-
kinetic manifolds with and without transport. It will be interest-
ing to observe if the effect of attraction observed for the steady
problem in this section is also present in the transient case.

T X) T )

Figure 27. These plots are for a 7= 1025 K isocline in a rich flame with the highest enthalpy studied (Table 1). The plots are analogous to those

in Figures 25 and 26.
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A detailed analysis of the differences between the chemical-
kinetic composite manifolds and the flame manifolds based on
the information gleaned from eqs 5.6 and 5.7, including the
role of the differences in transport properties, is left for future
work. However, one feature of eqs 5.6 and 5.7 can be directly
related to the results in section V.C, and we focus on that here.
These equations show that the error is very small if the manifold
is “stiff” enough, that is, y is large enough. The quantities
and a, in Table 1 are directly analogous to y. Table 1
demonstrated that the one-dimensional manifolds were very
attractive for all of the systems studied there based on o, and
the results in section V.C showed that the chemical-kinetic
composites were generally in very good agreement with the
flame manifolds, consistent with this analysis. On the other hand,
Table 1 demonstrated that the two-dimensional manifolds are
not very attractive based on a,. This is consistent with the
significant disagreements between the flame versions of the two-
dimensional manifold and the chemical-kinetic composites. The
cases with the closest values were the rich flames, whose two-
dimensional manifolds are the most attractive, also in agreement
with this qualitative analysis.

VI. Conclusion

This Article has presented a numerical investigation of the
nature of one- and two-dimensional manifolds for one-
dimensional premixed flame systems whose dynamics were
studied in part 1 (our previous Article).! These dynamical
systems are based on the work of refs 2 and 3 and treat the
flames as initial value problems, rather than the more common
approach of boundary value treatments.??

Reference 1 demonstrated that steady one-dimensional flames
are trajectories on the stable manifold of a saddle fixed point.
The saddle fixed point is an equilibrium point of an adiabatic
isobaric chemical-kinetic system, but becomes a saddlepoint due
to transport processes. In almost all situations studied in ref 1,
the dimension of the stable manifold was the same as the
dimension of the chemical kinetics system, six. Numerical
evidence was presented in ref 1 that there were lower dimen-
sional submanifolds on the stable manifolds that tended to attract
trajectories on the stable manifold as they approach the
saddlepoint. The current Article has extended these results by
explicitly generating one- and two-dimensional manifolds for
the flame system.

The primary method of generating the manifolds was a
modification of the method proposed in ref 15 (see also ref 17),
which is a modification of the method developed by Fraser,
Roussel, and co-workers.””!° The main modifications to the
method were the use of linear systems to make first guesses
and a double relaxation method to ensure convergence. For one-
dimensional manifolds, a careful examination of the convergence
of the manifolds was undertaken. For two-dimensional mani-
folds, a flexible algorithm for changing the extent of the
manifolds was used. Sparse direct linear techniques’®37 were
implemented for two-dimensional manifolds to speed up the
relaxation process.

Numerical tests of these low-dimensional manifolds showed
that trajectories on the higher dimensional stable manifold were
attracted to them (Figure 2) and trajectories started on them
remained on them (Figure 3), establishing their invariance. The
relaxed manifolds were compared to manifolds generated via
an ILDM® algorithm. For one-dimensional manifolds, there was
good agreement between the ILDM estimates and the relaxed
one-dimensional manifolds, but for two-dimensional manifolds
there were some significant disagreements. The disagreements
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are consistent with the fact that two-dimensional manifolds are
much less attractive than their one-dimensional counterparts,
and it has been found that under these circumstances there can
be errors in the ILDM estimates.!5-26

Section IV of the Article developed prescriptions for compar-
ing the flame manifolds with a collection of appropriate
chemical-kinetic manifolds. These comparisons are presented
in Figures 11-14 and were made between flame manifolds
calculated with the accurate relaxation-iteration algorithm of
section II.B and the chemical-kinetic composites calculated in
the same manner. It was demonstrated that for one-dimensional
manifolds there was excellent agreement between the flame
manifold and the chemical-kinetic composites. However, for
two-dimensional manifolds, there were some significant dis-
agreements between the flame manifold and the chemical-kinetic
composite. Section IV also made some interesting comparisons
between composite manifolds generated from the ILDM algo-
rithm and the iterated-relaxed flame manifolds. It was found
that while the ILDMs did not accurately model the flame
manifolds, chemical-kinetic composites generated with I[LDM
algorithm were much more accurate (Figures 15-17).

All of the results generated in sections II—IV were for a
specific flame system. This was broadened out in section V to
the study of nine systems that span a range of stoichiometries
and enthalpies. It was demonstrated that these systems possessed
attractive one- and two-dimensional manifolds. It was also
demonstrated that the one-dimensional manifolds converged
down to about 1200 K for all flames studied. It was also shown
that two-dimensional manifolds had boundaries that varied
considerably among the systems and in general tended to get
narrow as the saddlepoint was approached.

In section V, it was also found for these cases that there was
good agreement between the ILDM manifolds and the more
exact relaxed manifolds for one-dimensional manifolds. How-
ever, for two-dimensional manifolds, ILDM estimates were
significantly different from those of the relaxed manifolds. These
differences can be understood qualitatively by the fact that,
unlike the one-dimensional manifolds, the two-dimensional
manifolds are not very attractive, and it has been found in the
past that these are most likely to show errors in the ILDM
estimates of the manifold.!520

Section V.C also had further comparisons between the iterated
flame manifolds and composite chemical-kinetic manifolds
generated in the same manner. The results in this subsection
were consistent with the experience of section IV. For one-
dimensional manifolds, there was good agreement between
flame manifolds and chemical-kinetic composite manifolds, with
some small differences near the low-temperature end of the
manifolds. For two-dimensional manifolds, the agreement was
worse, with the lean flame examples showing the greatest
discrepancies.

Some additional analysis of the reasons for the observations
comparing the flame manifolds and chemical-kinetic composites
was made at the end of section V, where results for an analytical
model were presented. This model suggested that those cases
that were most stiff (attractive) were most likely to have
chemical-kinetic composites that matched flame manifolds.
Because the one-dimensional manifolds are much stiffer than
the two-dimensional manifolds, it was suggested in section V
that this was the reason that two-dimensional manifolds had
the disparities observed. The stiffest case of two-dimensional
manifolds studied was the lean flame of Table 1 at low enthalpy,
and this case had the best agreement between chemical-kinetic
composites and the flame manifolds.
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It would be interesting to study the relationship between the
chemical-kinetic composites and the flame manifolds with a
more detailed examination of transport properties, which the
analysis of section V.D suggested would be illuminating.
Reference 39 will study smaller systems and will develop further
tools for studying the manifolds of flames and their relationship
to chemical-kinetic manifolds. It is expected that some of these
techniques will be adapted to the study of flame systems such
as the ones investigated here and in ref 1.
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