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ABOUT

The Second International Workshop on Model Reduction in Reacting Flow is hosted
by the University of Notre Dame, Notre Dame, Indiana, USA. This is the continuation
of the first workshop held at the University of Rome "La Sapienza™ in 2007.

The meeting is held at the Center for Continuing Education on the University of Notre
Dame campus.

The Workshop's main areas of interest are:

Theoretical foundations of model reduction including definitions of slow, fast,
invariant manifolds and related subjects

Chemical kinetic mechanism simplification

Model reduction in ODE's and PDE's

Model reduction in systems with non trivial asymptotic dynamics
Computational tools to analyze numerically generated reacting flow

The objective of the Workshop is to provide a forum for:

exploring relationships among different methods,

exploring capabilities and limitations of different methods, and

reporting on new developments, in the area of model reduction in reacting
flow.
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Projective Space Method for Slow Invariant
Manifolds of Reactive Systems
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Abstract— One dimensional slow invariant manifolds for
dynamical systems arising from modeling isothermal, spa-
tially homogeneous, closed reactive systems are calculated.
The technique is based on global analysis of the composition
space of the reactive system. The identification of all the
system’s finite and infinite critical points plays a major role
in calculating the system’s slow invariant manifold. The slow
invariant manifolds are constructed by calculating hetero-
clinic orbits which connect appropriate critical points to the
unique stable physical equilibrium point. The technique is
applied to small and large detailed kinetics mechanisms.

I. INTRODUCTION

In detailed kinetics models, the presence of a wide
range of scales induces a large computational cost when
calculations are fully resolved. Because direct numeri-
cal simulation (DNS) is not feasible for many practical
flows, the main challenge in modeling is to simplify the
problem without significant loss of accuracy. One of the
major approaches employs lower dimensional manifolds,
which are based on a reduction in the composition space
dimension.

For spatially homogeneous systems, reaction dynamics
are described by a set of ordinary differential equations
(ODEs). The solutions of this set of ODEs are represented
by trajectories in the species composition space. Each
trajectory represents the reactive system’s evolution with
time for a specific initial condition. The evolved trajecto-
ries seem to quickly be attracted to a special trajectory and
stay exponentially close to it until they reach equilibrium
in infinite time [1]. The reactive system’s slow modes are
the only active ones on this special trajectory. Thus, iden-
tifying this slow invariant manifold (SIM) for a reactive
system will make it possible to reduce the computational
cost by filtering the system’s fast modes. For each reactive
system there are SIMs of different dimensions; this work
focuses on the construction of only one-dimensional (1-
D) SIMs.

Here, 1-D SIMs for unsteady spatially homogeneous
mixtures of calorically imperfect ideal gases described by
detailed kinetics are calculated. While such construction
has been done for small two-dimensional systems [2],
the present work offers the first construction of SIMs for
realistic detailed kinetics systems of dimension greater
than 2-D. The SIM is constructed by a global analysis
over the entire composition space. By finding all equi-
libria and connecting them via heteroclinic orbits, it is
easy to identify the system’s actual SIM. Zel’dovich nitric
oxide system and a detailed hydrogen-air kinetic system

will be the mechanisms we focus in this paper. The
second system is of interest since it is intrinsic to common
combustion applications, included in the combustion of all
hydrocarbons, and is well-known and widely accepted.

In comparison to other dimension reduction techniques
that obtain approximate SIMs, such as the intrinsic low-
dimensional manifold (ILDM) [3], the computational sin-
gular perturbation (CSP) [4], the invariant constrained
equilibrium edge preimage curve method (ICE-PIC) [5],
minimal entropy production trajectories (MEPT) [6], and
iterative methods [7], the technique presented here iden-
tifies the actual SIMs. In the first section, the governing
ODEs for closed, isothermal, reactive system are pre-
sented. This is followed by a reduction of the ODEs
into a system of differential algebraic equations (DAEs)
which describes the system’s evolution within the reduced
composition space. Following a brief description of how
we identify and examine all the system’s finite and infinite
equilibria, the numerical method to construct the SIMs
is presented. Once the difficult task of identifying all of
the equilibria is complete, it is seen that constructing the
actual SIMs is easy and computationally efficient. The
main results of this study are the construction of the 1-
D SIMs for realistic detailed kinetics isothermal reactive
systems.

II. MATHEMATICAL MODEL
A. Governing Equations

We consider a mixture of total mass M confined in a
volume V' containing [N gas phase species composed of
L atomic elements that undergo J reversible reactions.
The evolution of the species with time ¢ is obtained from
the following set of ODE:s:

J
dt :ijgll/ijTj, ZZL...,N. (1)

Here, the dependent variables are the species’ number
of moles n;. Also, for the jth reaction r; and v;; are,
respectively, the reaction rate given by the law of mass
action and the net stoichiometric matrix. In general, v;;
is a non-square matrix of dimensions /N x J, and it is of
rank R < (N — L); commonly R = (N — L).

B. Reduced System

Equation (1), defines an N-dimensional composition
space. The dimensionality of this space is reduced to R



as a consequence of the conservation of elements, and
any additional constraints that can possibly arise. The
elements constraints are enforced by

N N
> duni =Y un;, 1=1,...,L, )
=1 i=1

where ¢;; is the element index matrix and quantities with
superscript (*) are at the initial state. Here, the n;’s are
linearly dependent composition variables, which implies
that (2) is underconstrained and solutions of the following
form
R
ni=n;+M>» Dz, i=1,...,N, (3
k=1
can be found. Here, z; is a reduced composition vari-
able, which physically represents the number of moles
of species k in M. D;; is a dimensionless constant
matrix of size N x R and has full rank R. Each column
vector of Dy, is linearly independent of the remaining
column vectors. However, D;; is not unique, and it can
be constructed in several ways.

As a result, the reactive system described by (1) is
recast as an autonomous standard dynamical system of
the form

2 t)

a7
where f is a set of R non-linear coupled polynomials
of degree d connected with a given reaction mecha-
nism. From a geometric point of view, z is a vector
in the Euclidian composition space R¥. Thus, reactive
system solutions are trajectories that move on the reduced
composition space R, which is a subspace of the full
composition space R™V. Full details are given by [8].

z € RY, 4)

III. METHODOLOGY
A. Equilibria

The proposed construction method of a reactive sys-
tem’s SIM is based on identifying all the equilibria of
(4). In general, the set of equilibria of such a function is
complex, and contains finite and infinite equilibria [9].
Moreover, the equilibria can be positive dimensional
continua [10]. In this work, only the system’s real isolated
finite and infinite equilibria are considered.

To obtain the dynamical system’s finite equilibria, we
find all the z¢ that satisfy f(z¢) = 0. One of the finite
equilibria is of special interest; it is the unique critical
point located inside the physically accessible domain [11].

The next step is to identify the system’s infinite equi-
libria. To do so, the projective space method is em-
ployed [10]. This technique maps the infinite critical
points onto the finite domain, and is realized by the
following relations

Zk = ) ke{la"'vR}v (5)

;o iFk,

where z; is any arbitrarily selected dependent variable,
and Z are the state variables in the projective space.

1
2k
Zi

Zi = i=1,...,R, (6

2k

By employing the projective space mapping, the original
dynamical system is recast in the following form

dZ

dT =F (Z) ’
where F is a set of R non-linear functions that correspond
to the non-linear functions f in the projective space, and
7 is the transformed time in the projective space which is
related to ¢ by the following relation, dt/dr = (Z;)* .
The finite equilibria of the resulting dynamical system, Z¢
that satisfy F (Z¢) = 0, represent the infinite equilibria
of the original system (4).

Next, the dynamic behavior of the system in the neigh-
borhood of each finite and infinite equilibrium is investi-
gated by employing standard linearization techniques. The
stability of each critical point is determined by examining
the eigenvalue spectrum of its local Jacobian and the
corresponding eigenvectors. At the physical equilibrium
point, the eigenvector associated with the smallest eigen-
value represents the systems slowest mode.

Z € RE, (7

B. Construction Method

We start the process of SIM construction by generating
a heteroclinic orbit from the finite equilibrium which has
the least positive eigenvalue. Then, we check whether the
generated orbit approaches the the physical equilibrium
point in the direction of its slowest mode. After that,
another orbit is generated starting from the finite equi-
librium which has the second lowest positive eigenvalue.
If the two generated orbits approach the the physical
equilibrium point in the direction of its slowest mode, then
these are the SIM’s two branches. Otherwise, we generate
a new heteroclinic orbit from the finite equilibrium which
has the third lowest eigenvalue, and so on. After checking
all finite equilibria, we follow the same procedure with
the infinite equilibria. During this procedure, any time we
obtain two heteroclinic orbits that approach the physical
equilibrium point in the direction of its slowest mode,
there is no need to consider the remaining equilibria.

C. Computational Method

The kinetic rates and the thermodynamic properties
are calculated using the public domain edition of the
Chemkin package [12]. The typical computational time
to construct a 1-D SIM is less than one minute on a
2.16 GHz MacPro machine. All the calculations have
been performed to high precision. However, all the
listed results are rounded to three significant digits. In-
tegers indicate that the reported numbers are exact. Also,
Bertini [13], a C-code based on homotopy continu-
ation, is used to obtain the system’s equilibria to any
desired accuracy. Lastly, all trajectories are obtained by
numerical integration of the species evolution equations
using a computationally inexpensive explicit fourth-order
Runge-Kutta scheme.

IV. RESULTS
A. Zel’dovich mechanism

In this section, the strategy to construct a 1-D SIM
is illustrated using a simple but realistic reactive system;
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Fig. 1. The time evolution of species for the Zel’dovich model problem.

the Zel’dovich mechanism of nitric oxide formation. This
mechanism contains N = 5 species, L = 2 elements,
and J = 2 reversible reactions, and the kinetic data have
been adopted from Baulch et al. [14] A special case in
which the system is isochoric will be considered, and
the assigned mixture temperature and volume are T =
4000 K and V = 103 cm?, respectively. For convenience,
the assigned initial number of moles of all species are
ni = 1072 mol, where i = {1,2,3,4,5} corresponds to
the species { NO, N, O, O3, N5}, respectively. The multi-
scale nature of this system is clearly shown in Fig. 1,
where the full dynamics of the evolution of the species
are presented.

In this system, the total number of moles remain
constant, as a consequence of the fact that the kinetics
mechanism includes only bimolecular reactions. Conse-
quently, one algebraic constraint, in addition to element
conservation, exists in the system. Thus, this model
problem is described in the R = 2 dimensional reactive
composition space [8],

dz
dt

N /N
( DikDij> (ZDzj wz> )
i=1 | \i=1 i=1

f(z), {z w}eR", (8)

=W
where

1R
e = -

p 4
and d = 2.
By equilibrating the right hand side of (8) and using

Bertini to obtain all z° that satisfy £(z°) = 0, we find
the following finite isolated equilibria,

Ry = (z°)=(-1.78 x 107°,—1.67 x 10~*) mol/g,
Ry, = (z° = (—4.20 x 1072, -2.66 x 107°) mol/g,
Ry = (z° = (3.05 x 107%,2.94 x 10~°) mol /g,

where the rest of the species are recast using (3). It is
clear that R; and R, are non-physical equilibria, while
R3 is the reactive systems unique physical equilibrium
point.

The dynamical behavior analysis within the neighbor-
hood of each critical point reveals that R; is a source, R,
is saddle with one unstable mode, and R3 is a sink.

In addition to the systems finite equilibria, (8) has three
infinite equilibria. They are obtained using the projective
space method, in which we select k£ = 1 arbitrarily. These
equilibria are:

L = (Z°=(0,0),
I, = (2° =(0,1.01),
Iy = (Z°) = (0,2.60),

The dynamical behavior analysis within the neighbor-
hood of each critical point reveals that I is a source,
I3 is a saddle with one positive eigenvalue, and I; is
a non-hyperbolic critical point. Using the normal form
theory [9], it is found that [; is a saddle-node, which
consists of two hyperbolic sectors, one parabolic sector,
and three separatrices. Only one of these separatrices is
unstable.

Now, following our 1-D SIM construction procedure,
these three points are ordered as follows: Ro, [y, Is.
So, starting from the unstable direction of Rs, (8) are
numerically integrated to generate a heteroclinic orbit.
This orbit approaches 23 along its slowest mode. So, the
generated orbit represents the first branch of the 1-D SIM.
Then, starting from the unstable direction of [;, another
heteroclinic orbit is numerically generated. Also, this orbit
approaches R3 along its slowest mode. So, it represents
the second and last branch of the reactive systems 1-D
SIM. Subsequently, there is no need to check the third
critical point, I3. In Fig. 2, part of the systems finite phase
space and the SIM are presented. The attractiveness of the
SIM is revealed by visually examining the relaxation of
several trajectories onto it.

B. Detailed Hydrogen-Air Mechanism

In this section, the 1-D SIM for a detailed kinetics
hydrogen-air reactive system is constructed using the
previously discussed technique. The reaction mechanism
used is extracted from Miller er al. [15], and consists
of J = 19 reversible reactions that describe how N =
9 species composed of L = 3 elements react. The
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Fig. 2. A region of the finite phase space for the Zel’dovich mechanism.
The solid dots represent finite critical points, the open circle represents
an infinite critical point, the arrows indicate the flow direction, and
the dashed simplex represents the physically accessible domain of the
system. The SIM is illustrated as a thick line, the thin lines represent
trajectories, and R3 represents the system’s physical equilibrium state.



stoichiometric hydrogen-air mixture is initially at p =
107 dyne/cm? and the chosen mixture temperature is
T = 1500 K. The full dynamics of the species evolution
is presented in Fig. 3. Here, the dependent variables are
{zH,, 204, 21, 20, 20H, 21,0 }, which correspond to {21,
2o, 23, 24, 25, 26}, Tespectively.

Using the procedure discussed earlier, 326 finite and
infinite equilibria are found. One of these critical points
represents the physical equilibrium state. This point is

Rig = (z°) = (1.98 x 107°,9.00 x 1077, 1.72 x 1077,
2.67 x 1071°,3.66 x 1077, 1.44 x 10~2) mol/g.

Then, the dynamical character of each of the real
finite and infinite critical points is determined. It is found
that among them there are only 14 critical points which
have eigenvalue spectra that contain only one unstable
direction. All of these 14 equilibria are finite. Finally
by examining all trajectories that emanate from these
14 equilibria, only two of them are connected with Rjq
along its slowest mode via heteroclinic orbits. These two
critical points are R74 and Rrg. Fig. 4 shows a 3-D
projection of the 1-D SIM embedded inside the 6-D
reduced composition space. Since only the slow modes
are present on the SIM, this 1-D manifold is the best
description of the system’s slowest dynamics.

V. CONCLUSION

Actual 1-D SIMs for closed, spatially homogenous,
isothermal, reactive systems described by detailed kinetics
are obtained. The construction method is based on a
geometrical approach that relies upon finding and exam-
ining the dynamical behavior of all the system’s critical
points. It has been shown that the construction of the
1-D SIMs are algorithmically easy and computationally
efficient. The resulting procedure provides a useful tool
to significantly reduce the computational cost associated
with modeling reactive systems.
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On the Relation Between Reaction Dynamics
and Thermodynamics in Closed Systems
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Abstract— A reactive system’s slow dynamic behavior
is approximated well by its evolution on manifolds of
dimension lower than the dimensionality of the full com-
position space. This work addresses the relation between
the isothermal reactive systems’ slow dynamics, described
by the actual slow invariant manifolds, and notions from
thermodynamics. In addition to mathematical proof, a
realistic reactive system is utilized to show that other than
identifying the actual equilibrium point, traditional ther-
modynamic potentials provide no guidance in determining
a system’s actual slow invariant manifold. A comparison
between several published thermodynamics-based manifolds
and the actual slow invariant manifolds is presented.

I. INTRODUCTION

Dimension reduction can significantly reduce the com-
putational cost of modeling detailed kinetics reactive
systems. The technique is based on representing the
chemistry of a reactive system’s variables in terms of the
chemistry of a reduced number of variables. Thus, several
methods to describe the multi-scale kinetics that employ a
geometrical approach have been developed to reduce the
dimensionality of reactive systems.

A number of these methods employ classical thermo-
dynamics to construct the attractive manifolds. Examples
include the method of rate-controlled constrained equi-
librium (RCCE) [1], the method of invariant manifold
(MIM) [2], the minimal entropy production trajectory
(MEPT) method [3], the invariant constrained equilibrium
edge preimage curve method (ICE-PIC) [4], and other
methods which are based on them [5]-[7]. The MEPT ap-
proach relies on the principle of entropy production. Uti-
lizing such a principle allows classical thermodynamics
quantities to be used away from equilibrium, although the
validity of doing this is debatable [8]. The RCCE, MIM
and ICE-PIC approaches rely on employing equilibrium
thermodynamics potentials away from the equilibrium
state. By minimizing the appropriate classical thermody-
namics quantities, at some point in the procedure, their
low-dimensional manifolds are constructed.

Ref. [9] provides a procedure to construct reactive
systems’ actual slow invariant manifolds (SIMs). Such
manifolds describe the asymptotic structures of the invari-
ant attracting reactive systems’ trajectories during their
relaxation toward equilibrium. Utilizing this procedure to
construct reactive systems’ actual one-dimensional (1-D)
SIMs makes it possible to examine the relation between
thermodynamics and reactive systems’ slow dynamics.
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II. ANALYSIS

We consider a closed, spatially homogenous, premixed
reactive mixture of calorically imperfect ideal gases de-
scribed by detailed mass-action kinetics. The mixture is
confined to a volume V' at temperature 7" and pressure p.
This mixture consists of N species composed of L atomic
elements which undergo J reversible reactions.

Here, we confine our attention to isothermal reactive
systems. For such a reactive system, the evolution of the
species specific moles z with time ¢ is described by [9]

)
where R® C RY is the reduced composition space,
and w is the molar production rate of species in the
reduced composition space. The dimensionality of the
composition space is reduced to R as a consequence of the
conservation of elements, and any additional constraints
that can possibly arise. The system’s actual 1-D SIM can
be constructed by using the procedure described in [9].

{z,w} € RE, (1)

A. Thermodynamic conditions

For a mixture of ideal gases, the Gibbs free energy G
is given by the following relation [10],

N
G= Z s
i=1

where n; is the number of moles of species ¢, and fi; is
the chemical potential of species ¢. This thermodynamic
property is of special interest; the global minimum of G
corresponds to the reactive system’s equilibrium state z¢
which satisfies w(z¢) = 0 [10]. This state is unique [11]
within the physical region of composition space and is
identified by the following relation,

(@)

N
1=1

where v;; is net stoichiometric matrix.
Similarly, the entropy S of such mixture is given

by [10],
N .
S = n; §f—§fﬁln — ,

where R is the universal gas constant, p° is the reference
pressure, 57 is the partial molar entropy evaluated at p°,

“



and n = Zf\;l n; is the total number of moles. The
differential change of this scalar quantity is postulated
by the second law of thermodynamics [10], though it
is stated differently in non-equilibrium thermodynamics
and classical thermodynamics [12]. In non-equilibrium
thermodynamics, the differential change of S for such
system is given by

dS = d,S + d;5, 5)

where d.S is the change in S due to the system’s
exchange of matter and energy with its surroundings, and

|
diS =— ;ﬂidnu (6)
is the change in entropy due to irreversible processes
within the system boundary [13]. Thus, an expression
for the irreversibility production rate o, (i.e. entropy
production rate), can be introduced as [14]

N

=1 . dt .

o= )

at T &

Similar to GG, o is a convex function in the composition
space with a global minimum at z°.

B. Thermodynamics and SIM

In a 2-D composition space, the scalar fields G and
o can be represented by iso-contours. Near equilibrium
these contours approach ellipses. For each of these func-
tions, the major axes of these ellipses are aligned with the
eigenvector associated with the largest eigenvalue of that
function’s local Hessian matrix H®. Similarly, the minor
axes are aligned with the eigenvector associated with the
smallest eigenvalue of H®. The deviations from these two
functions’ equilibrium values are described by,

1

G-Gl,_,. = 5zT-Hg.sz..., ®)
1

o—0l,_,. = 5zT-Hf;-z+.... 9)

In general, all the system’s trajectories within the
physically accessible domain S approach z¢ in infinite
time. Near equilibrium, the system’s dynamics relax onto
the eigenvector associated with the slowest time scale.
At z°, the eigenvector associated with the least negative
eigenvalue of the local Jacobian J¢ defines the direction
of the system’s slowest mode. At z® there is a relation
between Hg and HY; one can show that

€ 1 € (& (&) € T
HE = (B - 9°+ HG-39T),  (0)
where the two terms on the right hand side of (10)
are transposes of one another, and their summation is a
symmetric matrix.

In the highly unusual case in which HE, is diagonal
with identical eigenvalues, the SIM can be identified by
consideration of the eigenvectors of H. In general, this
is not the case for reactive systems. Thus, H¢, operates
on J¢ in a non-uniform way, such that the eigenvalues
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and the eigenvectors of H¢ are not the same as those
of J¢. Thus, the system’s dynamics cannot be deduced
by o or G. We can state that employing equilibrium
thermodynamic potentials to obtain a reactive system’s
dynamic behavior is incorrect. Full details are given by
Al-Khateeb, et al. [9].

III. MODEL PROBLEM

Here, the Zeldovich mechanism will be employed as
a model problem to examine the relation between slow
dynamics and thermodynamics. The system’s actual 1-D
SIM constructed using the procedure described in [9] is
shown in Fig. 1.

After calculating G and o for this system, their iso-
contours, along with the system’s actual 1-D SIM, are
shown in Fig. 2. The top panel of Fig. 2 shows the
contours of G and ¢ far away from the system’s physical
equilibrium point, R3. The bottom panel of Fig. 2 is
an expansion in its vicinity, where stretching has been
employed to expose the difference between the contours’
major/minor axes and the 1-D SIM. Even within the close
neighborhood of R3, the contours’ axes are not aligned
with the 1-D SIM! Here equilibrium thermodynamics
quantities cannot elucidate the 1-D SIM, which describes
the system’s preferred path towards equilibrium. Sub-
sequently, the gradients of these thermodynamic scalar
functions do not drive the system’s dynamics.

Explicitly, the eigenvalues and the associated eigenvec-
tors of HY and H, for the Zel’dovich model are

HE : (A, v) = (8.17 x 10%3,1.01 x 10%°),

([1.78 x 1073, —1.00], [~1.00, —1.78 x 1073]T),
HS : (A, v) = (9.44 x 10",1.06 x 10'%),

([5.97 x 1074, =1.00], [~1.00, —5.97 x 10~4)T).

However, the direction of the slow mode is assigned
by the eigenvector associated with the least negative

x10° ‘

S
g g
W
2
1x10
05 O 0.5 1 1.5 2 2.5
z,  [mol/g]

Fig. 1. A region of the finite phase space for the Zel’dovich mechanism.
The solid dots represent finite critical points, the open circle represents
an infinite critical point, the arrows indicate the flow direction, and the
dashed simplex represents S. The SIM is illustrated as a thick line, the
thin lines represent trajectories, and R3 represents the system’s physical
equilibrium state.
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Fig. 2. The 1- D SIM for the Zel’dovich mechanism near the physical
equilibrium state, R3. The dashed lines and the solid lines represent
different levels of the system’s irreversibility production rate and Gibbs
free energy, respectively. Ry is a finite critical point, and /; is an infinite
critical point.

eigenvalue of J¢, where

Je: (A v) = (—1.73 x 107, —1.91 x 10°),
([~1.07 x 1071,9.94 x 1071]7,[1.00,1.79 x 10~3]T).

Here, the eigenvalues’ and eigenvectors’ units are 1/s and
g/mol, respectively. It is clear that the second eigenvector
of J¢ is not aligned with any eigenvector of H¢, or HY.
Indeed, at R3 the difference with ¢ is small. But, as shown
in the first panel of Fig. 2, this error grows as we move
away from Rs.

IV. THERMODYNAMICS-BASED MANIFOLDS

Here, a comparison between previously published re-
active systems’ low dimensional manifolds and the actual
SIMs for these reactive systems is performed.

A. SIM and MEPT

A simple closed reactive system containing three
species given by the following kinetics model, A + A =
B = C, is considered. This system is identical to the
example employed in [3] to present the MEPT method. To
construct the system’s actual 1-D SIM, the methodology
presented in [9] is employed. In Fig. 3, the system’s actual
1-D SIM is shown. We note that the system’s 1-D SIM
contains only one branch.

The MEPT method is based on minimizing a classical
thermodynamic potential, S. Given by the dashed line
in the first panel of Fig. 4, the MEPT path shown is
identical to the one presented in Fig. 4 of [3]. A closer
look at the system’s dynamical behavior near the physical
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Fig. 3. A small region of the actual finite phase space. The thick line is
the SIM, the thin lines represent trajectories, the dashed lines represent
the fast invariant manifolds, R2 is a non-physical finite critical point,
and R represents the system’s physical equilibrium state.

1.0

22

22

2

Fig. 4. The dashed line represents the calculated MEPT and the thin
lines represent trajectories. The top panel is identical to Fig. (4) in [3],
while the bottom panel is a closer look with a different set of trajectories
is illustrated. R1 represent the physical equilibrium state of the system.

equilibrium shows that the MEPT is not an attractive
manifold; see the second panel of Fig. 4. Consequently,
it does not correspond to the actual SIM of the system.

From Figs. 3-4, we note that none of the trajectories
other than the SIM are attractive. Furthermore, due to the
fact that all trajectories will approach R;, this possibly
led to the incorrect conclusion in [3] that the MEPT
corresponds to the SIM.

B. SIM and ICE-PIC

Here, the simple hydrogen-oxygen reactive system em-
ployed in [4] to illustrate the idea of constructing the
ICE-PIC manifold is adopted. To construct the system’s
actual 1-D SIM, the methodology presented in [9] is used,
and the system’s 1-D SIM is shown in Fig. 5. The right



branch of the SIM is not presented completely due to
scaling effects. Some of the trajectories in Fig. 5 have
been generated from inside the physical domain, while
others have been initiated from the boundaries of the
physical domain. The attractiveness of the SIM is revealed
by visually examining the relaxation of several trajectories
rapidly onto it.

Generating the ICE manifold is based on minimizing a
classical thermodynamics potential. First, the constrained
equilibrium manifold (CEM) is developed by minimizing
G. The intersection between the CEM and S defines a
closed curve. Then, starting from several points located
on this closed curve, trajectories are generated. The col-
lection of all these trajectories defines the ICE manifold.
Fig. 6 shows the constructed 1-D SIM and the 2-D ICE
manifold. The ICE manifold shown is identical to the
manifold illustrated in Fig. 4 of [4].

From Fig. 6, it is clear that there are trajectories within
S which are not attracted to the 2-D ICE manifold.
However, all of the system’s trajectories are attracted to
the actual 1-D SIM. Moreover, the 1-D SIM is not a
subset of the 2-D ICE manifold. Consequently, the 2-
D ICE manifold cannot fully identify the system’s SIM.
Although it is difficult to visualize in Fig. 6, the 2-D ICE
manifold is not aligned with the system’s 1-D SIM. The
error in the ICE manifold grows as we move away from
Ry.

V. CONCLUSION

The relationship between thermodynamics and a reac-
tive system’s SIM is investigated. It has been illustrated
that the 1-D SIM for a realistic reactive system does not
coincide with the path identified by minimizing a classical
thermodynamic function, such as o, .5, or GG, even at the
equilibrium state! This point has been confirmed by math-
ematical proof which shows that classical equilibrium
thermodynamic potentials do not provide information
about reactive systems’ dynamics during their approach
towards the physical equilibrium.

5
™ 4
X
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= 290 | T e ><1(53
1
0
¥ 0 0\\%\
a0 SIM e \‘(\: L==®
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Fig. 5. The SIM for the simple hydrogen-oxygen reactive system as
a thick line. R7 represents the physical equilibrium state, Ry and Rg
are non-physical finite critical points, the dashed simplex represents S,
and the thin lines illustrate several trajectories.
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Fig. 6. A comparison between the actual 1-D SIM, illustrated as thick
line, and the 2-D ICE manifold, illustrated in brown, for the simple
hydrogen-oxygen reactive system. Thin lines illustrate trajectories inside
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Abstract— The lattice Boltzmann (LB) method is a rel-
atively novel approach to numerical flow simulations, and
recent studies have proved that it is highly competitive to
traditional methods when simulating compressible and tur-
bulent flows (in terms of accuracy and efficiency). Although
this makes LB a good candidate for computing reactive
flows, applications in this field are still limited by the stiffness
of the governing equations and the large amount of fields
to solve. In this sense, the present study intends to provide
an effective tool for reactive flow simulations via the LB
method.

I. INTRODUCTION

Accurate modeling of reactive flows requires the so-
lution of a large number of conservation equations as
dictated by detailed reaction mechanism. In addition to
the sometimes prohibitively large number of variables
introduced, the numerical solution of the governing equa-
tions has to face the stiffness due to the fast time scales
of the kinetic terms. These issues make computations of
even simple flames time consuming, and have particularly
negative impact on the lattice Boltzmann method, whose
number of fields (distribution functions or populations) is
significantly larger than the number of conventional fields
(density, momenta, temperature, species mass fractions)
by a factor ranging from tens to hundreds for 2D and 3D
simulations. However, the dynamics of complex reactive
systems is often characterized by short initial transients
when the solution trajectories approach low-dimensional
manifolds in the concentration space, known as the slow
invariant manifolds (SIM). Thus, the construction of
SIM enables to establish a simplified description of a
complex system by extracting only the slow dynamics
and neglecting the fast.

The Method of Invariant Grids (MIG), based on the
concept of SIM, has been elaborated for combustion
applications with the aim of automating the model reduc-
tion procedure, and its realization follows two key steps.
First, an initial rough reduced description of the complex
chemical mechanism is constructed making use of the
notion of quasi equilibrium manifold (QEM). Second, the
latter initial approximation is iteratively refined until the
invariant grid is constructed. In fact, according to MIG,
the accurate reduced model (invariant grid) is the stable
fixed point of one of the following processes: Newton-like
iterations for solving the invariance condition regarded as
an equations, or relaxation due to a film equation of dy-
namics [1], [2]. Lately, the reduced model of the hydrogen
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mechanism can be employed in a lattice Boltzmann code
for simulating laminar flames throughout a homogeneous
mixture.

II. REDUCED DESCRIPTION

In our study, the detailed mechanism of Li et al
[3] (9 species, 21 elementary reactions) for hydrogen
combustion is considered, and we search for a reduced
description with two degrees of freedom. To this end,
let us construct the 2D quasi equilibrium manifold for a
stoichiometric Hs-air mixture under fixed pressure p =
1bar and enthalpy h = 2.8k.J/kg, corresponding to the
temperature 7y = 300K for the stoichiometric unburned
mixture Ho+0.502+1.88N5. A QEM is obtained solving
the following minimization problem:

min G

st. YmiY;i=¢, j=1,2. ey
Here, G represents the mixture-averaged entropy, and
the vector set {m; (m},...,mJ)} is used to re-
parameterize the mass fractions Y; in terms of new vari-
ables &7, which are expected to follow a slow dynamics.
Many suggestions for defining slow lumped variables in
chemical kinetics are known in the literature, and for
our purposes here we use the total number of moles
&1 and free oxygen €2, respectively (see, e.g., [4]). An
approximated solution to (1), computed making use of the
algorithm introduced in [5], is shown in Fig. 1, and it is
called quasi equilibrium grid (QEG). The corresponding
invariant grid is found by relaxation of the QEG {2 under
the following film equation of dynamics [1]

(@)

where f and P denote the vector of motion in the phase
space and a projector operator onto the manifold tangent
space, respectively. Following [1], here we adopt the
thermodynamic projector which enables to define the fast
motions toward the slow manifolds. Finally, the refined
grid, approximating the slow invariant manifold, is shown
in Fig. 2. More details can be found in the literature [6],

[7], [8].
III. LATTICE BOLTZMANN FOR REACTIVE FLOWS

We consider here the simplest lattice Boltzmann for-
mulation suitable for simulations of combustion. To this
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Fig. 1. Quasi equilibrium grid (QEG): Six coordinates function of the
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Fig. 2. Invariant grid approximating the slow invariant manifold.

end, following the suggestion of Yamamoto et al [9],
reactive flows can be simulated with the lattice Boltzmann
method as reported below. Note, however, that more
elaborate and complete LB models for mixtures [10],
[11] and compressible flows [12] shall be taken into
account in the near future, too. According to the standard
terminology, LB schemes are denoted as DMQN, meaning
that N particles move on a M-dimensional lattice. In Fig.
3, the most popular one-dimensional lattice is shown,
where each distribution function is represented by its own
peculiar velocity e,,. In the following, we briefly review
the LB algorithm with the BGK [13] collision model.
A single-component medium is described by a small set
of populations, which can be regarded as microscopic
properties of the fluid. On the contrary, macroscopic
quantities such as density and momentum (energy for
thermal cases) are given by different moments of those
populations. In terms of pressure distribution functions
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Fig. 3. 1-dimensional 3-velocities lattice: D1Q3.

Pa, the LB equation takes the following discrete form at
the lattice node x:

Do (T + €q,t + 6t) = p, (2, 1) —

. 3)
— [pa (2, 1) = p (p, )],
TF
where the equilibrium populations p&d read:
9 3
P9 = wep {1 +3 (equ”) + 3 (eomT)2 - 2u2] G
The pressure p and the fluid velocity w are given by:
1
pzzpaa u = ZTOZeapav ©)

where the reference pressure pg = pg/3, with py denoting
the reference density of the LB model. Let d¢ be the
time step, the relaxation parameter 7 is related to the
kinematic viscosity v by (see, e.g., [14])

2TF -1

=% (6)

In general, the discrete velocities can be regarded as

the nodes of a Gauss-Hermite quadrature applied to the

Maxwell- Boltzmann distribution function, and each of
them is characterized by a proper weight w,,.

According to [9], the flow field is not affected by
the chemical reaction, transport coefficients are constant
and Fick’s law applies to the diffusion. In this case, the
background flow is treated as an one-component medium
whose pressure populations evolution obeys (3). Let hg be
a reference enthalpy, the evolution equations for enthalpy
and concentration of species ¢ are written as

ot.

ho (€ + eq,t + 6t) — ho (2, 1) =
L (e () = Rt (how) | + wan @

’Th ) « b) b

Yia ($+eo¢7t+6t) —Yia (wat) =
1 8
— L Vi (@) - Y (Viw)] 4 weQy, )

Y;
where

9

B:B/BOZZBO[7 Y'i:ZY;ou

« «
and the equilibrium populations izgq, YS! are expressed
as in (4) after replacing p with h and Y}, respectively.
Assume tg is a factor for converting physical time into
LB time units: (t); 5 = (¢)
the explicit form
9

1
(2

i=1

phys to, the source terms take

to&; qu - —
o

Qn oV, todt, (10)
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Fig. 4. Schematic representation of the 1D setup.

where p is the mixture-averaged density, while w;, W;, h;
denote the rate of change, molecular weight and enthalpy
of species i, respectively. The thermal diffusivity x and
diffusion coefficient D; of species ¢ are related to the
relaxation parameters as follows [14]

21, — 1 21y, — 1
=——>©Ft, D;=—""—946t. 11
6 ; 6 1D

IV. EXAMPLE: FREELY PROPAGATING FLAME

In the following, we consider a stoichiometric
hydrogen-air mixture entering an adiabatic channel (con-
stant cross section) under room conditions (7' = 300K,
p = lbar) at fixed velocity v;, = 1.2m/s. A heat source
is placed at the outlet in order to ignite the mixture (see
Fig. 4). A flame front is formed and propagates upstream
since the laminar flame speed is larger than the flow
velocity.

For simplicity, we use the assumption of equal diffusiv-
ity D for all species and Lewis number Le = k/D = 1. In
this case, the mixture enthalpy / and the element fractions
remain constant throughout the domain, and the reduced
dynamics takes place along the invariant grid constructed
as discussed in the section II. Notice however that, the
latter assumption is not restricting and a generalization
is obtained by extending the invariant grid with enthalpy
and element fractions as additional degrees of freedom.
On the other hand, in premixed systems, those quantities
are conserved up to small fluctuations and, for such
applications, the invariant grid is often sufficient. Finally,
in low-Mach combustion, the pressure p can be considered
constant for most cases.

Under the latter assumptions, the equations (8) can be
written in terms of the slow manifold parameters ¢!, &2
as follows:

5& (;1:—|—e(¥,t+5t) _ggx (w7t) =

L g @) s wage.

where, the equilibrium populations for the reduced vari-
ables &7 read

[ 4300 B 2]

2
(13)
and the source terms take the form:

9 9
Qo =D mQv, & => mY. (14

i=1 i=1
The setup of Fig. 4 was simulated by solving both the

detailed model (7), (8) and the reduced one (12). In the
latter case, the source terms (Q¢; are tabulated at each
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Fig. 5.  Fields along the channel at a given time: detailed model
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Fig. 6. Flame front position vs time with the inlet velocity v;, =
1.2m/s.

node of the invariant grid, and accessed through multi-
variate linear interpolation. When simulating the reduced
model, a remarkable saving, in terms of both memory
(one-quarter of the density functions are stored at any
lattice node) and number of time steps (0tredquced =
350t getailed), can be achieved. Moreover, based on the
comparison in Fig. 5, we can argue that the suggested
methodology enables to perform detailed simulations with
high accuracy. Finally, in Fig. 6 the flame position is
shown as function of time. The flame is defined as the
point with the highest heat release ()5 at a given time.
The linear dependence indicates that the flame moves at
constant speed given by: Sp, = slope + v;, = 2.26m/s.
The value of the burning velocity Sy, is in perfect ac-
cordance with the detailed model prediction (up to 2%)
and in a good agreement with experimental data (see, e.g.

[15]).

V. EXAMPLE: PREMIX COUNTERFLOW FLAMES

Here, we consider the so-called counterflow laminar
flame as a two dimensional benchmark of the suggested
methodology. A well premixed stoichiometric Hy-air mix-
ture is uniformly ejected from two parallel stationary flat
nozzles, located at y = +L,,. When properly ignited, the
fuel reacts generating two twin flames in this counterflow,
while the burned gas exits the domain along the z-
direction. As illustrated in the sketch of Fig. 7, under
the assumption of symmetrical flow with respect to the
stagnation lines x = 0 and y = 0, the computational
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Fig. 7. Schematic representation of the 2D setup.
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Detailed model using the D2Q9 lattice: O mass fraction

domain can be restricted to the region where =z > 0
and y > 0, and simulations can be carried out using
the standard 2-dimensional lattice D2Q9. In both models
(detailed and reduced), the mixture, initially under room
temperature Ty = 300K, is ignited by placing a hot spot
at the origin of the reference system. Very good agreement
is demonstrated as reported in Figures 8 and 9, where the
time evolution of O radical concentration is shown.

VI. CONCLUSIONS

Here, we suggest a methodology for using accurate
reduced chemical kinetics in combination with a lattice
Boltzmann solver for simulating reactive flows. It has
been shown that the Method of Invariant Grids (MIG) is
suitable for providing the reduced description of chem-
istry, and this approach enables to cope with stiffness
when solving the LB species equations. This is particu-
larly desirable in the case of explicit solvers, and it results
in a remarkable speedup.
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Reduced model using the D2Q9 lattice: O mass fraction
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Validation of Detailed Chemical Kinetic Models

H. J. Curran

National University of Ireland, Galway, Ireland

Abstract

Stricter emissions legislation combined with the need to reduce greenhouse gas emissions in order to militate
against climate change drives fundamental research to produce cleaner more efficient systems. Chemical kinetic
mechanisms are used by relevant industries to predict and optimize the operating behaviour of experimental
facilities such as internal combustion engines, gas turbines and other combustion devices. More practically,
detailed chemical mechanisms are reduced so that they reproduce the relevant target be it ignition delay time,
flame speed, etc., and then combined with computational fluid dynamics simulations in order to accurately
represent the whole combustion environment.

However, in order to validate and produce accurate detailed chemical kinetic mechanisms in the first instance, a
wide range of data is needed, and which is normally generated under well-controlled physical conditions of
temperature, pressure, fuel/air ratio and dilution. These data include (i) ignition delay times recorded in shock
tubes and in rapid compression machines, (ii) speciation data from flow reactors, jet-stirred reactors and flame
experiments and (iii) flame measurements of laminar burning velocity. Typically, these mechanisms for
hydrocarbon and oxygenated hydrocarbon systems are generated in a hierarchical way, starting first with the
hydrogen/oxygen system, thereafter adding a carbon monoxide/carbon dioxide subset, followed by
formaldehyde, methane and other larger C,-C,, species.

This work will discuss the development of detailed chemical kinetic mechanisms in the context of hierarchy and
range of validation. Some typical problems associated with these mechanisms will be discussed and some ideas
on how they may be addressed will be explored. Moreover, the application of detailed kinetic mechanisms to
fuel flexibility in gas turbines will be explored in some more detail.

19



20



Phase space structure of complex chemical-kinetic mechanisms: Low-dimensional
manifolds for homogeneous chemical kinetics and 1-d premixed flames

Michael J. Davis

Chemistry Division
Argonne National Laboratory
Argonne, IL 60439
Email: davis@tcg.anl.gov

Figure 1 shows a typical result for one-dimensional premixed flames. The mass
fractions for several species are plotted vs. the distance from the burner.

co,

logY

Fig. 1

These results were generated for the formaldehyde/methanol/CO mechanism of Dryer
and co-workers. The mixture mole fractions at the burner were: 3/7 CO, 2/7 O», and 2/7

Hy, with T =300 K. This result is extended in Fig. 2 to two additional flames, which
have different mixtures at the burner and different initial temperatures in Fig. 2. The

additional flames have the following mixtures and temperatures: 1) 1/6 CH,O, 1/3 CO,
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Fig.

2
Three Flames
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1/6 Hy, 1/3 O, and T =855 K, 2) 0.08 CH30H, 0.42 CO, 0.17 H, 0.33 O3, and T =
809 K.

As Fig. 2 indicates, the behavior of flames can be very similar away from the
burner (x > 0.2 cm in the figure), even when the mixtures and temperatures are different
at the burner. Figure 3 makes this point more strongly, by plotting projections of these

0.012

0.008

0.004 =

{} 1 1 1 1 1 1 1
600 900 1200 1500 1800 2100 2400

Fig.3 TE

flames in phase space. This figure makes it clear that the steady flames are approaching a
one-dimensional manifold in phase space, although they reach the manifold at different
spatial locations (at the dot the spatial locations are 0.98, 1.05, and 1.25 cm).

The purpose of this talk will be to discuss the phenomena observed in the figures
in terms of the phase space structure of the system. The talk will also put the behavior in

22



the broader context of the composite phase space structure of a chemical-kinetic
mechanism. Additional topics of the talk will be: 1) how the phase space structure in the
flame compares to the phase space structure of the homogeneous chemical kinetics, 2)
how the phase space structure changes with stoichiometry, pressure, and enthalpy, and 3)
how the phase space structure of this mechanism compares to other hydrocarbon
mechanisms. In particular, the latter topic will lead to a comparison of the Princeton

methanol mechanism with the C3 mechanism developed at Galway for the lowest
dimensional manifolds.
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Abstract— This paper presents recent progress on the use
of Computational Singular Perturbation (CSP) techniques
for time integration of stiff chemical systems. The CSP
integration approach removes fast time scales from the reac-
tion system, thereby enabling integration with explicit time
stepping algorithms. For further efficiency improvements,
a tabulation strategy was developed to allow reuse of the
relevant CSP quantities. This paper outlines the method
and demonstrates its use on the simulation of hydrogen —
air ignition.

I. INTRODUCTION

The dynamics of chemical systems exhibit a wide
range of time scales, with associated stiffness of the
governing equations. This stiffness, and the significant
complexity of chemical kinetic models, both lead to
substantial challenges with the computation of chemical
systems. Chemical model simplification and reduction
strategies typically target these challenges by reducing the
number of reactions and/or species in the model, with
associated reduction in model complexity. When done
properly, this strategy also reduces the system stiffness.
Alternatively, the Computational Singular Perturbation
(CSP)-based time integration construction of [1] uses
CSP analysis to project out the fast time scales from
the detailed chemical source term, thereby rendering the
equations non-stiff. The promise of this approach is that
explicit time integrators can be used for large-time step
integration of the resulting non-stiff source terms, with
associated computational speedup as compared to implicit
time integration of the non-filtered detailed source term.
Further, this can very well eliminate the need for operator-
split time integration of reaction-diffusion source terms.
Moreover, by tailoring the projection operators to the
local chemical state, optimized adaptive strategies can be
implemented.

The key challenge with this time integration approach,
however, is the large computational cost of solving for
the requisite CSP information and the resulting projection
matrices. This is where tabulation comes in. By adaptively
storing and reusing the CSP information, the significant
CSP overhead can be drastically reduced, leading to an
efficient overall implementation. We have explored the
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utility of tabulation of CSP quantities and their reuse for
time integration in earlier works on elementary model
problems [2], [3]. Our tabulation strategy is based on the
Piecewise Reusable Implementation of Solution Mapping
(PRISM) [4] technique, whereby the chemical configu-
ration space is suitably and adaptively subdivided into
hypercubes within which low order polynomial response
surfaces are used to represent the quantities of interest. In
the current work, we extend this approach by using kd-
trees [5] to efficiently store the CSP information along
manifolds in the chemical configuration space, without
requiring a priori partitioning of this space.

The paper first outlines the use of CSP analysis for
integrating chemically reacting systems, illustrated on the
simulation of Hy — air ignition. Next, the tabulation ap-
proach is introduced and employed on this same reacting
system. We illustrate the performance of the integrator,
and highlight the role of the CSP homogeneous projection
operation in the table construction and subsequent time
integration of the system.

II. BASICS
Consider the chemical system described by

dy

dt
where y € IRY, and g(y) is the chemical source term.
The CSP basis vectors {ay}2_, and covectors {b*}1_,,
all in IRY, enable the decoupling of the fast and slow
processes, and the identification of low dimensional slow
invariant manifolds (SIMs) [6]. Thus, we have

9(y) ey

dy
-, = = as slow 2
w9 Gtast + sl (2
= aif'+axf’+-- +anf¥ 3
where f' = b’ - g, for i = 1,2,..., N. After relaxation
of fast transients, with /M modes exhausted,
M
Jfast — Z a'r’fr ~ 0 (4)
r=1
N M
gslow — Z asfs = (I - Zarbr)g = Pg (5)
s=M+1 r=1
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Fig. 1. Evolution of temperature (normalized by Tp = 300 K) in an

igniting lean Ho—air system, using an implicit solver (blue solid line), the
CSP solver (red solid line), and the CSP solver with tabulation (black
dashed line). All three approaches are in good agreement, except for
minor differences in the ignition time delay.

The CSP integrator [1] proceeds in each time step by first
integrating the slow dynamics of the system, followed by
a homogeneous correction (HC) to correct for the fast
time scales:

t+At
gt+At) = yt)+ / Pgdt’ (6)
t
M X
y(t+ A = glt+AH)— > an|f" ()
m,n=1
fro= 0" gly(t+ Ab)] ®)
where 77" is the inverse of A}, given by
db?’n
A'"L — b'IYLJ n 9

and J is the Jacobian of g. Note that the time integration
of the slow dynamics can be done using any suitable time
integration procedure. Also, the matrix 7, is diagonal
with entries the time scales {74 }2_, when the CSP basis
vectors are chosen to be the eigenvectors of J and the
curvature of the SIM is neglected, i.e. db™/dt = 0.

III. APPLICATION TO Hy—AIR IGNITION SYSTEM

The CSP integration method outlined in the previous
section was applied to the simulation of ignition of a lean
homogeneous Hs—air mixture at a temperature of 1T° =
1000 K. The system is modeled using a 9 species reaction
mechanism, resulting in a total state space dimension of
N = 10 (9 species + temperature) [7]. Fig. 1 compares
the predicted temperature evolution obtained with a full,
implicit integration (using CVODE), and with the CSP
integrator (using the explicit RKC integration scheme).

The CSP integrated solution is in good agreement
with the full solution, except for a small difference in
the ignition time delay. The CSP approximation can be
improved by selecting a smaller time step factor a,, where
« is the integration time step as a fraction of the first non-
exhausted time scale Tp41: At = o~ Tas41. As shown in
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Fig. 2. Close-up of the ignition zone of Fig. 1. The CSP approximation
converges to the implicit solution with decreasing time step factor « :
At =o-Tpr41.

Fig. 2, cutting the time step factor to 0.5 greatly improves
the accuracy of the predicted ignition time.

As the reaction progresses, the number of exhausted
modes M, and the associated CSP radicals change ac-
cording to the reaction dynamics. Fig. 3 indicates that the
system initially has two exhausted modes, followed by a
time window during ignition where all modes are active,
after which M gradually increases up to three at late time,
as more and more modes become inactive.

IV. TABULATION

While the CSP integrator provides an effective way to
remove stiffness from the reaction system, the approach
is still computationally expensive given the high cost of
determining the CSP vectors and covectors a and b,
as well as the associated time scales. To improve the
efficiency of the CSP integrator, a tabulation approach
has been developed to enable reuse of the essential CSP
quantities: the M fast CSP vectors and covectors, as well
as the M + 1 fastest time scales, which are sufficient to
assemble the slow-manifold projector P needed for the
HC and CSP integration, and to select the time step along
the slow manifold.

While other methods have relied on tabulation of in-
tegrated source term data over the chemical state space
before [4], [8], the combination of CSP with tabulation
is particularly powerful as CSP effectively reduces the
needed dimension of the tabulation. As the CSP vectors,
covectors and time scales can be modeled as functions
of the active modes only, it is sufficient to tabulate these
quantities in an N — M dimensional table, rather than
having to cover the full N-dimensional state space. For
example, for the Ho—air system studied here, tabulation in
a 7-dimensional table is sufficient for the section(s) of the
10-dimensional state space where 3 modes are exhausted
(see Fig. 3).

Starting from a number of design points in state space,
successive HCs are applied to identify SIMs in the system.
Each SIM is characterized by a unique value of M and the
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Fig. 3.  Evolution of the temperature and the number of exhausted
modes, M, as obtained by the CSP integrator (green) and the CSP
integrator with tabulation (red). The species labels indicate the CSP
radicals corresponding with the exhausted modes.

associated CSP radicals. The extent in IRY within which
each manifold is valid is assumed to be the smallest box,
aligned with the Cartesian coordinates (7, Y7,...,Yy),
that encompasses all design points that are attracted by
the manifold.

For each identified SIM, the tabulation of the associated
CSP information relies on a nonparametric regression ap-
proach, which offers a high degree of flexibility as it does
not depend on any pre-determined spatial partitioning.
Information is retrieved using efficient nearest-neighbor
searches through kd-tree data structures that cover the
N — M dimensional slow species space [5], and new data
can readily be added to the table as it becomes available.
In the current implementation, the CSP information is
approximated with the corresponding values at the nearest
neighbor point in the table, which amounts to a 0-
order interpolation. Higher order interpolations, relying on
interpolation between nearest neighbors or on polynomial
response surfaces [2], [4], are the subject of ongoing
work.

As indicated in Figs. 1 and 2, the temperature profile in
the ignition simulation with the tabulation approximation
matches the predictions with the regular CSP integrator
very well. While showing overall good agreement, Fig. 3
does reveal small differences in the number of exhausted
modes with and without tabulation in a small time span
right before ignition, at ¢ =~ 0.1 s. However, those differ-
ences seem to have no significant effect, as illustrated by
the overall good agreement between the CSP predictions
with and without tabulation of the temperature profile, as
well as the O, and H2O2 species mass fractions shown
in Fig. 4.

In [2], the CSP integrator combined with a tabula-
tion approach was shown to be competitive with direct
CVODE integration in terms of CPU cost. The perfor-
mance of the present tabulation scheme, as a function of
the table size, system and manifold dimensionality, degree
of stiffness, and desired accuracy is currently under study.
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Fig. 4. Mass fractions of O2 and H2O2 using the CSP integrator with
(black dashed line) and without tabulation (red solid line). The tabu-
lation approximation is in excellent agreement with the non-tabulated
integration.

V. CONCLUSIONS

This paper demonstrated the use of CSP to auto-
matically reduce the stiffness in reaction mechanisms,
enabling their integration with efficient explicit time step-
ping algorithms. To improve the computational efficiency
of this approach, a tabulation method has been developed
that enables efficient reuse of CSP information. The ap-
proach was shown to give good results for the simulation
of ignition in a Ho—air mixture with a 9 species model.
Ongoing work focuses on further improvement of the
efficiency and accuracy of the tabulation approach.
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Reduction and Equivalence of Nonlinear
Distributed Symmetric Control Systems
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Abstract— This paper considers the ‘reduction’ problem
for large-scale distributed control systems. In particular, °
we consider control-theoretic concepts for control systems
containing multiple instances of identical controllers or

components where the overall system is invariant with re- e
spect to interchanging these identical components. The main
results are invariance of controllability, motion planning

and optimal control properties for an equivalence class of C

O O3
symmetric systems of this type. / \ ‘
. INTRODUCTION o e
)

This paper considers nonlinear control-theoretic prop- A
erties of large-scale distributed systems, which consist of, ee
perhaps many, interconnected subsystems. Since the size ‘
of these systems can make analysis difficult or intractable,
the aim of this work is to exploit symmetry properties Fig. 1. An eleven node distributed system.
of such systems to reduce their complexity. Unlike most
model reduction problems, the approach herexactin

that some control-theoretic properties are equivalentin th(]n.he method presented in this paper constructs a formal
reduced order model and large model. P pap

) . . means of determining whether subsystems can be inter-
The type of symmetry we consider is when certain

bsvst fih il svst be interch dwi hanged without altering the global system characteristics.
subsystems of the overall System can be interchangedwi urthermore, this method can be used to then determine

other subsystems without changing the dynamics of thﬁ a symmetric subsystem can be added without altering

overall system. The general idea is that a distributed syss—fome of the control-theoretic properties of the system.

_tem is comprised of set_s of multiple, repeate_d instances 9% such a case, computations involving the “small” sym-
identical hardware, which naturally can be interchanged,. . . . : .
N 2~ “metric systems will provide a means to determine these
We represent such symmetric distributed systems using a . :
raph-theoretic representation, as illustrated in Figure 1propert|es for larger, symmetric systems.
grap P ' 9 " There have been many efforts toward controllability
Each node of the graph represents a subsystem of &

- i . distributed systems [3], [5], [14], [1] and distributed
overall system, and if each of the nodes 2-11 are identica . -
the system is characterized by ah, symmetry (the ystems with symmetry [6], [15]. These efforts are limited

) L to linear systems; however, this paper considers fully non-
symmetric group of ordet0), which is a consequence y pap y

linear systems. There have also been many efforts toward
.Of the fact thaj[ each of.the subsystems 2-11 can b(Feducing nonlinear mechanical and control systems [8],
interchanged without altering the system.

When a subsystem is interchanged, the input/outp 21 [7], [10], 111, [2], [20], [21]. A similar approach

" fth bsvst t mateh the inbut/out as considered by Tanaka [19], [18], [17]; again, those
connections ot the subsystem must match the inputiou PYLsults are limited tdinear controllability, as opposed to
connection of the replaced subsystem. For exampl

&he full nonlinear controllability considered in this paper.
consider a team of mobile robots working together to v pap

manipulate an object. Suppose that each robot transmit. DRIFTLESS SYMMETRIC NONLINEAR DISTRIBUTED
its horizontal position to one neighboring robot and its SYSTEMS

vertical position to another. Clearly, if this robot is to A  Nonlinear Distributed Systems

be replaced by a similar robot, the system would only
work if the correct,i.e., horizontal or vertical, position

This overview is based upon our previous results

) . . . in [12]. We will consider smooth analytic driftless systems
is transmitted to the correct neighbor since each of the [12] Y Y

. . . : ?f the form
neighbors are expecting and acting on a particular type o
information. For the system in Figure 1, for example,node2 : & = g1 1(x)u11 + g12(x)ure + - (1)
2 must interact with node 3 in the same manner that node + gon(@)ust + goo(@)uss + -

6 interacts with node 7, otherwise the dynamics of the
overall system will be altered if they were interchanged.
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+ gni(@)un1+ gn2(@una+--- x €M,  g;r. Again, to avoid unnecessary notational complexities,
where M is a smooth manifold and,, are smooth we will then Qrop the'thlrd subscrlpt (mdgxmg to yvh|ch
' control input in nodei the vector fields is associated)

analytic vector fields od/. , andu = {us,...,u,} € U, .
wherel{ is the set of admissible controls. We assume tha%nd useF;.; to represent therdered sebf vector fields,

o . ij = {Eij1-Eija,. ..}
the set of admissible controls is a subseRdéfsuch that, Let 7, — {VL o -,ng} be an ordered set of vertices

Aff(U) =R, which are connected tb; by edges directed from¥; to
the elements of; and letE; = {E,; ,...,E,; } be an
%dered set of edges directed framto elementd/;. The
fnanner by which/; and E; are ordered is determined by

where Aff(i{) denotes the affine hull dff. Since we are
considering distributed systems, the system is assumed

be organized into subsystems, corresponding to which al i A
interactions and/or communications between nodes. Note

certain vector fields and control inputs. In Equation (1), h derindy: i oical h
the first subscript on thg's andu’s indexes the subsystem that or e_rlngVi IMpOSes some topologica strqcture on the
system; in particular, for nodes that can be interchanged,

to which the vector field and control input corresponds,

and the second subscript indexes different vector fieldgqetvi sets must be ordgrgd ident.ically V\_’ith re;pect to their
and inputs within that subsystem. To avoid notationalne'ghbors so that their interactions with adjacent nodes

clutter, if a vector field only has one subscripé,, g:(z), are the same before and after they are interchanged to

then it represents therdered sebf vector fields associ- Maintain invariance of the overall system dynamics.

ated with node, i.e., g;(x) = {9i1, gi,2, - - -} Similarly,

u; would represent the ordered set= {u;1,u;z2,...}.

Any property defined for single-subscripted vector field Now we will consider what it means for a nonlinear dis-

is understood to apply to each member in that set. tributed system to be symmetric. This will be represented
Elaborating further on the distributed nature of theby the fact that vector fields from various nodes will, in

system, we assume that is partitioned into a set of some sense, be equivalent. Since the vector fields directed

m regular submanifolds)/; such thatM is the Cartesian from different nodes are defined on different spaces, we

product of the)M;, i.e. M =[], M;. Each submanifold need a definition of equivalence which is more than just

M; represents aubsystemmodule nodeor component requiring that they be “identical.”

of the distributed system (all these terms will be used Definition 1: Two vector fieldsg; And g» are equiv-

interchangeably). For example, in a system of cooperatinglent, denotedg; ~ g2, if there exists a diffeomorphism,

robots, each\/; would represent the configuration space : M — M, such that

for one robot in the system ar{di; 1, u; 2, ...} would be

the control inputs for that robot. Yo g1 (W) = g2 (¥ (W))

Since, it is often the case that the dynamics of AN\ here W is an open set. Equivalently, we can define

one module or node is only affected by its own controller o )
. E; ; ~ Ei; by only considering thejth andith com-
and states as well as the control inputs and states of 5?” ki DY Oy g

limited subset of the other nodes (usually its neighbors onents Of.gi. ?ndgk’ respectl.vely. . .
oy - . The definition of vector field equivalence applies to
and to help aid in providing a clear presentation, we

will utilize a graph-theoretic representation of distributedgeneral submanifolds without any assumptions regarding

systems. Formally, we define the digraph of a nonlinethe relationship between the coordinate systems defined

. : on different nodes; however, often each node will be
control systemy, written asGs, to be the pair V,E) . . ) )
o ; designed with a complimentary coordinate system so
consisting of a set of vertice¥ = {V3,...,V,} and that the diffeomorphismy), in definition 1 is a simple
the set of edges, denoted B, which are ordered pairs P ' P

of elements ofV. Each vertex represents one module permgtatlon O.f _states and the open %ft Is the vyhole
M;, ie., V; = M, The edge directed fron¥; to V/, domain of validity of the system equations. Equivalence

E., — {V,,V;} € E, represents a vector field which among vector fields can often be determined by inspec-

maps elements of the verticés and V; to the tangent tion; howeve_r, t.h|s inspection is typically on an edge—
. . by—edge basis in contrast to the computational approach
space of the end-point vertéx i.e.,

involving the full control vector field.

Ei; :VixV;=TV;. Recall that the symmetric group of ordgl, denoted
Sp, is the group of permutations of objects and that
such a permutation of a sé&f = {1,...,p} is a one-to-
one mapping ofX onto itself. Such a permutation is
&vritten

B. Symmetric nonlinear distributed systems

The edgeFE,; ; is the sum of thejth components of
the ¢, x(z)'s from Equation 1 that multiply the control
inputs associated with nodelf it is necessary to further
distinguish the edges by representing to which vector fiel 1 9
within the subsystem it is associated, a third subscript can p=

. ki ke - Ky
be addedi.e.,
which represents that is mapped tok;, 2 is mapped
to ko, etc Given an equivalence relation among vector
This edge E; ; , still maps between the same spaces, bufields, we now define a symmetric nonlinear distributed
the third subscript indicates that it is thith component of system.

Ei,j,k : ‘/z X ‘/J — T‘/J
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Definition 2: Let asymmetry orbitO C V, be a subset planning algorithm and the third to preliminary results
of V containingp verticesj.e.,O = {Vi,, Vi,,..., Vi, },  for optimal control of such systems.
let F = V \ O be the subset o/ containingn — p

fixedvertices,i.e., F = {Vy,,..., Vs, _ 1, let Vi, be the A. Nonlinear Controllability

ordered set of vertices connecteditg, and letp € S,,. Given an open sét C M, defineR" (xo, T) to be the
The systenE is asymmetric nonlinear distributed system Set of states: such that there exists : [0,7] — U that
if steers the control system from(0) = x¢ to z(T") = x;
_ and satisfies:(t) € W for 0 < ¢ < T, wherel{ is the set

Gk ~ Ypksy  Vi€A{l,...,p} andVp € S, of admissible controls. Define
Equivalently, a system is a symmetric nonlinear dis- R (20, <T) = U RY (20, 7). (2)
tributed system if 0<r<T

E ;i ~E v &, and Ep  ~E & o, We will refer to RW (zo,< T) as the set of states

3Kl P( )Lap( )l 1y P( ),P( )L )
- reachable up to timé&".

Vk € {ki, ... kp}, Vi€ {L,... (ki)m}, andVp € Sy, Definition 4: A system issmall time locally control-

Before we define nonlinear symm_etric system equivajgple (‘'STLC’, or simply ‘controllable’) if RV (z, < T)
lence, we need to develop a technique which allows Ugsntains a neighborhood af for all neighborhood§y’
to compare the relative size of two systems. Bgtand  of ;. and7 > 0.

Y5 be symmetric nonlinear distributed systems and let | gt ¢ denote the smallest subalgebralot (M) (the
Go, = {V1,Eq} and Gy, = {V2,Ez} denote their e aigebra of smooth vector fields on a manifald
corresponding digraphs. We say tat, > Os, if the  \ynose product is the Lie brackel, ]) that contains
number of vertices inGy, is greater than the number g1s-..,gm. If dim(C) = dimM at a pointz, then the
of vertices ings,. Now nonlinear distributed system gystem described by Equation 1 satisfies ltiee Algebra
equivalence is defined as follows. _ _ Rank Condition('LARC’) at z. The following is well

Definition 3: Let X; and X» be symmetric nonlinear nown as ‘Chow’s Theorem.’

distributed systems ands, > Gs,. Since each systtm  Theorem 5:f the system described by Equation (1)

is a symmetric nonlinear distributed system there existatisfies the LARC at a point, then it is STLC from
symmetry orbitsO; C V; and Oz C V3 containingp

. 2 Zo.
andq (p > q) vertices, respectively,e., The following is the main controllability result.
01 = {Virys Vik)as - > Vikn), } Proposition 6: If any one mgmberzn, of the equiva-
lence class of symmetric distributed control systemss
and STLC, then all members of the equivalence cldsse X
02 = {V(k2)1 s Vika)ar -+ s V(k2)q}- wherei > n of symmetric distributed control systems are
STLC.

The systemsl; andY; areequivalent symmetric nonlin-
ear distributed systemié

1) Ek-,(l;l)l :‘“ Ekv(];l)2 Vk S {kl,...,kq},vl S

The proof is a straight-forward construction that makes
use of the fact that diffeomorphisms are natural with
respect to Lie brackets. A similar theorem for nonlinear

{1 (B)m} ) systems with drift based on the usual good/bad bracket
2) F1=V1\0; andF; = V2\ O, containthe same (et due to Sussmann [16] is similarly obtained.
number of vertices,e.,F; = Fa = {V4,..., Vi, },
and B. Nonholonomic Motion Planning
3) Ek_’(,;l)l ~ Ek_’(,;l)Q Vk € {1,....,m},Vl € Symmetries may be exploited in distributed systems for
{1,..., (]Z;l)m}_ motion planning purposes. Space limitations prevent their
Denote the equivalence class of systems defined by thigclusion here. An interested reader is referred to [13].
equivalence relation by. C. Optimal Control

Equivalence between symmetric nonlinear distributed : L .
. . The ultimate goal for considering the optimal control
systems requires that every member have an equivalent

. ! roblem are similar reduction resultse., solving the
input/output structure and the same number of fixed .. = . .
. = optimization problem for a smaller system and using the
nodes. Furthermore, corresponding elements;af each o
X . results for a larger system. Initial results related to the
system must be vector field equivalent. Note, not all

; . bifurcations of optimal solutions appear in [4]. We adopt a
digraphs have the same number of vertices and edges, sO_ ... . ) : ;

: : o implified version of the robotic unicycle as a prototypical
the comparison is only between elements that exist in eac

digraph. To illustrate the notation used in the definitioandeI' The simple kinematics of this kind of robot are

of system equivalence, consider the following example. described by

y = u3.

Ill. RESULTS

This section presents three main classes of results
for symmetric distributed systems. The first is relatedThe problem is to find the controls,, (¢),u;,(t) for
to controllability, the second to a constructive motioneach robot; which steer a formation of robots of this
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type from the start configuration to its goal configuration,
while maintaining a rigid body formation at the beginning
and end of the trajectory and minimizing the global
performance index

J= /Otf é ((uil)2 + (ui2)2) + :l_illk (di — 3)2 dt

subject to the robotic kinematic constraints in Equation 3,
wheren > 2 is the number of robotsd; = ((z; —
zi11)? + (yi —yig1)?)Y/? is the Euclidean distance from
ith to (i + 1)th robots,d is the desired distance between
two adjacent robots, an@ is a non-negative weighting
constant. The cost function minimizes a combination of
the control effort (first summation) and the deviation from
a desired formation (second summation). Bifurcations in
the nature and the form of the solutions are illustrated in
Figure 2 for a system of seven robots.

REFERENCES
[1] Lubomir Bakule, Jose Rodellar, Josep M. Rossell, and Pere Rubio.
Preservation of controllability-observability in expanded systems.
IEEE Trans. Auto. Control46(7):1102-1107, July 2001.
Anthony M. Bloch, P.S. Krishnaprasad, Jerrold E. Marsden, and
Richard M. Murray. Nonholonomic mechanical systems with
symmetry. Arch. Rational Mech. Anal.136:21-99, 1996.
J. P. Corfmat and A. S. Morse. Decentralized control of linear
multivariable systemsAutomatica 12:479-495, 1976.
Baoyang Deng, Mihir Sen, and Bill Goodwine. Bifurcations and
symmetries of optimal solutions for distributed robotic systems. In,
Proceedings of the 2009 American Control Conferericeappear.
P. Fessas and M. Mansour. Single-channel controllability of
interconnected systems.|IEE Proceedings-D, 138(3):207-209,
1991.
M. Hazewinkel and C. Martin. Symmetric linear systems: an ap-
plication of algebraic systems theoryt. J. Contro| 37(6):1371—
1384, 1983.
Jair Koiller. Reduction of some classical non-holonomic systems
with symmetry. Archive for Rational Mechanics and Analysis
118(2):113-148, 1992.
Jerrold E. Marsden, Richard Montgomery, and Tudor S. Ratiu.
Reduction, symmetry and phases in mechariidésm. Amer. Math.
Soc, 436, 1990.
Jerrold E. Marsden, Richard Montgomery, and Tudor S. Ratiu.
Redumction, symmerty and phases in mecharliésmoirs of the -
Americal Mathematical Society8:Nr. 436, 1990.

(2]

(3]
(4]

(5]

(6]

(7]

(8]

El

[10]
double spherical pendulunZAMP, 44:17-43, 1993.
[11]
equations.Fields Institute Communicationd:139-164, 1993.
M. Brett McMickell and Bill Goodwine. Reduction and nonlinear
controllability of symmetric distributed systemsinternational
Journal of Contro] 76(18):1809-1822, 2003.
M. Brett McMickell and Bill Goodwine. Motion planning for
nonlinear symmetric distributeed robotic systemsternational
Journal of Robotics ResearcB6(10):1025-1041, October 2007.
D. D. Siljak. Decentralized Control of Complex Systemslume
184 of Mathematics in Science and Engineeridgcademic Press,
1991.

[12]

[13]

[14]

[15]
decentralized controller synthesis for a class of large-scale sys-
tems with symmetrically interconnected subsystemstomatica
27(2):383-388, 1991.

Hector J. Sussmann. A general theorem on local controllability.
Siam J. Control and Optimizatior25(1):158-194, 1987.

Reiko Tanaka and Kazuo Murota.
controllability of symmetric control systems.Int. J. Control|
73(3):254—-264, 2000.

Reiko Tanaka and Seiichi Shin. Fearful symmetry in system
structure. InThird International Symposium on Autonomous
Decentralized Systempages 137-146. |IEEE, 1997.

[16]

[17]

[18]

32

Jerrold E. Marsden and J. Scheurle. Lagrangian reduction and the

Jerrold E. Marsden and J. Scheurle. The reduced euler-lagrange -0

Quantitative analysis for[21]

0.8

—
0.2
0.6 / i
0.4 0 ~ ——
—
0.2 -0.2 =
]
-
0 -0.4
0.2 e S
~—~— -0.6
0.4 —
~ -0s8
06
0 5 10 15 20 25 30 0 5 10 15 20 25 30
k k
0.8
g 0.8
0.6 7 0.6 o
" 04
04 0.2
] . P
02 = o —
— | e ————
I e 0.2 B
0
-§§Q§ -0.4
0.2 06 T
S~ 038
0.4
0 5 10 15 20 25 30 0 5 10 15 20 25 30
k k
0.4 —
— 0.8
0.2
] 0.6
o _éé
T~—=—— | o4
02 -
~ o2 %;///i
0.4 /—<\\
M~ 0 —
-0.6 \ ]
~ 02
038
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Fig. 2. Bifurcation diagrams for a 7-robotic sys-
tem, robots 1 through 7, respectively.

M. K. Sundareshan and R.M. Elbanna. Qualitative analysis anq19] Reiko Tanaka, Seiichi Shin, and Noboru Sebe. Controllability of

autonomous decentralized systems. Symposium on Emerging
Technologies & Factory Automatippages 265-272. IEEE, 1994.

] Arjan van der Schaft. Symmetries and conservation laws for

hamiltonian systems with inputs and outputs: A generalization of
noether’s theorenmSystems & Control Letterd(2):108-118, 1981.
Arjan van der Schaft. Partial symmetries for nonlinear systems.
Mathematical Systems Theod8(1):79-96, 1985.



Analysis of a Stiff Limit Cycle:
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Abstract— A 22-D glycolysis model is analyzed with CSP,
when it exhibits an oscillatory (limit cycle) behavior. Due to
the action of a number of fast dissipative timescales and of
significant decouplings, it is shown that the limit cycle lies
in a 3-D subdomain.

I. INTRODUCTION

The construction of complex mathematical models
in biology and genetics demands the development of
particular algorithmic tools for the acquisition of the
desired physical understanding. As a result, a number of
methodologies have recently been developed in order to
construct simplified models that are of low dimension but
retain all the significant features of the full model. These
methodologies have been employed successfully for the
analysis of a large number of problems in the field of
biochemistry, e.g. [1]-[5].

Simplification of large and complex nonlinear math-
ematical models is mainly based on the presence of
very fast dissipative time scales, which quickly become
exhausted, allowing slower scales to characterize the
evolution of the physical process. These fast time scales
do not affect the progress of the system directly, but they
simply constrain its evolution in a low dimensional space.
This situation is usually defined as stiffness and the low
dimensional space, where the system evolves according
to the slow time scales, is defined as a slow manifold.

Here, the CSP algorithm [6], [7] will be employed for
the analysis of a model describing the glycolysis cycle
of intact yeast cells as a homogeneous two-phase (intra-
cellular/extracellular) system [8]; the kinetics of which
involves 24 reactions among 22 metabolites, as shown
in Table I. Being one of the most significant topics in
biochemistry, glycolysis has been the subject of extensive
study.

For the 22-dimensional glycolysis model and the os-
cillatory regime examined here, CSP analysis shows that
the long term evolution takes place along a 3-dimensional
limit cycle. This feature is the result of (i) the existence
of two conservation laws, (ii) the development of ten
dissipative fast time scales, which force the trajectory to
move on a 10-dimensional slow manifold and (iii) the
effective decoupling on this manifold of three dimensions
from the remaining seven; the latter being practically
decoupled from all other dimensions of the problem as
well.
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TABLE 1

REACTIONS IN THE DETAILED MODEL [8]
1 — Glcg
2 Gley < Gle
3 Gle + ATP — G6P + ADP
4 G6P < F6P
5 F6P + ATP — FBP + ADP
6 FBP «— GAP + DHAP
7 DHAP « GAP
8 GAP + NADY « BPG + NADH
9 BPG + ADP < PEP + ATP
10 PEP + ADP — Pyr + ATP
11 Pyr — ACA
12 | ACA + NADH — EtOH + NADT
13 EtOH < EtOH,
14 EtOH, —
15 | DHAP + NADH — Glyc + NADT
16 Glyc < Glycy
17 Glycy —
18 ACA — ACA,
19 ACA; —
20 ACA; +CN, —
21 — CN,
22 G6P + ATP — ADP
23 ATP — ADP
24 ATP + AMP «— 2 ADP

II. THE LiMIT CYCLE

The governing equations are of the form of the N-dim.
system:

d
d% =Q ' (SiR' +..+SyRY) =g(y) (D

where the elements of the N-dim. column vector y are the
concentrations of the metabolites (mM), ¢ is time (min),
the N-dim. column state vector S; and the scalar R*
denote the stoichiometric vector and rate, respectively, of
the k-th reaction (see [8] for the expressions for the reac-
tion rates). The N x N matrix Q is diagonal, its entries
equaling either unity for the intracellular metabolites or
the ratio of the extracellular volume to the total volume
of intracellular cytosol, y,,;, for the extracellular ones.
The oscillatory behavior of the glycolysis model is
displayed in Fig. 1, where the evolution of the concen-
tration of nicotinamide adenine dinucleotide (NADH) for
the period 0 < ¢ < 100 min is displayed; the behavior
of the other metabolites being similar. This oscillatory
motion develops as various transient components die-out,
is characterized by a frequency w, = 27/T ~ 10 min—!
and evolves around a limit cycle. As is depicted in Fig. 2,
for the interval 450 < t < 500 min in which all fast



initial transients are exhausted, fully oscillatory motion is
established along a limit cycle at sufficiently long times;
the structure of the cycle suggesting that it occupies a
low-dimenisional subspace.

T

a)

<

Z
9‘9 100
time

Fig. 1. The evolution of the NADH concentration (mM) with time

(min) during the period 0 < ¢ < 100 min. On the right, magnification
when fully oscillatory motion is established.

0,125F g
22t b
o T
= <
< S
2,0r 1
0,115+ b
2,65 2,‘75 2,65 2,‘75
[Glc] [Glc]
Fig. 2. The trajectory on the [Glc| - [ATP] and the [Glc| - [GAP]

planes, during the period 450 < ¢t < 500 min.

III. CSP RESULTS

Using CSP, various simplified models can be con-
structed when the solution evolves along the limit cycle,
providing different levels of accuracy. Shown in Fig. 3 is
the accuracy provided when six or ten fast modes are
considered exhausted (M=6 or 10). Since 711 ~ Wech,
M=10 provides the maximum simplification possible.

Fig. 3.  M=6, 10. The relative error of [ATP] and [GAP] when
comparing the solutions of the full and simplified models.

The better accuracy provided by the M=6 simplified
model, relative to the one provided by the M=10 one, is
due to the fact that a larger time scale gap exists in this
case; i.e., 7¢/77 is smaller than 710/711.

Considering the M=10 case, CSP data indicate that the
ten fast time scales affect the most the ten variables:

y" = ([BPG),|[GAP),|[AMP],[PEP],[F6P],
[NADH],[DHAP],[ACA], [Glc], [EtOH])T

where [X] denotes the concentration of X in mM, the
rates of change of which relate to that of the remaining
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twelve variables with the relation:

' S
dy r dy
- = G, =~ @
dt dt
where G is a N x M matrix [9] and
S
v = ([ATP),[G6P),[ADP], [FBP],[NAD*]
[Glyc], [Pyr], [Gles], [EtOH,), [Glycs],
+1\T
[ACAL], [CN,])
8PG GAP
BPG ATP GAP _ATP
atp 9 atp 9
BPG _GEP GAP_GEP
Gop 9 op 9
BPG ADP GAP _ADP
'aop 9 app 9
BPG FBP GAP_FBP
rep 9 rep 9
BPG NAD GAP _NAD
NaD” 9 NAD"
50 50
__AWP =
]
5x10-1 L o G/:V\Tn: ATP o GiETPP &
AP G GZE; o
AMP_ADP PEP _ADP
0 — Gaop — Guor
AMP_FBP PEP FBP
Gegp Grgpd
. __ ~AMP _NAD'| __ ~PEP NAD"
5x10™ Cap’ Grao'
.
48 49 50 50
time time
Ax10F = 2x10
/\ __ FeP __ NADH
) [¢)
pa0tf | [\ |emem | v g
F6P _GOP NADH _G6P
P\ Goerd Goer 9
0 F6P _ADP 0 NADH _ADP
/ — Gaopd — Gaoe
! F6P _FBP GADH FBP
2107 Gz::g D 0™ f S:;H gNAD‘
~ Guap' 9 ~ Gao'
-1 . 1 .
410 45 49 o0 Y P %
time time
o T
1x10° 1 — P __ ACA
o Gi::p ATP 1x10* o G:?:gﬂp
DHAP_GGP ACA_GEP
0F GGBP = GGGP
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G G d”
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time time
Fig. 4. M=10. The evolution in time (min) of the M components

in the LHS of Eq. (2) and the most important additive terms of the
corresponding components in the RHS; i.e. g* (i=1,M) and of the largest

Gig* (k-1,N-M).

Shown in Fig. 4 are the ten components in the LHS of

Eq. (2) along with the most important additive terms of
the corresponding components in the RHS. Inspection of
the displayed data reveals that the rate of change of the



variables in y” depends on the rate of change of only five
elements of y*, namely:

sl ([ATP], [G6P],[ADP),[FBP],[NAD*])T

y

being independent on the rate of change of the rest:

([Glyd], [Pyr], [Gle,], [EtOH,], [Glyc,],
[ACALL [CN)T

y52

Further analysis indicates that the rate of change of y*2
decouples not only from y” but from y*' too. The validity
of this statement is demonstrated by the results displayed
in Fig. 5, where the solution of the original model is
compared with that of a perturbed model; the latter
consisting of the original model in which the magnitude
of the rate of change of the variables in y*? is increased
by 20% for all times after ¢ = 25 min. Both solutions
were computed on the basis of initial conditions lying on
the limit cycle.

16.7495 16,7495
= - original =
g — perturbed g
16.7485 16,7485
L L 1 L L L : ]
24 26 28 30 24 26 28 30
time time
3,2><10'4 T T 3 0,125 T T
— o
Q <
@ S
— = Original = Origina
2,8><10'4 — perturbed| 0120 — perturbed|
0115 M H u u “ H ]
2 2 2 28 30
time
0,66 H n H H N n ]
—
3 2
= Original = Origina
: — perturbed E — perturbed
b u U U U
24 26 28 30

time time

Fig. 5. The effects on the concentration of the metabolites in y*2
([Glydl, [Pyr]). y" ([BPG). [GAP]) and y*! ([ATP], [NAD*))
of a 20% perturbation in the magnitude of the rate of change of the
seven components in y*2 imposed from ¢ = 25.

In other words, in the perturbed model the governing
equations for y” and y*! are similar to the ones in the
original model, while the governing equation for y*? is
initially, up to ¢ = 25 min, similar to that of the original
model, say:

s2
Yy
— 3
7 3)
being replaced for all subsequent times, ¢ > 25 min, by
the equation:

52(

= g”y"y*".y*?) = g2(y)

y32

dt

1.20 g”(y",y*'.y*) = 120 g%(y) ()
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The results displayed in Fig. 5 show that the per-
turbation imposed from ¢ 25 is immediately felt
by the components in y*2, such as [Glyc] and [Pyr].
Regarding the components in y”, such as [BPG] and
[GAP], Fig. 5 verifies that the imposed perturbation has
no effect on them. Moreover, Fig. 5 indicates that the
imposed perturbation has no effect in the components of
y*!, such as [ATP] and [NADT].

These results indicate that a 5-dimensional simplified
model can be constructed for the accurate simulation of
the glycolysis process along the limit cycle.. This size
can be further reduced by taking into account the two
conservation laws:

[NAD'] + [NADH] = const.
[ATP] + [ADP] + [AM P] = const.

that involve variables in y" and y*®!, so that a 3-
dimensional simplified model can be constructed, involv-
ing the rate of change of [ATP], [G6P] and [ADP] only.

IV. CONCLUSIONS

A demonstration on the usefulness of the N x M
matrix G7, was presented, in identifying the couplings
operating along the limit cycle. This matrix, measuring
the sensitivity of the variables in y”™ with respect to those
in y* [9], identifies the couplings enforced by the fast
time scales as the solution relaxes and then moves on the
slow manifold.
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differential equations for protein dynamics
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Abstract— The dynamics of proteins can be described
as the superposition of motions at a continuum of time
scales. In the special case of a protein immersed in an
implicit solvent, a stochastic differential equation (SDE) can
model the dynamics of the solute protein. Traditional model
reduction techniques fail because a priori characterization
of the slow variables in these SDEs is nearly impossible. We
present an approach that instead, does a local dimensionality
reduction of the SDE in a neighborhood of phase space,
which is adaptively performed when the reduced model is
no longer valid. The local slow variables, which we call
approximate normal modes (ANM), are found using the
diagonalization of a coarse-grained Hessian (CGH) from the
potential energy function. We call this procedure coarse-
grained normal mode analysis, or CNMA. Diagonalization
of the CGH can be achieved in O(N log N) time and O(N)
memory rather than O(N?®) time and O(N?) memory of
ordinary diagonalization. CNMA is able to capture the low
frequency motions of the protein. An SDE on the ANM is
found by using a saddle-point approximation of the mean
fast-frequency force experienced by the slow variables, and
an implicit solvent model that considers the protein as
a Brownian particle. This mean force can be computed
at a cost no greater than a fine-grained force evaluation.
Discretization of the resulting SDE achieves very long time
steps compared to the discretization of the fine-grained SDE.
A metric is used to monitor the validity of the ANM as
slow variables and prompt re-diagonalization of the CGH
or adaptation of the time step used. I will present numerical
results on small peptide and protein system that show that
this coarse-graining scheme allows up to three orders of
magnitude speedup due to increase in the SDE discretization
time step, and that the scheme is able to preserve Kinetics
when compared to the fine-grained SDE.

I. INTRODUCTION

Proteins are polymers of mostly naturally occurring
aminoacids. Proteins are molecular machines, and as
any machine, they must move in order to function.
Understanding protein motion or dynamics is critical to
solving problems as diverse as protein folding, functional
conformational changes, and to computationally predict
the effectiveness of drugs that target proteins. Simu-
lating protein dynamics remains very challenging. The
most straightforward approach, molecular simulation of
Newton’s equations of motion using standard atomistic
models, quickly runs into a significant sampling problem
for all but the most elementary of systems. While small
proteins fold or have biologically relevant conformational
changes on the microseconds to second timescale, detailed
atomistic simulations are currently limited to the nanosec-
ond regime, with a few “heroic” simulations breaking the
microsecond timescale.
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The fundamental challenge to overcome is the presence
of multiple time scales: typical bond vibrations are on the
order of femtoseconds (10~!° sec) while proteins fold
on a time-scale of microsecond to millisecond. This is a
10'? difference in time scales! We tackle the problem of
developing timescale-coarse-grained models of proteins
to understand their thermodynamics (e.g. statistical prop-
erties) and kinetics (e.g. rates). Among other multiscale
problems, coarse graining dynamical protein models in a
rigorous and computationally tractable way is particularly
challenging. Two specific difficulties can be identified.

The identification of the slowest variables in the system
(e.g. associated with the slowest time scales and transi-
tion rates) is to a large extent an unresolved problem.
Even when people agree on a specific definition, the
actual computation can be intractable. This is the case
for example if one attempts to calculate the committor
function, the probability at a given point that the protein
folds rather than unfolds, by brute force. This is typ-
ically done by starting many trajectories from a given
point and directly computing how many fold the protein.
Additionally, computing dynamics of the slow variables
is non-trivial because they are intricately coupled to the
fast variables. In other words, there is in general no
timescale separation. In protein modeling, there is a dense
spectrum of frequencies due to the highly coupled nature
of the force field. Unfortunately, most multiscale methods
start by assuming that it is in fact possible to extract
variables whose time scale is significantly slower than
the rest. Some of the unresolved variables will have time
scale (faster but) comparable to time scales of some of
the resolved variables. No sharp cutoff can be found.
Therefore special techniques need to be developed to go
beyond the time scale separation approximation.

II. COARSE-GRAINED NORMAL MODE LANGEVIN
DYNAMICS (CNML)

Rather than attempting to identify slow variables that
are valid globally, our approach is based on adaptively
identifying slow variables valid locally. Once these slow
variables have been identified, we derive a SDE where the
effect of fast variables is described through average and
fluctuating forces. We discretize this SDE, which allows
much longer time steps than the original fine-grained
equations of motion. Whenever these slow variables are
no longer valid, defined by a metric explained below,
we identify a new set of slow variables, or alternatively
adapt the time step for the solution of the SDE. Earlier,



we presented an approach using similar slow variables
and SDE, but that attempted no adaptive dimensionality
reduction in [7]. Our current approach is more robust and
scalable.

Choice of slow variables. Our slow variables are ap-
proximate low-frequency normal modes (ANM) derived
from a coarse-grained Hessian (CGH). Normal modes
are the eigenvectors of the Hessian matrix of the poten-
tial energy U at an equilibrium or minimum point xg
with proper mass normalization. More formally assume
a system of N atoms with 3NN Cartesian positions and
diagonal mass matrix M. To perform the normal mode
analysis (NMA) for these systems we can formally expand
the potential energy about an equilibrium point, which
we assume to be a local minimum. The Hessian H is
a factor in the first non-constant, non-zero term of this
expansion and a harmonic approximation to the original
system can be found by truncating the expansion at this
point. To rewrite the harmonic approximation as a set
of decoupled oscillators it is insufficient to diagonalize
the Hessian as the resulting oscillators would be coupled
through the projected mass matrix. Instead we mass re-
weight the system using and then diagonalize the resulting
mass re-weighted Hessian, M- 2HM 2 Q = OA, where
A is the diagonal matrix of ordered eigenvalues and
Q the matrix of column eigenvectors ey, -- ,esn. The
frequency of a mode is equal to \/W where A is the
eigenvalue. If we choose a cut-off frequency +/); to
partition the normal modes such that Q = [Q,Q],Q =
[e1,---,e;] and Q = [e;11, - ,esn| are rectangular
matrices whose columns span a slow subspace C' and fast
subspace C'* respectively. In the following discussion we
will assume the dimensions of Q to be 3N x m. In the
linear case the time-step is bounded by the asymptotic
stability of the method [2] at a frequency equal to the
\/m, rather than the highest frequency in the system.
Our results show this is a good heuristic to choose the
time-step.

Dynamics of the slow variables. Once the slow vari-
ables have been identified, equations for the rate of change
of these variables need to be formulated. Let us denote by
q a set of resolved variables with momenta p. We assume
that the number of coordinates ¢ is very small compared
to 3N where N is the number of atoms in the system.
Typically N can be as large as hundreds of thousands
while the number of resolved variables is 10 to 100. We
wish to find a way to calculate dp/d¢ in terms of ¢ and
p only. The following exact equation for dp/dt can be
derived:

dg(t)

dt b,

friction
drift noise
pt) <~ [ S
= —VA— [ Ci(s)-p(t—s)ds+r(t), (1)
Jo

Cr(s) = <r(7’ +3) T(T)T>, s 2)

(fluctuation dissipation theorem)

These equations are in reduced units and we neglected
the dependence of the memory kernel C, on ¢ and p.
The brackets () define the thermodynamic average in the
canonical ensemble. Equation (1) can be derived using
the Mori-Zwanzig projection [8]. The potential A(q) is
the Potential of Mean Force (PMF, or Helmholtz free
energy) for variable q. The integral in (1) represents a
friction. In this model the friction includes memory so
this equation is often called the Generalized Langevin
Equation (GLE). The last term r(t) is a fluctuating force
with zero mean: (r(t)|qo,po) = 0. This is a conditional
average over Cartesian coordinates  and momenta p,
keeping ¢ = qog and p = py fixed.

This equation can be rigorously derived from statistical
mechanics and is therefore an attractive starting point
to build coarse grained models. However, it is also, in
principle, very expensive to calculate. The most common
approximation is to assume a separation of time scales;
then C..(s) is simply equal to the auto-correlation of
dp(t)/dt which can be readily computed. As was pointed
out earlier this assumption does not hold in general.
We next discuss how our choice of slow variables and
saddle point approximation of the drift term make this
approximation feasible and results in a computationally
tractable coarse-grained dynamical model.

Choosing low frequency modes as resolved variables
was motivated by the physical insight that low frequency
modes contain the physically relevant motions close to
the minimum [3], [4]. For small numers of modes we
observe that the coupling between C' and C* is small,
though not zero. The drift term of (1) can be simplified
using a saddle-point approximation. The mean force is
approximated by the instantaneous projection of the force
onto the slow subspace, subject to the constraint that the
conformation is a minimum in the fast subspace. This
is the most probable value of the mean force when the
spaces are decoupled. At that point the friction term can
be approximated as the autocorrelation of the slow force,
and the noise can be evaluated as white noise. Thus, we
numerically enforce a quasi-adiabatic decoupling between
C and C+.

The simplification of the drift term proceeds as follows.
The choice of frequency partition separates the positions
around the equilibrium point x¢ into # in C' and Z in C+
such that x = & + Z + x. These are defined as

N - 1
i =Pyx(x —x9), T=Py (x— x9),
where the projection matrices take the positions from

Cartesian to mode coordinates and back to Cartesian
space, and are given by

Px — M71/2QQTM1/2,

P}J(_ — M71/2 (I _ QQT) M1/2.

The mean force for the drift term for a particular value
of can be written as

Average f(&) = —% /exp(—ﬁU(m))é
(Pyx(z — o) — &)PeVU(z)dz.  (3)



We have introduced the usual canonical ensemble par-
tition function and the force projection matrix:

Pf _ Ml/QQQTM71/2.

The average f(&) is dominated by the slow force
term, —P¢VU(z), corresponding to the smallest U(x)
due to the Boltzmann weight. This U(x,) is the
minimum potential energy that satisfies the constraint
P, (zmin — o) = . We can rewrite it as U(zmn) =
U(xg + & + ZTmin)- Since xg + T is fixed, this is equiv-
alent to minimizing the projection of the positions onto
the fast subspace. Hence Z;, = argmin U(zg + & +
Zmin) With xo, & fixed. This implies that the mean force
can be approximated by the instantaneous slow force:

Average f(&) = —P;VU (Zmin)- 4)

A second important approximation is that the protein
is modeled using implicit solvent (ISM). ISMs have
been shown to be sufficiently accurate for a number of
applications, including protein folding studies, and they
are attractive because they greatly reduce the cost of
simulating a protein. Thus, to model the coarse-grained
dynamics of an implicitly solvated protein, (1) is simpli-
fied into a Langevin equation:

dx = vdt, Mdv = fdt — T'Mvdt

+ (2kgTT)?> MY2dW (1), (5)

where f = —P¢VU (2min) is derived in (4), t is time,
W(t) is a collection of Wiener processes, kp is the
Boltzmann constant, 7' is the system temperature, v
are the velocities and I' is the diagonalizable damping
matrix. The system diffusion tensor D gives rise to I' =
kgTD~*M~!. D is chosen to model the dynamics of an
implicit solvent and the coarse-graining of the dynamics.

Discretization of the dynamics. We discretize (5) using
the Langevin Impulse (LI) integrator [6]. We call this
discretization the Normal Mode Langevin (NML) prop-
agator. Schematically, half a step of NML performs the
following steps:

Half slow kick: advance velocities using half a long
timestep At/2 using the projection of internal and random
force unto slow subspace C.

Slow Fluctuation: advance positions using the projection
of internal and random force unto slow subspace C.
Fast Fluctuation: minimize positions on fast subspace
C* using steepest descent.

Coarse grained diagonalization. To adaptively find the
slow variables we need a cheap procedure to extract them.
We introduce a coarse-grained normal mode analysis
that is scalable (CNMA). CNMA uses a dimensional-
ity reduction strategy that allows computation of low
frequency modes in O(Nlog N) time, and with O(N)
memory, rather than O(N?) time and O(N?) memory of
brute-force diagonalization. The coarse-graining strategy
to computing the frequency partitioning is based on three
ideas. The first is to find a reduced set of normalized
vectors E that spans the low frequency space of interest,
C. The second is to recursively extract a minimal set of
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Fig. 1. Tllustration of the dimensionality reduction strategy for the
diagonalization. If the vectors in E span the low frequency space of
interest in H, then the diagonalization of S can produce a low frequency
basis set.

vectors Q from E and the coarse grained Hessian H. The
third is form H in linear cost, O(N).

Assume that we have found E. Figure 1 illustrates the
dimensionality reduction strategy. H is the Hessian at a
given simulation step. The dimensions of E are 3N x n,
where n < N. The quadratic product ETHE produces a
matrix S of reduced dimensions n X n. Below we show
that from the diagonalization of S we can obtain E. In
particular, we (cheaply) diagonalize the symmetric matrix
S to find orthonormal matrix Q s.t.

sQ=Q9,
for diagonal matrix 2. We can then write
Q'HQ=Q,

for Q = EQ Our subspace of dynamical interest, C,
is then defined as the span of the first m columns of Q.
Recall that m is the number of reduced collective motions,
typically in the range of 1 - 100.

We can evaluate how well the span of E represents
C using the following result (we skip the proof for
space limitation): Let the it ordered diagonal of € be
0; = ;. Then the highest frequency mode in C, fax,
satisfies

fmax S

Then the Rayleigh quotient o, can be used to establish
the maximum time step that can be taken in subspace
C for stability. It follows that if ), is close to the mth
ordered eigenvalue of H, then the first m vectors of Q
are a good representation of the low frequency space of
interest.

We form E, by starting from a ‘local’ block Hessian in
which each block H i; (composed of 1 or more residues)
is zero if ¢ # j. The remaining blocks on the diagonal
are assumed to be independent of all other blocks. This
block Hessian is then diagonalized, which is equivalent to
performing independent diagonalization for each block.
Let us determine each block Hessian eigenvectors and
eigenvalues, Q; and D;, as follows:

H;Q; = D,

Our hypothesis is that interactions among residues
responsible for the low frequency space of interest will
be included, either by projection or directly, in the first

|om|.
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Fig. 2. Segment of a BPTI molecule and its associated block Hessian
entries. Here, for illustration, a block is defined by one residue. Each
residue corresponds to a Hessian block containing all of the forces within
the residue, denoted ‘Full’. Adjacent residues have a corresponding
electrostatic block denoted ‘Elec.’, e.g. Elec. 13-14. Physically local
residues within the cutoff distance have a corresponding electrostatic
block, e.g. Elec. 13-38. Bonds connecting non-adjacent residues, such
as the disulfide bond shown, correspond to small 3x3 blocks in the
Hessian.

few eigenvectors of Q;, and need to be included in E.
The source of these vectors is as follows:

1) External low frequency motions due to nonbonded
interactions can be projected onto the first 6 eigen-
vectors of Q;, corresponding to conserved d.o.f.
per block. In other words, external forces mani-
fest themselves in rotations or translations of each
residue-block.

External low frequency motions due to bonded in-
teractions can be projected onto the dihedral space,
and will consist of up to 4 vectors of Q;, due to
the peptide bond dihedrals of up to 2 connecting
blocks.

Internal low frequency motions, for instance due
to side-chain dihedral motions, will also be in the
dihedral space and thus will be in Q;.

2)

3)

We expect that the eigenvectors identified above will
correspond to the first k& ordered eigenvalues. The number
k will vary between blocks and will be determined by
selecting a cutoff frequency from the block eigenvalues.
Figure 2 illustrates the block structure of H for protein
BPTI with cutoff for the electrostatics. This is very similar
to a protein contact map. Contiguous residues give a tri-
diagonal block structure. Non-contiguous residues that are
nearby form off-diagonal blocks due to nonbonded forces.
Special structural features like disulfide bonds create 3 x 3
small blocks. The block structure of E follows from its
composition from eigenvectors of the block Hessians H;;.
Thus, the cost of the matrix-matrix multiplication will be
O(N).

The multilevel application of this dimensionality reduc-
tion leads to a scheme with O(N log V) cost. We first
diagonalize each residue. The cost for this stage is O(IV)
as the average number of residue atoms is fixed and the
number of residues is proportional to N. We then need to
consider the diagonalization cost of the ‘block projected’
matrices. If we took a large system and recursively
assigned block size ‘“factor’ b, each linear block dimension
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is b times the previous, then we get a diagonalizations
with 44+ = N, so total cost is O(N log N). This leaves
the projection of the actual Hessian, but we can assign
b < /N log N to yield the correct scaling.

III. NUMERICAL RESULTS

Adaptive NML recovers long time dynamics. We ap-
plied NML to study the isomerization kinetics of blocked
alanine dipeptide (ACE ALA NME). With a small
molecule like alanine dipeptide it is possible to sample
for a sufficient length of time to measure the rates of
transition between two states: in this case we measure the
isomerization rate between the C'7 equatorial and cvg con-
formations. The rate from states A and B, denoted kap,
can be calculated using the approximation proposed by
Best and Hummer [1] from the probability of transition,
Prp, and the average transition time (t7p):

2cakap = Prp/{trp),

where c4 is the equilibrium mole fraction of confor-
mation A. Figure 3(a) shows the free energy as a Ra-
machadran plot for Alanine Dipeptide using the sigmoidal
screened Coulomb potential of [5]. Conformation A is
C7 equatorial and C5 axial combined, and conformation
B is ag. Figure 3(b) shows that NML is capable of
correctly computing the rate with only 12 modes with
a rediagonalization frequency of 100fs as the time step
increases up to 16fs. As a reference, the rate computed
for the fine-grained SDE using molecular dynamics (MD)
with time steps up to 3fs are shown. MD cannot go
beyond this time step due to the fast frequencies present
in the system. Let NML(m,freq) be NML where m is
the number of slow modes propagated, and freq refers
to the re-diagonalization frequency in femtoseconds. Fig-
ure 3(c) shows the isomerization rate for AD running
NML(m,0) (no re-diagonalization), NML(m,100) and
NML(m,1000). It can be observed that whereas the rate
quickly goes down for NML(m,0), the rate is correctly
computed for NML(m,100) for even 7 modes (only 1 real
mode excluding the 6 conserved modes). NML(m,1000)
is somewhere in between the two results.

Coarse-grained normal mode analysis is scalable. Five
models were used for the comparison of the ‘brute force’
diagonalization and the coarse grained CNMA method:
PIN1 WW domain (PDB 116C), BPTI (PDB 4PTI),
Calmodulin (PDB 1CLL), Tyrosine kinase (PDB 1QCF),
and F1-ATPase (PDB 2HLD). The results can be seen in
Figures 4(a) and 4(b), which match the scaling analysis
of O(Nlog N) time and O(N) memory.

NML with re-diagonalization using CNMA can
greatly accelerate dynamics calculations. We are
currently applying NML with re-diagonalization using
CNMA to study the folding of the WW domain and other
proteins. Figure 5 illustrates analytical predictions of the
accelerations in sampling the dynamics that we expect
when using our approach on progressively larger protein
systems. Thousand fold acceleration should be possible
for systems with a few thousand atoms.
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Fig. 3.  (a) Ramachadran plot for the free energy (in kcalmol—1)
of alanine dipeptide using a sigmoidal screened Coulomb potential.
(b) Isomerization rate of alanine dipeptide as a function of the time
step using 12 modes and re-diagonalization every 100 fs. (c) Rate as a
function of varying re-diagonalization frequencies and number of modes.
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An efficient multi-time scale (MTS) method for combustion modeling with
reduced and detailed kinetic mechanisms

Xiaolong Gou, Wenting Sun, Zheng Chen, and Yiguang Ju
Department of Mechanical and Aerospace Engineering, Princeton University

A dynamic multi time scale (MTS) method and a dynamic hybrid multi time scale
(HMTS) model are developed to achieve efficient and time accurate reduced kinetic
modeling of syngas combustion with detailed kinetic mechanisms. The methods are
applied to ignition of hydrogen, methane, and n-decane/air mixtures and compared,
respectively, with standard Euler and implicit ODE solvers by using detailed and reduced
chemical kinetic mechanisms. The results showed that both methods can accurately
reproduce the species time history and ignition delay times. In addition, compared to the
explicit Euler method, MTS is not only computationally efficient but also robust at larger
time steps. Compared to the implicit ODE solver, MTS is about one-order more
computationally efficient. In addition, unlike the implicit ODE solver, whose
computation time is proportional to the square of the species number, the computation
time required for MTS is only proportional linearly to the species number. As such, MTS
has advantages particularly for large equation systems such as large chemical kinetic
mechanisms. To further accommodate the specification of a limiting time scale of the
equation system and to improve the computation efficiency and robustness at large time
scales, HMTS is developed by integrating MTS with a fully implicit algorithm. Therefore,
the present HMTS is a generalized scheme which includes the Euler scheme, MTS, and
implicit scheme, and compatible to both incompressible and compressible flow solvers.
The results showed HMTS is rigorous and efficient. The computational efficiency of the
MTS method can be further increased by integrating it with a dynamically reduced
mechanism generated by using path a flux analysis (PFA) method. This scheme can be
used for direct numerical simulations and large eddy simulation with detailed chemical
mechanisms to improve the computation efficiency, accuracy, and robustness.

Contact email: yju@princeton.edu
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"Analysis of Reduction Methods for ODEs"
Authors: Hans Kaper, Tasso Kaper, Antonios Zagaris

Abstract:

We present an analysis of methods to reduce the dimension of systems of
nonlinear ordinary differential equations involving two (or more) time
scales: a fast time scale, where the dynamics take the orbits close to an
invariant low-dimensional manifold, and a slow time scale, where the
dynamics evolve in the neighborhood of the invariant (slow) manifold.
Reduction methods offer a systematic way to identify the slow manifold
and reduce the original equation to an autonomous equation on the slow
manifold.
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Diffusion maps for model reduction: exploiting
data mining to accelerate simulation

Benjamin Sonday*, Amit Singer*, Ioannis G. Kevrekidis*f
*Program in Applied and Computational Mathematics, Princeton University, Princeton, NJ, USA
*Department of Chemical Engineering, Princeton University, Princeton, NJ, USA

Abstract—In many complex/multiscale systems, the long-
term dynamics are reducible: they lie on a low-dimensional
manifold parameterized by appropriate coarse variables
(observables). Knowing these observables a priori, through
experience or intuition, can be crucial in accelerating the
computational extraction of information from detailed, ‘“fine
scale” simulators. Indeed, when such variables parameter-
izing the slow dynamics are known, the so-called equation-
free approach [1] [2], provides a systematic way of designing
computational “wrappers” that enable fine scale simulators
to perform accelerated simulation as well as a wide range
of additional tasks (coarse-grained stability and bifurcation
computations, parametric continuation, coarse controller
design etc.).

When such coarse observables are not known, data-
mining tools can be used to extract them from simulation
databases. Linking data-mining tools (and, in particular,
the diffusion map approach of Coifman and coworkers [3])
and the design of equation-free computational experiments
provides an integrated framework for coarse-grained com-
putations of complex/multiscale systems. We will illustrate
these two components as well as their combination through
a number of computational examples. In particular, we will
focus on the exchange of information between fine-scale and
coarse-scale descriptions. We will explore coarse projective
integration alternating between diffusion map and physical
settings, and discuss the construction of physical initial
conditions consistent with new, ‘“out of sample” diffusion
map coordinate values [4].
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Two Stage Ignition of n-heptane: Identifying the
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Abstract— The explosive time scales developing during a
two stage ignition of n-heptane are examined. The elemen-
tary reactions contributing the most for their development
are identified.

I. INTRODUCTION

In reacting systems, a wide spectrum of time scales
arise, rendering the mathematical model stiff. Usually, the
fastest time scales are of dissipative character, forcing the
solution to evolve on a low dimensional manifold. How-
ever, some of the intermediate time scales are of explosive
character and relate directly to ignition. From the early
works on reacting systems based on time scale analysis,
it was well understood that interesting information, such
as ignition delays and chain-branching mechanisms, can
readily be derived by analyzing these explosive modes [1].

Recent work has revealed that these explosive time
scales need not be present in a flame configuration,
where diffusion is the main mechanism for initiating the
reaction process in the fresh mixture [2]. In contrast, in
homogeneous systems the absence of transport makes the
development of such kind of time scales a necessity for
ignition.

The algorithmic methodology of Computational Sin-
gular Perturbation (CSP) method [1], [3] was employed
for the identification of the chemical kinetics components
responsible for the amplitudes of the explosive modes
developing during a two-stage ignition of n-heptane and
dimethyl ether [4], [5].

Here, the chemical kinetics components responsible for
the developing explosive time scales during a two-stage
ignition of n-heptane will be examined. The concept of
Time Scale Importance Index will be employed, being
a component of the CSP methodology, which has been
successfully employed for the analysis of the time scales
relating to the NO, chemistry [6] and to the circadian
cycle in the cell [7].

II. GOVERNING EQUATIONS AND METHODOLOGY

We consider homogeneous adiabatic ignition at con-
stant volume of a stoichiometric n-heptane/air mixture
at initial pressure of 13.5 bar and temperature of 850K,
as in Ref. [4]. We employ a kinetic model consisting
of N = 561 species and K = 2539 reactions [8], the
forward and backward directions of which are considered
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separately. The governing equations for the species mass
fraction and temperature are:

1
B _ Ly (S1R' + ... + Sax R*) (1
dt  p
N
ar 1 : :
&t = e, (‘H° FRT “”) @

where y is the N-dim. vector of the species mass fraction,
p is the mixture density, W is a N x N matrix with the
species molecular weights in the diagonal, S; and R*
are the N-dim. stoichiometric vector and rate of the k-th
reaction, 1" is temperature, c, is the heat capacity, H, is
the heat release rate, R is the universal gas constant and
w; is the molar production rate of the i-th species.

These equations can be cast in the form of an (N+1)
-dim. system:

dz

dt
where z is composed of y and T and each additive
term on the RHS corresponds to the forward or backward
direction of the K reactions.

To leading order, the CSP vectors a; and covectors b’
(¢ = 1, N), which define the directions in the phase space
along which the i-th time scale act, can be approximated
by the right and left, respectively, eigenvectors of the
Jacobian J of g. In this case, the following expression for
the developing time scales in the problem can be obtained:

g(z) = SR + ... + Sy R* 3)

T, = |)\i|71 (4)
where \; (¢ = 1, N) are the eigenvalues of J:
i = biJa; 3)

Given the decomposition of the RHS in Eq. (3), the
i — th eigenvalue can be expressed as:

i =b'Qla; +--- +b'Q* g, (©)

where
Q* = grad (gkRk>

so that the contribution to the value of \; of the two
directions of each of the K reactions can be computed.

In order to assess the contribution of each chemical
reaction to the value of the ¢-th time scale 7;, through

(N



the related term in Eq. (6), the following Time Scale
Importance Index is introduced:

B biQkai
= ‘binai|—|—"'+|biQ2Kai|

where 3% |Ji| = 1 [6]. Ji measures the contribution
of the k — th reaction to the ¢ — th time scale.
Explosive time scales relate to positive eigenvalues (or
positive real parts, in case of a complex conjugate pair).
Therefore, non-negligible positive values of .J; identify
reactions having a significant influence in establishing the
explosive character of the + —th mode and in making the
corresponding time scale 7; faster. However, the fact that
A; 1s positive, does not preclude the possibility that some
of the 2K additive terms in the RHS of Eq. (6) are non-
negligible and negative. In this case, the related reactions
exhibit a significant influence to counter the explosive
character of the ¢« — th mode and make 7; slower.

T
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III. DYNAMICS OF TWO STAGE IGNITION

Shown in Figs. 1 and 2 are the evolution of temperature,
fuel and representative final products; the two stages
clearly depicted.
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Fig. 1. The evolution of Temperature and mass fraction of n-heptane

with time.
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Fig. 2. The evolution of the mass fraction of co and oh with time.

The developing real positive eigenvalues (or real pos-
itive parts of complex eigenvalues), which according to
Eq. (4) produce the explosive time scales, are displayed
in Fig. 3.

It is shown that before the two temperature jumps there
exist two explosive time scales, one fast and one slow;
converging to each other at the start of each jump. As
Fig. 4 clearly shows, in both cases the convergence of the
two time scales follows their merging, as they become
quickly slower on their way to loose their explosive
character.

Next, Importance Indices for the explosive time scales
before the two jumps will be presented, in order to clarify
the operating explosive mechanisms in each temperature
jump.
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Fig. 3. The evolution of real positive eigenvalues (solid line) and real
positive parts of complex eigenvalue pairs (broken line).
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Fig. 4. Top: Magnification of the two temperature jumps. Bottom: the
corresponding evolution of the real positive eigenvalues (solid line) and
real positive parts of complex eigenvalue pairs (broken line).

IV. CHEMISTRY RELATED TO THE EXPLOSIVE
TIMESCALES

Figure 5 shows the Importance Indices for the fast
and the slow timescales at two instances, right before
the first stage of ignition. In this period, the top row of
Fig. 5 shows that the fast time scale is mainly set by
isomerization reactions of RO to QOOH (R denotes
CnHopt1 and @ denotes C), Ha,, groups) as well as of
peroxyalkylhydroperoxides (QOOH — O3) to ketohyper-
oxides and OH, in agreement with Ref. [4]. This latter
step is particularly significant both because it initiates
the preparation of the OH pool, which will be very
significant for the dynamics at later times, see Fig. 2,
but also because the decomposition of ketohyperoxides
can lead to low-temperature chain-branching [8]. As
shown in the bottom row of Fig. 5, the time scale of
the slow chemistry in this period is mainly carried first
(t = 0.3704 x 10~35s) by termination reactions, such as
ho2 + ho2 — h202 + 02 or by reactions generating O H
such as c71400h2 — 402 — c71400h2 — 4 + 02 followed
by the decomposition c71400h2 —4 — cThl402 —4+oh.
Later on (t = 0.4664 x 1073s) the contribution of
c71400h2 —402 — c71400h2 — 4+ 02 and of c¢71400h3 —



c7h1502-2 => c7h14o00h2-4 |~
c7h1502-3 => c7hl400h3-5 —
c7h1502-4 => c7h14o0h4-2 —
c7h1400h2-402 => nc7ket24+oh
c7h1502-1 => c7hl4o00h1-3 —
c7h1400h1-302 => nc7ket13+oh
c7h1400h3-502 => nc7ket35+oh
c7hl4o00h2-402 <= c7hl4ooh2-4+02
c7h1400h2-402 => c7hl400h2-4+02
c7h1l400h3-502 <= c7h1l400h3-5+02
c7h1l4o00h3-502 => c7h1400h3-5+02
c7hl4ooh1-302 <= c7hl4o0h1l-3+02
c7h1400h4-202 => nc7ket42+oh
c7h1400h1-302 => c7h1400h1-3+02 —
c7h1400h4-202 <= c7hl400h4-2+02 —
c7h1502-4 => c7hl4o0h4-3 —
c7h1502-3 => c7hl4o0h3-4 —
c7h1502-1 => c7hl4o0h1-2 —
c7h1502-2 => c7hl4o0h2-3 —
c7hl400h4-202 => c7hl4ooh4-2+02 —
c7h1502-3 <= c7h15-3+02 -
c7h1502-3 => c7h15-3+02 |~
c7h1502-1 <= c7hl400h1-3 —
c7h1502-4 <= c7h15-4+02 [~
c7h1502-2 => c7h14o00h2-4 —
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T
nc7h16+ho2 => c7h15-2+h202
h202+02 <= ho2+ho2 -

oh+oh(+m) <= h202(+m)

c7h1502-2 => c7hl4o0h2-4 |~

h202+02 <= ho2+ho2 -
c7hl400h2-402 <= c7hl4ooh2-4+02 —
c7hl400h2-402 => c7hl4ooh2-4+02 —
c7hl4o0h2-4 => c7h1402-4+oh -
c7h1502-2 <= c7h15-2+02 —
c7h1502-2 => c7h15-2+02 —
nc7hl6+oh => c7h15-2+h20 —
nc7hl16+ho2 => c7h15-3+h202 —
c7h1400h2-4 => oh+ch3cho+c5h10-1 —
c7h1502-3 <= c7h15-3+02 —
c7h1502-3 => c7h15-3+02 —
Cc7h1502-2 => c7h1400h2-5 —
nc7h16+ho2 => c7h15-4+h202 —
c7h1400h3-5 => oh+c2h5cho+c4h8-1 —
c7h1l400h3-502 <= c7h1l400h3-5+02
c7h1400h3-502 => c7h1400h3-5+02 —
c7h15-2 => pc4h9+c3h6

c7h1502-3 => c7h1l400h3-5 —

ch2o+oh => hco+h20

nc7hl6+oh => c7h15-1+h20 —
ch302+m <= ch3+02+m —

-0,02

[}

0,02

Importance Index

Fig. 5.

c7h1502-2 => c7hl4o0h2-4 -
c7h1502-3 => c7h1400h3-5
c7h1502-4 => c7hl4o0h4-2 —
c7h1400h2-402 => nc7ket24+oh
c7hl400h2-402 <= c7hl4o0oh2-4+02 |~
c7h1502-1 => c7h1400h1-3 —
c7h1400h3-502 => nc7ket35+oh
c7hl4o0h2-402 => c7hl4o00h2-4+02 -
c7h1400h3-502 <= c7h1l400h3-5+02 [~
c7h1400h1-302 => nc7ketl3+oh
c7h1400h3-502 => c7h1400h3-5+02
c7hl4o0h1-302 <= c7hl4o0hl-3+02 [~
c7h1400h4-202 => nc7ket42+oh
c7h1400h1-302 => c7hl4ooh1-3+02 |-
c7h1400h4-202 <= c7hl4o0h4-2+02 -
nc7hl6+oh => c7h15-2+h20 —
c7h1502-3 => c7hl4o0h3-4 —
c7h1502-2 => c7h1400h2-3 |~
c7h1502-4 => c7h1400h4-3 |~
c7h1502-1 => c7hl4oohl-2 —
pc4h9o2 => c4h8oohl-3
c7hl400h4-202 => c7hl4o0h4-2+02 —
c2h5+ho2 => c2h50+oh —

c7h1502-3 <= c7h15-3+02 —

ho2+oh => h2o+02 —
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Cc7h1502-2 => c7hl1400h2-4
C€7h1502-3 => c7h1400h3-5
c7h1l400h2-402 <= c7hl400h2-4+02 —
c7hl4o0h2-402 => c7hl4o0h2-4+02 —
c7h1502-4=c7hl400h4-2 —
nc7hl6+oh => c7h15-2+h20 —
c7hl1400h3-502 <= c7h1400h3-5+02
c7h1400h3-502 => c7h1400h3-5+02 —
c7h1502-1 => c7hl4o0h1-3 —
c7h1400h2-402 => nc7ket24+oh
Cc7h1502-2 => c7hl4o00h2-3 —
c7hl4o0h2-4 => c7hl402-4+oh |~
c2h5+ho2 => c2h50+oh

pc4h902 => c4h8ooh1-3

ch2o+oh => hco+h2o —

Cc7h1502-3 => c7h1400h3-4 -

ho2+oh => h2o+02 —

Cc7h1502-4 => c7hl4o0h4-3 —
c7h1502-1 => c7hl400h1-2 —
c7hl4o0h4-202 <= c7hl4ooh4-2+02
c7h1502-3 <= c7h15-3+02 —

h202+02 <= ho2+ho2 -
c7h1400h1-302 <= c7h1400h1-3+02 —
c7h15-4 => c2h5+c5h10-1 —

c7h15-3 => c4h8-1+nc3h7 —

-0,02

[}

0,02

Importance Index

Importance Indices right before the first jump. Top row: the fast time scale. Bottom row: the slow time scale.Left column: ¢ = 0.3704x 10~ 3s

(Afast = 0.2657 x 105571, g0 = 0.9938 x 10%s71). Right column: ¢t = 0.4664 x 10735 (Afqst = 0.2421 x 10%s71, Agjp =

0.3937 x 10%s~1).

5 — (T71400h3 — 5 + 02 to the slow timescale of the
explosive mode is still important, but the importance
of HO2 termination is diminished and can also occur
through the alternate route ho2 4+ oh — h20 + 02. It is
worth noting that, as the two eigenvalues converge short
before the first stage of ignition, the isomerization and
oxygen addition reactions that promote strongly the fast-
time-scale chemistry have an equally strong inhibiting
effect on the slow chemistry.

Similarly, Fig. 6 shows the Importance Indices for the
fast and the slow timescales at two instances right before
the second stage of ignition. In this period, fast chemistry
is carried out by chain-branching producing O H radicals
(e.g. h + 02 — o+ oh and h202 + m — oh + oh + m)
assisted first (¢ 0.2570 x 1072s) by low-C-number
chemistry (mainly C2 and C1) and then (¢t = 0.2584 X
10~2s) by the strongly exothermic oxidation of CO.
Similarly to what happens in the first stage, as the fast and
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the slow eigenvalue approach to each other the reaction
having the strongest positive contribution to the fast time
scale (e.g. h + 02 — oh + o) inhibits the slow time scale
equally strong. Similarly, the reaction o + oh — h + 02
seems to have a converse but equivalent effect, i.e. it
inhibits the fast scale but promotes the slow one. Notably,
the strongly exothermal co+oh — co2+ h promotes both
fast and slow chemistry.

V. CONCLUSIONS

For initial conditions that are of relevance to practical
devices, the stoichiometric n-heptane mixture presents a
two-stage ignition behavior. Both ignition stages occur
at instances where two positive, real eigenvalues (corre-
sponding to a fast and to a slow time scale) converge and
yield one complex eigenvalue with a positive - but rapidly
decreasing - real part. In both stages of ignition, the
reaction groups contributing the most to the converging
fast and slow time scales contain a significant number of



h+o02 => o+oh
oh+oh(+m) <= h202(+m)
c2h4+oh => c2h3+h2o0
c2h3+02 => ch2cho+o —
c2h3+02 => c2h2+ho2
ho2+oh => h2o0+02
ch3+ho2 => ch3o+oh —
c3h5-a+ho2 => c3h50+oh —
h202+02 <= ho2+ho2 —
ch3+ho2 => ch4+02
h202+oh => h2o+ho2 —
h+c2h4(+m) <= c2h5(+m) |-
c3h6 <= c3h5-ath
c2h4+ch3 => c2h3+ch4 -
ch3+ch3(+m) => c2h6(+m)
h+c2h4(+m) => c2h5(+m)
ch3+h(+m) => ch4(+m)
oh+h2 => h+h20

c4h7 <= c4h6+h —

c2h4+h => c2h3+h2 |-
c4h8-1 <= c3h5-a+ch3
c4h7 => c4h6+h |~

ho2+h =>h2+02 —

c4h8-1 => c3h5-a+ch3 —
c2h3cho+h => c2h3co+h2 —

1 L 1
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ch302+m <= ch3+02+m 3
ch302+m => ch3+02+m =
h+o2=>o+oh -_—
h+c2h4(+m) <= c2h5(+m) |
c2h3+02 => c2h2+ho2 — |
h+c2h4(+m) => c2h5(+m) |
hco+m => h+co+m — -
ic3h702 <= ic3h7+02 - -
ic3h702 => ic3h7+02 — -
h+02(+m) => ho2(+m) - - —
co+oh =>co2+h |- -
co+ho2 => co2+oh — -
ho2+oh => h2o+02 |~ ]
c3h6 <= c3h5-ath —
oh+oh(+m) <= h202(+m) | ]
ch2o+oh => hco+h2o — n
c2h4+oh => c2h3+h2o0 — | ]
ch3+h(+m) => ch4(+m) | ]
hco+o2 => co+ho2 | ]
h2o2+oh => h2o+ho2 — | |
c2h2+o => hcco+h [~ | |
hoch2o <= ch2o+oh - |
ch3+ho2 => ch3o+oh — |
ch2o+ho2 => hco+h202 |
ch3cho+ho2 => ch3co+h202 - \.

010 0,00 0,10

Importance Index

h+02 =>o+oh |- I

co+oh =>co2+h [~ = —
oh+h2=>h+h20 — m=m —

h+o2 <= o+oh = —

oh+h2 <= h+h2o == —
o+h2=>h+oh - mm —
h+o2(+m) => ho2(+m) —mm —
h2o+m <= h+oh+m - m —
hco+tm =>h+co+tm — W —

oth2<=h+oh —m —
ho2+oh => h2o+02 —mH —
hcotoh=>co+h2o — W
hocho <= hco+oh — =
oth2o0=>oh+oh - ®
c2h2+o=>hcco+h — ®
ch3+oh =>ch2(s)+h2o0 - m —
h+02(+m) <= ho2(+m) - m
ch3+oh <=ch2(s)+h2o0 - m
ch2(s)+02 => co+oh+h - m
oth2o0<=oh+oh - ®
ch3+o=>ch2o+h — ®
ch2(s)+m=>ch2+m |
ch2+oh=>ch+h2o0 — &
co+oh<=co2+h - 1 —
hcoth=>co+h2 — 1

I |
0,00 010 0,20

Importance Index

h+02 => o+oh

co+oh =>co2+h -

h+02 <= o+oh -

h2o0+m <= h+oh+m
ch2(s)+02 => co+oh+h |-
hco+m => h+co+m —
h+02(+m) => ho2(+m) -
h+o2=>o+oh

ho2+oh => h2o+02 —
hocho <= hcotoh [~
ch3+o =>ch2o+h -
co+oh <=co2+h —
hco+oh => co+h20 [~
h+o2(+m) <= ho2(+m) —
ch3oh(+m) <= ch3+oh(+m)
hcco+o => h+cotco —
ch3+ho2 => ch3o+oh [~
ch3+h(+m) => ch4(+m)
ch3+oh <= ch2(s)+h2o0
ho2+h => oh+oh
hco+o2 => co+ho2 [~
ch2(s)+m =>ch2+m
h+c2h4(+m) <= c2h5(+m)
ch2o+oh => hco+h2o0
o+h2o => oh+oh —

1 L
-0,10 0,00

Importance Index

Fig. 6. Importance Indices right before the second jump. Top row: the fast time scale. Bottom row: the slow time scale. Left column: ¢t =
0.2570 x 10725 (Apqsr = 0.8253 x 105571, Agy0, = 0.3003 x 1025~ 1). Right column: ¢ = 0.2584 x 10725 (Afqe = 0.5778 x 107571,

Asiow = 0.4705 x 10°s~1).

reactions that have opposite effects to the fast and the slow
chemistry, most usually favoring the fast and inhibiting
the slow time scale.
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Abstract— Hyper-sensitive optimal control problems
present difficulty for general purpose solvers. A numerical
implementation of an approach analogous to the method of
matched asymptotic expansions requires determining initial
and final conditions on appropriate invariant manifolds to
sufficient accuracy. Finite-time Lyapunov exponents and
vectors are employed for this purpose. The approach is ex-
plained and illustrated in the context of a simple transparent
example.

I. INTRODUCTION

Numerical methods for solving optimal control prob-
lems (OCPs) can be divided into two main categories,
direct and indirect. Indirect methods involve solving the
associated Hamiltonian boundary value problem (HBVP)
for an extremal solution that satisfies the first-order neces-
sary conditions. A survey of direct and indirect methods,
noting their advantages and disadvantages, is given in [5].

An OCP is called hyper-sensitive if the final time
is large relative to some of the contraction and expan-
sion rates of the associated Hamiltonian system [13],
[14]. The solution to a hyper-sensitive problem can be
qualitatively described in three segment as ‘“take-off”,
“cruise” and “landing” analogous to optimal flight of an
aircraft between distant locations. The “cruise” segment
is primarily determined by the cost function and the state
dynamics, whereas the “take-off” and “landing” segments
are determined by the boundary conditions and the goal of
connecting these to the “cruise” segment. As the final time
increases so does the duration of the cruise segment which
shadows a slow reduced-order manifold. When the final
time is large, the sensitivity of the final state to the un-
known initial conditions makes the HBVP ill-conditioned.
The ill-conditioning can be removed by approximating
the solution with a composite one: a concatenation of
boundary-layer solutions (take-off/landing segments) with
a solution segment on the slow manifold (cruise segment).
The completely hyper-sensitive case is a degenerate case
for which the ’cruise segment’ is near-equilibrium motion,
and rather than a slow manifold, there is an equilibrium
point. The more general case in which the cruise segment
shadows a trajectory on the slow manifold is called
partially hyper-sensitive.

Solution approximation for completely hyper-sensitive
optimal control problems, based on the geometric struc-
ture of the associated Hamiltonian dynamics, has been
addressed in [2], [13]. The solution to the HBVP is
such that the solution in the initial boundary layer is
approximated by a trajectory on the stable manifold of
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the equilibrium point, the solution in the final boundary
layer is approximated by a trajectory on the unstable
manifold of the equilibrium, and the boundary layer
solutions are approximately matched at the equilibrium
point. The focus of the present paper is on determining
the unknown boundary conditions such that the solution
end points lie on the appropriate invariant manifolds to
sufficient accuracy.

Rather than use information related to the equilibrium
point which would not be available in the partially hyper-
sensitive case, our approach uses a dichotomic basis
for the phase space tangent bundle to define conditions
satisfied by points on the stable and unstable manifolds
of an equilibrium point. Dichotomy transformations have
been used to solve boundary-value problems for ordinary
differential equations [3], and to solve fixed end-point
optimal control problems [2], [17]. Chow used dichotomy
transformations to solve nonlinear HBVPs with linear
boundary-layer dynamics [7]. For nonlinear HBVPs, a
dichotomic basis has been approximated using eigen-
values and eigenvectors [13] and finite-time Lyapunov
exponents and vectors [16]. The latter information can
provide greater accuracy and is more generally applicable
[11], [12]. Finite-time Lyapunov exponents, and in some
cases vectors, have also been used to analyze fluids [8],
[9], [15] and atmospheric circulation [6].

II. FINITE-TIME LYAPUNOV ANALYSIS

In previous work [11] and [12] finite-time Lyapunov
analysis (FTLA) was applied to autononmous nonlinear
dynamical systems to define and diagnose two-timescale
behavior and compute points on a slow manifold, if
one exists. The approach is to decompose the tangent
bundle into subbundles on the basis of the characteristic
exponential rates for the associated linear flow, and then
to translate the tangent bundle structure into manifold
structure in the base space. In FTLA, the characteristic
exponential rates and associated directions are given,
respectively, by finite-time Lyapunov exponents (FTLEs)
and finite-time Lyapunov vectors (FTLVs). This approach
has been guided by the asymptotic theory of partially
hyperbolic invariant sets [4]. The finite-time tangent bun-
dle decomposition can be viewed as an approximation
of the asymptotic Oseledec’s decomposition [4]. It has
been established in [12] that under certain conditions
the finite-time decomposition approaches the (suitably
defined) asymptotic decomposition exponentially fast, the
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Fig. 1. Optimal solutions from GESOP® for different final times,
ty = 1,5,10, 15 and 17, where z(0) = 1 and z(t;) = —1 in the
time domain (left) and in the phase space (right).

rate being given by the size of the gaps in the spectrum
of the FTLEs.

III. SOLUTION APPROXIMATION STRATEGY FOR A
COMPLETELY HYPER-SENSITIVE PROBLEM

We use a simple transparent example to present the
approximate solution strategy, and later to address some
implementation issues, for a completely hyper-sensitive
optimal control problem. Consider Lam’s optimal control
problem [10]: determine the control ©* and corresponding
state trajectory x* that minimize the cost

L[y
J=2 / u?dt (1)
2 Jo
subject to the dynamic constraint
T =sinz+u 2)

for a given final time ¢ and boundary conditions z(0) =
1 and z(ty) = —1. The first-order necessary conditions
lead to the following Hamiltonian boundary value prob-
lem (HBVP)

s.b = sinx — A
A = —-)\coszx 3)
z(0) =1, z(ty) = —1

for extremal solutions. Defining the Hamiltonian H =
(1/2)u? + A(sinz + u) and the phase p = (z,\)T, we
can write the state/costate dynamics in (3) in the form
p = h(p), where h = (O0H/O\, —0H/0z)T, to show that
we are dealing with a Hamiltonian system.

We have solved the OCP using the optimization pro-
gram GESOP® [1] for different final times; see Fig. 1.
GESOP has several options, of these we used the direct
multiple shooting method. The optimal trajectory and
control are determined. Using the necessary condition,
u* = —, the solutions can be plotted in the (x, A) phase
plane. We see that as the final time gets larger the solution
trajectories shadow more and more closely branches of
the stable, WW*, and unstable, YW*, invariant manifolds
of the equilibrium point, p.y, at (0,0), and the solution
spends more and more time near the equilibrium point.
As t gets beyond 17, obtaining a numerical solution with
GESOP® gets more and more difficult. In contrast, as
i increases, the following approximate solution becomes
more and more accurate and no harder to obtain.

For sufficiently large final times, the optimal strategy
can be viewed in phase space as getting on W?*(peq)
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where z(0) = 1 and steering along it to the equilibrium
point and then steering along W*(p,4) to reach the point
on it where z(ty) = —1. Consistent with this viewpoint,
the solution to a completely hyper-sensitive OCP, p*(¢),
can be approximated by the composite function

Ps(t) 0<t <ty
P(t) =1 Peqg  tin <t <tsy (€]
Pu(t) trm <t <ty

where ps(t) is the approximate initial boundary-layer
solution for t € [0, t;,;] with the initial condition on
the stable manifold, i.e., ps(0) = (z0,A0) € W*(Peq);
Deq 18 the equilibrium solution which approximates the
slow “cruise” segment; and p,(¢) is the approximate
final boundary-layer solution for t € [tsu, tf] with the
final condition on the unstable manifold, i.e., p,(tf) =
(¢, Ai;) € WY(peq). The solutions in the boundary-
layers can be constructed by integrating, in forward and
backward time respectively, the Hamiltonian dynamics
from initial and final phase points on the corresponding
invariant manifolds that satisfy the boundary conditions.
The composite approximate solution is obtained by con-
catenating the boundary-layer solutions with the equilib-
rium solution. The times, t;,; and ¢y, defining the initial
and final boundary-layer durations are selected such that
ps and p, reach the equilibrium point up to a specified
accuracy in forward and backward time respectively.

The primary challenge in developing this approach is
to determine the unknown boundary conditions such that
the initial and final phase points are sufficiently close
to W?(peq) and W¥(peq) respectively. The choice to
base our approach on finite-time Lyapunov exponents
and vectors (FTLE/Vs), rather than use other methods
particularly suited to the structure near the equilibrium
point, is driven by the goal of extending the approach to
the partially hyper-sensitive case.

IV. DIAGNOSING HYPER-SENSITIVITY

If numerical solution of an OCP using a software
package such as GESOP® proves difficult and reducing
the final time alleviates the difficulty, hyper-sensitivity
should be investigated. By observing how the solution
evolves as t ¢ is varied, the relevant phase space region can
be identified. Computing the FTLE spectrum at selected
phase points in this region can quantify the exponential
rates. If the spectrum uniformly separates into fast stable,
slow, and fast unstable subsets, and the ‘fast’ rates are
indeed fast relative to the time interval of interest, then
hyper-sensitivity is confirmed. To describe the general
case, let n be the dimension of the state dynamics; then
it follows that 2n is the dimension of the associated
Hamiltonian system. The spectrum also reveals the equal
dimensions, nf® and nf%, of the fast stable and fast
unstable behavior, respectively. If n/* + nf* = 2n, then
the OCP is completely hyper-sensitive for sufficiently
large ty. If n/® +n/* < 2n, then the OCP is partially
hyper-sensitive for sufficiently large ;.



An important issue is how to select 7', the averaging
time. Lyapunov exponents are averages of the pointwise
exponential rates, i.e., the averages of the appropriate
kinematic eigenvalues (KEs) [3], over a segment of a
trajectory of the Hamiltonian system. Points of the tra-
jectory segment can be indexed by elapsed time. As long
as the trajectory evolves in a phase space region where
the KEs are uniform, larger averaging time 7' allows
further progress in convergence of both the FTLEs and
the FTLVs and better information. However once the
trajectory enters a region of different KEs this ceases to be
true. In Lam’s problem, there is a qualitative difference
between the local FTLEs and the asymptotic Lyapunov
exponents. The two asymptotic Lyapunov exponents are
zero at all points except points on the heteroclinic orbits
connecting the equilibria. On the other hand, the FTLEs
can indicate the hyperbolic nature of the dynamics in a
neighborhood of a stable or unstable manifold associated
with an equilibrium point. This is also the observation that
led to the maximum FTLE method that has been used to
identifying Lagrangian coherent structures in fluids [8],
[9], [15].

A systematic approach to selecting the averaging time
T such that the FTLEs indicate the local nature of
the flow to sufficient accuracy, for a flow with non-
uniform kinematic eigenvalues is as follows. Fig. 2 shows
trajectories that shadow the invariant manifolds of the
equilibria. The KE for the vector field h(p), given by

1

= 5h7 (@) (Dh(p))" + Dh(p))h(p)

was computed along these trajectories. The red circles
mark points where the p;, is zero; it is positive on one
side of such a point and negative on the other. The positive
sign indicates that neighboring points on the trajectory are
separating with time, and negative sign indicates that they
are getting closer to each other. Thus the red circles mark
the boundaries separating regions of uniform (in sign)
pn. The time T should be selected to average as long
as possible over a uniform region. Fig. 3 shows for a grid
of A(0) values, the trajectories that evolve in forward time
from the corresponding initial phase points. The zero-
crossing for pj are indicated, as are the times 7' over
which the FTLE/Vs can be computed to determine the
stable subspace. Although some of the trajectories begin
in a different uniform region, most of the time stated is
spent in the uniform region where the attraction to the
equilibrium point is sensed. Fig. 4 shows that with proper
selection of 7', the maximum FTLE contours identify the
stable and unstable manifolds of (0, 0).

pr(t) ®)

V. APPROXIMATE SOLUTION CONSTRUCTION

To implement the solution approximation strategy, we
need to compute A(0) such that the point p(0)
(x(0),A(0))T is on the stable manifold WW*. The FTLA
approach is to determine the point p(0) such that
h(p(0)) € E*(p(0)), where E*(p(0)) is the stable sub-
space approximation by the span of appropriate Lyapunov
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Fig. 3. Trajectories starting at p(0) = (1, A(0)) for a grid of A\(0)
values. On each trajectory the zero p;, points are noted. The maximum
averaging time is noted for each value of A(0).
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X

Fig. 4. Level contours of the FTLE field for the Hamiltonian system
in (3) on a grid of points M = {(z,\) € R?| z € [-1, 1], X €
(-1, 1]}

vectors. To accomplish this, we determine A(0) such that
(h(p(0)),w) = 0 for all w € E*(p(0))*+.

Fig. 2 shows the ‘lines of ambiguity’ at z = —m/2 and
x = /2. At these values of z, the orthogonality condition
is satisfied for all values of A and cannot be used to
identify the particular value of A that would place p on the
appropriate invariant manifold. For all other values of x in
this range, there are isolated solutions to the orthogonality
condition corresponding to the desired manifolds.

An analogous procedure is followed to place the final
phase point on the unstable manifold.

Applying this approach, the solution approximation to
Lam’s optimal control shown in Fig. 5 was obtained.

VI. PARTIALLY HYPER-SENSITIVE OPTIMAL
CONTROL PROBLEMS

The consideration of completely hyper-sensitive OCPs
in this paper is just a stepping stone to the consideration
of partially hyper-sensitive OCPs. Partially hypersensitive
optimal control problems are associated with HBVPs
that have fast and slow behavior. Ill-conditioning is only
associated with certain directions. An accurate approx-
imation to the solution of a partially hyper-sensitive
problem can be constructed from three components: a
short duration initial boundary-layer segment, a long
duration slow segment, and a short duration terminal
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Fig. 5. Left: Approximation to Lam’s problem using FTLA. The

approximation to the stable invariant manifold is constructed with re-
initializations for every T=0.1. Right: The absolute error between the
optimal solution from GESOP and the approximate solution constructed
by FTLA vs z.
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Fig. 6. Geometry of solution to partially hyper-sensitive optimal control
problem in Hamiltonian phase space. Slow manifold should be 2D.

boundary-layer segment; loosely analogous to the method
of matched asymptotic expansions. In this manner, the
hyper-sensitivity can be avoided. Constructing segments
requires locating points on invariant manifolds. Rather
than stable and unstable manifolds of an equilibrium, in
the partially hyper-sensitive case the manifolds of interest
are center-stable and center-unstable. Fig. 6 illustrates the
manifold structure, showing the initial and final boundary-
layers and the intermediate segment that shadows a slow
invariant manifold. Because we are dealing with a Hamil-
tonian system the phase space would be 4-dimensional
and the slow manifold would be 2-dimensional, though
the figure does not accurately depict the dimension of the
slow manifold.
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Abstract— We study the structure of a methane-air edge
flame stabilized against an incoming mixing layer. The flame
is computed using detailed chemical Kinetics, and the analy-
sis is based on computational singular perturbation theory.
We focus on examination of the low-dimensional structure of
the flame, analyzing the number of exhausted modes, along
with the distribution of fast and active timescales. Results
are used to enhance understanding of the flame, and the role
of different chemical and transport processes in its observed
structure.

I. INTRODUCTION

Edge flames can be encountered in many reacting
flow configurations in which partial premixing of fuel
and oxidizer occurs [1]-[7]. The idealized edge flame
is composed of three distinct branches: a lean premixed
branch, a rich premixed branch and a diffusion flame
branch; hence it is also known as a triple or tribrachial
flame. The two premixed branches form curved fronts
behind which a diffusion flame develops and stabilizes.
Symmetric, tribrachial, edge flame structure, as well as
bibrachial and monobrachial edge flames have been ob-
served, depending on the incoming mixture composition
as well as the flow/mixing layer structure.

There is a large number of experimental, analytical and
numerical studies of triple and edge flames [2], [8]-[13].
The reviews by Buckmaster [6] and Chung [7] provide
a broad overview of the history and recent developments
in the study of edge flames. Methane-air triple flames in
particular have been the focus of numerous studies [4],
[51, [14], [15].

Based on the literature, it is evident that detailed Co
kinetics are necessary in modeling these flames. Taka-
hashi et al. [16] studied methane-air edge flame structure
using skeletal 17-species kinetics. The detailed chemical
structure of a methane-air edge flame was also studied
by Takahashi and Katta [17] using C, and C; chem-
istry mechanisms. Inclusion of C, kinetics was found
to lead to an increase in the flame lift-off height. Use
of a global single-step reaction mechanism was found to
lead to significant differences in edge flame stability and
structure, including a dominant rich premixed branch, in
disagreement with the detailed chemistry predictions [18].

Walsh et al. [19] used a 26-species C2 mechanism
for computations of lifted methane-air diffusion flames.
They generally found good agreement with experimental
measurements, except at diluted fuel conditions. Ali and
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Daou [20] presented an analytical study of the effect
of reversibility of chemical reactions on triple flames.
Cho and Takita [21] presented computational studies of
edge flames using detailed kinetics for both methane-
air and propane-air mixtures. Briones et al. [22] con-
ducted a numerical investigation of methane-air edge
flames using detailed kinetics, with a focus on liftoff,
stabilization, and blowout. Guo et al. [23] presented a
numerical study of methane-air edge flames using a subset
of GRImech3.0 [24] excluding Nitrogen chemistry. Najm
et al. [25] studied the NO structure in a methane-air
edge flame using GRImech3.0 [24], analyzing the four
significant NOy pathways.

In the present work we consider the methane-air edge
flame of [25], and focus on the analysis of the flame struc-
ture using Computational Singular Perturbation (CSP)
theory [26], [27]. CSP analysis enables identification of
fast and slow reaction processes in chemical models, and
the decoupling of fast-exhausted/dormant modes from the
slow modes that drive the time evolution of the chemical
system. The method relies on the identification of a
suitable set of basis vectors that enable the decoupling
of fast and slow processes. A leading-order approxima-
tion of these vectors is provided by the eigenvectors of
the Jacobian of the chemical source term. There is an
extensive literature on CSP and its utilization for analysis
and reduction of chemically reacting flows [26]-[41].

We set up the methane-air edge flame stabilized against
a prescribed uniform-velocity mixing layer using detailed
chemistry (GRImech3.0 [24]) and mixture-averaged trans-
port [42]. CSP analysis of the computed flame structure
highlights the spatial variation of the fast and driving
time scales and the number of exhausted modes over
the edge flame, revealing significant internal structure,
and identifying important associated chemical/transport
processes. In the following, we outline the setup of the
problem, then present the analysis of the edge flame using
CSP. We finish with conclusions summarizing the main
findings of the work.

II. PROBLEM SETUP

We consider a methane-air edge flame in two-
dimensions (2D) stabilized against an incoming mixing
layer flowfield with a uniform inflow velocity profile.
The computational model uses the low Mach number
approximation, and employs GRImech3.0 [24] kinetics
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Fig. 1. The two-dimensional spatial distribution of temperature,
shown with superposed heat release rate and &-contours (a) and the
dimension of the fast subspace M (b), shown with superposed wch,
and &-contours. The &-contours are drawn at (0.9,1.0,1.1)&;¢. This
is a 512x1024 subset of the domain, with z € [0.4,1.2] cm, y €
[0,1.6] cm.

and mixture-averaged transport [42]. The rectangular do-
main size is 1.6 x 3.2cm?. The inflow is specified with
a uniform velocity of 60 cm/sec and an analytically
prescribed mixture-fraction profile, going from pure air
on one side of the domain to pure CH4 on the other [25].
The mixture fraction £ is defined as in Bilger [43]. Note
that ¢ is zero in the air stream, and unity in the fuel
stream. The stoichiometric value of the mixture fraction
is £ = & = 0.055 for the given fuel/air streams.

The global structure of the edge flame is illustrated in
Figure 1(a). The inflow at the bottom edge of the domain
is at 300 K, with the fuel stream on the right and the
air stream on the left. The mixture fraction contours are
drawn at (0.9,1.0,1.1)&s;. The flame temperature field
is shown, exhibiting a fast rise from the cold reactants
temperature to that of the hot combustion products across
a narrow region where the primary edge flame reaction
zone exists. The contours of the consumption rate of the
fuel, wch,, are superposed to highlight the curved pre-
mixed front structure, with clear rich and lean premixed
branches. The region behind the premixed flame edge,
extending along the central & line upwards through the
domain, has a diffusion-flame structure, approximating
the ideal one-dimensional non-premixed flame structure
with downstream distance.

III. CSP ANALYSIS OF THE EDGE FLAME STRUCTURE

We recall that, with an N-dimensional ODE system,
dy/dt = g, CSP employs a set of basis vectors/co-
vectors, a;/b;, i = 1,..., N, to decompose the source
term into a sum of (ideally) decoupled modes {9},
given by g = Zf\il a,f"+ EiszH a,f*, where f* is
the amplitude of ;.. The modes are ordered from fastest
to slowest, with associated time scales 71 < --- < Tn.
The first M (fast) modes, having sufficiently small ampli-
tude according to chosen thresholds, are either “frozen”,
having no chemical activity, or “exhausted”, involving
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cancellations of opposed processes. The remaining N — M
modes are slow, constrained to evolve along a slow
manifold defined by the fast processes. In a PDE context,
we identify the CSP basis vectors based on the chemical
source term alone, however, the determination of M is
based on the projection of the full right-hand-side on this
basis. Finally, for any given mode k, the CSP Participation
Index (PI) of any process i, P,i, is a normalized measure
of the importance of that process in this mode, where
a process is defined as any of the forward/backward
reactions in the system, or a convection/diffusion transport
term for a given species.

With this cursory definition of terminology, we now
examine the structure of the edge flame using CSP
analysis. Figure 1(b) shows the spatial distribution of M,
the dimension of the fast subspace, with superposed wc,
and &-contours. The detailed structure of the M field is
complex, but some key features may be readily observed
in this 2D plot. The primary reaction zone region, where
wch, 1s largest, exhibits generally the lowest M values,
where only 3-8 modes are exhausted. Note however, the
misalignment between the wcy, contours and the region
with lowest M values in the downstream end of the rich
edge flame branch. The central, diffusion flame region has
the highest number of exhausted modes, with M > 30. At
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Fig. 4. The spatial distribution of the fastest chemical timescale 71 (a),
and the driving chemical time scale 75741 (b), in the edge flame, shown
with superposed wcy, and mixture fraction contours. The §-contours
and domain size are as those in Fig. 1. Note that the color map for the
Tar+1 plot has been truncated at 1 psec for clarity.

the base of the edge flame, this high-M region coincides
with the £ = & = 0.055 line, shifting towards leaner
mixtures mid-way up the domain. This is the region which
is closest to equilibrium as the reaction products from the
lean/rich sides of the edge flame come together.

Further, horizontal cuts of the domain at three y-
locations of (0.3,0.5,0.8) cm, showing the spatial profiles
of M and the chemical production rate of the fuel,
wcm,, at different elevations in the edge flame, are shown
in Figures 2, and 3 respectively. The high M-plateau
in the cold gas is evident in the 0.3 cm profile, with
M ~ 22 for x ~ 0.4,1.2 cm, and wcy, ~ 0. As we
approach regions of significant CHy4 consumption, with
x ~ 0.7,0.93 cm, we find largely monotonic decrease in
M towards a minimum that roughly coincides with the
peak consumption rate of the fuel. Going further, towards
the domain centerline, M is found to increase again, with
an eventual peak value at z ~ 0.8 cm. This picture is
roughly similar at the other two y-elevations. The central
peak is observed to shift towards the left, reflecting the
shift observed in the 2D image in Fig. 1(b). Similarly,
the locations of the minima in M are observed to shift
away from the centerline, reflecting the increased width
of the edge flame in Fig. 1(b). Further, these minima are
broader reflecting the increased thickness of the reaction
zone at these rich/lean locations. The minimum value of
M also increases, indicating that less/more modes are ac-
tive/exhausted in the premixed front nearer stoichiometric
conditions. Finally, note that the deviation between the
location of the M -minimum and peak fuel consumption
in the rich region at higher y-elevations, as observed in
Fig. 1(b).

Figure 4(a) shows the spatial distribution of the fastest
chemical timescale 71 in the edge flame. The cold fuel-
rich region exhibits the fastest 7, ~ 0.7 ns, while the
curved preheat zone ahead of the primary edge flame re-
action zone exhibits the slowest 7, ~ 2.7 ns. In this zone,
important low temperature flame processes are active.
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Specifically, this zone coincides with the regions of low
temperature peak production rates of HO, and CH30, and
associated processes. Thus, for example, the conversion
of NO to NOx, is peaked in this region, dominated by the
forward rate of the reaction Rygg: HO2+NO = NO,+OH.
Here and in the following, we use the reaction numbers
to identify the specific reaction in GRImech3.0 [24].
Moreover, we adopt the following convention, denoting
the net, forward, and backward reaction ¢ by R;, F;, and
B; respectively.

Along the domain inlet, and spanning the z-length of
the domain, we find that the processes with the largest PI
in mode 1, P}, are largely the convection and diffusion of
Os;. Occasionally, i.e. at some x-locations, the diffusive
fluxes of CH4 dominate, but the far majority of points
exhibit the stated dominance of O transport fluxes in
mode 1. Note that, in this region there is barely any chem-
ical activity, in fact many modes are frozen, such that the
only significant activity is the transport of reactants. Thus,
the observed dominance of these transport processes in
the PI of mode 1 (PIy), indicating that only transport is
significant along a;, is not surprising.

Looking at cuts at three elevations through the edge
flame (0.3, 0.5, 0.8 cm), the PI results for mode 1 at all y-
locations are as follows. The results are essentially similar
on either side of the flame, in the fuel or air streams, as at
the lower location near the domain inlet, with dominance
of O, transport processes. As we enter the preheat zone
on either side of the thin premixed flame zones, various
transport processes gain dominance in narrow spatial
regions, namely diffusion and convection of Temperature,
H,, and H,O, along with the diffusion and convection of
CO on the air-side only. Going further into the preheat
zone, a range of reactive processes exhibit narrow regions
of dominance. These are: Fg7: OH+CH3 = CH5(S)+H>O,
Fi95: CH+Oy = O+HCO, F;39: CH+CHy; = H+C5Hy4,
F140: CH5(S)+Ny = CHs+Ny, Biog: CH+Hs <= H+CHs,
and, in the air-side preheat zone only, Fy44: CH3(S)+04
= H+OH+CO. These reactions are part of the cascade
of fast fuel-breakdown reactions. As for the region inside
the edge flame, including on either side the two primary
flames, the reaction Rogy: NNH = Ny + H, has the
dominant participation index in mode 1 at all y-locations.

Moreover, recall that examining the CSP pointer for ex-
hausted modes, allows the identification of the associated
CSP radical species for that mode. In other words, this is
the species whose fast consumption processes have high
PIs, and therefore are key participants in the associated
equilibrium and corresponding time scale of this mode.
In the present case, and considering all y-locations, we
find the following regarding mode 1. In the cold flow
region outside the edge flame, the species pointed to by
mode 1 is CH. Further, this mode is found to be either
frozen or exhausted in different parts of this region. While
the transport of O, or CH4 dominates the PI, this is, as
indicated above, because there is hardly any chemical
activity. However, recall that the time scales 7j, result
from the analysis of the chemical source term. Further,



the fact that this mode points to CH suggests that CH
consumption reactions are relevant here in establishing
71. In fact, looking at the most dominant PIs for chemical
processes we find that reactions Fy25: CH+O2 = O+HCO
(on the air side) and Fy3¢: CH+CH, = H+CsH, (on the
fuel side), both CH consumption reactions, are generally
among the highest amplitude PIs among the reactive
processes in this region. Further, it is likely that the
difference in 71 between the cold fuel and air streams,
evident in Fig. 4(a), is a direct result of the dominance of
one or the other of these reactions in each zone. In the
preheat zones, where low-temperature chemistry is active,
and mode 1 is exhausted, the associated CSP pointer
points to CH(S). This is consistent with the observed
dominance of several reactions involving CHs(S) in this
region in PI;, as observed above. On the other hand, inside
the edge flame, NNH is the corresponding species pointed
to by mode 1, again exhausted, which is again consistent
with the above dominance of Ryp4 in PI; in this region.

Consider next the spatial structure of the driving chem-
ical time scale 7ps41, shown in Figure 4(b). Recall that
Mar41 is the fastest of the slow modes, such that the
system evolves locally with time scale 7p,41. We note
first that the cold fuel/air regions, where largely only
slow transport processes are active, exhibit a large 73741>
1 psec. Further, as we approach the primary flame, in the
preheat region, a narrow region of alternating fast/slow
activity is evident, before the broad region of fast chem-
ical activity in the edge flame is reached. In this internal
region, fastest chemical activity is evident in the primary
premixed flame zone, with slower 7j,jevident in the
central region around &g where chemical equilibrium is
approached.

Let us examine the PIs for 91,11 along horizon-
tal cuts. As for 9y, the lack of chemical activity in
the cold flow regions outside the edge flame high-
lights the action of transport fluxes. Here again, we
find the transport of O; to dominate the PI. Among
reactive processes, the reactions with the largest Pls
(albeit small relative to transport) in this region are
found to be F;1: O+CH; = OH+CHg, Fi79: N+Oy =
NO+O, F216: HNO+02 = H02+NO, F291: CH2+02
= O+CH,0O, and Bsy7: NNH+O = OH+N,. As we
approach the flame edge, reaction fluxes become sig-
nificant, dominating the role of transport in PI;4;. In
the preheat zone, reactions such as Fi19: HO2+CH3s =
OH+CH30, and Fgg: OH+CH,; = CH3+H>O, as well
as Fi79: CH30+05 = HO5+CH;O are found to be
dominant. This is a reflection of the dominant role of
these reactions in the fuel breakdown chemistry on the
reactants side of the premixed flame.

Finally, we note that the detailed structure inside the
flame is quite complex. Consider in particular the region
with minimum M, in the vicinity of the primary premixed
flame reaction zone, shown in Figs. 1(b) and 2. In this
region, and focusing on a cut at y = 0.3 cm for illus-
tration, we find that reactions with dominant PIj;;; in
the lean branch include Fg7: OH+CH3 = CH5(S)+H->0,
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Fgs: H+CH3OH = CH;OH+Hs, Fi59: CHoOH+Oy =
HO5+CH5O0, and F155: CH+H; = H+CH,. On the other
hand, in the rich branch, the following reactions dominate
this mode, Fi99: C+0Oy = 0O+CO, Fs55: H+CH>0O =
HCO+Hs, F45: HCO+0O5 = HO5+CO, along with Bgg.
A detailed study of the internal structure of the premixed
flame primary reaction zone is greatly informed by these
specific findings, identifying the reactive processes con-
trolling the chemical evolution of the system in each
internal flame layer. Similar information is equally useful
in other internal regions of the edge flame.

IV. CONCLUSIONS

We have studied the structure of a methane-air edge
flame using CSP analysis. Results identified the structure
of the flame at different spatial locations, illustrating
the spatial distribution of the dimensionality of the fast
subspace and the structure of the fastest and active
modes. We identified the dominant processes defining
these modes, and highlighted their spatial distribution.
Of particular note, relevant to the fastest chemical mode
(whose structure is clearly consequential to requisite time
integration strategies), is the observation of the dominace
of Rops: NNH = No+H everywhere inside the edge flame,
with NNH being the associated CSP radical. On the other
hand, a number of CH and CH4(S) reactions dominate the
fastest mode in the premixed flame preheat zones around
the outer rim of the edge flame, with CH3(S) being the
associated CSP radial.
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Abstract— Although many techniques exist to generate a
reduced model from a large, detailed chemical model, few
model reduction techniques generate reduced models that
can reproduce the solution of the detailed model to within
known error bounds. Furthermore, error bounds imposed
on the reduced model at a finite set of reaction conditions
cannot be propagated through a numerical method to yield
error bounds on the numerical solution of the reduced model
relative to the solution of the detailed model. In order to
reproduce the numerical solution of the detailed model to
within a known error tolerance using a reduced model, the
reduced model must be generated with known error bounds
that are satisfied over a range of reaction conditions.

To generate a reduced model satisfying error bounds
over a range of reaction conditions, we propose the method
of range-constrained simultaneous reaction and species
elimination. This method uses the solution of an integer
linear program restriction of an integer linear semi-infinite
program to determine a reduced model from a given detailed
model, error tolerances on the time derivatives of state vari-
ables and range of reaction conditions. The reduced model
obtained from the solution of the integer linear program
can then be used within a numerical method to approximate
faithfully the solution of the detailed model from which it
was generated. Error bounds on the reduced model could
then be propagated through the numerical method in order
to obtain error bounds on the solution of the detailed model,
yielding a more computationally efficient means of obtaining
a numerical solution for currently intractable reacting flow
problems to within known numerical error.

I. INTRODUCTION

The purpose of a kinetic model reduction technique is
to generate an approximate, simplified chemical model
from a more detailed chemical model in order to re-
duce the computational effort needed to simulate reacting
flows. Many different methods exist to accomplish this
task (such as [6], [14] and [7]), based on very different
principles.

When carrying out model reduction, there are two com-
peting objectives: reducing CPU effort and minimizing
approximation error due to model reduction. Since the
purpose of model reduction is to enable the simulation
of computationally demanding reacting flow problems by
generating less resource-intensive reduced models, we
would like our model reduction technique to yield a
reduced model that decreases as much as possible the
CPU time required to simulate a reacting flow. Simul-
taneously, we would like to minimize the difference (or
error) between the solution of our reduced model and the
solution of the detailed model. Since CPU time limits
the set of reacting flow problems that can be solved
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currently, our primary objective is to achieve maximum
reduction of CPU effort subject to constraints that ensure
that the error between the numerical solution of the
detailed model and the solution of the reduced model is
bounded to within acceptable limits over certain reaction
conditions (temperatures and species mass fractions). In
order to limit this error when using the reduced model
in a numerical integration routine, it iS necessary to
bound the difference between the chemical source term
of the detailed model and the chemical source term of the
reduced model for each species. Although many methods
have some form of error control (usually in the form of an
adjustable parameter), few methods attempt to determine
error bounds on the chemical source term of the reduced
model with respect to the detailed model. Without these
error bounds, it is extremely difficult to estimate the error
in the solution obtained by applying a model reduction
technique when solving a detailed model numerically.

It is also worth noting that bounding locally the error
due to model reduction does not suffice [11]. Oluwole
et al. have demonstrated that error bounds satisfied by a
reduced model at points in state space do not necessarily
hold within their convex hull. For this reason, a reduced
model with error bounds satisfied at a finite collection
of points in state space may not satisfy its stated error
tolerances after one time step of numerical integration.
Consequently, it is absolutely critical that reduced models
be generated with error bounds on the time derivatives of
state variables, and that these error bounds are satisfied
over ranges in state space.

Optimization is a natural mathematical framework for
model reduction because elements of model reduction
problems can be adapted to an optimization formulation.
Typically, the mode of model reduction can be cast in
terms of decision variables of the optimization problem.
The mode of model reduction can be thought of as the
rules or allowable transformations that can take place
in generating a reduced model from a detailed model.
Reaction elimination [3] is one example of such rules.
Error bounds can be formulated as constraints, and CPU
effort can be formulated as an objective. Since simulation
CPU time cannot be expressed directly as a continuous
function of the decision variables, the number of reac-
tions, species, or state variables is typically used as a
proxy, because the CPU time needed to solve a reacting
flow problem scales empirically as O(NgNZ), where Ng
is the number of reactions and Ng is the number of



species [13]. Adapting a model reduction technique to
an optimization framework ensures that a given detailed
model is maximally (or close to maximally) reduced,
subject to the error constraints and model reduction rules
supplied by the model reduction technique.

In this work, we propose using an optimization frame-
work to generate reduced models by simultaneous re-
action and species elimination, such that the resulting
models satisfy given error constraints over ranges in state
space. This approach, called range-constrained simultane-
ous reaction and species elimination, is a natural extension
of existing work on both reaction elimination [3], [10]
and simultaneous reaction and species elimination [8]. In
order to provide the necessary background for the devel-
opment of range-constrained simultaneous reaction and
species elimination, we first review the previous point-
constrained reaction and species elimination by Mitsos
et al. [8].

II. EXISTING POINT-CONSTRAINED SIMULTANEOUS
REACTION AND SPECIES ELIMINATION FORMULATION

Bhattacharjee [1] proposed an integer nonlinear pro-
gramming (INLP) formulation for simultaneous reaction
and species elimination. Although this formulation was
novel, it was also computationally demanding, since algo-
rithms that solve INLPs are time-consuming. Mitsos et al.
[8] discovered an equivalent integer linear program (ILP)
reformulation of the original INLP that can be solved
much more quickly. The resulting point-constrained reac-
tion and species elimination ILP is presented below as in
[8], restricting the formulation to the case where a; = 1
for all j and (3; = 0 for all i:
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The formulation in (1) requires some explanation. In
(1), three subscripts are used. The subscript ¢ indexes
the Np reactions present in the detailed mechanism,
and is used in conjunction with reaction-based quantities,
such as the rate of reaction. The subscript j indexes the
Ng species present in the detailed mechanism, and is
used in conjunction with species-based quantities, such
as the species mass fractions. The subscript [ indexes
N, user-supplied points in state space to be used as a
reference data set for model reduction. This reference data
set defines the conditions in state space over which the
reduced model will be “valid,” in that it satisfies error
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tolerances on the time derivatives of the state variables
relative to the detailed model. In our case, state space is
defined as the mass fractions of each species present in
the detailed model and temperature; we assume that our
detailed model describes the chemical source term in an
adiabatic-isobaric batch reactor.

Reaction elimination is encoded by the binary decision
variables z;, and species elimination is encoded by the
binary decision variables w;. If z; = 1, reaction ¢ is
included in the reduced model generated by this tech-
nique. If z; = 0, reaction 7 is excluded from the reduced
model generated by this technique. Similarly, if w; = 1,
species j is included in the reduced model generated
by this technique. If w; = 0, species j is excluded
from the reduced model generated by this technique.
Consequently, an optimal solution to (1) yields a reduced
mechanism derived from the detailed mechanism supplied
as input to point-constrained simultaneous reaction and
species elimination. Given this interpretation of the binary
decision variables, the objective function (la) equals the
number of species included in the reduced model.

Assuming that our detailed model describes the chem-
ical source term in an adiabatic-isobaric batch reactor,
the error constraints in (1b) and (1c) limit the difference
between the time derivatives of the state variables in
the detailed model and the time derivatives of the cor-
responding state variables in the reduced model. In these
equations, h; is the specific enthalpy of species j, M;
is the molar mass of species j, v;; is the stoichiometric
coefficient of species j in reaction ¢ (using the standard
sign convention that v;; > 0 if species j is produced
in reaction 4, and v;; < 0 if species j is consumed
in reaction %), r; is the molar rate of reaction i, X; is
the vector of species mass fractions in the batch reactor
at reference point [, T} is the temperature in the batch
reactor at reference point [, p; is the density of the gas
in the batch reactor at reference point [, (Cp); is the
specific heat capacity of the mixture in the batch reactor
at reference point [, I‘gef is the chemical source term for
the temperature evaluated at a reference point specified
as an argument, and F;ef is the chemical source term
for species j evaluated at a reference point specified
as an argument. The absolute error tolerance for the
time derivative of species j is defined as (atol);, and
the absolute error tolerance for the time derivative of
temperature is defined as (atol)o; these tolerances are set
by the user. Corresponding relative tolerances are defined
as (rtol); for species j and (rtol)o for temperature.

Mitsos et al. [8] recognized that in order to avoid the
production or destruction of mass via the reactions of the
reduced mechanism, a species may only be eliminated
from the detailed mechanism if all of the reactions in
which it participates (in the detailed mechanism) are also
eliminated. The mass conservation constraint (1d) encodes
this condition, where (Ng); is the number of reactions of
the detailed mechanism in which species j participates.
In the case of unimolecular, bimolecular, and explicit
termolecular reactions, participation of a chemical species



is unambiguous. However, some reaction mechanisms
contain third body reactions, in which a molecule called
a third body acts upon the reactants to give them enough
kinetic energy for reaction to occur. If a third body
reaction is treated as a bimolecular reaction, in that the
third body species are not considered to participate in
that reaction, then the estimates of the time derivatives
of the state variables in (1d) may be inaccurate. For most
practical purposes, these inaccuracies are insignificant and
can be ignored. If the inaccuracies due to neglecting the
participation of third body species are significant, Mitsos
et al. [8] propose alternate treatments for third body
species.

Point-constrained species elimination has been applied
to mechanisms as large as the LLNL n-heptane mech-
anism [4] successfully. Due to the O(N RN;) scaling
of reacting flow solvers, simultaneous elimination of
reactions and species reduces the computational effort of
reacting flow solvers to a greater extent than elimination
of reactions only. However, since the chemical source
term is, in general, a non-convex function of the state
variables over the convex hull of the reference points
supplied to (1), the error in the reduced model is also a
non-convex function over the convex hull of the reference
points. Consequently, if a reduced model is generated
satisfying error bounds at the reference points, it is not
necessarily true that the reduced model also satisfies the
same error bounds at any point in state space within the
convex hull of the reference points. For this reason, if
error-controlled reduced models are desired over regions
in state space (for example, in a reacting flow solver using
an adaptive chemistry algorithm [12]), either a valid range
must be determined from a point-constrained reduced
model by using the range-finding algorithm of Oluwole
et al. [11], or the constraints in the point-constrained
model reduction formulation (1) must be revised to limit
errors over ranges in state space.

III. PROPOSED RANGE-CONSTRAINED SPECIES
ELIMINATION FORMULATION

By analogy to the previous work on reaction elim-
ination by Bhattacharjee et al. [1], [3] and Oluwole
et al. [10], we propose the following range-constrained
simultaneous reaction and species elimination formulation
as an extension of a combination of the work of [8] and
[10]:

Ns
minz wj, (2a)
“wiT
N y N
ot X5 b (DM, 33 vjiziri(x, T) rred (. T
p(x, T)Cp(x,T) o
< (atol)o + (rtol)o|T5™ (x,T)|, V(x,T) € @, @)
N
Af]‘ 21:}3 z/jizim(x, T) _ F,jef (x, T)
p(x,T) /
< (atol); + (rtol); |0 (x,T)|, j=1,...,Ng;¥(x,T) € @,
(2¢)
(Nr)jw; > > 2z, j=1,...,Ns, 2d)
{isv;;#0}
z; €{0,1}, i=1,...,Ng, (2e)

wj € {0,1}, j=1,...,Ns, 26

where @ is the Cartesian product of intervals & =
[xF, xU] x [T*,TY] in mass fraction-temperature space.
Note that the set ® in (2) replaces the finite set of
reference points in (1). Even though (2) is linear in the
decision variables, it contains infinitely many constraints,
indexed by the set @, and is classified as a semi-infinite
program (SIP) [10].

Solving SIPs to global optimality is computationally
demanding, and current algorithms cannot determine an
optimal solution for large problem instances, correspond-
ing to large kinetic mechanisms. Bhattacharjee et al.
[2] developed an algorithm using interval extensions [9]
that determines guaranteed feasible points for an SIP by
formulating a restriction of the SIP. The optimal objective
function value of the resulting program is an upper bound
on the solution of the exact formulation of the original
SIP. In the case of the SIP in (2), this restriction will be
an ILP.

Oluwole et al. [10] used ideas from the SIP restric-
tion algorithm of Bhattacharjee et al. within a range-
constrained reaction elimination formulation to overesti-
mate the difference between the detailed model source
terms and the reduced model source terms with con-
straints similar to (2b) and (2c¢) and determine reduced
models guaranteed to satisfy the error constraints for
reaction elimination. Our proposed formulation extends
the work of Oluwole et al. by adding the binary variables
w; and the mass conservation constraint in (2d); it extends
the work of Mitsos e al. by replacing the finite set of
reference points with an interval in state space and modi-
fying the appropriate constraints accordingly. In applying
the approach of Oluwole ef al. to (2), DAEPACK [15]
is used to generate Taylor model interval extensions that
overestimate the error between the detailed model source
terms and reduced model source terms. These overesti-
mates are used to formulate the ILP restriction of (2),
which is then solved to global optimality using CPLEX
[5]. Since an optimal solution of the ILP restriction of (2)
corresponds to a feasible point of the range-constrained
SIP formulation (2), the objective function value at this
point is an upper bound on the optimal objective function
value for the SIP. Cast in terms of the problem at hand,
our proposed algorithm will determine a reduced model
with fewer species that is guaranteed to satisfy error
bounds on the source term in the reduced model over
a specified range of conditions of interest, but it will not
necessarily determine the reduced model with the fewest
species satisfying those error bounds over the range of
interest.

IV. CONCLUSIONS AND FUTURE WORK

A method for automatically generating error-controlled
range-validated reduced kinetic mechanisms by simulta-
neous reaction and species elimination is presented. The
method follows either by extending the point-constrained
simultaneous species and reaction elimination formula-
tion to a range-constrained formulation, or by extending



the range-constrained reaction elimination formulation to
include simultaneous reaction and species elimination.
The resulting range-constrained simultaneous reaction and
species elimination formulation is a semi-infinite program
solved approximately by constructing an ILP restriction
using interval extensions and solving that ILP to global
optimality. The solution obtained by this algorithm is a
feasible point for the original SIP, but it is not necessarily
the best possible.

Given the recent proliferation of model reduction meth-
ods in the literature, it would be interesting to attempt
to cast some of the existing model reduction methods
into the form of optimization problems for the sake
of comparison. Model reduction methods could then be
compared using comparable error constraints in order
to determine the extent to which they reduce the com-
putational requirements of reacting flow solvers. This
endeavor would also be useful in that it could facilitate
the combination of different model reduction methods in
order to further reduce the computational requirements of
reacting flow solvers.

Finally, it would be interesting to examine how error-
controlled model reduction methods interact with different
numerical methods, as well as different problem formu-
lations. Currently, little theory exists [10] to bound the
errors in the numerical solution of a reduced model, as
compared to the numerical solution of its corresponding
detailed model. A theory explaining how error-controlled
model reduction methods interact with different numerical
methods for solving reacting flow problems could then
be applied to range-constrained, error-controlled model
reduction techniques to solve reduced models to within
known error bounds, greatly enhancing the utility of
model reduction techniques by clearly quantifying the
error incurred by model reduction.
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Affine Lumping Formalism for Comparison of
Model Reduction Techniques

Geoffrey M. Oxberry*, William H. Green*, Paul I. Barton*
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Abstract— Numerous methods exist for generating
smaller, reduced chemical models from large, detailed
chemical models. These methods arise from a variety of
different theoretical backgrounds, yet few comparisons have
been made between different model reduction methods. In
order to assess the relative quality of these different model
reduction techniques, these methods must be compared with
each other using a common framework. As one element of
such a framework, we propose a formalism called affine
lumping. This formalism defines two affine mappings. The
first affine mapping is used to lump the state variables from
a detailed model to a reduced model with reduced state
variables. The second affine mapping is used to unlump
the reduced state variables and lift the reduced model
back into the original state space. Conditions are stated
under which the application of these two affine mappings
in succession yields a solution of the original model. Finally,
the techniques of species lumping by Li et al., computational
singular perturbation and reaction invariants are all cast as
special cases of affine lumping, to illustrate the potential
usefulness of the affine lumping formulation. Given that
three different model reduction techniques can be recast
using the affine lumping formalism, it is possible that other
model reduction techniques may be also be special cases of
affine lumping. The affine lumping formalism could then be
used as a common standard against which different model
reduction techniques can be compared in order to assess
their relative quality.

I. INTRODUCTION

Many practical problems involve combustion under in-
homogeneous, transient conditions, and therefore require
the use of numerical methods that solve large systems
of coupled, nonlinear partial differential equations of
the kind typically found in reacting flow solvers. These
practical problems typically require large, detailed chem-
ical models in order to simulate faithfully the physics
involved. However, reacting flow simulations of large
chemical models have prohibitively large computational
costs. Consequently, smaller reduced models are used
in place of large chemical models in order to obtain
approximate numerical solutions to the large chemical
models at decreased computational cost.

Many methods are available for generating reduced
models from detailed chemical models (see [2], [5], [3]
and [4] for examples). However, these different methods
originate from different theoretical backgrounds, includ-
ing methods based on singular perturbation, methods
based on a graph-theoretic interpretation of chemistry, and
others. Given this variation in the theoretical development
of model reduction methods, it is difficult to compare
two given model reduction techniques. Previous work
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has made progress in this area by showing that the
intrinsic low-dimensional manifold (ILDM) technique is a
special case of computational singular perturbation (CSP)
[2], facilitating the comparison of the two techniques in
subsequent work. To make further progress in comparing
model reduction techniques, we propose a formalism
called “affine lumping.”

In this work, we provide a definition of affine lumping.
Affine lumping defines two affine mappings. The first
affine mapping transforms a detailed model to a reduced-
dimension representation called the reduced model; this
process is called lumping. The second affine mapping lifts
the reduced state variables into the space of the original
state variables, recovering a representation of the reduced
model in the original state variables that approximates
the detailed model; this process is called unlumping. It
can be shown that applying these two affine mappings in
sequence is equivalent to projecting the original model
onto an affine subspace. This projection is the reduced
model, lifted into the space of the original state variables.
It can be shown that under certain conditions, lifting
the solution of the reduced model into the space of the
original state variables yields a solution of the detailed
model. In other words, under certain conditions, the
solution of the detailed model lies in an affine subspace
so that the solution of the reduced model can be used to
construct the exact solution of the detailed model, and the
reduced model can be described with fewer differential
equations and state variables than the detailed model.

After presenting a definition of affine lumping, we
present examples of existing model reduction techniques
that are special cases of affine lumping. We show that
the species lumping technique of Li et al. [3], CSP and
the technique of reaction invariants reviewed by Waller
and Mikild [6] are all special cases of affine lumping
by translating the nomenclature and mathematics used
in each of these techniques to the nomenclature and
mathematics of affine lumping. These results suggest that
other methods could also be expressed using the affine
lumping formalism, and indicate that apparently different
techniques could have similar properties despite different
theoretical backgrounds. These similarities could then be
used in future work to assess the relative merits of each
model reduction technique that fits the formalism.

II. DEFINITION AND PROPERTIES OF AFFINE LUMPING

In order to define affine lumping, we first motivate
the definition by exploring the concept of lumping in



the specific case of chemical reaction in an adiabatic-
isobaric batch reactor. Since the chemical source term in
this model is used within reacting flow solvers that use
operator splitting, it is the primary model under considera-
tion; we postpone discussion of any other models to future
work, since they will be extensions of this case. After
briefly discussing the model and informally discussing
ideas behind affine lumping, a definition of affine lumping
is provided. Finally, we state without proof the main
result of affine lumping: the solution of the reduced model
obtained from affine lumping can be used to reconstruct
the solution of the detailed model with no approximation
error, provided that the affine lumping and reduced model
have certain properties.

Consider the following model for a well-mixed, isolated
chemically reacting system (that is, an adiabatic-isobaric
batch reactor):

)

where y(t) € RMs represents the original state vari-
ables (such as species compositions, temperatures, and
pressures), and the source function I' : RNs — RNs
describes changes in the state variables due to chemistry.
Consider the “affine lumping”:

o(t) = A(y(t) — yo),

where Ng > N, ¢(t) € RV is a set of reduced state
variables, A € RNL*Ns jg the assembly (or lumping)
matrix, and yo € R™s is a point in the (original) state
variable space corresponding to the origin of the new
reduced-dimension space corresponding to the reduced
state variables. We treat the matrix A as a function of
the original state variables, and therefore, as a function of
the solution y(¢), but assume that the functional form of
A(z) is piecewise constant over R™S (here, z is a dummy
variable). Therefore, instead of using the notation A(z),
we will use the notation A under the assumption that we
have restricted the use of A to a subset of RS over
which its elements have constant values; this subset must
be specified when defining a specific instance of lumping.

Having given an informal description of affine lumping,
additional properties are needed to make a description
of the lumping process more concrete. Suppose that we
can find a generalized inverse D corresponding to A
(for the properties of generalized inverses, see [1]). The
matrix D € RVs*Ne will be called the disassembly (or
unlumping) matrix, since its purpose will be to recover
approximately the original state variables from their re-
duced state variable counterparts. Like A, we treat the
matrix D as a piecewise constant function over state
space. Therefore, instead of using the notation D(z), we
will use the notation D under the assumption that we
have restricted the use of D to a subset of RS over
which its elements have constant values; this subset must
be specified when defining a specific instance of lumping,
and it must be equal to the subset used in defining A.

(@)
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For any y* € RNs | the values of the reduced state
variables resulting from lumping once the values of the
original state variables should be equivalent to the values
of the reduced state variables resulting from lumping
the values of the state variables, unlumping the resulting
values of the reduced state variables, and then lumping
again the values of the state variables obtained from
unlumping. Put another way, after lumping once, repeated
unlumping and lumping should yield the same values for
the lumped variables. Mathematically, this implies that for
any y* € RVs, ADAy* = Ay*, and thus

ADA = A. 3)

Equation (3) is Penrose’s First Equation, indicating that
D is a {1}-inverse of A.

Also, assume that A has full rank; if it does not, we
could describe the subspace R(A) with a smaller basis
and obtain an equivalent lumped representation using a
smaller assembly matrix and fewer variables. Since the
goal of this work is to reduce as much as possible the
number of state variables used to represent a chemically
reacting system, a full rank assumption is not restrictive.

Since A has full rank, by Lemma 1.2 of [1], it follows
that

AD =1y, )

where Iy, is an Ny x Np, identity matrix. From this
equation,

DAD =D (%)

also holds. Equation (5) is Penrose’s Second Equation,
indicating that D and A are {1, 2}-inverses of each other.

These arguments motivate the following definition of
an affine lumping:

Definition 2.1 (Affine Lumping): An affine lumping is
a 3-tuple (A, D,y,), where

1) A isa full rank Ny x Ng matrix called the assembly

matrix, with Ny, < Ng,

2) D is a {1,2}-inverse of A called the disassembly

matrix,

3) yo € RVs is the origin of the lumping.

Having defined affine lumping, we next explore the
properties of the definition. Suppose we have an affine
lumping (A, D, yq) associated with (1), and suppose that
y(t) is a solution to (1). From (2), the chain rule, and (1),
it follows that

o(t) = Ay(t) = AL(y(t)). ©)

Therefore, given a solution y*(¢) of (1) with y*(0) =
Y§, it is possible to prescribe initial conditions ¢, and
solve (6). Actually carrying out this process, however,
would defeat the purpose of lumping, since the idea of
species lumping is to cast the original state space into
a reduced-dimensional state space for the purposes of
reducing the computational effort needed to solve the
ODE system in the reduced space; solving the original



ODE would yield all of the desired results. Consequently,
it is necessary to determine a closure relation that allows
us to express (6) as an autonomous ODE system.

The closure relation for constructing the solution of the
original model from a suitably defined reduced model can
be found under certain conditions using our main result,
stated here without proof:

Theorem 2.1: Given an affine lumping (A, D, yy), let

1) Z={zcRNs : z=Dw +yg,wc RV},

2) ¢(t) € RVZ be a solution of the reduced model

#(t) = AT (Do(t) + yo)
with ¢(0) = 0,

3) x(t) =Do(t) + yo-

Suppose that I'(z) € R(D), Vz in Z. It follows that
x(t) is a solution of (1) with x(0) =y and that ¢(¢t) =
A(x(1) — yo).

If the conditions of Theorem 2.1 hold, then lifting the
reduced model into the space of the original state variables
yields the equation

)

x(t) = DAT(x(t)). ®)

Aside from the change of variables from y to x (chosen
to distinguish between the solution of the detailed model
and the lifted solution of the reduced model), note that
the right hand side of the lifted reduced model (8) is
the same as the right-hand side of the original model
(1) premultiplied by the matrix DA. From Corollary 2.7
of [1], the matrix DA is a projector onto R(D) along
N (A), yielding the interpretation that the solution of the
reduced model, lifted into the space of the original state
variables, is the solution to the original model projected
onto the affine subspace R(D) + yo along N'(A).

It is worth noting that a simple choice for D that satis-
fies Theorem 2.1 is a maximal set of linearly independent
columns of the stoichiometry matrix N. However, in order
to reduce models more aggressively, the assumptions of
Theorem 2.1 will have to be relaxed so that the right-hand
side of the reduced model, lifted into the space of the
original state variables differs from the right-hand side
of the reduced model to within a known error bound.
A method for error-controlled affine lumping will be the
focus of future work.

III. SPECIAL CASES OF AFFINE LUMPING

Having defined the affine lumping formalism and es-
tablished conditions under which a reduced model can
be used to determine exactly the solution of the detailed
model, we now give some examples of model reduction
techniques that are special cases of affine lumping. We
discuss three techniques: the technique of species lumping
by Li et al. [3], the technique of CSP by Lam [2] and the
technique of reaction invariants reviewed by Waller and
Mikila [6].

Li et al. [3] define their species lumping scheme using
the matrices M and M that take the roles of the matrices
A and D, respectively, in an affine lumping. Cast in terms
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of the notation for affine lumping by setting A = M,
D =M, and ¢ =y, the species lumping scheme in [3]
is defined as

o(t) = Ay(t), )

and the matrices A and D are related by AD = Iy, .
Li et al. do not place any restrictions on A and D other
than to state that M is one of the generalized inverses
of M. If we restrict M and M to be {1,2}-inverses of
each other, we have an affine lumping (A, D,yq) where
A =M, D =M and yg = 0. We postpone a more
detailed comparison of affine lumping with the species
lumping of Li et al. to future work.

Computational singular perturbation defines affine
lumping-like objects through the CSP basis vectors. Let
ACYSP be the CSP basis matrix whose columns are the
CSP basis vectors, and let B€“” be the CSP reciprocal
basis matrix whose rows are the CSP reciprocal vectors,
such that

BCSP — (ACSP)_l. (10)

We assume here that the matrix A¢SF is a constant,

rather than treating it as time-varying, as in the general
case of CSP.

To discuss CSP in the context of affine lumping, some
additional notation is necessary. Using the notation of Ben
Israel and Greville [1], denote by

Qk’n:{(ihig,...,ik) 1< << < S?’L}
(11)

the set of increasing sequences of k elements from the
set {1,...,n} for given integers 0 < k < n. Also, for a
given matrix M € R™*", and index sets I € (), and

J € Qqgn, let the p x n submatrix My, be the matrix

whose elements are m;; for ¢ € I and j € {1,...,n}
and let the m x ¢ submatrix M, ; be the matrix whose
elements are m;; for ¢ € {1,...,n} and j € J.

Returning to CSP, let N, be the number of active, slow
CSP modes, and let S € Qn, v be the set of indices of
CSP basis vectors corresponding to the slow CSP modes.
The matrices B§S” and ASST take the roles of A and
D in affine lumping and have the property that

BGIPALST

=1y, (12)

implying that ASST is a {1}-inverse of BEST by
rearranging (12) to yield Penrose’s First Equation. Since
ASSP and BSPP are both full rank matrices, they are
{1, 2}-inverses of each other, by Corollary 2.1 of [1]. If
the approximate equations of state in [2] are treated as
equalities, then CSP replaces the original model (1) with
the approximate, reduced model

y(t) = AS§PBSIPT (y (1)), (13)

which resembles the reduced model lifted into the
space of the original state variables, shown in (8). This
result suggests that CSP fits the affine lumping formalism



without defining a lumping operation explicitly. In order
to complete the definition of affine lumping from the CSP
basis matrices, an appropriate origin of the lumping must
be defined; in this case, set y( equal to the current point in
state space at which these particular CSP basis matrices
are used to approximate the original model. Again, we
postpone a more detailed comparison for future work.
The reaction invariants methods use a basis transforma-
tion to change the state variables from the state variables
of the original model in (1) to state variables that can
be classified as one of two types: reaction variants and
reaction invariants. Reaction invariants are state variables
that are constant with time, and reaction variants are state
variables that change over time. Using the notation of
Waller and Mikilid [6], suppose that v(t) € RN are
new state variables representing the reaction invariants,
and w(t) € RMs~Nt are new state variables repre-
senting the reaction invariants. Suppose also that there
exist matrices P € RNsx(Ns—=Np) Rl ¢ RNsxNL
DRI ¢ RWs=Ni)xNs and LR € RNt *Ns guch that the
matrix [P#/ TF!] is nonsingular, and the equations

_ wi(t)
y(t)=[ PR TR ] { v(t) } (14a)
{ ng } — [ PRI TR ]TH (14b)

both hold. From (14b), it follows that L/ TR =Ty ,
and by Penrose’s First Equation, T is a {1}-inverse
of L. Since the columns of the matrix [P%! T!] are
linearly independent, L™/ and T%! are both full rank
matrices. Consequently, by Corollary 2.1 of [1], L?/ and
TH! are {1,2}-inverses, suggesting that L?/ and T/
take the roles of the assembly matrix A and disassembly
matrix D in an affine lumping scheme.

In addition, w(t) does not vary with time, so for given
initial conditions of the detailed model (1), w(t) is fixed.
Setting A = L% and yo = P®*'w(0), we can use
(2) to define an affine lumping from the matrices of the
reaction invariants technique, and (L?!, TR PRIw/(0))
is an affine lumping. A more detailed comparison of affine
lumping and reaction invariants will follow in future work.

IV. CONCLUSIONS AND FUTURE WORK

A formalism called affine lumping has been defined
to facilitate the comparison of different model reduction
techniques that attempt to reduce the number of state
variables used to describe a chemically reacting system.
In addition to defining affine lumping, conditions have
been stated under which an affine lumping can be used
to reconstruct exactly the solution of a detailed model
from a reduced model. The model reduction techniques
of species lumping by Li et al. [3], computational singular
perturbation by Lam [2] and reaction invariants [6] have
been shown to be affine lumpings, under certain assump-
tions.

To further develop this work, more detailed compar-
isons of the theory of affine lumping with the theory of
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existing model reduction techniques should be conducted
to get a better idea of the breadth of techniques that can
be expressed using the ideas of projection and generalized
inverses as a theoretical basis. In parallel, a technique
to determine an error-controlled affine lumping could
be developed. The idea behind error-controlled affine
lumping would be to replace the condition under which
the solution of a detailed model can be reconstructed from
a reduced model exactly with conditions under which the
solution of a detailed model can be reconstructed from a
reduced model approximately with known error bounds.
These error bounds could then be used in conjunction with
additional information to determine the affine lumping
that yields the reduced model with the fewest reduced
state variables, subject to error bounds. Such a technique
could then be compared with existing techniques for
model reduction with (or without) error control in order
to better assess the strengths and weaknesses of various
model reduction methods.
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Abstract— The numerical solution of mathematical mod-
els for reaction systems in general, and reacting flows in
particular, is a challenging task because of the simultaneous
contribution of a wide range of time scales to the system
dynamics. However, the dynamics can develop very slow
and very fast time scales separated by a range of active
time scales. We propose a numerical technique consisting
of an algorithmic framework, named the G-Scheme, to
achieve multi-scale adaptive model reduction along-with the
integration of the differential equations (DEs). We assume
that the dynamics is decomposed into active, slow, fast, and
when applicable, invariant subspaces. Adjusting the active
DEs dynamically during the time integration is the most
significant feature of the G-Scheme, since the numerical
integration is accomplished by solving a number of DEs
typically much smaller than the dimension of the original
problem. To demonstrate the effectiveness of the G-Scheme,
we present results from an illustrative problem.

I. INTRODUCTION

Solutions of reaction systems in general are computa-
tionally very expensive because of the presence of a very
large range of scales. However, to within an arbitrary but
fixed accuracy, there are in general vary fast and very slow
time scales whose contributions to the active dynamics
is small. Recently, we proposed a new methodology [1]
that exploits this dynamic behavior to design a numerical
framework able to achieve adaptive reduction of the
dynamical system based on accuracy requirements. As
a result, the original problem not only becomes substan-
tially smaller, but more importantly non-stiff. The frozen
(slow) and near-equilibrium (fast) modes play crucial
roles in defining the active (dynamic) subspace, and thus
it is mandatory to account for their contributions. In this
work, we provide an overview of the G-Scheme and
present results of an illustrative low dimensional system
to demonstrate the effectiveness of the method.

II. BASIC CONCEPTS

The present work deals with model reduction concepts
that are used to develop a time accurate computational
tool that is able to exploit, adaptively, opportunities for
reduction from both fast/active and slow/active spectral
gaps. [1] The class of multi-scale problems which can
be efficiently addressed with the new framework is that
of stiff problems characterized by fast time scales of
dissipative nature. Operationally, the new framework is
designed to deal with the same class of problems as those
handled efficiently by BDF methods.

The proposed numerical technique consists of an algo-
rithmic framework, that for convenience will be referred
to as the G-Scheme, to achieve model reduction along-
with the numerical integration of a set of differential
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equations (DEs). The method is directly applicable to
initial-value ordinary differential equations (ODEs), and
by using the method of lines to partial differential
equations (PDEs) as well. We describe the G-Scheme as
a “framework”, since the scheme consists of a modular
procedure, where several of its components can be re-
placed or improved, while the overall framework remains
unchanged, and can be used in different ways to achieve
different goals.

The rationale used in constructing the G-Scheme is
as follows [1]. The construction of reduced models for
a dynamical system whose asymptotic behavior might
involve fixed equilibrium points, or nontrivial limit sets,
such as limit cycles or chaotic attractors, is strictly related
to the occurrence of a gap in the spectrum of its character-
istic time scales (time-scale separation). A temporal gap
separates fast modes relaxing towards a SIM from the
slow modes that drive the system, whereas for systems
possessing nontrivial invariant limit sets, the temporal
dichotomy is between stable and unstable modes. In both
cases, the most relevant asymptotic behavior of the system
is confined to an invariant set which is attracting: the SIM
or the limit attractor.

The characterization of the local structure of these in-
variant subspaces can be of great importance in the devel-
opment of methods aimed at achieving a low-dimensional
description of dynamical systems. The basic idea is that
the invariant subspaces, ordered in a decreasing way
with respect to their characteristic time scales, provide
the most convenient and natural basis for describing
the unstable/slow and stable/fast components of the dy-
namics. Consequently, model reduction can be achieved
by filtering out the dynamically irrelevant degrees of
freedom associated with the most stable (fast) components
characterized by the most negative characteristic time
scales.

Ideally, one would like to decompose the tangent space
T, at any point x € C' C RY in N invariant subspaces,
so that the dynamics within each invariant subspace is
fully decoupled from all other invariant subspaces, and
is associated with a single characteristic time scale. This
goal is not easy to achieve. However, decomposing the
tangent space in subspaces, not necessarily invariant,
characterized by time scales of comparable magnitude is
at the core of the G-Scheme [1]. We assume that the
tangent space 7, can be decomposed as the sum of four
subspaces,

T.=EcHeADT,

where the active subspace A contains all the current



intermediate dynamic time scales, all scales faster and
slower than the active ones are confined in the fast and
slow subspaces T and HI, respectively, and, E is the linear
subspace spanned by directions associated with invariants,
if any exist.

At each state point x corresponding to time t, the
G-Scheme introduces a curvilinear frame of reference,
defined by a set of orthonormal basis vectors with corre-
sponding coordinates, attached to the decomposition of
the tangent space in the four subspaces. At any time
instant of the system evolution, the curvilinear coordinates
are suitable (linear) combinations of the perturbations Ax
of the original state vector x about x itself, which are
assumed to be valid only within a time scale suitably de-
fined. Thus, they can be thought of as “lumped” variables
dynamically adjusting to the system’s evolution.

The evolution of the curvilinear coordinates associated
with the subspace A is described by N4 = dim(A) < N
ODEs, whereas the variation of the curvilinear coordinates
associated with the subspaces T and H are accounted for
by applying Ny = dim(T) > 0 and Ny = dim(H) > 0
algebraic corrections derived from asymptotics of the
original ODEs. Note that if we have Ny = dim(E) > 0
invariants, they can be formally eliminated so that the
dynamics is restricted to move in the subspace HO® A G T
that satisfies the invariants exactly. Adjusting the active
ODEs dynamically during time integration is the most
significant feature of the G-Scheme, because the numer-
ical integration of the state vector x € RY is obtained
by solving a number of ODEs typically much smaller
than N. The active ODEs evolve in A, which is freed
from fast scales, and thus they are non-stiff. They can
be solved by resorting to any explicit time integration
scheme (e.g., ERK). When compared to a standard BDF
implicit scheme for stiff problems, the G-Scheme offers
the advantage of requiring the solution of Ny <« N
explicit instead of N implicit ODEs, at the expense of
identifying the time scales and computing the set of ortho-
normal basis vectors that define the curvilinear frame of
reference.

A. Basis Vectors and Time Scales

Clearly, the success of the G-Scheme relies on the
ability to identify a decomposition of 7, which ensures
minimal (ideally no) coupling among slow, fast, and active
subspaces. The problem of finding a frame of reference
yielding the maximal degree of fast/slow decoupling can
be approached by resorting to the CSP refinements proce-
dure [2]. In this work, we identify the set of basis vectors
a;, defining the mapping of the change of frame of refer-
ence, with the right eigenvectors of the Jacobian matrix J
of the vector field related to the problem of interest, with
the dual vectors a’ coinciding with the left eigenvectors of
J. This yields a leading order approximation of the CSP
vectors [3]. As estimate of the characteristic time scales,
we consider the reciprocal of the eigenvalues, \;, of J.
The ordering of the basis vectors is critical for proper
decomposition. Here, we order the modes according to
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the magnitude of the complex eigenvalues, that is

0:|)\1|:"':|)\E|<‘/\E+1‘<"'<|>\H71|<<
|>\H| < <K |>\T|<<|>\T+1| <0 < ‘/\N|,

where
0=|\|=-=|\g| identify the time scales in E,
[Ag+1] <--- < |Ag—1| identify the time scales in H,
[Ae| < -+ < |Ar] identify the time scales in A,
Ar1] < -+ <|AN] identify the time scales in T,

with Ng = E, Ny =H-E—-1, Na=T—-H+1,
and Ny = N — T. Note that, because of this ordering,
(possibly complex) eigenvalues with both negative and
positive real parts can be found in H and A, whereas we
expect the eigenvalues in T to have dominant negative
real parts. This is the distinguishing feature of the class
of problems for which the G-Scheme is expected to
perform efficiently. The ratios ex = |Ar/Ar4+1]| < 1 and
e = |Ag—1/Am| < 1 are measures of the spectral gaps
between active and fast subspaces, and slow and active
subspaces, respectively. Since the G-Scheme approximates
the contribution of the very slow and very fast time
scales with asymptotic corrections, it is expected that its
accuracy and efficiency will be higher for larger spectral
gaps, that is for smaller values of er and/or €y. The
controlling (driving) time scale of the dynamics is given
by the fastest of the (active) time scales present in A, and
will be of the order of 77 = 1/|Ar|.

III. THE G-Scheme

Consider the Cauchy problem defined by a set of
autonomous ODE:s:

with x e RN, and f : E ¢ RY — RY. We wish to find
the numerical solution for ¢t € (to,t¢] with given initial
condition x(tg) = xq.

The state vector x(t) at time t = t, + 7, with
T € Q (0,At] C R, where At = (tp41 — tn),
can always be expressed as the sum of the state vector
x(tn), for n = 0,1,2,..., and a perturbation vector
Ax(7). We note that ¢, is some fixed arbitrary time.
The component-wise representation of the perturbation
vector Ax(7) can be expressed in terms of curvilinear
coordinates Ax = Afla; = A¢;a’ related to the sets
of orthonormal covariant and contravariant basis vectors
a; and a’, respectively, here taken to correspond to the
eigenbases of

J (x(t) = [ichm .

We take a curvilinear frame of reference that varies
with time. If the system is autonomous, then the frame
of reference depends only on the state of the system.
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Fig. 1. The G-Scheme step-by-step starting from a given state x(tr)
on a subspace of dimension evaluated at ¢,,: orange stars denote inter-
mediate new states before the application of head or tail corrections, the
blue circle denotes the new state after head and tail corrections onto the
subspace evaluated at ¢, and where the basis vectors are subsequently
updated to t,41, orange circle denotes the new state x(t,,+1) and the
location where the subspace dimension possibly changes. Note that in
reality the orange circles are not exactly on the SIM; we’re actually
calculating the ASIM. We do not show both the SIM and ASIM so as
not to make the figure unduly complex.

Subsequently, we can write

x (t) Xy, + AX,

Xn + AX® + Ax" + Ax® + Ax?,

where
A(r) =lai(r) -+ a(7) -+ an(7)],
a'(r) AN (T)
B(r)=| al(r) |, A&(r)=| A¢(n) |,
a™(r) AEN ()
where

A(T) B(1) = B(7) A(T) = I,

I being the identity matrix, Note that by construction, the
contribution Ax€ of the invariant subspace is identically
ZEero.

A. The Framework Step-by-Step

The G-Scheme is fully described in [1]. Here the
algorithmic steps of the framework are summarized with
reference to Fig. 1. We use indices ¢ = 1,..., N, a =
H, ... 6T,h=FE+1,...,H—-1,andt=T+1,...,N.

We initialize the calculation by prescribing that
T(x(to)) N, and compute J(x(t9)), Ai(to)
Ai(x(to)), A(to) = A(x(to)) and B(tp) B(x(tg)).
Next, for each time interval ¢,, (7 = 0), and for the state
vector X(t,), withn = 0,1,2, ..., we proceed as follows:

1) Define the time step as:

At = v/ Arx ) s v <1 (D)

Xy 4+ A ALS+ A A" + A, AL + A ALY,
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2) Update time:
thgp1 =t + At 2

3) Find H(x(t,)) since, as discussed in [1], it depends

on At;
4) Solve the set of non-stiff ODE’s for 7 € Q =
(0, At]:
dA&a a a
ar B (tn) £ (x(tn) + Aa(tn) ALY (7)),
ALY (0) = 0% (3)
5) Update the state vector:
X (tnt1) = x(tn) + Aa(tn) AE" (AL); (4
6) Apply the head correction:
Xh(tn+1) =x"(tn+1) + An(tn) AE%‘F(AU? 5
where the head correction is estimated as:
A&Rp(At) = At B (t,,) -
1
T+ S (x(tn) 1) At | £ (X(t0)) (6)
7) Apply the tail correction to project the solution onto
the subspace obtained using the basis vectors found
at t,,:
X' (tng1) = X" (tng1) + Ae(tn) A,y (AL),
(7
where the tail correction is estimated as:
AgtSIM(tn)<At) =
-1
- (Bt (tn)J(X(tn))At (tn>)
B* () £(x" (tn)); ®)
8) Update J(Xt (tn+1)), i (tn+1> = N\ (Xt(tn+1)>,
and the set of new basis vectors A(tp+1) =
A(x'(tn41)) and B(tny1) = B(x (tn41));
9) Apply a bases rotation correction if necessary (i.e.,

if the fast subspace changes) to find the state
X(tn+1) by projecting x*(¢,,41) located on the man-
ifold evaluated at t,, onto the manifold evaluated at
tn+12

X(tny1) = X (tn1) + Altn1) A, ) (AL);

9
where the basis rotation correction is estimated as:

Adgini,,.)(AL) =

— (B (1) I (X" (tn41)) Ae(tnrr)) -
Bt(n+1) ( (n+1)) (10)

10) Find T'(x(tn+1)) as discussed in [1];
11) Update the counter: n = n + 1;
12) If [t,,+1 < ts] go back to step (1).

The choice of the safety factor v has an impact on
the local error of the solution, given that At = v O(74)
where p is the formal order of accuracy of the quadrature
scheme adopted to integrate (3).



IV. RESULTS USING A PLANAR ODE MODEL

The reference solutions presented in this section are
obtained with the module NDSolve in Mathematica®
6.0, the Automatic method of integration (by default
an LSODA approach is used, switching between a non-
stiff Adams method and a stiff Gear BDF method), a
precision (or rtol) of 107'°, and accuracy (or atol) of
10—, The calculations carried out with the G-Scheme
use the explicit Runge-Kutta four-stage scheme (ERK4)
to integrate the active dynamics, and, unless otherwise
stated, we use rtol = 10~* and atol = 10~!% in the
threshold vector € defined in [1]. We note that the present
meanings of rtol and atol as used by NDSolve and the
G-Scheme are somewhat different.

As a test featuring stiff explosive/dissipative nonlinear
behavior, we use the Semenov model, which represents
the dynamics of the first-order exothermal batch reaction
A — B in a well-stirred jacketed reactor:

dz

e 'f(y,2)  and =9(y,2),

dy _ dz
dt

dt

where

9(y, z) = zexp(y/(1+ By)),

with parameter values § = 0.21, § = 1.0, and ¢ =
1073, and initial condition {y(0),2(0)} = {5,2}. The
bifurcation properties of this model have been studied
in [4]. This model problem is aimed at illustrating the
operating characteristics of the G-Scheme.

For this set of parameters the solution proceeds from
the initial condition to a fixed point (equilibrium), but
with a fairly complex dynamics as can be seen from the
phase trajectory or from the time evolution of y shown in
Fig. 2. The relative error and the size of the time step are
shown as functions of time in Fig. 3. The total number
of time steps necessary to obtain the solution using the
G-Scheme is 63. In Figs. 4 we show the number of active
modes N4, and the values of the head (H) and tail (1)
indices as functions of time. It is clear from the figure that
most of the time it is only necessary to integrate one ODE;
integration of both ODEs is only necessary the first time
step, and near the sharp corners shown in Fig. 2. We also
see from Fig. 4 that from right after the initial condition
until after the first turn H = 7" = 2. This indicates that the
dynamics is effectively one-dimensional and is controlled
by the fast time-scale (explosive stage). Afterwards, with
the exception of the period spent in negotiating the second
turn, the dynamics is again effectively one-dimensional,
but this time it is controlled by the slow time scale
(dissipative stage) since H =T = 1.

To illustrate the internal mechanics of the G-Scheme,
Fig. 5 shows the contributions of the slow (head) and
fast (tail) corrections to the phase trajectory. Note that
in this two-dimensional Semenov model, as long as we
have one active mode, then at any time only a head or
tail correction to active dynamics can be applied. We see
from the figure that in the first turn only head corrections
are necessary. However, from the figure we see that small

fy,2) =gy, 2)—dy ;

I I I
50 100 150 200
z

3 2
log ¢

Fig. 2. Reference (line) and computed (points) trajectory in the (y, z)-
plane and evolution of y.
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Fig. 4. Number of active modes N 4, and head H (hollow red circles)
and tail T" (solid blue circles) indices as functions of time.

head corrections are applied before the second turn, while
tail corrections are necessary after the turn. In the figure,
the blue arrows identify the state vector change due to
the active time scales, the red/green arrows are parallel to
the slow/fast direction and identify the state vector change
due to the application of the head/tail correction, whereas
the black arrows refer to the reference solution evaluated
at the same time instants as the G-Scheme solution. The
distance between the points of the red and black arrows
or the green and black arrows is the error associated with
the particular values of v and rtol used in this calculation.

V. CONCLUSION

We conclude by stressing that the main goal of this
work is the presentation of the G-Scheme framework and
the verification of its ability in achieving an adaptive
model reduction. Regarding this aspect, the validation
carried out by considering a range of test cases involv-
ing both linear and nonlinear behavior, both ODEs and
PDEs, containing both simple and non trivial asymptotic
dynamics, has successfully demonstrated the potential of
the G-Scheme [1]. We already have successfully tested
the G-Scheme in problems related to the kinetics of large
hydrocarbons. In addition to addressing issues related to
computational efficiency and error analysis, much work is
still needed to translate this framework into a useful com-
putational tool. We plan to make the package available
to users and voluntary developers under the open-source
paradigm in the near-future.
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Application of theG-Scheme to Reactive
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Abstract— The theory relevant to the G-Schemeframe- Il. BAsiC CONCEPTS

work is presented in a companion paper. Here, we will . . .
present results relevant to hydrocarbon kinetics, to a CSTR The numerical technique proposed in [1], referred to

model involving CO/H2 mixtures, and reactive systems as the G-Scheme embodies both the model reduction
described by PDEs to demonstrate the effectiveness of the and the subsequent numerical integration of the reduced
method. We also present results obtained by combining set of Ordinary Differential Equations (ODES). Tl

a Wavelet Adaptive Multilevel Representation (WAMR) — gchemeexploits the circumstance that systems arising

technique to define the spatial discretization of the model f | Kineti hani tai |
with the time integration carried out with the G-Scheme. rom large kineétic mechanisms contain a very large range

This approach allows to obtain time accurate solutions of ~Of scales with the fastest scales having a dissipative
prescribed accuracy with a much lower number of space- hature. This property ensures that the actual dimension of

time degrees of freedom. the system becomes much smaller than the original size
after a short initial transient period. This lower dimen-
. INTRODUCTION sional subspace, named Slow Invariant Manifold (SIM),

L , , . is present if there exists a spectral gap of characteristic

The next frontier in numerical simulation involves e scales that separates slow and fast components of the
multi-physics, multi-scale, multi-disciplinary problems. isgipative kinetic systems. In this case, the most relevant
Disciplines eager of computing power range from ge-yqymntotic behavior of the system is confined in the
netics, earth climate, biology, energy and combustiongn or the limit attractor (for a system having nontrivial
micro/nano science and technology, among the mOstgympiotic kinetics), which is invariant and exponentially
prominent. This demand cannot be simply accommodateghacting. Consequently, model reduction can be achieved
by progress achieved in computer power alone, but resy fiitering out the dynamically irrelevant degrees of
quires breakthroughs in physical-mathematical modeling-eeqom (irrelevancy is based on an accuracy requirement)
and numerical/algorithmic developments. Indeed, sOluggsociated with the fastest components characterized by
ions of reaction systems in general are computation,e most negative characteristic time scales,

ally very expensive because of the presence of a very |geajly. one would like to decompose the tangent space
large range of scales. However, to within an arbitrary; 4 any pointx € C ¢ RY in N invariant subspaces

. . x H
but fixed accuracy, there are in general vary fast and, that the dynamics within each invariant subspace is

very slow time scales whose contributions to the acsyly decoupled from all other invariant subspaces, and
tive dynamics is negligible. Recently, we presented g

) Yo W s associated with a single characteristic time scale. This
new methodology [1] that exploits this circumstance togoal is not easy to achieve. However, decomposing the

design a numerical framework able to achieve adaptiv?angent space in subspaces, not necessarily invariant,

reduction of the dynamical system based on accuraCyharacterized by time scales of comparable magnitude
requirements. As a result, the original problem not onlyis ot the core of theG-Scheme We assume that the

becomes substantially smaller, but more importantly NONgangent spacd, can be decomposed as the sum of four
stiff. The frozen (slow) and near-equilibrium (fast) mOdessubspaces ¢

play crucial roles in defining the active (dynamic) sub- I.-EoHaA®T

space, and thus it is mandatory to account for their ’

contributions. To demonstrate the effectiveness of thevhere the active subspack contains all the current
method, we will present results relevant to three differentntermediate dynamic time scales, all scales faster and
reactive systems, namely a Continuously Stirred Tanlslower than the active ones are confined in the fast and
Reactor (CSTR) with a CO/Hmixture, the auto-ignition slow subspace® andH, respectively, andg is the linear

of hydrocarbon/air mixtures in homogeneous systems, anslibspace spanned by directions associated with invariants,
a reaction/diffusion system featuring limit cycle behavior.if any exist.

The reaction/diffusion system is solved by combining At each pointx of the Chemical Composition Space
a Wavelet Adaptive Multilevel Representation (WAMR) (CCS), theG-Schemeintroduces a curvilinear frame of
technique [2][3][4] to define the spatial discretization of reference, defined by a set of ortho-normal basis vectors,
the model with the time integration carried out with thewith corresponding curvilinear coordinates, which is tied
G-Scheme. to the decomposition of the tangent space in the four
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subspaces. The evolution of the curvilinear coordinateparts, since this is the distinguishing feature of the class
assoa@ted with the subspacé is described byN, =  of problems for which theG-Scheme is expected to
dim(A) < N ODEs, whereas the variation of the curvi- perform efficiently. The ratiosr = |A\r/Ar41| < 1 and
linear coordinates associated with the subspdtemd ey = |A\g_1/Au| < 1 are measures of the spectral gaps
H are accounted for by applying/r = dim(T) > 0  between active and fast subspaces, and slow and active
and Ny = dim(H) > 0 algebraic corrections derived subspaces, respectively. Since Gx&cheme approximates
from asymptotics of the original ODEs. Note that if we the contribution of the very slow and very fast time
have Ny = dim(E) > 0 invariants, they can be formally scales with asymptotic corrections, it is expected that its
eliminated so that the dynamics is restricted to moveaccuracy and efficiency will be higher for larger spectral
in the subspacél @ A @ T that satisfies the invariants gaps, that is for smaller values ef and/orey. The
exactly. Adjusting the active ODEs dynamically during controlling (driving) time scale of the dynamics is given
time integration is the most significant feature of #ie by the fastest of the (active) time scales presemt,imnd
Scheme because the numerical integration of the statewill be of the order ofrr = 1/|Ar|.

vectorx € RY is obtained by solving a number of ODEs  For the problems discussed below, the reference solu-
typically much smaller thaV. The active ODEs evolve tions are obtained wittbVODE [7] set with a precision

in A, which is freed from fast scales, and thus they argor rtol) of 10~%, and accuracy (oatol) of 10~'4. The
non-stiff. They can be solved by resorting to any explicitcalculations carried out with th&-Schemeuse the ex-
time integration schemee@., ERK). When compared to plicit four-stage Runge-Kutta scheme (ERK4) to integrate
a standard BDF implicit scheme for stiff problems, the  the active dynamics, and, except where noted otherwise,
Schemeoffers the advantage of requiring the solution ofrtol = 10~* andatol = 10~'* are user-defined parame-
N4 explicitinstead ofV implicit ODEs, at the expense of ters defining the relative and absolute values, respectively,
identifying the time scales and computing the set of orthoef the total variation of the state variable over the time
normal basis vectors that define the curvilinear frame ofnterval. They are used to form a threshold veettiAt)
reference. defined as

A. Basis \Vectors and Time Scales el (At) = rtol |27 (t,41)| + atol,

Clearly, the success of the-Schemerelies on the which is used to identify the integer indicésand T that

at_>|l|_ty 0 _|dent|fy a decomposnmn of. which ENSUTES o nter in the definition of the dimensions of the subspaces
minimal (ideally no) coupling among slow, fast, and actlveA H. andT

time scales. The problem of finding a frame of reference
yielding the maximal degree of fast/slow decoupling 1. CSTR MODEL

can be approached by resorting to the CSP refinements . . .
procedure [5]. In this work, we identify the set of basis S @ test model featuring complicated nonlinear be-
vectorsa;, defining the mapping of the change of framehav'or we co_nS|der the |sobz.;1r|c.CSTR system at very
of reference, with the right eigenvectors of the Jacobiarl0W Pressure involving CO/kikinetics proposed by Brad

matrix J of the vector field related to the kinetic problem et al. [8]. Th_e kinetic mechanism invqlve$1 species
of interest, with the dual vectora’ coinciding with ~and 33 reactions. The set of ODEs involvesl rate

the left eigenvectors off. This yields a leading order equations and the energy conservation equation for the

approximation of the CSP vectors [6]. As estimate of thenolar concentrations and temperature representing the

characteristic time scales, we consider the magnitude otate of the CSTR' The equqtlons, the constants, as well
the reciprocal of the eigenvalues; of J. The ordering S all other constitutive relations are the same as in [8].

of the basis vectors is critical for proper decomposition, "€ CSTR is an open system which possesses three

Here, we order the modes according to the magnitude dJpvariants, one for each atomic species, with characteristic
the c,omplex eigenvalues, that is time scales equal to the residence time= 1.
' The dynamics of this system features different types of

0=M\|="=p| <Apu| < < Aga| < asymptotic behavior (fixed point, limit cycle, and chaotic
LN Agl < <A € A ] < < AN, attractor). Here we report results of tl@&Schemeunder
where f[he conditi_or_1$ involvir)g limit cycle behavior, correspond-
ing to the initial condition{p®, 7°} = {14 torr, 680 K}.
0=|A\|="---=]|Ag| identify the time scales i, The temperature evolutions along the periodic orbit is
[Ag+1] <--- < |Ag_1| identify the time scales ifl, shown in Fig. 1. Although we do not present additional
il <--- < |\p| identify the time scales i, details on the solution, over each cycle one can note a

very fast ignition phase, where boffi and HGQ peak,
followed by a relaxation phase, during which EH@s

with Ng = E, Ny =H-FE—-1, Ny =T —-H+1, consumed, and lastly a new re-generation phase, during
and Ny = N — T . Note that, because of this ordering, which HO, is produced, with the latter two phases
(possibly complex) eigenvalues with both negative andccurring at nearly isothermal conditions. The relative
positive real parts can be found i and A, whereas errorinT is below1% (not shown), the maximum value
we expect the eigenvalues Ifi to have negative real being attained during the explosive stage, whereas the

[Ar1] < --- <|An]| identify the time scales iff.
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Y S - rate of change of/f demonstrates that the system has a
HT [ = .o nearly linear behavior (also confirmed in Fig. 3 (bottom)
. e e e e e e by the small changes in the time scales), whereas the
¢ nonlinearities are confined within the explosions.

IV. HYDROCARBONKINETICS

(‘) 1‘0 2‘() 3‘() 4‘()
t The G-Schem& performance is compared to that of
) ‘ _ the DVODE package, with reference to the auto-ignition
Fig. 2. E(;/;Iug?ns °f.”“m.b%r. of actve modeéé, (top) andH (red  process of stoichiometric mixtures of Methane/Air
t t ttom). . . S L
points) andT’ (blue points) indices (battom) Propane/Air, and n-Heptane/Air. The kinetic mechanisms

considered are those of GRI 3.0 [9] (53 species; 325 re-
error drops by several orders of magnitude during théctions), Peterseet al. [10] (119 species; 665 reactions),
relaxation and re-generation phases.  The periodicitpnd Curranet al. [11] (560 species; 2538 reactions),
of the solution in Figs. 1 and of the number of active "eSPectively. The initial temperatuifg is 750 K andpy =
modes, N4, shown in Fig. 2 demonstrates that tie 1 atm for all cases; they are chosen so as to yield a long
Schemeis able to provide repeatable sequences of thdgnition time which makes the auto-ignition very stiff
tangent space decomposition. The embedding dimensioHe ratio of the reaction time., to the ignition time
of the asymptotic dynamics of the CSTR model along theign for the tes_ts con5|dered is reported in Table I Indeed,
limit cycle, estimated as theax(N4) over a period is 6, the G-Schem_es d_eS|gned SO as to be cost effective when
whereas the average number of active equations weighd@e problem is stiff. The typical accuracy level produced
with respect to time, is approximately 5. Figure 3 (top)PY the G-Schemecan be appreciated by examining Fig. 4.
shows the time evolution of the integration time step, from he figure displays a trajectory of the constant volume,
which it is apparent that small time steps (0~°) are adiabatic, auto-ignition of a stoichiometric Propane/Air

required for accuracy reasons in the ignition regime, andixture, in a two-dimensional cross-section of the 119-
that large time stepsy{ 10~1-5) can be taken during the dimensional CCS, and an enlargement of the temperature
relaxation and re-generation phases. Figures 2 (bottor@%volutlon near the ignition time. The figure indicates that
and 3 (bottom) show that during the explosive regime botine state values (points) found by ti&Schemefollow
the T and H indices increase in such a way that their dif- e reference trajectory quite accurately, and that a small
ference decreases. Thus, although the driving time scaféme shift error & 0.01) develops in the prediction of
7 becomes small during the explosion stages because }€ ignition time. The ratio of the average number of
the larger value off', the degree of reduction increases,degrees of freedom(N4) (average number of active
(N4 attains the value of unity). Instead, in-between twoODES per iteration step), integrated by tGeScheme to
successive explosiong/ and 7' attain constant values | . . ,
Here we assume a measure of stiffness to be given by the ratio

(4 and 8, reSpeCtiveIY)’ ) so tha¥, remai_ns uniforml}’ between the driving time scale during the ignition and the ignition time
equal to 5. The analysis of the evolution of the timeitself.
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TABLE |

To = 750 K, po = 1 ATM, ALL CASES.

Mech Tign [S] Trea [S] Trea/Tign N (Na) (Na)/N
Methane 366.5 0.2 5.46 x 107'4 53 3.78 0.07
Propane 16.38 0.05 3.05x 1073 119 3.83 0.03
n-Heptane 2.93 x 1071  3.50x 1073 1.19x 1072 560 41.11 0.07
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Fig. 5.

1
16.3962

16.3963
t

16.3963

Active N4 (blak), slow Ny (green), and fastVy (blue)

subspace dimensions; induction stage (left); explosion stage (right).

TR R RN
16.2 16.25

Fig. 4.  Trajectory in CCS (left) and T evolution obtained for the fast gapr is well developed and clearly identifiable,
Propt;illelsmr (right) with DVODE (solid line) and G-Scheme (red whereas the slow gapy is always rather narrow and
symbols).

mostly identified by the enforced error control. Note that
during the explosion stage, the driving time scale attains
its lowest value although the value ‘6fkeeps decreasing.
the problem dimensiony (number of ODEs per iteration This happens because the large growth in temperature
step), given in Table I, is a measure of the degree ofnduces a corresponding growth of the eigenvalues at all
(adaptive) reduction realized by tii&-SchemeNote that  scales. Thus all active scales become smaller, albeit still
the degree of reduction is highly problem-dependent: fotonfined in the rangé — 7" ~ 10-40. The region between
the cases studied, it is always below 10%. Figure 5, , and 7y represents the fast subspace. The ratio
shows the time evolution of the activeVy), slow (Nu), 75 /7 is a measure of the stiffness of the reduced prob-
and fast (Vr) subspace dimensions. Note thaty is  |em, which can be compared with the stiffness ratio of the
initially equal to N = 119 (no reduction) and quickly original problemrz_, /7, from which one can conclude
drops below 5; later, it stays between 20 and 30 during thénat the reduced problem is significantly less stiff then the
long nearly isothermal induction stage. It is noteworthyoriginal. Finally, the time evolution of the integration time
to observe that even during the explosion stage, when thgteps found by th&-Schemeand DVODE are shown in
temperature experiences the largest grouNh, remains  Fig. 7. Note that both histories follow a similar pattern
small because in this period most of the modes sloweyith smaller steps during the initial transient and the
than the driving ones are essentially frozen,/$ostays  explosion stage, and larger steps during the induction
very close tol', and thus a small number of active modesperiod and the approach to equilibrium.

are obtained. FinallyN, attains a unit value while the
kinetics approaches the equilibrium state at the slowest
pace ¢r = Tgy1). Figure 6 shows the time evolution of
the time scales corresponding to modés— 1, H, T,

T + 1, and N. The regions betweeny_; and y, and As a typical reaction-diffusion model exhibiting a rich
7r and 1 represent the slow/fast gaps, respectivelydynamic structure, we consider the model proposed by
During the induction stage and the equilibrium stage Elezgaray and Arneodo [12] (EA model). The EA model

V. REACTION-DIFFUSION MODEL
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Fig. 6.
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16.3962 16.3963

t

Time scales and gaps: induction stage (top), explosiaye sta

(bottom); 77 (slowest active scale}; (fastest active or driving scale);

fastest scalery (black). Note thatey = 7y_1/7g and er =

Tr/Tr+1 Measure the slow/fast gaps, respectively.

Fig. 7.
and G-Scheme(purple).

1
16.38

1 1
16.4 16.42
t

Integration time step evolutions obtained WWODE (blue)
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is a system of two coupled nonlinear PDEs:

2
%:D%—i—e*l (v— (u2+u3)),
v 0%v

o Vo e

in (u(z,t),v(z,t)), (z,t) € ([0,1],[0,00)), represent-
ing the concentrations of two chemical species with
an isothermal explosive kinetics displaying intermittent
bursting for some values of the parameters. HBrex,
ande are positive parameters. The system is solved with
initial conditionsu(z,0) = v(z,0) = 0 for z € [0,1],
and boundary conditions(0,¢) = u(1,t) = —2 and
v(0,t) = v(1,t) = —4 for t > 0. For small and large
values of diffusionD, the system stabilizes onto ignited
and extinguished steady states, respectively. Intermediate
values ofD correspond to operating conditions that allow
competition between the tendency to ignition due to
the nonlinear kinetics, and the extinguishing behavior at
the boundaries. This induces complex oscillations and
intermittent bursting in the center of the spatial domain.
In this case, no invariants are present, hefte 0. The
calculations refer tdD = 0.032, « = 0.01, ande = 0.01

S0 as to obtain a limit cycle behavior.

A  Wavelet Adaptive Multilevel Representation
(WAMR) technique [2][3][4] is used to provide the
spatial discretization of the model. We analyzed this
same model problem in [1], where a uniform mesh
discretization was used. The time integration is obtained
by both the G-Scheme and DVODE, and the two
solutions are compared. To demonstrate the accuracy
of the G-Scheme, we plot in Fig. 8 the evolutions of;
at the mid-pointx = 0.5 and the corresponding phase
trajectory’s approach to the limit cycle as computed by
DVODE and theG-Scheme with two different relative
tolerances iftol = 102 and 10~%). The convergence
of the G-Scheme solutions to the reference orbit is
apparent, whereas a small time shift develops after 20
time units. In Fig. 9, we report the time evolution of
the number of wavelet collocation pointd;, and of the
active modesN, found by the G-Scheme when using
the two tolerances. The number of collocation points at
one time instant defines the minimum number of spatial
degrees of freedom required to achieve the prescribed
spatial accuracy. Similarly the number of active modes
N4 defines the minimum number of temporal degrees
of freedom required to achieve the prescribed temporal
accuracy. The number of collocation poin®d during
one cycle undergoes a slow growth up to about 260,
followed by a rapid decrease down to about 120. In
contrast, the number of active modds, remains rather
constant during the slow growth oV, and develops
two peaks a little earlier than the drop iV. The
largestN 4 is approximatelyl50, and the smallest i$0.
The integration time stepAt, used by theG-Scheme,
oscillates between0~* and 10~! as can be seen from
Fig. 9.

In the present calculations, the coarsest spatial scale
consists of16 uniformly spaced collocation points, and
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———<—— DVODE eps=1e-05

-0.8

1
19 19.5 20

t

——=—— GSCrtol 1e-03
——a—— GSC rtol 1e-04

———— DVODE eps 1e-04
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Fig. 8. Time evolution ofu at x = 0.5 (left), and trajectories in the
(u-v)-plane, as computed by DVODE a@#Scheme with two different
relative tolerancesr¢ol = 10~3 and10~%).

the spatial resolution is adaptively increased up to

resolution equivalent to a uniform mesh of x 210 =
16, 384 collocation points. Withrtol = 10~4, the number

Fig. 9.

At : G-Scheme rtol=10"
At : G-Scheme rtol=10"*
N,: G-Scheme rtol=10>
I —— NA: G-Scheme rtol=10"*
N : G-Scheme rtol=10"
N : G-Scheme rtol=10"*

400

Time evolution of the number of wavelet collocation pqints

N, and of the active modesy 4, for two different relative tolerances
(rtol = 10~3 and 10~%); At is the integration time step used by the
G-Scheme.
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for the WAMR/G-Scheme merging and calculations.

(1]
(2]

al3l

of integration steps required to reach 20 time units is[4]
3,390, which is equivalent to a total number of space-

time degreesof freedom (dof) ofl11, 083, 520. It should

be noted that in this problem we have two unknowns,
and v, for each spatial point. Instead, the dof required {

by the adaptive spatial discretization 9$4, 492, which

implies a saving factor oi21.5. The actual number of

equations solved by th&-Scheme with is 262, 977, which
involves a reduction by a factor ¢f.5 with respect to

using DVODE and of422.4 with respect to using a

uniform mesh of equivalent spatial accuracy. Withl =

1073, the equivalent reduction factor is approximately

(5]

[7]

(8]

540. Thus, combining the adaptive wavelet technique with []

the G-Scheme allows to obtain a time accurate solution

of prescribed accuracy with a much smaller number of

space-time degrees of freedom.
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Abstract— A new set of importance indices based on the
G-Scheme framework are presented. They provide infor-
mation on the relative importance of selected processes in
determining the slow, active, and fast dynamics of individual
species/variables. These new indices are scaled measures
of the (projected) contribution of each process over the
currently driving time scale. This fact allows the introduction
of G-Scheme sensitivity indices as well as of new importance
indices.

I. INTRODUCTION

Lam carried out a CSP-based sensitivity analysis in [1]
showing that “the most interesting sensitivity questions
[in the analysis of a kinetic system] can be answered
by interrogating the CSP data,” i.e., participation and
importance indices, and pointers to CSP radicals. In
addition, he derived an estimate of the response of the
kinetic system in the slow time epoch as induced by
perturbations of the original vector field evaluated along
the unperturbed trajectory.

Later, the CSP data were extensively and successfully
used in the development of methods to generate simplified
kinetic mechanisms, where the opportunity emerged to
attribute the adjective “slow” to the original importance
index, and at the same time, to introduce a new ‘“fast”
importance index [2]. These extended definitions of the
indices were instrumental to assess both the relative
importance of a specific process (reaction) in the slow
dynamics of a major (non-CSP radical) species/variable
through the corresponding slow importance index, and in
the construction of a slow invariant manifold defining an
equation of state for a CSP radical through the corre-
sponding fast importance index.

Recently, we introduced a numerical technique con-
sisting of an algorithmic framework [3], named the G-
Scheme, to achieve multi-scale adaptive model reduction
along-with the integration of the reduced differential
equations (DEs). The dynamics is decomposed into ac-
tive, slow, fast, and when applicable, invariant subspaces.
The G-Scheme introduces a locally curvilinear frame of
reference, defined by a set of orthonormal basis vectors
with corresponding coordinates, attached to this decom-
position. The evolution of the curvilinear coordinates
associated with the active subspace is described by non-
stiff DEs, whereas those associated with the slow and fast
subspaces are accounted for by applying algebraic correc-
tions derived from asymptotics of the original system. Ad-
justing the number of active DEs dynamically during the
time integration is the most significant feature of the G-
Scheme, since the numerical integration is accomplished
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by solving a number of DEs typically much smaller than
the dimension of the original problem, with corresponding
saving in computational work.

Considering that the formulation of the set of ODEs
integrated in the G-Scheme is obtained by performing
a local perturbation of the system dynamics, in the
present work we derive a new set of local indices,
which provide estimates of the error affecting a specific
species/variable associated with the removal/modification
of a reaction/process contributing to the vector field.
Moreover, we introduce sensitivity indices to assess the
relative importance of a process to the slow, active, and
fast dynamics according to the decomposition of the tan-
gent space defined by the G-Scheme. Global information
can be deduced by considering the infinity-norm or the
time-weighted averages of these indices along selected
trajectories.

II. THEORY

In the G-Scheme framework, a local change of frame
of reference, defined by a set of orthonormal basis vectors
{a;}}¥, and their duals {b'} ,, is used to decompose the
tangent space 7 at x(t) as the direct sum of four basic
subspaces' 7, = E® H @ A @© T. Under this mapping,
the time evolution of the state vector z € RY can be
obtained as:

x (t)

x, + Ax,
T, + Azx® + Az + Az® + Az,

()
where @, = x(t,) is the state vector at time ¢,, and
e=1,E,h=FE+1,H—1,a=H,T,andt=T+1, N.
The contributions of the four subspaces to the perturbation
vector Ax over the currently active time scale? T, is
estimated, after local linearization, as:
Az ~ 0 Ay B (14 3Alrr) £ (zn), 2)
Azt~ A, B (LEEEL) £ (@), 3)

Azt~ —A, (Bt JA) " B f(x, + Az + Az®)4)

for the contribution of the slow, H, active, A, and fast,
T, subspaces respectively, where the matrices Ap, o, are
formed by the column vectors aj ., respectively, the
matrices B"®? are formed by the row vectors ™%, .J is
the Jacobian matrix of the vector field f, and, to leading

IThe active subspace A contains all intermediate, currently active
(dynamic) time scales. All scales slower/faster than the active ones are
confined to the subspaces H/T, and, if the system possesses invariants,
E is the subspace spanned by the directions associated with them.

27 is the fastest of the time scales in the active subspace A.



order, A! ~ B?J A;. By construction, the contribution
Ax*® of the invariant subspace is identically zero.

Eq. (4) provides an estimate of the asymptotic contri-
bution of the fast scales, whose accuracy increases with
the magnitude of the gap between the fastest of the active
scales, 77, and the slowest of the fast scales, 771 1. In the
G-Scheme, the contribution of the active scales is obtained
by solving a set of nonlinear ODEs with an explicit solver
(ERK4).

Now, let us consider the case of a vector field having
the structure

R R
flx) = Z fr(x) = Z Syt () Q)
k=1 k=1

where S, and r*(x) are the stoichiometric vector and the

(forward/reverse) rate associated with the k-th reaction,

R = 2N,, and N, is the number of reversible reactions.
It is worth recalling the definitions of the slow/fast CSP

importance indices:

i Coxr” i i(ps
s,k = R ) s,k:Za’s(b 'Sk)v

Z |Csi7k'Tkl| ’

k'=1

- ®)

i r.k i i (T
rk — R ) r,k:Zar(b Sk)

> It '

k'=1

where s=1,T, and r=T+1,N. These indices measure the
(non-dimensional) relative importance of the instanta-
neous contribution of the k-th reaction to the slow/fast
dynamics of the ¢-th species in the projected vector
field P; . f(x(t)), with the projector matrices defined as
Ps,=A;,.B>".

Given the linearity of Egs. (2-4) and (5), the contribu-
tion of the k-th reaction reads (no sum on k):

Azl ~ 7 A, B (I + %AZ TT) Sk (),

TrAY I
Az} ~ A, B (eAa> Sir (x,), 0
Azl ~ — A, (Bt JAt)f1 Bt SrF ().

where all coefficients are evaluated at a,,. The terms Az’
in (7) are evaluated at x,, since these terms are computed
during the post-processing of numerical solutions gener-
ated by the G-Scheme, whereas Az in (4) is evaluated at
x, + Az + Az since it is used to generate the solution
during the numerical integration. The state vector x,, lies
by construction on a (N-T)-dimensional SIM, whereas in
general x,, + Az" + Ax® does not. As a consequence
the sum of the non-zero terms Az} over all reactions at
x,, is approximately zero whereas Az’ in (4) is usually
different from zero’.

The terms Am’,;”’a’t in (7) are approximations of the
integral over the driving time scale, Tr, of the projection

3The specific role of Aa? in (4) consists in forcing the state vector
to lie on a (N-T)-dimensional SIM.
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of the k-th reaction over the slow (h), active (a), and fast
(t) subspaces, that is:

tn+TT

Ph,a,t fk (il)(t))dt,

~
~

h,a,t
Az

®)

tn

with the projector matrices now defined as Py
Ah,a,tBh7a7t~
The variation Az} of the i-th species/variable due to
the action of the k-th reaction over the three subspaces
can be estimated as:
Azt = szh + Az + szt. 9)
Summing over all reactions, kazl Axi, yields a good
approximation of the actual state vector change over the
time scale 77 as computed by the G-Scheme integration.
Thus, we can introduce an error index as:
R )
i 21 Az,

g = |— - —1].
2 (ty, + 17) — T (tn)

(10)

which measures the accuracy of the linearizations used to
obtain Egs. (7).

In the same spirit of the CSP indices, we can now
introduce the following normalized indices (no sum on
k):

_ Ami;h7a7t

_ k

(hatik = 5 (11
A i;h,a,t

> |Azy

k=1

The indices Gé hyat) provide a non-dimensional measure
of the integrated contribution over the driving time scale,
7r, of the k-th reaction to the slow (h), active (a), and fast
(t) dynamics of the i-th species/variable. By construction,
ok Gl(ﬁ,a, Ok = 1. The main difference between this set
of indices and the CSP-based importance indices (6) is the
fact that the former are scaled measures of the (projected)
contribution of each process to the change in the state
vector over the currently driving scale, whereas the latter
are scaled measures of the (projected) contribution of
each process to the vector field at one time instant. This
circumstance suggests using the estimates (7) to construct
sensitivity indices as illustrated in the next section.

A. Sensitivity Indices

Let us now consider the case of applying a perturbation
O fi. at time t,, to the original vector field f having the
structure

R
f—0fu=">_ Spr* — Spor*.

k'=1

(12)

That is, we perturb only the k-th reaction at time ¢,,. We
now want to estimate the local response of the system,
i.e. its local sensitivity, to such perturbation.

To leading order, the perturbation on the k-th reaction
rate will be felt through Eqgs. (7) only as a variation



5Aw2’a’t of the corresponding AwZ’a’t

sum on k):

as follows (no

1
SAzl ~ 0 A, B! (I + 5/\2 TT> Sork,

) Siork,

SAZL ~ —A, (B'JA)”' B! Spork,

where, again, all coefficients are evaluated at x,,.

Lam [1] provides an estimate of the response of the
kinetic system in the slow time epoch 77 as induced by
perturbations ¢ fj; of the original vector field f as follows
(Eq. (54) of [1]):

M
™~ 0 ( S s
m/=1

with
5,]7711 = b7n . 6m,

TrAG I

SAzl ~ A, B (6 (13)

Aa

a

>, m=T+1,...,N,
14

and §ff" :=b" 6fi, (15

where 7™ is the perturbation of the m-th fast curvilinear
coordinate ™ induced by d fi, and b™ is the m-th dual
(fast) CSP vector. Inspection of Eq. (14) reveals that
when the projection of the perturbation ¢ f}, is orthogonal
or nearly orthogonal to the m-th CSP vectors a,, then
on™ = 0, i.e., the system’s dynamics are unaltered by this
specific perturbation. As far as the order of magnitude of
the remaining (active and slow) mode amplitude pertur-
bations, Lam states that they can be similarly estimated
(or computed), and leaves to the reader the exercise of
deriving the explicit expressions.

The third expression in Eq. (13) is equivalent to
Eq. (14), once the estimate dn" is mapped back to
the perturbation vector* §Ax by inverting the definition
(15): 0Ax = a,,0n™, and considering that in our case
™M = (B J A) ", for m,m/ =T +1,..., N. The first
two expressions in Eq. (13) are the explicit contributions
of the perturbations due to the active and slow modes®.

If the perturbation of the k-th rate has the form 6% =
a®r* in Eq. (13); e.g., if o = 1, the k-th rate is zeroed
out in Eq. (12).

The variation dAxi of the i-th species/variable due
to the action of the k-th perturbed rate over the three
subspaces is estimated as:

SAZE = AZE" 4 5AzE + oAz (16)
Thus, we introduce the error index
N 6A ’i,}L,a,t t
ezh,a,t(t) o | Ly ( )‘ (17)

C @it + ) — ()]
which measures the contribution at time t of the k-th
reaction to the perturbation of the i-th species/variable
over the driving time scale and for the slow (h), active
(a), fast (t) subspaces, respectively, and

. ih i it
e,(t) =€ (t) + € (t) + € (t) (18)
4From Eq. (1), 0 = §Ax.
5The “slow” (head) modes in the G-Scheme are equivalent to the
“dormant” modes in Lam [1].
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for the contribution over all subspaces.
Introducing the parameters \I/Z,a.,t as

T
l / ei;h,a,t
k
T Ji=o

allows us to rank the reactions from the most (largest
\IIZ’a’t) to the least (smallest \I/Z’a’t) significant to the
overall trajectory, and for the slow (h), active (a), fast
(t) subspaces, respectively, whereas

1 T

7
for the contribution over all subspaces.

Using the estimates Eqs. (13) allows the evaluation of

the logarithmic derivatives (local sensitivities) for each
subspace as

h,a,t __
vy = max

i=1,N

(t)dt}, (19)

\I/k = ma.
i=1,N

e (t)dt} (20)

hat _ dln(Awh’a’t) _ Tk 5Amllz,a,t (21)
k dlIn(rk) Aghat  §rk 7
and the overall (due to all time scales) local sensitivities:
dln(A LEYAN
. n(Azx) r T 22)

din(rk) — Az 6k

where both Az/®? and Ax are given by the G-Scheme
reference solution.

B. Projected vs. Unprojected Estimates

An estimate Ay, of the changes in the state vector on
the basis of the k-th unprojected contribution fj, of the
vector field over the time scale 7 is given by:

tntT tatT

dive [ fleyits [ (F@a) + o, Ady)de

tn

Jep T _

~ (e{]1> fi (zn) ~ 7 (1+ ng) i (2n)
Tn (23)
It is instructive to compare AZ; with the estimate Axy,
found after projection of the term f%, Egs. (7) and (2)-(4),

as approximations of the actual value.

The estimate (23) is accurate only for time intervals 7
of the order of the smallest scale 7,5, contained in J, .
Clearly, when 7,,;,, < 71, Eq. (23) becomes inaccurate
on the scale 7 ~ 7, whereas Eqs. (2)-(4) become more
accurate as the gap between 7,,;, and 7r increases.
Thus, for non-stiff problems Eq. (23) can be used safely,
whereas Eqs. (2)-(4) ought to be used in stiff problems.

This conclusion might suggest that a set of (unpro-
jected) indices defined on the basis of the (net) reaction
rates as:

tn

Si(r )
R . ’
>[5} — )

k=1

wi (24)

as in the DRG method [4], can be used safely for non-
stiff problems, whereas the (projected) indices defined in
(6) or (11) ought to be used in stiff problems.



III. AN EXAMPLE

To provide a simple illustration of the differences
between the approximations of Eq. (2-4) and (23), we
resort to two 3-dimensional linear models, constructed
so as to have the real, negative eigenvalues diag(A)
{—ez',—1,—€n}, where €7, ey < 1 represent the gaps
between the active/fast, and active/slow subspaces. By
construction, the driving time scale is 7 = 1. We next
consider a diagonal system, Model I, defined by choosing
a 3 x 3 identity matrix as the right eigenvector matrix A,
and a fully coupled system, Model II, defined by choosing
A as

-1.5 01 -0.3
A= 3. 4. 1. (25)
-1. -03 0.6
with the dual basis matrix B = A~!. The linear model is
given by
!
oy —e;b 00 0y — 0Yss
ow| =A 0 -1 0 | B|dw— 0w,
0z 0 0 —en 0z — 0245

(26)
with initial conditions dy(0) dyo, ow(0) = dwp,
02(0) = dzg, and 0yss, dwss, 0245 the fixed point values
approached at large times. For Model I, we set dyy =
dwy = dzp = 1, and dyss, = 0.1,0ws, = 0.2,0255 =
0.3. For Model II, we set dy, = Z?:l Alnb, dwy =
Z;’:l A?ng,ézo = Z?=1 A?né, with o = (1,1,1) and
(Syss = 0, 51055 = 0, 5255 =0.

These linear models mimic the (dissipative) dynamics
of the state vector perturbations due to a perturbation of
the vector field at any time ¢ of the original trajectory
@(t). Thus, we should verify whether both Eqgs. (2-4) and
Eq. (23) are able to approximate the value attained by the
state vector, starting from the given initial conditions, after
a time interval of the order of the active time scale (O(1)).
To this end, we report in Figs. 1-4, the comparison of the
perturbations dy, dw, and 0z, computed by Egs. (2-4)
and (23). Note that each symbol corresponds to the state
vector obtained using a different integration time step. The
accuracy can be assessed by comparing the symbols with
the solid lines, which trace the exact solutions. Although
many dots are drawn on the figures, the only interesting
comparisons refer to the time steps of order of 1, since
we expect to evaluate Eqgs. (2-4) and (23) for 7 = 7p
(=1.

Figs. 1-2 relate to Model I whose dynamics is fully
decoupled and each unknown decays with a single time
scale: dy with the fast scale 7 = e, dw with the active
scale 7 1, and 5z with the slow scale T 61_1,1.
Fig. 1 shows that already for a relatively narrow gap
(er = eg = 0.2), Egs. (2-4) at 7 = 1 provide an accurate
approximation of the exact solution, whereas the time step
of order 1 is too large for the first order approximation
used in Eq. (23). This translates into an error which is the
largest for the fastest time scales (dy) and progressively
decreases for the slower time scales (dw and §z). In this
latter case, increasing the accuracy requires the increase
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of the order of the polynomial in Eq. (23), or reducing
the time step to the order of er. The comparison becomes
even more favorable for Eqgs. (13) for gaps wider than 0.2.

In contrast, narrowing the gaps by taking ey = ey =
0.9, Fig. 2 shows that the accuracy of Egs. (2-4) is far
from satisfactory for Jy because at time 7 = 1 the (not
so) fast process has not reached its asymptotic value.
Indeed, when the gap narrows too much, the problem is
neither stiff nor multi-scale, and therefore applying the
asymptotic corrections (2-4), instead of using the regular
perturbations (23) causes large errors.

Figs. 3-4 relate to Model II whose dynamics is fully-
coupled and all unknowns decay with all time scales. In
the stiff case, Fig. 3, the error incurred at 7 = 1 on the
fast scale by Eq. (23) affects all the unknowns, whereas,
at 7 = 1, Egs. (2-4) provide accurate estimates for all
three solution components.

Finally, Fig. 4 shows that in the non-stiff case, using
Eq. (2-4), instead of the regular perturbation Eq. (23),
causes large errors.

IV. CONCLUSIONS

We have presented estimates of the contribution of each
process to the change in the state vector over the driving
time scale, projected over the slow, H, active, A, and fast,
T subspaces, respectively, in the context of the G-Scheme.
We used these estimates to define associated importance
indices. The main difference between the new set of
importance indices based on the G-Scheme framework
and the CSP-based importance/participation indices is the
fact that the former are scaled measures of the (projected)
contribution of each process to the change in the state
vector over the currently driving scale, whereas the latter
are scaled measures of the (projected) contribution of
each process to the vector field at one time instant.
We used this construction to formulate local sensitivity
coefficients. We compared the utility of this approach
for estimation of the change in the state vector with an
alternate approach that does not make use of projections
onto a slow manifold. We illustrated the need for using the
present projected approach in the case of a stiff problem,
where fast processes are quickly exhausted. On the other
hand, the unprojected approach is more appropriate when
there is no time scale separation.
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Fig. 1. Model I: e = ey = 0.2 (stiff) and dy (red), dw (blue), §z (black). Lines are exact and symbols are computed from Eqgs. (2)-(4) (left)
and Eq. (23) (right).
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Fig. 2. Model I: e = ey = 0.9 (non-stiff) and dy (red), dw (blue), §z (black). Lines are exact and symbols are computed from Egs. (2)-(4)
(left) and Eq. (23) (right).
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Fig. 3. Model II: e = e = 0.2 (stiff) and dy (red), dw (blue), 6z (black). Lines are exact and symbols are computed from Egs. (2)-(4) (left)
and Eq. (23) (right).
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Fig. 4. Model II: e = eg = 0.9 (non-stiff) and dy (red), dw (blue), dz (black). Lines are exact and symbols are computed from Eqs. (2)-(4)
(left) and Eq. (23) (right).
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Sensitivity Analysis, Model Reduction, and Circadian Oscillators

Linda Petzold

Department of Mechanical Engineering
Department of Computer Science
University of California Santa Barbara

Sensitivity analysis is a powerful tool that enables model development, parameter
estimation, design optimization and experimental design in a wide range of areas of
science and engineering. In this lecture we examine the forward and adjoint methods for
sensitivity analysis applied to differential-algebraic equation systems and show how they
can be extended to address some interesting problems in the study of the generation of
circadian rhythms. Then we show how sensitivity analysis can be used in the
development of reduced order models for biochemical systems that preserve important
qualitative properties such as the phase response behavior of a circadian oscillation.
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Dimension Reduction and Tabulation of
Combustion Chemistry using ICE-PIC and ISAT

Stephen B. Pope*, Zhuyin Renf, Varun Hiremath*
*Cornell University, Mechanical & Aerospace Engineering, Ithaca, NY 14853, USA
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Abstract—Progress is reported in the integration of
two methodologies to enable the efficiency application
of realistic combustion chemistry in computational fluid
dynamics. These methodologies are ICE-PIC (invariant
constrained-equilibrium edge manifold using the pre-image
curve method) for dimension reduction, and ISAT (in situ
adaptive tabulation) for tabulation of the reduced system.
New results are reported on the tangent vectors of the
constrained-equilibrium and ICE manifolds, which are im-
portant quantities in ICE-PIC/ISAT. The test case of a
partially-stirred reactor with methane combustion is used
to demonstrate the accuracy and efficiency of the combined
approach.

I. INTRODUCTION

Dimension reduction is essential to the use of detailed
chemical kinetics in computations of combustion and
many other reactive flows. Modern chemical mechanisms
for hydrocarbon fuel may contain of order 1,000 species
[1], and it is clearly impracticable to use this detailed
information directly in multi-dimensional computational
fluid dynamics (CFD) calculations. A combination of
three approaches that enables the use of detailed chem-
ical information consists of: (1) reduction to a skeletal
mechanism [2], [3], [4] involving of order 100 species;
(2) dimension reduction (DR) to reduce the number of
degrees of freedom to of order ten; and (3) tabulation to
significantly reduce the cost of expensive evaluations, e.g.,
the integration of ordinary differential equations (ODEs).
In this work we consider the integration of two successful
techniques, namely, the invariant constrained-equilibrium
edge pre-image curve (ICE-PIC) method for dimension
reduction [5], [6], [7], and in situ adaptive tabulation
(ISAT) [8], [9].

In the next section we briefly review the ICE-PIC
method as implemented in conjunction with ISAT. Then
we derive expressions for the tangent vectors of the
constrained-equilibrium manifold (CEM) and the ICE
manifold, which are needed by ISAT. Finally, at the
Workshop results will be given for the test case of
a partially-stirred reactor, showing the accuracy of the
dimension reduction and the efficiency gains achieved by
ISAT.

II. THE ICE-PIC METHOD

We give here a succinct overview of the ICE-PIC
method, as it is implemented in conjunction with ISAT.
More details can be found in [5], [6], [7].
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We consider a gas-phase mixture of ng chemical
species composed of n. elements. The thermochemical
state of the mixture (at a given position and time) is
completely characterized by the pressure p, the species
enthalpy h, and the ng-vector z of the specific moles of
the species. To simplify the exposition, we take p and h
to be given constants, and so the state is given by z.

Due to chemical reactions, the composition evolves by

dz

dt
where S is the ng-vector of chemical production rates.
The “reaction mapping” R(z,t) is defined to be the
solution to (1) after time ¢ from the initial condition z.
And the mapping gradient A(z,t) is the ngs X ng matrix
with components

S(z), ey

Aij = 8RZ/8ZJ (2)
In practice R and A are obtained together using the ODE
solver DASAC [10].

In the ICE-PIC method, the species are decomposed as
z = {z",z"}, where z" is an n,s vector of “represented”
species, and z“ is an n,s-vector of ‘“unrepresented”
species (with n,.s + nyus = ng and n,s < Ng — Ne).
At the present stage of development of the methodol-
ogy, the represented species are specified: ultimately, the
methodology should identify the optimal specification.
The “reduced representation” of the species used in ICE-
PIC is r = {z",z"°}, where z"¢, is an n.-vector giving
the specific moles of the elements in the unrepresented
species. Thus r is a vector of length n, = n,s + ne,
and the dimensions of the system is reduced from ng to
n, < ng. This dimension reduction process can be written

(€)

r =BTz,

where B is a known constant ng X n, matrix.

The fundamental issue in dimension reduction of com-
bustion chemistry is “species reconstruction” that is,
given r, define an appropriate full composition z. We
denote by z/“F(r) the species reconstruction given by
the ICE-PIC method. We also consider z“F(r) which is
the constrained-equilibrium (maximum-entropy) compo-
sition, as used in the rate-controlled constrained equilib-
rium method (RCCE, [11], [12], [13]). This is readily
computed using the constrained-equilibrium code CEQ
[14].



In the n,-dimensional reduced space, the “realizable
region” is the convex polytope in which each component
of r is non-negative. Its boundary consists of at most
n, facets on which one component of r is zero. The
“constrained equilibrium edge” is defined as z¢F(r) for
all r on the boundary. The ICE manifold is defined as
R(zF(r),t) for all r on the boundary and all ¢ >
0. Thus the ICE manifold is the trajectory-generated
manifold originating from all the constrained equilibrium
compositions on the boundary. Some important properties
of the ICE manifold are:

1) existence: for all realizable r there exists a manifold
point z/“F(r)
invariance: the ICE manifold is invariant with re-
spect to (1)
continuity: the ICE manifold is continuous
smoothness: the ICE manifold is piecewise smooth,
and is the union of smooth manifolds generated by
the facets
uniqueness: for a reasonable specification of the
represented species, the manifold is not “folded”,

so that for given r there is a unique manifold point
7zl CE (I‘) .

2)

3)
4)

5)

Provided that the manifold is not folded, given a realizable
value of r, there is a unique “generating boundary point”
rY, and time 7 such that

z!CE (r) = R(ZCE(I“])7 7).

“4)

The pre-image curve method is used to identify r¢ (given
r). Of course, consistency conditions are

BTZICE(I‘) = BTZCE(I') =r.

®)

At the Workshop, the presentation will focus on an
exposition of the ICE-PIC/ISAT methodology and on its
performance for the test case described in Sec.V. In the
next two sections, we present some new theoretical results
which provide quite simple means of determining the
tangent vectors of the constrained-equilibrium and ICE
manifolds.

III. THE CEM TANGENT VECTORS

An important quantity in the ICE-PIC method is the
ns x n, matrix T¢? whose columns span the tangent
space of the CE manifold, and which relates infinitesimal
changes in z€% to those in r by

dzC¥ = TP qr.

(6)
We have obtained a new, simple expression for TCF.
It is presented here for the case of fixed pressure and
temperature, from which the corresponding result for
fixed p and h is readily obtained.

For the case considered, the constrained equilibrium
composition is given by [14]

z¢F = Nexp (—g + BX),

(N
where N = Y7 20F

ioq 7~ are the specific moles of all
species; g are normalized Gibbs functions; and A are
constraint potentials (or Lagrange multipliers).
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Considering infinitesimals, we obtain from (7)

dz®F = zCFd In(N) 4+ ZBdA, 8)

where Z is the diagonal matrix formed from z¢*. Sum-
ming (8) over all the species leads to the constraint

0=z"BdX =rTdA. 9)
Equation (8) can be re-expressed as
dzCF = MdA, (10)
with N
“ r
and
rr’
M =zr" + ZB (1—|r|2>. (12)

We observe from (10) that the columns of M span the
tangent space. Let W denote any ns; X n, matrix with
span(W) = span(M) = span(TCF). Then there exists
a non-singular n, X n, matrix D such that TCE = WD.
From (5) we obtain

BTdzCF = dr = BT"T“Pdr = BTWDdr, (13)
and hence
BTTCF =1, (14)
D= (BTW) !, (15)
and finally
TF = w(BTW) L. (16)

In practice W is best taken as an orthonormal basis for
span(TCF), obtained from the SVD or QR decomposi-
tion of M.

It is interesting to observe that TCF is solely deter-
mined by z¢F and B, and does not otherwise depend on
any thermodynamic information (such as p, T or g).

IV. THE ICE MANIFOLD TANGENT VECTORS

Also important in combining ISAT with ICE-PIC is the
matrix of ICE manifold tangent vectors T/CF defined
such that

dz'¢F = TICF gy, (17)

We are considering now the relevant case of constant
pressure and enthalpy, so that (6) and (17) are at fixed
p and h. (This implies a re-definition of TCE)

From (4), considering infinitesimal changes dr?9 and
dr, we have correspondingly

dz®F = TCF 9, (18)

and

dz'F = A(z9,7)TCE (r9)dr? + S(z'“F)dr. (19)

Let k£ denote the index of the component of rY which is
zero on the boundary facet, i.e. 7§ = 0. Since we require
r? + dr9 to be on the boundary, it follows that drﬂ is
zero. This consideration and (19) show that the tangent
space of the ICE manifold is spanned by S(z/“¥) and



the n, — 1 vectors obtained from AT, with the k-th
column omitted. Then, by the same argument that leads
to (16), we have

TICF = W(BTW) !, (20)

where W is an ns X n, matrix (obtained from S and
ATYF) which spans the ICE manifold tangent space.

V. RESULTS

At the Workshop, results will be presented for the test
case of a partially-stirred reactor (PaSR) with methane
combustion [9]. The results quantify the dimension reduc-
tion errors in the ICE-PIC and RCCE as functions of the
number of represented variable, n,.. Also, the efficiency
of the ISAT implementation is characterized in terms of
table size and retrieve time.

VI. CONCLUSIONS

The combination of ICE-PIC and ISAT offers accurate
dimension reduction and efficient tabulation. Advances
have been made both in the theory (e.g., in the accurate
and efficient evaluation of the tangent vectors) and in the
computational implementation.
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Limitation and averaging for deterministic and
stochastic biochemical reaction networks

Ovidiu Radulescu *, Alexander N. Gorban T
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Abstract— We discuss model reduction of multiscale net-
works of biochemical reactions used in systems biology
as models for cell physiology and pathology. For linear
kinetic models, which appear as ’pseudo-monomolecular”
subsystems of the nonlinear reaction networks, we obtain a
general reduction algorithm based on cycle averaging and
surgery. The same algorithm, when applied to stochastic
networks, allows to reduce simulation time by many orders
of magnitude.

I. INTRODUCTION

Systems biology uses networks of biochemical reac-
tions as paradigms for normal and pathologic cell func-
tioning. In such models, the cell has several compartments
(nucleus, cytosol, organelles, etc.) but each compartment
is considered to be well stirred. Transport between com-
partments is possible. The models are usually medium
size (tens to hundreds of reactions and species). There-
fore, their simulation by ODE solvers is not really a prob-
lem even for stiff systems. However, biological models
present specific difficulties. Thus, the reaction mechanism
is most of the time hypothetic and finding parameter
values is difficult. For such systems, we would like to
have simple rules allowing us to understand why a model
functions the way it does and which consequences have
on dynamics the various modifications of the mechanism.
Furthermore, one would like to known which aspects (for
instance parameter values) of the model are essential and
which are not. All these questions could be answered by
computing reduced mechanisms. Another specificity of
molecular systems in biology is their stochasticity. The
law of large numbers does not apply in biology as it does
in physics, where fluctuations existing at microscopic
scale are wiped-out in the thermodynamic limit (except
for critical and turbulent systems). Biological systems
behave similarly to critical or turbulent physical systems:
they have many fluctuating scales.Molecular species in
small number are responsible for stochastic phenomena
such as intermittence or bursting, occurring in protein
production, random action potential firing, calcium sig-
nalling, etc.. In systems biology, stochastic modelling by
Markov jump dynamics (Gillespie SSA algorithm [1])
represents a very time consuming industry. There are
two solutions to this problem. The first one is similar to
the one employed by stiff deterministic solvers: avoiding
adaptatively, but blindly the individual simulation of re-
actions that repeat very frequently. The second solution,
that we propose here is to pre-condition the system by
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simplifying it to a less stiff model.

In this paper we present such a pre-conditioning algo-
rithm that works equally well for deterministic and for
stochastic models. This algorithm is based on nontrivial
generalizations of limitation (whose “naive” versions are
well-known for chains and acyclic networks) to hierar-
chies of cycles and on averaging.

II. ALGORITHMS
A. Linear submechanisms

There are two types of linear submechanisms:
monomolecular networks and first order networks. The
structure of monomolecular reaction networks can be
completely defined by a simple digraph, in which vertices
correspond to chemical species A;, edges correspond to
reactions A; — A; with rate constants k;; > 0. For each
vertex, A;, a positive real variable ¢; (concentration) is
defined.

The deterministic kinetic equation is

de;
“E =3 ke = (O kiiei
j J

dt

First order reaction networks include monomolecular
networks as a particular case, and are characterized by a
single substrate and by reaction rates that are proportional
to the concentration of the substrate. First order reaction
networks can contain reactions that are not monomolecu-
lar, suchas A — A+ B, or A — B+ C. We shall restrict
ourselves to pseudo-conservative first order reactions, ie
reactions that do not change the total number of molecules
in a given submechanism (A — A + B reactions are
allowed, provided that B is external to the submechanism;
similarly A — B + C reactions are allowed, provided
that either B or C is external to the submechanism).
With such constraints, the total number of molecules in
the sub-mechanism is conserved and the kinetic equations
are the same as (1). Degradation reactions can be studied
in this framework by considering a special component
(sink), that collects degraded molecules. Further release
of the constraints is possible. For instance, the system
can be opened by allowing constant (or slowly variable)
production terms in Eq.(1). These terms will change the
steady state, but will not influence the relaxation times of
the system.

The algorithms described in the paper can be applied
to linear sub-mechanisms of a non-linear network, given

ey



fixed (or slowly changing) values of external inputs
(boundaries). For instance, even in systems of binary re-
actions, one can define pseudo-monomolecular reactions
when one of the substrates of the binary reaction is not
changing (or changing slowly). This condition can be
fulfilled if the substrate is in excess, for instance.

B. Dominant pathways by cycle surgery in deterministic
networks

The idea of dominant subsystems in asymptotic anal-
ysis of dynamical systems is due to Newton and de-
veloped by Kruskal [6]. Complex regulatory networks
in metabolism and signalling activate only a limited
number of pathways in order to fulfill a given physiologic
task. The set of active pathways can change for unusual
stresses (such as exposure to a toxin) or in pathologic
situations. The concept of dominant pathways could serve
to explain such dynamic transitions. In [3] we have based
the construction of dominant subsystems on a general-
ized limitation approach. This approach selects dominant
pathways and produces simplified reaction mechanisms.

We consider total separation of the constants namely
either ky << kj or k} << kyforall I =45, I' =4'j". In
this case the dominant subsystem can be worked-out by
cycle surgery [3]. The algorithm, justified by estimates for
the eigenvalues and eigenvectors (inspired, but not fully
covered by Gershgorin theorem) of the kinetic matrix [3],
consists of three stages:

I. Constructing the auxiliary reaction network.

For each A;, let us define k; as the maximal kinetic

constant for reactions A, — A;: k; = max;{kj}.
For correspondent j we use the notation ¢(i): ¢(i) =
arg max,; {kji }.

An auxiliary reaction network W is the set of reactions
A; — Ay with Kinetic constants x;. The correspondent
kinetic equation is

C7 = —KR;C; —+ Z IijCj,
#(j)=i

@

II Glueing cycles

In general, the auxiliary network ) has several cycles
C1,Cs, ... with periods 71,7, ... > 1.

These cycles will be “glued” into points and all nodes
in the cycle C;, will be replaced by a single vertex A°.

Reactions A — B exiting from cycles (A € C;, B €
Cj,j # i or B € C;) are changed into A" — B with
the rate constant renormalization: let the cycle C* be the
following sequence of reactions A; — A — ...A;, —
Ay, and the reaction rate constant for A; — A; 1 is k;
(k-, for A;, — Ay). For the limiting reaction of the cycle
C; we use notation kjim, ;. If A = A; and k is the rate
reaction for A — B, then the new reaction A* — B has
the rate constant kkiim ;/k;. This rate is obtained using
quasi-stationary distribution for the cycle.

The new auxiliary network V! is computed for the net-
work of glued cycles. Then we decompose it into cycles,
glue them, iterate until a acyclic network is obtained V™.

IIT Restoration of cycles
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The dynamics of species inside glued cycles is lost
after the previous step. A full multi-scale approximation
(including relaxation inside cycles) can be obtained by
cycle restoration. This is done starting from the acyclic
auxiliary network V™ back to V! through the hierarchy of
cycles. Each cycle is restored according to the following
procedure:

For each glued cycle node A", node of V™,

e Recall its nodes A7t — AL~ A?Tfl —

A;’f‘l; they form a cycle of length 7.
o Let us assume that the limiting step in A7" is
Azr;;l N AZL*I

o Remove A" from V™

o Add 7; vertices A7{ ", AT AT o V™

e Add to V™ reactions A7 — AT A?Z_l

(that are the cycle reactions without the limiting step)

with correspondent constants from V™!

o If there exists an outgoing reaction A7* — B in V™
then we substitute it by the reaction AZ’;I — B with
the same constant, i.e. outgoing reactions AT —
are reattached to the heads of the limiting steps

o If there exists an incoming reaction in the form B —
A™, find its prototype in V™! and restore it in V™

« If in the initial V™ there existed a “between-cycles”
reaction A" — AT then we find the prototype
in V"1 A — B, and substitute the reaction by
A;ﬁ;l — B with the same constant, as for 47" —
A" (again, the beginning of the arrow is reattached
to the head of the limiting step in A!")

C. Cycle averaging in stochastic linear chemical net-
works

The Markovian stochastic dynamics of a single
molecule in a linear reaction network is given by the
probability p(j, ) that the molecule is in A; at the time
t. We can easily show that the master equation for p(7, t)
is the same as the deterministic kinetic equation (1).
Considering only one molecule does not restrict generality
because when several molecules are present in a linear
network, these behave independently. Thus, the simplifi-
cation method proposed for deterministic networks [3],
[2] can be also applied to stochastic networks.

Simplified stochastic models will represent pre-
conditioned models used in order to reduce simulation
time. Instead of searching for a multiscale approximation,
our purpose here is to find a reduced model that is
computationally effective and which captures dynamics
on time scales or order 7 or slower. 7 could be for instance
the experimental time resolution.

In order to present the simplification algorithm let us
use two simple examples.

First, let us consider a chain of molecular reactions
Ay — Ay — ...A,,. The reaction rate constant for
A; — A;4q is k;. All rate constants are considered well
separated, i.e. either k; << k; or k; >> k; for any i # j.
The smallest rate constant in the chain is denoted by ki, .
If ki >> 1/7 (rapid chain), then within the timescale 7
all molecules A; are transformed into molecules A,,,. We



can thus ignore the chain reactions and consider that the
entire initial mass of the chain is in A,,. This is equivalent
to considering the chain at quasi-stationarity because the
steady state probability distribution of a chain is a Dirac
delta measure localized at the end of the chain. However,
if we do not simplify chains, then simulating them by
Gillespie’s SSA [1] will not be computationally expensive
because the mass of the chain is transferred to the end of
the chain A,,, in a number of steps that is relatively small.

As a second example, let us consider the cycle C
be the following sequence of mono-molecular reactions
Ay — Ay — ...A,, — Aji. Let all rate constants be well
separated and the smallest one be kj;,, like before. We
add to the cycle one branching reaction; this transforms
A; a component of the cycle into B a component exterior
to the cycle. We consider the following distinct situations:
(I) the branching reaction is A; — B of rate constant k
and k << kj;, (II) the branching reaction is A; — B and
k >> k;, (II) the branching reaction is A; — A; + B,
or (IV) the branching reaction is A; — A; ;1 + B of
rate constant k;. In the situation (I) the exit reaction is
faster and dominates the cycling reaction A; — A ;.
According to the rule for auxiliary networks in this case
(that we call “broken” cycle) the cycle can be opened
(by eliminating the cycling reaction A; — A;41) and
the resulting multiscale dynamics is the one of a chain;
we recover the previous example and in this case we
can safely decide to do nothing. In the situation (II) the
exit reaction is much slower than the cycling reaction.
In this case the molecules inside the cycle have rapid
transformations and the mass distribution inside the cycle
can be considered to reach quasi-stationary distribution.
As discussed in [4], [3], [2], the relaxation time of a
cycle with separated constants is the inverse of the second
slowest rate constant k() >> k(1) = k... To under-
stand this, one should consider the two possible paths
to equilibrate a cycle, one passing through the slowest
step and the quicker one passing through the second
slowest step: the quicker short-cuts the first one. Thus,
a cycle can be considered quasi-stationary if k(2 >>
1/7. A non-averaged fast cycle could be computationally
expensive in SSA, because a molecule can perform a huge
number of steps along the cycle on the timescale 7. The
corresponding condition involves the quasi-stationary flux
(not the relaxation time) and reads k(") >> 1/7.

From a quasi-stationary cycle, the mass is lost stochas-
tically, but slowly by the branching reaction. The inten-
sity of the loss process can be calculated by replacing
X; by its average with respect to the quasi-stationary
distribution of the cycle. The average of X, is X; =
N(t)kiim/kj, where N(t) is the total mass inside the
cycle N = Z;n:l N;. We obtain the average intensity A=
kX; = N(t)kkim/k;. In the situations (III) or (IV) the
average intensities of the branching reactions are kX =
N (t)kkiim/k; and k; X; = N(t)kjim, respectively.

The result of the cycle averaging can be represented as
a simplification of the mechanism (cycle glueing), applied
only to non-broken cycles:
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« “glue” the cycle into a single node C' having the total
mass N

« replace the exit reaction of the type i) A; — B of
rate constant k£ by a reaction C — B of effective
constant k' = kkiim /k;.

« replace the reaction of the type ii) A; — A; + B or
rate constant k by a reaction C' — C'+ B of effective
constant k' = kkyim /k;.

« replace the reaction of the type iii) A; — A; 1 + B
of rate constant k; by a reaction C' — C + B of
effective constant k' = kjjp,.

As a possible design rule, notice that, unless k; is the
limiting step in the cycle, one has ki, /k; << 1. Then,
the average intensity of the exit reaction of the type i) or
ii) is weak and could represent a source of intermittence
in the system. This situation should be avoided for less
noise in the system, or created when noise is wanted.

III. APPLICATIONS
A. NFkB oscillations

The transcription factor NF-xB is involved in a wide
diversity of domains such as the immune and inflamma-
tory responses, cell survival and apoptosis, cellular stress
and neuro-degenerative diseases, cancer and development.
NF-xB is sequestered in the cytoplasm by inactivating
proteins named IxB. Upon signalling, IxB molecules are
phosphorylated by a kinase complex, then ubiquitinylated,
and finally degraded by the proteasomal complex. NF-
kB released from IkB molecules is then transported to
the nucleus to activate its target genes, among which
its inhibitor IxB. The produced IxB enters the nucleus,
binds to, back-translocates and re-sequester NF-xB in the
cytosol. This delayed negative feed-back is responsible
for oscillations of NF-«B activity.

The biochemical models for NFxB signalling discussed
in [2] contain linear sub-networks that were simplified
using the algorithm described in sub-section IIA. After
simplification, a mapping has been constructed between
parameters of the initial model and the parameters of
the simpler model. This mapping allowed us to find the
critical parameters and to asses their influence on the
capacity of the system to undergo sustained oscillations.
Thus, many reactions are dominated and not critical. The
precise values of their constants are not important for
the dynamics, although their relative order matters. The
details of this analysis can be found in [2].

B. Stochastic bursting of repressed operon

To illustrate reduction of stochastic models, we present
here a new application.

Under strong repression, protein production from a
bacterium operon undergoes stochastic bursting. The phe-
nomenon has been modelled by [5], see Fig.1. In this
model the bacterium is considered to be in exponential
growth phase, increasing size and dividing normally. Cell
growth is simulated by a linear increase of the volume
in time. During replication the nuclear material doubles
(variables D,D.R,DRNAP). At fission the nuclear material
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Fig. 1. Repressed operon models. The averaged cycles are in red.

is halved and all other components are divided among
daughter cells according to a binomial distribution.

The cycle averaging procedure can be applied three
times:

1.1 The cycle D, D.R is not-broken. It is glued to the
node D* whose total mass is equal to the mass of D and
D.R.

1.2 The limiting step of the cycle is Ky = k1 << k1.
1.3 The branching reaction D — D.RN AP is replaced
by D* — D.RNAP of effective constant k} = %11@
2.1 The cycle D*, D.RN AP is not-broken. It is glued to
the node D** whose total mass is equal to the mass of
D and D.R and D.RN AP.

2.2 We have kl, << k;,2 hence the limiting step of the
cycle is k.

2.3 The branching reaction D.RNAP — TrRNAP is
replaced by D** — T'r RN AP of effective constant kf =
Kmli213.

3.1 The cycle RBS, Rib.RBS is not-broken. It is glued
to the node RBS™ whose total mass is the one of RBS
and of Rib.RBS.

3.2 The limiting step is kg << kg.

3.3 The branching reaction Rib.RBS — ElRib+ RBS
is replaced by the reaction RBS* — ElRib+ RBS* of
effective constant k7% ~ k7.

Notice that a loss of accuracy should be expected
from the application of the third averaging step. The
separation of the branching and cycling reactions is not
that good. Indeed, k7/k.,6 =~ 0.22 while in theory we
need k7/kme << 1. The trajectories obtained by SSA
(Fig.2) show the bursting phenomenon that can be now
understood by the resulting low intensity of the reaction
TrRNAP — RBS. The reduced models reproduce the
same behavior (with good accuracy for model 2, only
qualitatively for model 3).

In order to compare the performance of the models (in
terms of time complexity) we have represented the total
jump intensities for three models (exact SSA, second and
third averaged steps models) as functions of time on a
trajectory. The model that demands the least computer
time is the one with the smallest jump intensity. In Fig.3,
we notice a decrease of several orders of magnitudes of
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the total intensity from exact SSA to the second and third
averaging steps.
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Flamelet Generated Manifolds for Chemistry
Representation in Partially-Premixed Flames
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Abstract—1In this article it will be assessed how well
partially-premixed one-dimensional flames are represented
using premixed and non-premixed flamelet-based Flamelet
Generated Manifold (FGM) databases. A procedure is in-
troduced which enables combination of both types of FGM
databases as a function of local conditions. This allows a
more accurate description of detailed chemical kinetics while
the considerable speedup of computations enabled by the
FGM reduction method is retained.

I. INTRODUCTION

In LES and DNS simulations of turbulent reacting flows
the high computational cost associated with the large
system of stiff differential equations can become limiting
or even prohibitive for moderate and high Reynolds
numbers. To reduce the required efforts reduction methods
are commonly used. The Flamelet Generated Manifold
(FGM) [8], also known as Flamelet Prolongated ILDM
(FPI) [6], tabulates thermochemical variables originating
from one-dimensional laminar flame structures: flamelets.
The FGM reduction method assumes that in (turbulent)
three-dimensional flames locally flame structures can be
identified which closely resemble flamelets in composi-
tion space; the FGM reduction method can therefore be
considered to be a combination of classic flamelet- and
manifold methods. Any thermochemical variable is now
parameterized by a small number of control variables.
FGM databases can be generated using either premixed or
non-premixed flamelets. The question which is addressed
in this work is how well partially-premixed flames are
reproduced when premixed and non-premixed flamelet-
based FGM databases are used to represent combustion
chemistry. Bongers et al. [3] showed that a FGM database
based on premixed flamelets can accurately describe the
premixed part of partially-premixed counterflow flames.
However, in this study the considered range in mixture
fraction was limited since the fuel stream had the same
composition as a premixed system at the upper flamma-
bility limit. Previous work from Fiorina et al. [5] showed
that (premixed flamelet-based) FPI databases could not
accurately predict combustion parameters in partially-
premixed and non-premixed flamelets. A flame-index was
introduced to distinguish between premixed and non-
premixed combustion and in case of non-premixed com-
bustion the chemical source term for the reaction progress
variable was assumed to equal diffusive transport [1]. In
other words, no detailed chemistry was used for the non-
premixed combustion mode. From these two references
it can be concluded that a premixed flamelet-based FGM
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Fig. 1. Two flamelet types used for this study: premixed (left) and

partially-/non-premixed (right) flamelets.

database can be used to describe partially-premixed com-
bustion provided that the gradient in mixture fraction is
kept small.

The novelty of this article is the use of detailed chemistry
for both the premixed and non-premixed combustion
mode, including a switch-function to distinguish (locally)
between the two different modes of combustion and
thereby enabling the determination of the most appropri-
ate type of FGM database. It will be discussed whether the
switch should be based on mixture fraction and reaction
progress variable gradients or using an additional control
variable.

In the next section it will be explained how individual
flamelets are computed and, subsequently, how FGM
databases are generated from these individual flamelets.
In the third section need to use an appropriate FGM
database to describe chemical kinetics is outlined. In the
last section a brief description of the work in progress is
given.

II. FLAMELET GENERATED MANIFOLDS

FGM databases are composed of many individual

flamelets, each flamelet having slightly different boundary
conditions. Boundary conditions, above all, determine the
type of flamelet: premixed or non-premixed. Schematic
representations of these flamelets types are shown in
figure 1. The main difference between these two types
is the direction of diffusion in composition space. In
premixed flamelets diffusion is only allowed along iso-
mixture fraction contours while in non-premixed flamelets
diffusion mainly takes place perpendicular to these iso-
contours.
For this study, partially-premixed combustion parameters
are mapped on two control variables describing mix-
ing (mixture fraction Z) and reaction progress (reaction
progress variable )):

v=1(2)) ey



in which 9 can denote any thermo-chemical variable.
The mixture fraction Z is defined by Bilger [2] and the
reaction progress variable, which has to be monotonous
in both lean and rich mixtures in order to facilitate an
unambiguous determination of dependent variables, is
defined as:

4+ Yu

Y= Yoo, , Ym,o )

Mco, Mn,o Mu,
in which Y; and M; denote a species mass fraction and a
species its molar mass respectively.

+ 2

A. Flamelet equations

The flamelet equations [8] form a set of specific
transport equations for one-dimensional reacting flows
describing conservation of mass, species and enthalpy.
When unit Lewis numbers are assumed for all species
the set of equations reduces to:

d(p) , O(pu) _
ot oz Pk G)
d(pyi) 0 AOYiY _ e
&+m(wx_%&J_ TPRY e @
d(ph) 0 AOn\
ot + ox (puh B Cp 8&1@) N —PEh ©)

in which z, p, u, K denote the physical coordinate per-
pendicular to the flame, the mixture density, the velocity
of the gas mixture and the flame stretch [7] respectively.
Yi, V, w, A, ¢p, p and h denote the mass fraction of
species ¢, the diffusion velocity, the chemical production
rate, the thermal conductivity, the specific heat at constant
pressure, the dynamic viscosity and the total enthalpy, re-
spectively. Ny denotes the total number of species present
in the used reaction mechanism and subscript 2 refers
to the oxidizer stream. The low-Mach approximation is
applied to the equation of state to prohibit acoustic waves
propagating though the computational domain. For coun-
terflow diffusion flames an additional transport equation
for the unknown stretch field K has to be solved:

0 (pK) 0 oK
ot + P (puK - M8x>
in which a denotes the applied strain rate at the oxidizer
side. This transport equation has been derived by Dixon-
Lewis [4]; here the formulation for two-dimensional carte-
sian geometries has been adopted. The set of governing
equations describing either premixed or non-premixed
flamelets is solved by the fully implicit solver CHEM1D
[9] developed at TUE.

B. Boundary conditions for the flamelet equations

—pK? + pya?

(6)

When FGM databases are to be constructed from
unstrained steady premixed flamelets, equations 3, 4 and
5 are solved. K equals zero everywhere and equation 6
thereby is redundant. The equation of state closes the
system of equations. Boundary conditions for premixed
flamelets are:

u(x — —o0) sL(Zy)
ZuY},l + (1 - Zu) }/i,2

Zuhl + (1 - Zu) h2

¥; (& — —o0)

h(z — —o0)
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in which subscript u denotes the unburnt mixture, s
denotes the adiabatic flame propagation velocity and is
an eigenvalue of the system. Subscripts 1 and 2 refer to
the fuel- and oxidizer stream, respectively. The parameter
of this system is the stoichiometry of the fresh mixture
denoted by the mixture fraction Z,. Beyond flammability
limits thermo-chemical variables are linearly interpolated
between the leanest flamelet and pure oxidizer and the
richest flamelet and pure fuel, respectively. Chemical
equilibrium has been explicitly added to all flamelets.
When FGM databases are constructed from strained coun-
terflow diffusion flamelets, equations 3, 4, 5 and 6 are
solved. The equation of state again closes the system of
equations. Boundary conditions for strained counterflow
diffusion are:

Yi(x — —o0) = Yis
h(r — —00) = M
Yi(z — +00) = Yip
h(z — 4+00) = he
K(x—+o00) = a(t)

in which subscripts 1 and 2 again refer to the fuel-
and oxidizer stream, respectively. The parameter of this
system is the applied strain rate a, which can be a
function of time in case of unsteady computations, and
is defined at the oxidizer side (z = oo). Solving the
unsteady equations for conservation of mass, species mass
fractions and enthalpy results in a natural continuation of
the profiles in Z-) space beyond the extinction strain rate.
The time-dependent solution of the unsteady equations,
which is treated as a family of solutions, is tracked until
the solution equals the mixing limit starting from a steady
solution with a strain rate equal to unity.

III. FGM VERSUS DETAILED CHEMISTRY

Laminar, one-dimensional CHy/air (21% O, and 79%
N, by volume) flames are simulated in a counterflow
setup. The boundary conditions will be varied from
premixed to fully non-premixed resulting in realizations
ranging from a premixed double flame, via a triple-flame
structure to a (single) diffusion flame structure. All setups
are simulated at ambient conditions (p = 1.01325 x 10°
Pa and T' = 300 K) and Lewis numbers are set to unity
for all species. The GRI 3.0 reaction mechanism [10] is
used to represent combustion chemistry.

For the FGM database based on unstrained, steady pre-
mixed flamelets, 400 flamelets with Z € [0.25Z, 2.0 Z]
have been used. For a given inlet composition, determined
by Z, )Y is tracked. Equation 6 is removed from the system
of equations since K equals zero everywhere. Beyond the
flammability limits linear extrapolation between the lean-
est flamelets and pure oxidizer, and the richest flamelet
and pure fuel respectively, has been applied. The resulting
database has been interpolated onto an equidistant grid
with 375 points in both Z and Y direction. For the FGM
database based on non-premixed flamelets, 600 flamelets
with increasing strain rate have been used. The unsteady



Yon

04
Z

0.6

08 0

Fig. 2. OH mass fraction, which is a function of Z and ), originating
from the non-premixed flamelet-based Flamelet Generated Manifold
database. OH is a typical indicator of combustion chemistry activity.

flamelet equations, equation 3, 4, 5 and 6 are solved while
the strain rate at the oxidizer side is increased by 1 s—?2
on average using a Wiebe function, starting with a strain
rate equal to unity. For each solution, dependent on time,
Y is recalculated at each point according to equation 2
while for Z a transport equation is solved. The steady,
slow increase in strain rate implies that the flamelet will
extinguish at a given moment: the (extinguishing) flamelet
is tracked until it equals the mixing limit. By this means
the entire composition space between (near) chemical
equilibrium and the mixing limit can be spanned. The
resulting database has again been interpolated onto an
equidistant grid with 375 points in both Z and ) di-
rection. In figure 2 the OH mass fraction, which is a
function of the two control variables Z and )/, is shown
as an example.

When the FGM databases are used in flamelet computa-
tions equations 4 and 5 are replaced by transport equations
for the two control variables only:

002) , 0 (,, AoZ\_

oL + 7 (puZ . 633) = pKZ @)
a(pY) 0 Ay :
—or ‘o (puy o ax) = —pKY+wy (8

The chemical source term for )V (wy) is retrieved from
the FGM database using linear interpolation; when the
solutions for Z and ) have converged all species mass
fractions are retrieved from the FGM database in the same
way.

A. The need for using the appropriate FGM database

When premixed flamelets are computed using a pre-
mixed flamelet-based FGM and when non-premixed
flamelets are computed using a non-premixed flamelet-
based FGM it can be seen from figure 3 that combustion
chemistry and diffusive transport are well described by
the FGM database. However, if the non-appropriate type
of FGM database is used, i.e. premixed flamelets are
computed using a non-premixed flamelet-based FGM or
non-premixed flamelets are computed using a premixed
flamelet-based FGM, it can be seen from figure 4 that
errors appear when predictions using FGM databases
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Fig. 3. Results for steady premixed flamelets using a premixed flamelet-
based FGM (left) and steady non-premixed flamelets using a non-
premixed flamelet-based FGM (right). For the premixed flamelets black
lines with circle markers denote a flamelet with Z = 0.67Zs¢, blue
lines with square markers denote a flamelet with Z = Zg; and red
lines with triangle markers denote a flamelet with Z = 1.5Zg. For
the non-premixed flamelets black lines with circle markers denote a
flamelet with a = 10 s—1, blue lines with square markers denote a
flamelet with @ = 25 s~! and red lines with triangle markers denote
a flamelet with @ = 100 s~1. In all figures solid lines denote detailed
chemistry solutions while the markers (circles, squares or triangles)
denote solutions using FGM databases. Figures from top to bottom
represent CH4 mass fractions, O2 mass fractions, CO mass fractions,
Hs mass fractions and OH mass fractions.

are compared to detailed chemistry. These errors are
most significant for CO and Hy which are formed under
rich conditions but in non-premixed flamelets can diffuse
towards the reaction layer near the stoichiometric mixture
fraction where they are consumed again. When premixed
flamelets are considered this is not possible; this results
in higher CO and Hs under rich conditions. In figure 4
this effect is most visible in CO and Hy mass fraction
predictions in non-premixed flames using a premixed
flamelet-based FGM database. For OH it is observed that
errors using the wrong type of FGM database are not as
significant as for CO and Hs. It will be examined whether
this can be attributed to the dominance of chemistry over
(convective and diffusive) transport.

It can be concluded that it is important to use the appro-
priate FGM database when accurate predictions of species
are desired, especially when CO and H are concerned.

B. Partially-premixed flamelets

For partially-premixed flamelets FGM databases which
are based on either premixed or non-premixed flamelets
are not sufficient. It will be examined whether the local
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Fig. 4. Results for premixed flamelets using a non-premixed FGM (left)
and non-premixed flamelets using a premixed FGM (right). Identical
symbols have been used as in figure 3.

source term for )} can be defined as a linear combina-
tion of the source term in premixed and non-premixed
flamelets for the same values for Z and V:

Wy (Z,Y) = a5 (Z,9)+ (1 —a) )T (Z,Y)  (9)

To determine the weight factor o several methods have
been proposed starting with the flame index method
proposed by Yamashita et al. [11], for which a modified
version for the use with FPI-databases was introduced by
Fiorina et al. [5]; nevertheless for one-dimensional flames
these indices exhibit a non-continuous behavior. Another
switch function formulation which will be examined
reads:

VY- VY

10
VZ-V (10

a = tanh |log
which should exhibit a continuous and smooth behavior
throughout the entire domain.

IV. WORK IN PROGRESS

It will be examined whether a switch function as de-
fined in the previous section yields an increase in accuracy
of predictions when FGM databases are used to replace
expensive detailed chemistry computations. The switch
function will be compared to the use of an additional
control variable, e.g. Hy mass fraction, for which an
additional transport equation has to be solved.
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Extending the Tools of Chemical Reaction Engineering to the Molecular Scale

Author: James B. Rawlings
Department of Chemical and Biological Enginering
University of Wisconsin

In classical continuum chemical kinetics, two primary physical situations result in model
reduction. The first case is the presence of fast and slow reactions. In this case, the fast
reactions are assumed to be in equilibrium and one expresses a slow-time scale evolution
of all the species concentrations due to the slow reactions. In the second case, highly
reactive intermediates rapidly approach and maintain a low quasi-steady-state
concentration. In this case, one can express a simplified evolution equation for the large
concentration species (reactants and products). These two cases arise frequently in
applications and are a standard part of the classical reaction engineering toolkit.
Examples include Michaelis-Menten kinetics and Langmuir-Hinshelwood or Hougen-
Watson reaction mechanisms on catalytic surfaces.

But when reactions are considered at small length scales (small catalyst particles, inside
living cells, etc.), the concentrations are small enough that the stochastic fluctuations
cannot be neglected. In this regime, we often use kinetic Monte Carlo (KMC) methods to
simulate the reaction networks of interest. But when confronted with large separations in
reaction rates or large separations in species concentrations, the computation time for the
standard KMC simulation method becomes excessive, and standard KMC is no longer
useful for simulating the reaction network of interest.

This talk presents recent results for extending kinetic model reduction methods to handle
this stochastic, molecular regime. The resulting reduced chemical mechanisms can be
quite different from what one expects based on knowledge of the results for only the
macroscopic, deterministic setting. The model reduction methods will be illustrated by
application to a set of illustrative chemical kinetic mechanisms.
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Spectral Representation and Reduced Order
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Abstract— For many biochemical phenomena in cells the
molecule count is low, leading to stochastic behavior that
causes deterministic macroscale reaction models to fail. The
main mathematical framework representing these phenom-
ena is based on continuous-time, discrete-state Markov pro-
cesses that model the underlying stochastic reaction network.
Conventional dynamical analysis tools do not readily gener-
alize to the stochastic setting due to non-differentiability and
absence of explicit state evolution equations. We developed
a reduced order methodology for dynamical analysis that
relies on the Karhunen-Loéve decomposition and polynomial
chaos expansions. The methodology relies on adaptive data
partitioning to obtain an accurate representation of the
stochastic process, especially in the case of multimodal
behavior. As a result, a mixture model is obtained that
represents the reduced order dynamics of the system. The
Schldgl model is used as a prototype bistable process that
exhibits time-scale separation and leads to multimodality in
the reduced order model.

I. INTRODUCTION

The simplest description of chemical reaction pro-
cesses is based on rate equations, i.e. ordinary differ-
ential equations (ODEs) for species concentrations. This
macroscopic setting fails when the relevant volume or
the species numbers are small because of the increased
significance of stochastic noise due to random molecular
collisions [9], [22]. Stochastic reaction networks (SRNs)
account for intrinsic stochastic noise, and provide a
general framework for chemical reaction models at the
microscopic, molecular level. SRNs are generally gov-
erned by the Chemical Master Equation [7] (CME), which
is a differential equation governing the time evolution
of the Probability Density Function (PDF) of species
numbers. The chemical master equation is obtained by
modeling a SRN as a jump Markov process [23], [6], i.e.
discrete-state, continuous-time stochastic processes with
no memory. Since computing direct numerical solutions
for CMEs is still challenging (for recent efforts, see [15]
and references therein), simulation-based methods be-
come the main analytical tools. In particular, Gillespie’s
Stochastic Simulation Algorithm [4], [S5] (SSA) provides
a simulation mechanism for the time-evolution of species
numbers at the microscopic scale, thereby effectively
sampling the CME solution. This allows determining
useful statistical properties of the system by averaging
without solving the CME itself.

In this work, we rely on Karhunen-Loeve (KL) ex-
pansions [10], [14], [2] that represent the underlying
stochastic processes in terms of orthonormal random
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variables, truncated to a reduced order model. This low-
order representation is constructed based on the observed
statistics of the stochastic process over a given period of
time. With a truncated KL expansion, each realization of
a stochastic process corresponds to a finite number of un-
correlated random variables, with non-standard distribu-
tions determined by the data. As a result, it is desirable to
represent these random variables with polynomial chaos
(PC) expansions [25] that enable computationally efficient
estimation of system properties.

However, a global PC representation with a finite
order and dimensionality does not accurately capture
random variables that exhibit strong multimodalities [18].
Adaptive multi-wavelet [11], [12], [13] or PC [24] bases,
both relying on stochastic domain decomposition, enable
efficient analysis of such processes in the continuous
deterministic setting. In this work, we extend the method-
ology proposed in [18] to obtain an adaptive, data-driven
partitioning that captures the structure and modalities of
intrinsic stochasticity. Our data partitioning algorithm,
which involves a combination of clustering and data
range bisection, leads to a mixture of PC expansions that
properly represents multimodal distributions by taking
advantage of the underlying data structure.

II. REDUCED ORDER MODELING VIA
KARHUNEN-LOEVE DECOMPOSITION

As a reduced order model for a stochastic process
X(t,0), consider the L-truncated Karhunen-Loéve (KL)
expansion [10], [14]

L
X(t,0) ~ X (t,0) = X(£,0) + > VAfi(t)&, (1)
=1

where X (t,0) denotes the expectation with respect to the
sample space element 6. In the above KL expansion, the
A; are the eigenvalues of the covariance kernel with cor-
responding orthogonal eigenfunctions f;(¢). The random
vector & = (&1,...,&1) consists of L jointly distributed
and uncorrelated (but not independent) random variables.
Essentially, the dynamics of the full process X () is
captured by a single random vector £ (we will drop the
argument 6 for clarity, unless there is a need to put an
emphasis on the intrinsic randomness).

As a benchmark process that exhibits a bimodal behav-
ior, consider the Schldgl model [19], [6], [18], which is a
SRN involving two reversible reactions and three species
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Fig. 1. Hundred SSA realizations of the Schlogl model with the nominal
parameter set [17].
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Fig. 2. a) First ten KL eigenvalues, and b) the scatter plot for the
first two KL random variables for the Schlégl model with the nominal
parameter set [17].
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X, A and B, but with A and B assumed to be present in
large and fixed numbers. We are interested in the number
of species X (). With X (0) = 250 and the nominal set of
rate constants, the system exhibits bistable behavior over
a time window ¢ € [0, 20], see Fig. 1. Furthermore, Fig. 2
illustrates the corresponding eigenvalue spectrum and the
scatter plot of the projected samples of & and &». The
huge gap between the first two eigenvalues and bimodality
along the &;-dimension are direct results of the bimodality
of the time-dependent process itself. Although the random
vector £ has uncorrelated components, it may have a
complicated structure that is not known beforehand. We
then turn to spectral expansions in order to properly
represent the random vector &.

ITI. POLYNOMIAL CHAOS EXPANSION OF THE
REDUCED ORDER MODEL

We seek to approximate £ with a random variable
represented by a d-th order, L-dimensional PC expansion

P
£=> ali(C,....()=g(GC), @
k=0

with the number of terms P+1 = (’ZTLL!)I and multivariate

orthogonal polynomials Uy (¢). The components of the
random vector ¢ are standard i.i.d. random variables. In
this work, we have used Hermite polynomials that are
orthogonal with respect to the PDF of a standard normal

106

random variable. Namely,

Jals
@ONE) = [50unOF«

= (PO €

The above orthogonality relation leads to the projection
formulas (€TL(0))

k
= "> 4
CHIS} @

However, in order to compute the stochastic projection
integral (€W, (¢)), one needs an one-to-one correspon-
dence between samples of £ and (. To resolve this,
we employ the Rosenblatt transformation [16], [17] that
enables the projection (4) in the same, ¢-space. Finally,
the full representation can be written as

X(t,0) ~ Xgrpec(t,0)= ®)
L /P

= X(t,0)+ Z <Z Cik\pk(C)> VAifi(t),
i=1 \k=0

i.e. the process X (t¢,0) is described in terms of deter-
ministic matrix elements ¢;; and a random vector { =
(¢1,-..,C¢r) of standard normal i.i.d. random variables.
However, as shown in [18], the global PC representation
is challenged if the random vector £ has a multimodal
character, which is certainly the case for the Schlogl
model, see Fig. 2b.

IV. ADAPTIVE DATA PARTITIONING ALGORITHM

In order to tackle multimodalities, we analyzed various
approaches of partitioning the data set of samples of
&, and introduced a novel, hybrid and adaptive strategy
that involves approximate k-center clustering [8] to detect
the bimodalities, followed by data-range bisection. The
algorithm adaptively partitions the data set into subsets
that are simpler to represent with low-order PC, until this
representation is satisfactory in terms of the Kullback-
Leibler (K-L) divergence or relative entropy [3], [1]
between the PDFs of the data samples and the samples
of the corresponding representation (i.e., P(-) and Q(-),
respectively)

AP|Q) = [ Pa)ios 5o

Exact computation of the K-L divergence requires an
integration that is extremely costly in multiple dimen-
sions. Nevertheless, it can be estimated by Monte-Carlo
integration in terms of the data samples that are available.
Namely,

P@) 1 (6)

1o, PE™)
d(P||Q R )
(PIQ) ~ 5218 i)
1 N N
= ¥ <ZlogP<e<">> - Zlogcz(s("))) :
n=1 n=1

where 5(") forn = 1,2,..., N are the samples drawn

from the distribution P(-), i.e. exactly the data samples



that are to be PC-represented. This approximation of the
K-L divergence allows simple intuitive interpretation: the
second sum is the log-probability of having the particular
data set {£™}N_, given a model that leads to the PDF
Q(-) (in other terms, the likelihood of the model), while
the first sum is the likelihood if the model had the exact
same PDF as the original data set (in a sense, a target
likelihood). The PDFs in (7) are computed by standard
KDE techniques [21], [20].

We have analyzed various data partitioning schemes
and found that the domain-based bisection approaches
(specifically, data range bisection, data median bisection
and data size bisection, see [17]) blindly split the data
without detecting the modalities. Therefore, we enhanced
the methodology with an initial clustering step (namely,
an approximate version of the k-center clustering is im-
plemented) that detects the modalities present in the data
structure. After this initial step, it is shown that the data
range bisection works better than the other approaches. It
consists of finding and bisecting the data range in each
direction simultaneously.

In order to find out whether an initial clustering is
needed and what the optimal number of clusters is, we
employ the explained variance criterion. The explained
variance for a specific clustering is a variance of a data
set that is obtained from the initial data set by replacing
each sample with the mean of its cluster. The fraction of
the explained variance over the total variance vanishes if
there is only one cluster (the set itself) and is equal to
one, if the number of clusters is the same as the number
of data samples. We run several trial clustering cases for
various fixed number of clusters and check the graph of
the explained variance fraction versus the cluster number.
This graph is generally increasing and concave down. If
there is a well-seen ‘elbow’ in the graph, then its location
corresponds to the optimal number of clusters. Otherwise,
there is no need to proceed with the clustering, and the
data is considered sufficiently unimodal [17].

The adaptive PC representation algorithm then pro-
ceeds as follows:

0. Obtain N SSA realizations X (¢).
1. Perform KL decomposition up to the eigenmode
(dimension) L.

la. As a result, obtain a set of IV data samples of
the random vector & = (&1,...,&.) and call it
the current data set S = {5(1), £ . ,é’(N)}.
If the explained variance criterion [17] detects
modalities, cluster the data into the optimal
number of clusters and proceed considering each
cluster as a new data set. Otherwise proceed to
Step 2.

2. Use the Rosenblatt transformation and quadrature
evaluation of the projection integrals (4) to find a
finite order PC representation for the current data
samples: &; = ZkP:O cikPi(¢), fori=1,2,..., L.
2a. Compute the K-L divergence between the data

and the PC model using (7).

1b.
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3. If the number of samples in the current data set
exceeds the threshold Ny, and the K-L divergence
is larger than the threshold dyy,;, partition the current
data set according to data range bisection, and recur-
sively return to Step 2 for each new data set. Else
keep the current PC representation and move to the

next untreated data set.

2

4

2

Fig. 3. The data partitions for the first two KL variables obtained from
a KL projection of N = 105 realizations of the Schlogl process.

- KL projected data
* Mixture PC data

4

2

Fig. 4. The scatter plot of the original data set and the samples obtained
from the mixture PC representation.

The final representation then corresponds to a PDF that
is a mixture of PDFs of PC representations of each of the
K subsets. Namely,

K
PDFg  (y)= ;ijDFg<CC<j)) @, ®
where p; is the fraction of data samples in the j-th
partition.

Fig. 3 shows the final partitions for a two-dimensional
data set for a random vector £ = (£1,&2) that is obtained
by a KL projection of N = 10° realizations of the
Schlogl process. The data set itself and the samples
of its third order mixture PC model representation are
shown in Fig. 4. The K-L convergence analysis of our
hybrid methodology and other data partitioning strategies
is illustrated in Fig. 5. Although for this particular data set
- it is bimodal along the first dimension only - the plain
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Fig. 5. Convergence of the mixture PC representation as the partition-
ing refinement level increases. Various data partitioning strategies are
compared [17]. The zeroth refinement levels correspond to the global
representation, while the first level is simply the clustering for the hybrid
partitioning. The third refinement levels correspond to the illustration
from Fig. 3.

data range bisection is as efficient as the hybrid approach,
it is shown [17] that the hybrid methodology is more
robust for general data sets with no a priori knowledge
of the data structure available.

2 4 6 8 .
Time, t

10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
Time, t

Fig. 6. a) The 5-mode KL truncated sum for the Schlogl process.
b) The final representation obtained from mixture PC expansions of
the underlying five-dimensional KL random vector. Both expansions
are obtained with N = 10° realizations with only every hundredth
realization shown for illustration purposes.

Finally, Fig. 6 illustrates the 5-mode KL-truncated sum

5

Xir(t) = X(0) + > &V Nifult) ©))
i=1

of the underlying Schlogl process as well as the process,

recovered from the third order mixture PC representation
of the KL-projected variables, i.e.

5
Xkrpo(t) = X(t) + Z (Epc)VNifit).  (10)

Clearly, the stochastic process X (¢), first reduced to
Xkr(t) (described by a random vector &) by the KL
projection, is further reduced to X1 pc(t) (described
by a set of deterministic matrices {C(j)}fil, one for
each partition of the data samples of &) by our mixture
PC representation while preserving the skeleton of the
dynamics of the original process for further analysis of
the system, or as a reduced order model.
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Reduction of detailed chemical models with
controlled uncertainty
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Abstract— Previously we proposed a method of uncertainty
minimization by polynomial chaos expansion (MUM-PCE)
to quantify and constrain the uncertainty in detailed
chemical kinetic models. Here we extend this method to
include its application in reaction model reduction using the
Level-of-Importance (LOI) method. In particular, we
demonstrate that the uncertainty introduced by the
reduction process may be defined in conjunction with the
MUM-PCE method. Coupled with the overall uncertainty
of the detailed chemical model as determined by MUM-
PCE, the kinetic uncertainty of a reduced chemical model
may be quantified, both in terms of the uncertainty in the
detailed model and that due to model reduction.
Additionally, the same multi-parameter, comprehensive
optimization approach used in MUM-PCE may be
employed to constrain the uncertainty of a reduced model.

1. INTRODUCTION

The approach to developing detailed chemical kinetic
models tIZ)r fuel combustion involves compiling a set of
elementary reactions whose rate parameters are
determined from individual rate measurements, reaction-
rate theory, or, in many cases, estimations from analogous
reactions.” As chemical models become larger, the number
of parameters that must be estimated and species that must
be considered increases. The number of scalars is usually
too large to allow computation of realistic combusting
flows, which are often turbulent, using detailed chemical
kinetic models [1]. A rigorous means of reducing the
complexity of the reaction model is therefore needed.

Traditionally, the accuracy of a reduced or skeletal
model is ensured by comparing its performance against a
detailed model [e.g., 2-5]. Without considering the
uncertainty in the detailed model, this comparison can
over-constrain the reduction criteria. In fact, a reduced
model can be said as accurate so long as it reproduces the
detailed model within its uncertainty bound. Of course, to
make this comparison, the uncertainty bounds of both the
detailed model and the reduced model need to be
rigorously quantified.

This paper summarizes the Method of Uncertainty
Minimization by Polynomial Chaos Expansion (MUM-
PCE) [6], and details a method for developing a reduced
chemical kinetic model from a detailed model with
quantifiable uncertainties. The PCE method is based on a
series of earlier work of Najm, Ghanem and coworkers [7-
9]. First, a set of combustion conditions is chosen against
which the model will be reduced. An optimization study
is performed on the detailed model, using ethylene
combustion as a test case [6]. This optimized model is
then reduced using the automated level-of-importance
method (LOI) [3]. To assess the predictive capacity of the
reduced model, the error introduced by the reduction is
calculated and used to compare the reduced model
predictions to those of the detailed model. The method of
uncertainty estimation is described here, and is similar to
the quasi-steady-state approximation (QSSA) error found

in [10].
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II. METHODOLOGY

A.  Uncertainty propagation

A set of fundamental combustion data is chosen as
simulation targets to cover as wide a range of combustion
conditions as possible.  Active parameters for each
experiment are 1dentified by a local sensitivity analysis of
the observables with respect to the reaction Arrhenius pre-
factors. It is then assumed that the chemical model
response 77, can be expressed as a polynomial response
surface with respect to active parameters expressed as
factorial variables. For N uncertain rate parameters, the
response can be described by

byx;x; ,

N N
x) =1,0+ Zal»xi + Zz

i=1 =1 j2i
where x; is a factorial rate parameter variable (-1 <x; < 1).
The response surface coefficients a; and b; can be
determined as described in [11, 12]. Uncertainty in the
model prediction due to the rate coefficients can be
determined by treating each of them as a lognormally-
distributed random variable, independent of all the others,
with 2c-uncertainty defined by the uncertainty factor f;.
This is equivalent to

(M

X =% @

where & is a unit-normal random variable. If a more
sophisticated description of the rate parameters is desired,
x can be described as a polynomial in &,

3)

which can be propagated into (1) to yield a stochastic
representation of 7, ,

B LE L@

'M'S
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n,(8)=17,(x,)+

mm

i

where the coefficient vector @andpcan be calculated
from the response surface equation. Equation (4) can then
be used to calculate the predicted uncertainty by taking its
expected value. Therefore, if the variation of the factorial
variables is prescribed, then the solution mapping method
can be usedp to explicitly calculate of the uncertainty in
model predictions.

B. Optimization

The difference between the model response and
experimental observations is minimized as detailed in [6].
Explicitly, this minimization is done with least-squares



optimization that best fits the experimental data given to
it.

It is expected that some of the experimental data chosen
for validation will not be consistent with the optimized
model, and therefore a consistency measure may be used
to determine which of the reduction targets should be
removed. When a final optimized model has been
determined, the remaining uncertainty is calculated. It is
assumed that all experiments are independent of each
other and a distribution is defined, termed the target
distribution, where each target has its own ¢, as

n,(8) )

The optimized model uncertainty is described by an
expansion similar to (3) that minimizes the difference
between the predicted distribution (4) and the target
distribution (5); obtaining this expansion is described in
detail in [6]. The result is therefore an optimized model
along with a rigorously-calculated uncertainty.

obs

obs
=n"+0,"¢,

C. Model Reduction

The model optimization procedure detailed above
produced a chemical kinetics model optimized for
ethylene combustion. However, because the model
contains over 100 species, it is unsuitable for use in
computational fluid dynamics applications. As such, a
reduced form of the model must be developed. The LOI
method [3] is used to determine the species that must be
retained in the reduced mechanism. In this method, a non-
dimensional lifetime 9, is defined for each species such
that those species that have short lifetimes relative to the
mean convective time will have very small 3,, whereas
those with long lifetimes will have 3, close to unity. This
lifetime parameter is combined with a calculation of the
sensitivity of each observable to the species concentration;
the result is the LOI index, L,. Species with large L will
have long lifetimes and large sensitivities and so must be
explicitly included in the reduced model. It should be
noted that LOI reduction is used here as an example, and
MUM-PCE could be just as easily applied for any other
model reduction methods.

D. Reduced Model Uncertainty Estimate

As stated above, the uncertainty estimation procedure is
similar to the QSSA error discussed in [10]. Consider a
general dynamical model L,

L[(p(x,t),x,t}zf(x,t), (6)

where @is the solution of L and x i&) the spaii&ll
coordinate. We define two solutions, ¢ ) and 0",
which are the steady-state solutions to the detailed and
reduced models, respectively. In [10], the error introduced
by the QSSA, A, evolves according to

929 _jae, ™)
dt
where J is the Jacobia(g of the detailed model. This can be

thought of as using @'’ as the initial guess for the detailed
model and, in the long-t)ime limit, should be equal to the
difference between ¢ and (p('). For a steady state
problem such as stationery, premixed flames or
combustion in a perfectly stirred reactor, it is not desirable
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to integrate (7), and so the QSSA error can estimated by
calculating the rate-of change yector F pf the detailed
model, and then estimating (p( ) using a single Newton
step,

A = —J"F(q)(’)) . ®)

This then gives a robust criterion for comparing the
detailed and reduced model, when coupled with the
uncertainty analysis performed in section B. At this point,
if the predictions of the reduced model do not agree with
those of the detailed model, the reduced model may be re-
optimized as described in section B, thus ensuring its
predictive capacity.
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Geometric criteria for model reduction 1n
chemical kinetics via optimization of trajectories
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Abstract— In previous work we proposed an approach for
the approximation of slow invariant manifolds by computing
trajectories as solutions of an optimization problem with
respect to their initial values. The objective functional of
the optimization problem is supposed to represent the extent
of relaxation of chemical forces. Following these ideas we
discuss this approach on the basis of results for three
example models of chemical reaction mechanisms.

I. INTRODUCTION

The need for reduced chemical kinetics is motivated by
the fact that the computational effort for a full simulation
of reactive flows, e.g. of fluid transport involving combus-
tion processes, is computationally extremely expensive.

For getting useful approximations of the full mech-
anism, we are convinced, that global information on
phase space dynamics should be used to determine the
reduced kinetics. As reaction kinetics are usually modeled
by ordinary differential equations (ODE), trajectories in
phase space that are solutions of these ODE bear global
information of the system dynamics. This information can
be exploited within a trajectory optimization framework
for identifying suitable reaction trajectories approximating
slow attracting manifolds, where — after a short initial time
— the system dynamics take place.

A suitable formulation of the computation of reduced
models as an optimization problem assures the existence
of a solution irrespective of assumptions on the time scale
structure and sophisticated optimization software can be
used for the numerical solution of these problems.

The optimization criterion for the identification of
suitable trajectories should represent the assumption that
chemical forces are maximally relaxed along these tra-
jectories. Various approaches for the formulation of opti-
mization criteria are conceiveable.

II. METHODOLOGY

A. General Problem Formulation

In our approach the general trajectory-based optimiza-
tion problem can be written as

min
C

/Otf<1> (c(t)) dt (1a)

The authors thank the German Research Foundation (DFG) for
funding, in particular in the Special Research Area (SFB) 568.
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subject to
de(t) _
S = Fel) (1b)
0= g(c(0)) (Io)
cx(0)=¢c, k€ I (1d)

Here the nonlinear function f describes the chemical
reaction kinetics for the chemical species vector c¢(t).
The element mass conservation is collected in g. Ifixed
is the index set of reaction progress variables chosen
for parameterization of the reduced model. These can in
principle be selected without restriction from the list of
all species and are fixed at £ = 0 in (1d). All other species
concentrations at t = 0 are free variables and subject to
optimization. Thus the solution of the optimization prob-
lem is equivalent to species reconstruction. The computed
full composition should represent a point on the slow
invariant manifold. The final time ¢; is chosen as large
as necessary for approximately reaching the chemical
equilibrium point. The central issue to be addressed is
how to choose the objective function ® in (1a). This will
be discussed in the following.

B. Entropy-Based Criteria

In previous work (including the first workshop on
model reduction in reacting flows, Rome 2007) the en-
tropy production rate was suggested as an optimization
criterion. Entropy production is related to the relaxation of
chemical forces and the development of partial equilibria
[1].

The formula for the entropy production rate with the
forward and backward reaction rates R; . and R; _,

R;_.

respectively, is
R >

ds; _

e
for the j-th elementary reaction in the kinetic mechanism.
Here R is the gas constant. With (2) a relaxation criterion
for the objective function (la) can be formulated

m %
dt -’

j=1

R (Rjyﬂ — Rij) log ( (2)

D(c(t)) = ©)

This criterion was studied in [1] and [2]. The results
and the concept of the approach look promising but do not
provide a sufficiently accurate approximation of the slow
attracting manifold, in particular far from equilibrium. In
the following, alternative criteria have been investigated.



C. Geometric Criteria

As stated above, a suitable reduction criterion ®(c(t))
should characterize the relaxation of “chemical forces”.
From a physical point of view, curvature (in the sense of
the rate of change in velocity) is closely related to the
geometric interpretation of force. The aim of [3], [4], [5],
[6] was to make an attempt to transfer that relation to
the field of reaction kinetics in a way suitable to model
reduction via problem formulations such as in (1).

In chemical systems, dissipative forces are active. The
different time scales of dynamic modes result in an
anisotropic force relaxation in phase space. We consider
the tangent (reaction velocity) vectors ¢(t) = f(c(t)) of
reaction trajectories. The relaxation of chemical forces
results in a change of ¢(t) along a trajectory on its
way towards chemical equilibrium. This change along the
trajectory may be characterized by taking the directional
derivative of the tangent vector of the curve c(t) with
respect to its own direction v := HC%

Mathematically that can be formulated as

d . f
= —(c(t) + av T
3 A0+ a0 e
with J.f being the Jacobian of the right hand side f
evaluated at ¢(t) and || - |2 denoting the Euclidian norm.

Hence, we may choose the optimization criterion

”ch ) f||2

)=,

The natural way for the evaluation of this criterion would
be a path integral along the trajectory towards equilibrium

D,c(t) - . Jeof

o=

“)

/l(ceq)
1(0)

where [(t) is the length of the curve c(t) at time ¢ given
by

O(c(1(1))) di(t),

i) = / lé(r)lzdr.

This results in the reparametrization

di(t) = [|e(t)||2dt. Q)
The objective used in (1a) would be
ty
min/ 17of - flls dt. ©)
¢ Jo

However, an alternative norm for the evaluation of
[[Jef - f|| might be taken into account, which has already
been used in [7] and is motivated from thermodynamics.
In this norm the criterion adapted from (4) can be written
as

Ve - fllw _ (F7 - (o) ding(1/e) Jef - )2
1w 11w

with W = diag(1/c;) being the diagonal matrix with
diagonal elements 1/¢;. This criterion brings thermody-
namic considerations into play and represents the Rieman-
nian metric induced by the second differential of Gibbs

(M
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free enthalpy G
G= Zci In(c; /i) — 1], W = Hess(G).
i=1

The corresponding metric has been discussed in the
context of an entropic scalar product [8]. The correspond-
ing optimization problem is

te
win [ 9.f - . ®)
¢ Jo
In the following results for both criteria (6) and (8) are
presented.

D. Numerical Methods

Problem (1) together with a suitable choice of ®(c(t))
can be numerically solved with an appropriate solver
for nonlinear programming problems (NLP) coupled to
a numerical integrator. For our results MUSCOD-II [9],
[10] is used. This software package is based on a
multiple shooting discretization of trajectories and se-
quential quadratic programming (SQP) for the resulting
finite-dimensional NLP. For numerical integration on the
multiple shooting intervals DAESOL [11], [12] is used,
which is an integrator based on backward differentiation
formulae.

The computation of optimal trajectories for neighboring
fixed initial values for the reaction progress variables in
order to span higher-dimensional manifolds by families
of trajectories can be significantly accelerated by the
use of continuation methods embedding the problem into
a parametric family of optimization problems. Diehl et
al. describe an efficient numerical implementation of an
initial value embedding strategy in [13]; this stategy is
used for the computations presented below.

IIT. RESULTS

Here we present the application of the method de-
scribed above for three example problems. First a
temperature-independent six species hydrogen combus-
tion process is analyzed, then we study the benchmark
Skodje-Davis system and finally we discuss a temperature
dependent ozone mechanism involving oxygen as only
chemical element.

A. Example Mechanism: Hydrogen Combustion

In this section we consider a small test mechanism
taken from [8], that we already used for previous work:

k+1

H, = 2H
k

0, = 20
k+3

H,0 = H+OH ©
k

Hy+0 = H+OH
kir

0,+H = O+OH
k+e

H2+O — HQO
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Fig. 1. Solution of (1) with (4) as relaxation criterion for the hydrogen

combustion mechanism (9).

with the rate constants

ki = 2.0, k_1 = 216.0
ko = 1.0, k_o = 337.5
ks = 1.0, k_s = 1400.0
ky = 1000.0, k_4 = 10800.0
ks = 1000.0, k_5 = 33750.0
ke = 100.0, k_g = 0.7714.

Together with the conservation relations
20H2 +20H20+CH+COH =]
2 co, + cn,0 + co + con = O

this mechanism yields a system with four degrees of
freedom. For the computations with this mechanism mass
relations with Cy = 2.0 and C5 = 1.0 were chosen.

In Fig. 1 the results with the Euclidian norm criterion
(6) as objective functional are depicted. We analyze the
approximation accuracy of the slow manifold via check-
ing consistency (invariance) by restarting the solution of
the optimization problem from a later time point on the
earlier computed trajectory. If the slow invariant manifold
has been identified correctly, the solution of the second
optimization problem should be exactly on the trajectory
computed before, a property that we denote consistency.
The results are not too bad but can be improved.

The weighted norm proposed in (8) is used as a
criterion for the results presented in Fig. 2. The results
demonstrate that this criterion can be regarded to be nearly
consistent. These results encourage to test the criterion (7)
for the Davis-Skodje problem in the next section.

B. Davis-Skodje Problem

The well-known Davis-Skodje mechanism is our sec-
ond test case.

dy. _

dt Y1

dyo (v — Dyr + 43
2 — +—
dt YY2 (1+y1)2

where v > 1 is a measure for the spectral gap or
stiffness respectively of the system. Results are shown
in Fig. 3. For large values of v, representing a large gap
in time scales between fast and slow modes, the results
are acceptable. For small values of ~ the approximation
is getting worse.
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Fig. 2. Solution of (1) with (7) as relaxation criterion for the hydrogen

combustion mechanism (9). The results look promising.
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Fig. 3. Results for the Davis-Skodje problem with (8) as relaxation
criterion. Results for different values of «y are shown. The red curve is the
analytically computed SIM (slow invariant manifold). The black dashed
curve represents the analytic Maas-Pope-ILDM. The blue curves are
trajectories integrated from solution points of our optimization problem.

C. Example Mechanism: Ozone

The last test case is a three component ozone mech-
anism shown in Table I taken from [14]. It is chosen
to demonstrate the performance of our method taking
temperature dependence into account. Many approaches
based on time scale separation fail when the spectral gap
becomes too small. Together with the element conserva-
tion

co +2co, +3co, =C

this mechanism yields a system with two degrees of
freedom. We use without loss of generality C' = 1.

TABLE I
OZONE DECOMPOSITION MECHANISM FROM [14]. RATE
COEFFICIENT k = AT® exp(—FE,/RT). COLLISION EFFICIENCIES
IN REACTIONS INCLUDING M: fo = 1.14, fo, = 0.40, fo, = 0.92.

Reaction A (cm, mol, s) b Ea. (%)
0O+0+M— 02 +M 2.90 x 107 —1.0 0.0
02 +M—-0+0+M 6.81 x 1018 —1.0 496.0
03+M—-0+02+M 9.50 x 1014 0.0 95.0
0+02+M—03+M 3.32 x 1013 0.0 —4.9
0+ 03 — Oz + 02 5.20 x 1012 0.0 17.4
Oz + 02 — O + O3 4.27 x 1012 0.0 413.9




The results for the Euclidian criterion (4) shown in
Fig. 4 appear to become worse in particular for low
temperatures. In contrast the weighted criterion (7) gives
much better results as illustrated in Fig. 5.

T =1000 K T=500K T=350K
1 1
08 \ 08l N
O 0.6 O 0.6
O 4 O o,
0.2 0.2
0 0
0 c 05
(6]
2
2 x10 25
15 2
™ ™ 2 ¢ ™ 15
O @) S o
(&) o o (&) 1
1 o
05 o 0.5
UO C 05 O0 C 0.5
O O
2 2

Fig. 4. Solution of (1) with (6) as objective function for the ozone
mechanism as in Table I. Here red dots denote the solution for different
values of the progress variable co, . The blue trajectory can be regarded
as relaxed to the one-dimensional SIM after a short integration time.

IV. CONCLUSION

Here we present an extension of the model reduction
approach discussed at the first workshop in Rome and
in [5]. Various geometric criteria are investigated. In
many cases the results demonstrate a good quality of the
approximation of the slow attracting manifold. The SIM
can even be approximated with sufficient accuracy for the
ozone mechanism in the case of low temperatures.

To summarize, this approach looks promising for ap-
plication to realistic and large-scale detailed combustion
mechanisms. Even though a detailed and systematic inves-
tigation of the different criteria with a focus on theoretical
analysis, approximation accuracy and (numerical) appli-
cability remains a challenging task for our future work.

T =1000 K T =500K T=350K
1 1 1
08} 3 08 08 A
o % oo o °®
O o4 O o4 O o4
02 02 02
0 0 0
0 c 05 0 c 05 0
O O
2 2
o 10° x10* 5510 ¢

c 05
O
2

Fig. 5. Solution of (1) with (7) as relaxation criterion for the ozone
mechanism as in Fig. 4. The results look much better even for low
temperature.
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Mechanism Reduction Based on

Simulation Error Minimization

Tibor Nagy and Tamds Turdnyi’
Institute of Chemistry, E6tvos University (ELTE), Budapest, Hungary

Abstract—A new species reduction method called the
Simulation Error Minimization Connectivity Method (SEM-
CM) was developed. According to the SEM-CM algorithm,
a mechanism building procedure is started from the
important species. Strongly connected sets of species,
identified on the basis of the normalized Jacobian, are
added and several consistent mechanisms are produced. The
model is simulated with each of these mechanisms and the
mechanism causing the smallest error (i.e. deviation from
the model that uses the full mechanism), considering the
important species only, is selected. Then, in several steps
other strongly connected sets of species are added, the size
of the mechanism is gradually increased and the procedure
is terminated when the error becomes smaller than the
required threshold. A new method for the elimination of
redundant reactions is also presented, which is called the
Principal Component Analysis of Matrix F with Simulation
Error Minimization (SEM-PCAF). According to this
method, several reduced mechanisms are produced by using
various PCAF-thresholds. The reduced mechanism having
the least CPU time requirement among the ones having
almost the smallest error is selected. Application of SEM-
CM and SEM-PCATF together provides a very efficient way
to eliminate redundant species and reactions from large
mechanisms. The suggested approach was tested on a
mechanism containing 6874 irreversible reactions of 345
species that describes methane partial oxidation to high
conversion. The aim is to accurately reproduce the
concentration—time profiles of 12 major species with less
than 5% error at the conditions of an industrial application.
The reduced mechanism consists of 246 reactions of 47
species and its simulation is 116 times faster than using the
full mechanism. The SEM-CM was found to be more
effective than the classic Connectivity Method, and also than
the DRG, two-stage DRG, DRGASA, basic DRGEP and
extended DRGEP methods.

I. INTRODUCTION

Almost all published detailed reaction mechanisms
contain redundant species and reactions [1]. Elimination
of redundant species and reactions from a large reaction
mechanism allows a significant decrease of simulation
time. Also, other mechanism reduction methods, based for
example on time scale analysis [2-4] or lumping [5] may
be more efficient if the starting mechanism is smaller.
Several reviews have dealt with the problem of
mechanism reduction [1] [6-7].

Frenklach et al. [8] suggested a method for the
elimination of species and reactions from a detailed

mechanism, when the aim was the reproduction of ignition
delay times and temperature profiles. The first general
systematic method for species reduction, which is called
here the Connectivity Method, was suggested by Turdnyi
[9] and since then several other methods have been
published for this task [10-23].

In this paper algorithms Simulation Error Minimization
Connectivity Method (SEM-CM) and Principal
Component Analysis of Matrix F with Simulation Error
Minimization (SEM-PCAF) are described briefly. More
details can be found in our recent article [23].

II. SIMULATION ERROR MINIMIZATION
CONNECTIVITY METHOD (SEM-CM)

A. Definitions

The aim of simulations is to reproduce the
concentration profiles of the important species or to
reproduce some important features. The mechanism
reduction methods select further species to the group of
important species to ensure the good agreement between
the simulation results obtained using the full and the
reduced mechanisms. A complementary set consists of
those species that are not yet selected but would yield at
least one additional selected reaction if these were
introduced to the current group of selected species. Note
that according to this definition, unions of complementary
sets are also complementary sets.

A species is designated a living species if its initial
concentration is non-zero or it has an inflow term (e.g.
non-zero inlet concentration in a PSR) or if it is formed in
chemical reactions. The list of living species depends on
the mechanism and also on the initial (or boundary)
conditions. A mechanism is called consistent, if each of its
species is living at least at one condition.

B. The algorithm

Connection of a complementary set to the group of
currently selected species can be assessed by the
following measure:

1 1 =
IR 3
g ieset "y ieset jegroup
jij = (ci/fj)(afj/aci) is an element of the
normalized Jacobian.

The Simulation Error Minimization Connectivity
Method (SEM-CM) can be summarized as follows.

where

The work was supported by OTKA fund T68256.
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Starting from the group of ny,, important species,
complementary sets strongly connected to them are added
at each time and the formed reduced mechanisms are
made consistent if necessary. Depth level m means that
the first m complementary sets with the highest Cy values
are considered. The complex model is simulated with each
of these mechanisms and their sets of species with their
errors are stored in a database. The reduced mechanism
that has nj,,+1 species and has the smallest error is
identified in the database, and the previous procedure is
repeated. If no such a mechanism exists, mechanism with
species number niyp+2 Rim+3, etc. is looked for. The
mechanism building is terminated when the simulation
error, using the reduced mechanism, becomes smaller than
a required threshold. This way, a series of consistent
reduced mechanisms are produced, usually with
continuously decreasing error.

While the SEM-CM procedure effectively reduces the
number of species, the reduced mechanisms may still
contain redundant reactions.

III. PRINCIPAL COMPONENT ANALYSIS OF MATRIX F
WITH SIMULATION ERROR MINIMIZATION (SEM-PCAF)

A. The algorithm

The procedure above results in a series of consistent
reduced mechanisms with different number of necessary
species. These mechanisms can be reduced further via the
elimination of the redundant reactions. This may lead to a
reduced mechanism that can be simulated much faster,
while the error of simulation remains essentially the same.

The identification of the redundant reactions is carried
out using the principal component analysis (PCA) of the

normalized rate sensitivity matrix F [24]. This matrix is
defined as F; =(k;/f;)(0f; /ok;) This method has been

encoded as the PCAF option of KINALC [25]. In this
program the user has to suggest one or several thresholds
for the eigenvalues and the eigenvector elements.

Increasing the threshold values of PCAF in small steps
results in the elimination of further reactions, and it causes
small, but non-monotonic changes in the error of
important species. Therefore, it is impossible to find the
optimum threshold values based on a systematic search.
Thus, the PCAF procedure is adapted here in such a way,
that many different thresholds are tried automatically.
Initially, low thresholds for the eigenvalues and
eigenvectors are selected, leading to the elimination of
few reaction steps. Then, both thresholds are changed
independently, resulting in several different, smaller
reduced mechanisms. Each of the obtained reduced
mechanisms is investigated for consistency. If a
mechanism is found not to be consistent, then the
corresponding thresholds are considered to be too high,
and this mechanism is discarded.

B. Optimization for simulation time

Simulations are carried out with all consistent
mechanisms, and the errors and CPU times are recorded.
Many different reduced mechanisms may have an error
that is very close to the smallest error found. However,
these mechanisms may have significantly different
numbers of reactions, thus the required computing times
for the simulations may vary considerably. The aim is to
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find the fastest one among all reduced mechanisms having
similarly small errors. Mechanisms having errors not more
than a few percent higher than the smallest error are
investigated further. From all these mechanisms, the one
having the smallest CPU time is accepted as the
recommended reduced mechanism.

IV. EXAMPLE

Anthony Dean and his co-workers developed a large
elementary reaction mechanism [26] in order to describe
the homogeneous gas-phase chemistry in the anode
channel of natural gas fuelled solid-oxide fuel cells
(SOFCs). At the operation of the fuel cell, air is added to
the natural gas to prevent deposit formation. Thus, the
mechanism has to describe the partial oxidation of
methane up to high conversion. The full reaction
mechanism includes 345 species and 6874 irreversible
reactions. This mechanism, due to its large size, cannot be
used in reacting flow models for the optimization of fuel
cell geometry and operating conditions. Our goal was to
produce a reduced mechanism, which reproduces the
simulation results of the original mechanism for all large
concentration species within a few percent of error.

The selected initial parameters were representative for
the SOFC operation, that is temperature and pressure were
chosen to be 900 °C (1173.15 K) and 1 atm (101325 Pa),
respectively. The simulations were carried out at
isothermal and isobaric conditions. The composition of
the initial mixture was 30.0 % v/v methane and 70.0 % v/v
air.

Home-made Fortran codes were developed for the
SEM-CM and SEM-PCAF calculations. Another series of
Fortran codes were produced for the application of the
various DRG and DRGEP methods, including the original
DRG method [15], and also later improvements like linear
time reduction [16], two-stage reduction (restart) [16] and
DRGASA [18]. The applied DRGEP method included as
options scaling and group-based coefficients [21]. The
Connectivity Method was applied using a modified
version of KINALC [25].

SpeCieS CH4, Nz, 02, Hz, Hzo, CHzo, CO, COz, C2H2,
C,H;, C,Hgs and benzene (CgHg) were considered
important. The mole fraction of these species exceeded
0.001 during the 1000 s simulation time.

Fig. 1 compares the best versions of all investigated
methods. Considering the maximum errors as a function
of the number of species, the classic Connectivity Method
has the worst performance. At 5% required error, it leaves
139 species in the reduced mechanism by eliminating 206
species. DRGEP is usually better than the two-stage DRG
(DRG restart). Using DRGASA, the error is increasing by
eliminating more and more species, and this method
results in a small mechanism of 57 species at 5% error.
SEM-CM using depth level 1 gives a reduced mechanism
of similar size. However, SEM-CM using high depth level
(in this case up to depth level 256) is the best of all these
methods, since it provided a 47-species reduced
mechanism.

In the DRG method, it is generally assumed that the
simulation error decreases monotonically when threshold
€ is lowered, provided that threshold & is small (e.g. less
than 0.2). It is true for the error of flux calculation, but not
for the simulation error of the concentration profiles. Fig.
2 shows that by decreasing epsilon the simulation error



decreases in large steps and also non-monotonically, while
the number of species in the reduced mechanism increases
in a monotonic way. The result is that almost the same
simulation error can be obtained with mechanisms of very
different size using the DRG method. This shows that in
the DRG method several epsilon values should be tried
and the resulting mechanisms should be checked by
simulations.
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Fig. 1. Maximal simulation errors of the mechanisms as function of
species number, obtained by the Connectivity Method (CM), DRG with
restart, the basic DRGEP, DRGAS A-improved results of the DRG-
restart method, and SEM-CM (depth levels 1+4+...4256).
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Fig. 2. Maximal simulation error and the number of species as a
function of epsilon using the original DRG method.

Table I shows the numerical results for the best versions
of the DRG, DRGEP, CM and SEM-CM methods.
DRGEP and CM required about 1 minute CPU time. Both
DGRDASA and SEM-CM (depth level 1) required about
10 minutes. SEM-CM (depth level 14+4+...4256) required
about 10.5 hours on a desktop PC, but provided far the
smallest reduced mechanism of 47 species and 613
irreversible reactions. When SEM-PCAF was applied on
the result of the SEM-CM reduction, the number of
irreversible reactions could be reduced to 297. If the
SEM-PCAF method is applied again on the mechanism
obtained as the result of the combined SEM-CM and
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SEM-PCAF methods, then an even smaller mechanism is
obtained, that consists of 246 reactions.

The Table also indicates the speed-up of simulations as
a result of mechanism reduction. SEM-CM (1+4+...+256)
alone gave 58.4 times speed-up, while the increase of
simulation speed is 103 times if the SEM-CM and SEM-
PCAF methods are combined. The simulation of the final
reduced mechanism having 47 species and 246 reactions
is 116 times faster, than that of the initial mechanism of
345 species and 6874 reactions.

TABLE L
PERFORMANCE OF THE MECHANISMS FOR THE REQUIRED 5% MAXIMUM
ERROR WITH THE SMALLEST POSSIBLE NUMBER OF SPECIES THAT CAN BE
ACHIEVED BY EACH METHOD.
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Q.2
« 3
N
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S5
£ =S
Simulation f ) 256 | ;35 | 487 | 0.875 | 0.465 | 0.263 | 0233
time (s)
speed-up | 55 5| 505 | 557 | 310 | 584 | 103 | 116
(Xtimes)

V. DISCUSSION

Previously published methods for species reduction
include the Directed Relation Graph (DRG) method [15-
19], the DRG with Error Propagation (DRGEP) method
[20-21] and the Connectivity Method [9]. These methods
investigate the system of kinetic differential equations (or
the reaction graph, which is an equivalent form) for the
detection of redundant species and reactions in a large
reaction mechanism. The size of the obtained reduced
mechanism is controlled by a threshold, which cannot be
related directly to the error of reduction, that is the
deviation between the simulation results obtained by full
and the reduced mechanisms. A range of reduced
mechanisms can be obtained by systematically changing
this threshold.

In the mechanism reduction approach used in this
paper, several thousands of reduced mechanisms are
produced based on the investigation of the Kkinetic
differential equations. Using the results of simulations, the
best one is selected for a given level of error. This
approach was implemented for the elimination of both the



redundant species (SEM-CM) and the redundant reactions
(SEM-PCAF).

Similar approaches have been published in the
literature. Turdnyi [9] recommended the elimination of all
consuming reactions of each species, one by one, and
considering those species as redundant for which the
simulation results of these reduced mechanisms remained
within an error limit for the important species and/or
important reaction features. This method could not predict
the effect of the simultaneous elimination of species
groups. Petzold and Zhu [11] generated reduced
mechanisms using a nonlinear integer programming
approach. The simulation error was calculated and used
for the optimization process. The method worked well for
few-step mechanisms, but for large mechanisms it was
applicable only with many extensions and human
decisions, like grouping of the reactions and pre-selection
of the most important reactions.

DRGASA [18] also has a similar reduction philosophy.
Like in the Simulation Error Minimization Connectivity
Method used in this paper, another method (DRG) is used
as a guideline, reduced mechanisms are produced, and the
final reduced mechanism is selected on the basis of the
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Recent Developments in Detailed

Chemical Kinetic Mechanisms

Charles K. Westbrook, William J. Pitz and Marco Mehl

Lawrence Livermore National Laboratory, Livermore, CA 94551 USA

Abstract—Mechanism reduction must work for the
mechanisms being used in current Kinetics research. Recent
mechanisms and their uses in combustion research are
reviewed, attempting to quantify and limit the needs of new
mechanism reduction techniques. These mechanisms also
provide an ongoing challenge to reduction practitioners.

I. INTRODUCTION

Chemical kinetic reaction mechanisms have become
essential parts of computational models for many types of
practical combustion systems, ranging from flames and
shock tubes to internal combustion engines, gas turbines
and industrial furnaces. Most practical combustors have
complex geometries, are essentially three dimensional
and must be modeled with 2D or 3D fluid mechanics, and
many such systems also feature other complex physics
processes in addition to chemical kinetics. In the past,
most of the computer resources would be given to the
CFD simulation, with sharply reduced or simplified
treatments of most or all of the major physics and
chemistry submodels. However, in recent years,
modeling approaches have become unwilling to sacrifice
so much realism and accuracy in these submodels and
have addressed problems in which one or more of these
submodels provide important and complex interactions
with the fluid mechanics.

In this paper, one class of those submodels is discussed
in detail, that of the detailed chemical kinetics of practical
hydrocarbon fuels. The focus will be not only on the
complexity of the fuel combustion model but also on the
features of some of the combustion problems of current
importance and on the demands these problems place on
the kinetics model. Systematic reduction of the kinetics
submodels must retain the ability to reproduce those
essential features that were in the original kinetic model.

II. SURROGATES FOR PRACTICAL FUELS

Current attention has been focused on developing
kinetic mechanisms for practical, largely transportation
fuels. A recent publication by the US DOE [1] on Basic
Research Needs for Clean and Efficient Combustion of
21st Century Transportation Fuels noted that gasoline,
diesel fuel, jet fuel, natural gas, and related transportation
fuels consist of complex mixtures of hundreds or
thousands of different chemical species, almost all of
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which have never had detailed kinetic mechanisms
developed for them. The most common strategy to deal
with this dilemma is based on the observation that most
of the chemical components in these practical fuels can
be placed into one of a small number of structural classes,
such as n-alkanes, olefins, aromatics, branched alkanes,
and cyclic alkanes. For example, one such analysis of
samples of gasoline, jet fuel and diesel fuel is
summarized in Figure 1.

Gasoline 50 f
has many \ W jet fuel
branched 40 J MW gasoline
alkanes c o
£ 30
Jet fuel has the 8
highest \Eﬁé
n-alkane E;
& 10 ]

Gasoline is lower in
cycloalkanes

2
@ = 8
5 3 5 8
s £ B & %
= £ g T
o o
r-]
Fig.1. Compositions of some transportation
fuels, sorted by structural classes
Over the years, kinetic mechanisms have been

developed and validated for one or more hydrocarbon
species from each of these classes, and in some classes,

especially that of n-alkanes and branched alkanes,
mechanisms from many different species have been
developed. Some recent examples from our LLNL
library include n-alkanes including n-heptane [2] and all
of the n-alkanes from n-octane through n-hexadecane [3],
branched alkanes including iso-octane [4], the 5 structural
isomers of hexane [5] and the 9 structural isomers of
heptane [6], cyclic paraffins including cyclohexane [7]
and methyl cyclohexane [8], aromatics such as toluene
[9], and large olefins such as di-isobutylene [10] and the
isomers of hexene [11].  There are many other
mechanisms from different researchers that have
comparable features. Many other smaller examples of
detailed mechanisms for species from most of these
classes in the range of C,-Cs also exist within larger
detailed mechanisms. These all provide an extensive



“palette” from which to build mixtures of species, for all
of which detailed kinetic mechanisms exist, to reproduce
the structural features of any desired realistic practical
hydrocarbon fuel. These representative fuels and the
structural classes they represent are illustrated in Fig. 2.

Fuel Surrogate Palette for Diesel

@n-alkane

B branched alkane
Ocycloalkanes
DOaromatics

M others

n-decyl-benzene
alpha-methyl-naphthalene

Fig. 2. Examples from each structural class for
a sample of representative diesel fuel

Progress towards construction of surrogate mixtures for
diesel fuel [12], gasoline [13] and jet fuel [14] have all
shown that a good surrogate includes one or, even better,
several representatives from each structural class which is
present in the real fuel in significant amounts. Of course,
the relative amounts of fuel in each class will be different
for each type of practical fuel, to reflect the trends shown
in Fig. 1. In addition, it is widely recognized that the
average fuel molecule size in gasoline is smaller than the
average fuel molecule size in jet fuel, and both are
generally smaller than in diesel fuels.

III. MOLECULE SIZES AND MECHANISM SIZES

As the size of a fuel molecule increases, the number of
chemical species and elementary reactions grows rapidly,
so the detailed reaction mechanisms require more
computer resources and solution time to integrate to find a
problem solution. This growth in mechanism size is
accompanied by a corresponding increase in the
complexity of the kinetic problems that must be solved.
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Both the increased size of the mechanism and
complexity of the desired solutions place greater demands
on mechanism reduction strategies.  Some sample
mechanism sizes are illustrated here:

Fuel # species # reactions
Hydrogen 7 25
Methane 30 200
Propane 100 400
Hexane 450 1500
n-heptane 550 2450
iso-octane 860 3600
PRF (n-heptane+

iso-octane) 990 4060
n-decane 940 3900
n-hexadecane 2116 8130
methyl decanoate 3030 8580
methyl stearate 2440 12750

IV. PROBLEM NEEDS FROM MECHANISMS

Many of the combustion phenomena that must be
solved involve autoignition. Autoignition Kkinetics
controls such phenomena as engine knock in spark
ignition engines, ignition in diesel engines, and ignition is
homogeneous charge, compression ignition (HCCI)
engines. In each case, the reacting gases pass through a
low temperature regime, an intermediate temperature
regime, and finally a high temperature regime in which
the final ignition occurs. The overall reaction pathway
that controls all of these processes is the following:

RH
v
R —> olefin+R
02
v
RO,
¢ olefin + HO,
QOOH § cyclic ether + OH
o olefin + ketene + OH
2
v

0,Q00H ——> keto-hydroperoxide + OH

(low T branching)

Fig. 3. Reaction pathways for low and
high temperature regimes

Under these conditions, the gases go through a region of
so-called negative temperature coefficient (NTC) of
reaction, in which the overall rate of reaction and heat
release can actually decrease with increasing reaction
temperature. The kinetic sources of this phenomenon are
quite subtle and require a detailed simulation of a rather
complicated series of reactions generally referred to as the



alkylperoxy radical isomerization reaction paths [15]. The
kinetic description of this region has been shown to be the
source of such features as octane and cetane numbers for
hydrocarbon ignition [16] and reproduction of these
features requires a model to include all of the key reaction
sequences, most of which are strongly dependent on the
molecular structure of the fuel molecule. It is very
challenging to devise a mechanism reduction algorithm
that can reproduce all of these features. The features are
rather subtle and change the amounts of low temperature
heat release by only a few degrees of temperature, but
these small features make a large difference in the
amounts of low temperature heat release that is observed
and in the onset of ignition under practical conditions
[17].

For example, a commonly used set of experiments that
are used to validate hydrocarbon oxidation over a wide
range of conditions are the shock tube experiments of
Adomeit et al. [18,19] at Aachen in Germany. In these
experiments, stoichiometric mixtures of fuel and air are
ignited at elevated pressures (i.e., 13.5 and 40 bar). The
ignition delay times depend on the initial temperature in a
highly non-linear manner, as shown in Fig. 4.
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Fig. 4. Shock tube ignition delay times for n-heptane and
n-decane, from experiments [18,19] and model [3].

This behavior may seem outrageously academic and
unimportant, but it is actually the key to understanding
and predicting octane and cetane numbers and predicting
ignition in HCCI engines. For example, if two different
fuels are used in a modern HCCI engine [20], the
experimental and computed rates of heat release for those
two fuels are shown in Fig. 5.
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Fig. 5. Heat release rate as a function of crank angle in an
HCCI engine for two fuels with different octane ratings.
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The fuel with lower octane, PRF80, releases heat at early
times which advances ignition, while the iso-octane fuel,
with a higher octane, does not have the same low
temperature heat release and needs a higher intake
temperature to ignite at the same temperature as the
PRF80 fuel. This behavior is important to the engine
designer and must be reproduced in the detailed and in the
reduced reaction mechanism.

Current kinetic mechanisms also can describe the limits
of ignition properties in gasoline and diesel engines. The
metric commonly used in gasoline is the octane number,
and the primary reference fuels for octane number are n-
heptane and iso-octane, one of which, n-heptane, indicates
easy ignition and an octane number of zero, and iso-
octane, which is very difficult to ignite and has an octane
number of 100. These fuels can be represented as follows

A vd

At the same time, the reference fuels for cetane number,
which measures ignition quality under diesel conditions,
are n-hexadecane for the easily ignited fuel, and
heptamethyl nonane, the difficult to ignite component

AV VA VAVA VA VAN

The differences in ignition quality are due to structural
differences that are, in turn, reflected in nuances in
reaction rates that must be retained in a reduced
mechanism that is derived from the fully detailed
mechanism.

V. CONCLUSIONS

Historically, mechanism reduction has focused on
larger scale phenomena in combustion phenomena, and on
smaller hydrocarbon fuel molecules. Recent advances in
kinetic modeling have provided a much more detailed
description of hydrocarbon combustion, with much larger
mechanisms, and requiring description of much more
detailed and more refined experimental phenomena. Both
of these trends create much greater demands on the
process of mechanism reduction.
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Combustion of hydrocarbon fuels provides 85% of all power production in the United States
and close to 95% of American transportation power. Modern society now realizes the central
role that combustion plays in atmospheric air pollution and production of greenhouse gases
that lead to global climate change, and growth in the economies of the so-called third world is
being fueled by hydrocarbon fuels, including a great deal of heavily polluting coal. As a result,
combustion is both the curse and the salvation of modern society. The technical world is trying
to identify and develop alternatives to hydrocarbon fuels, such as solar, nuclear, wind and
other technologies, but none of these are ready to supplant petroleum and other hydrocarbon
fuel combustion on the world stage. Realistic projections indicate that there may be 100 years
of remaining petroleum reserves worldwide, and that is the same timeline that is likely to be
required to develop a broad set of alternative energy supplies. It is the responsibility of
combustion science to bridge this time period in a responsible and technically sound way to
minimize the damage to the environment and maximize the efficiency of those fuels that
remain. Some combustion applications may continue to be important for extremely long
times. Practical hydrocarbon fuels in internal combustion and gas turbine engines are complex
mixtures of many hundreds of large hydrocarbon fuel molecules. At the same time, fuels for
these engines are being produced from new sources in addition to petroleum, including coal, oil
sands, agricultural oils and bioengineered algae whose combustion properties have never been
studied in detail. This diversity in fuel sources is very likely to continue for as long as
civilization produces energy from combustion, and it is essential to understand the ways that
each type of fuel contributes to energy efficiency, pollutant emissions and global climate
change. New types of engines are also being developed to increase combustion efficiency,
which will reduce the level of pollutant emissions while extending the time period during which
existing fuels will be available. This presentation will show new results in chemistry of
conventional fuels and in biodiesel fuel molecules. Recent studies have provided new insights
with implications for the combustion of many other types of fuels, and we will use a historical
framework to try to predict the role of combustion in the future.
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