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ABSTRACT

Methanol oxidation has been modeled using the
Rate-Controlled Constrained-Equilibrium  method
(RCCE). In this method, composition of the system is
determined by constraints rather than by species.
Since the number of constraints can be much smaller
than the number of species present, the number of
rate equations required to describe the time evolution
of the system can be considerably reduced. In the
present paper, C; chemistry with 29 species and 140
reactions has been used to investigate the oxidation
of stoichiometric methanol/oxygen mixture at
constant energy and volume. Three fixed elemental
constraints: elemental carbon, elemental oxygen and
elemental hydrogen and from one to nine variable
constraints: moles of fuel, total number of moles,
moles of free oxygen, moles of free valence, moles of
fuel radical, moles of formaldehyde H,CO, moles of
HCO, moles of CO and moles of CH;0 were used.
The four to twelve rate equations for the constraint
potentials (LaGrange multipliers conjugate to the
constraints) were integrated for a wide range of initial
temperatures and pressures. As expected, the RCCE
calculations gave correct equilibrium values in all
cases. Only 8 constraints were required to give
reasonable agreement with detailed calculations.
Results of using 9 constraints showed compared very

well to those of the detailed calculations at all
conditions. For this system, ignition delay times and
major species concentrations were within 0.5% to 5%
of the values given by detailed calculations. Adding
up to 12 constraints improved the accuracy of the
minor species mole fractions at early times, but only
had a little effect on the ignition delay times. RCCE
calculations reduced the time required for input and
output of data in 25% and 10% when using 8 and 9
constraints  respectively. In addition, RCCE
calculations gave valuable insight into the important
reaction paths and rate-limiting reactions involved in
methanol oxidation.
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INTRODUCTION

The development of models for describing the
time evolution of chemically reacting systems is a
fundamental objective of chemical kinetics. The
conventional approach to this problem involves (1)
specifying the state and species variables included in
the model, (2) compiling “full set” of rate-equations
for these variables, and (3) integrating this set of
equations to obtain the time-dependent behavior of
the system. Such calculations are frequently referred
to as “comprehensive” or “fully detailed” although,
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except for the hydrogen/oxygen system, they contain
only a small fraction of the species and reactions
possible. Extensive work and mechanisms have been
developed by C.K Westbrook [1] and H. Wang [2].
For complex systems, this approach can involve
formidable computational tasks requiring the
tabulation of a great many reaction rates and the
integration of a large number of stiff differential
equations. Indeed, for hydrocarbon systems
involving the possibility of literally thousands of
chemical species and isomers, and millions of
reactions, a truly fully detailed solution is difficult, if
not impossible to conceive.

Over the past several decades, numerous
methods for simplifying the kinetics of large
chemical systems have been proposed. These can be
roughly divided into two classes. The first involves
reducing the number of rate equations and reactions
required by truncation of the species list [3-11]; the
second involves the use of various mathematical
approximations to simplify the system by converting
differential equations to algebraic equations without
reducing the number of species [12-17]. The
methods in the first class increase the speed of the
calculations but reduce the level of detail and
accuracy of the results. The methods in the second
class maintain a reasonable level of detail and
accuracy but it is not clear that replacing differential
equations by algebraic equations increases the speed
or efficiency of the calculations. They also require a
complete set of reaction rate constants as input and
since only a small fraction of these are known, this
introduces a large uncertainty in the results.

Here, we investigate an alternative approach, the
Rate-Controlled Constrained-Equilibrium (RCCE)
method, originally proposed by Keck and Gillespie
[19] and later developed by Keck and co-workers
[20-24]. The method is based on the maximum-
entropy principle of thermodynamics and involves
the fundamental assumption that slow reactions in a
complex reacting system impose constraints on its
composition, which retard its relaxation to chemical
equilibrium, while the fast reactions equilibrate the
system subject to the constraints imposed by the slow
reactions. Consequently, the system relaxes to
chemical equilibrium through a sequence of
constrained-equilibrium states at a rate controlled by
the slowly changing constraints.

A major advantage of the RCCE method is that it
is unnecessary to start with a complete reaction
model that must then be simplified by wvarious
approximations. Instead, one starts with a small
number of constraints to which more can be added to
improve the accuracy of the calculations if desired. In
the limit where the number of constraints equals the
number of species specified for a system, the method

reduces to an exact calculation. However, as with all
thermodynamic systems, the number of constraints
necessary to describe the state of the system within
measurable accuracy is in general very much smaller
than the number of species in the system. In addition,
reactions that do not change any constraint do not
affect the evolution of the system. Thus, only the
rates of slow reactions which change the constraints
are required and these are the ones most likely to be
known.

In previous studies, the RCCE method has been
applied to stoichiometric hydrogen/air mixtures [24]
and formaldehyde/oxygen system involving C;
chemistry [34] at constant energy and volume. In this
paper, the method is applied to the more complex
methanol/oxygen system involving C; chemistry with
29 species and 140 reactions. The rate equations for
the constraint potentials conjugate to 4-12 constraints
were integrated and the results are compared with
detailed calculation.

RATE-CONTROLLED CONSTRAINED-
EQUILIBRIUM (RCCE)

Before describing the RCCE method of treating
chemical reactions in complex systems, a brief
summary of the detailed method will be given. This
will facilitate both the comparison of the rate-
equations used and the results obtained.

Rate-Equations for Species

To describe the detailed evolution of a specified
chemically reacting system, a complete reaction
mechanism including all species present in the
system is required. For gas phase systems, obeying
the ideal gas equation of state

PV =3 N,RT
= (1)

the changes in the chemical composition of the
system are the result of reactions of the type
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where V is the volume of the system, p is the
pressure, T is the temperature, N; is the number of
moles of species j, B;is the symbol for species j, nr is
the number of reactions, ns is the number of species,
and vjand v, are the forward and reverse

k=1,...nr 2)

stoichiometric coefficients of species j for reaction £.
The corresponding rate-equations have the form

nr
N; = VZ" i
k=1

where v, =v —v;k is the net change in moles of

j=1,...ns 3)

species j due to reaction k, r, =, —r, is the net



reaction rate per unit volume, and 7, and 7, are the

forward and reverse reaction rates. The forward and
reverse reaction rates are given by

.
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where k! (T') and k;(T) are the forward and

reverse rate constants for reaction k&, and for
k=1,..nr At equilibrium the species composition

must be independent of time so that 7, must vanish.

This leads to the detailed balancing condition
k(M@ =TTV, )™ =K, 5)
j=1

where K is the equilibrium constant for reaction k

based on concentration. Given the initial conditions,
the set of equations (3) can be integrated numerically
using routines such as LSODI 26] or DASSL [27] to
obtain the species composition as a function of time.
For the systems of interest in combustion, the
number of species is of order 10° and the number of
reactions is of order 10°. Thus the tabulation of
reaction rate constants and the integration of rate
equations are extremely time consuming and difficult
tasks. In addition, accurate rate constants are known
only for a small fraction of the possible reactions.

Rate-equations for Constraints

In the present work, as well as most previous
applications of RCCE method [23,28,34], the
constraints imposed on the system by the reactions
have been assumed to be a linear combination of the
mole number of the species present in a the system.
They can be written in the form

a i=1,...nc (6)
Ci =2 a;N,

i=1
where a; is the value of the constraint i for the

species j and nc is the number of constraints.
Differentiating equation (6) and substituting equation
(3) in the result gives the rate-equation for the
constraints

ns nb
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where

by =D.a,v, (8)
Jj=l

is the change of constraint i due to the reaction k£ and
nb is the number of reactions which change the

constraints, i.e. for which 5, #0. Since elements are
conserved the corresponding p;;, =0. This reduces

the number of rate-equations to be integrated by ne,
where ne is the number of elemental constraints.

Given the initial conditions the nc-ne rate-
equations (7) for the constraints can be integrated in
stepwise fashion. At each step, the constrained-
equilibrium composition

N; @) = N,(V(®),T(1),C,,..Ce, C e (1),...C,. (1))
)

must be evaluated using a generalized equilibrium
code such as GNASA[28,29] or GSTANJAN][28,30].
The problem with this method is that it is very slow
because of the time required by the generalized
equilibrium code.

Rate-equations for Constraint-Potentials

The constrained-equilibrium composition of a
system found by maximizing the entropy or by
minimizing the free energy subject to a set of
constraints using the LaGrange multipliers method is

N, = (V/I?T) exp(—‘u/‘.) — Za.f/yi) j=1,...ns (10)
i=1

where ! =(hj —Ts})/RT is the standard Gibbs

free energy for species j divided by RT and ¥ is the
constraint potential (LaGrange multiplier) conjugate
to the constraint i. Differentiating equation (10) with
respect to time, and substituting the result into
equation (7) leads to the implicit rate-equation for the
constraint-potentials

Ci ZCiVV/V+CiTT/T_ZCin7n
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C,=Ya,a,N, (122)
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In cases where state variables other than 7' and V are
used, additional equations for these are required. For

example, if the energy

E=Y¢eN, (13)
J=1

is used to replace 7, differentiating equation (13) provides

the equation
E=CT-VY Er, (14)
3

where



C = zch_, (15a)
J=1

E =Y (h,—RT), (15b)
j=1

and ¢, =0e, /OT is the constant volume specific

heat for species j, and h;=¢+RT is the enthalpy of
species j at temperature 7. Note that only reactions
which change constraints contribute to the sum in
equation (14) since all others which are in
equilibrium and r; is zero for these. Combining
equations (11) and (14) then gives,

> C7, =CyVIV+Cyr(E-VY Exn)ICT-C,

(16)

Given E(?) and V(?) and initial values for ¥, the
energy equations (14) and the implicit equations (16)
for the y’s can be integrated with respect to time
using integration routines such as DASSL or LSODI
to obtain the constraint-potentials. These can then be
used in equation (10) to obtain the composition as
function of time. The number of unknowns is reduced
from the number of species ns included in the
detailed calculations to the number of constraints nc
used in the RCCE calculations. In addition, the rate-
constants for those reactions which do not change
any of the constraints are not needed.

i=1,..nc

Selection of Constraints

The selection of appropriate constraints is the
key to the successful application of the RCCE
method. Among the general requirements for the
constraints are that they (1) be linearly independent
combinations of the species mole numbers, (2)
include the elements, (3) determine the energy and
entropy of the system within experimental accuracy,
and (4) hold the system in the specified initial state.
In addition, they should reflect whatever information

is available about rate-limiting reactions controlling
the time evolution of the system.

In the temperature range important for chemical
reactions, extremely slow nuclear reactions imply
strict conservation of the elements on any observable
time scale. Among the rate-limiting reaction of
interest for chemical kinetics are:

(1) initiation reactions which hold the system in the
specified initial state
dissociation/recombination  reactions
determine the total number of particles
ionization reactions which determine the charge
density in a system

branching reactions which control the total free
valence of the radicals

0-0 bond breaking reactions which control the
“fixed oxygen”

reactions that change fuel radical

carbon dioxide forming reactions

reactions which form cyclic molecules.

In this work, three fixed elemental constraints:
elemental carbon (EC), elemental oxygen (EO) and
elemental hydrogen (EH) and from one to nine
variable constraints: moles of fuel (FU), total number
of moles (M), moles of free oxygen (FO), moles of
free valence (FV), moles of fuel radical (FR), moles of
the formaldehyde H,CO (H2CO), moles of HCO
(HCO), moles of CO (CO) and moles of CH30
(CH3O0) as defined in Table 1 were used.

It should be noted that if only the elements are
used as constraints, the RCCE method is identical to
the element potential method used by STANJAN [30]
to calculate the chemical equilibrium composition of
a system, while if the number of independent
constraints equals the number of species in a system
the RCCE method is equivalent to a detailed
calculation. This advantage of reducing significantly
the number of equations by using the RCCE method
is what makes it such a promising area for research.

) which
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Table 1: Aj; Matrix for Methanol Oxidation
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Initial Conditions

For systems initially in an equilibrium or
constrained-equilibrium state, the initial values of the
constraint potentials are finite and can easily be
determined using constrained-equilibrium programs
of the type mentioned above. However, for a system
initially in a non-equilibrium state where the
concentrations of one or more species is zero it can
be seen from equation (10) that one or more
constraint potentials must be infinite. This condition
is encountered in induction time calculations where
the initial values of all species concentrations except
the reactants are assumed to be zero. One method of
dealing with this problem is to assign small partial
pressures to as many product species as required to
give finite values for the constraint potentials. Ideally
the choice should be made in such a way that the
partial pressures of all other product species will be
smaller than the assigned partial pressures.

The method for doing this can be most easily
described using matrix notation. The constraint
equation (6) becomes
C=AN=A,N, +A,N, (17)
where C is the constraint vector, N is the species
vector, A is the constraint matrix and A, is a square
matrix relating C to the major species vector Nj.

C=BR (18)
and
B = Av (19)

where v is the matrix of stoichiometric coefficients.
The implicit equation for the constraint-potential (11)
becomes

pn=hP+p’=-A"y (20)
where A' is the transpose of A.
Assuming A;; is non-singular, i.e. its

determinant is non-zero, and that A;,N, in Eq. (17)
can be neglected, equation (20) can be inverted to
give
Y,=—(A) ', =—(A) ' (In P, +p)) Q1)
1= 1) W= 11 1ty

where the subscript 1 denotes initial values.

The solution of equation (21) is simplified and
the calculations proceed more smoothly if the A
matrix is diagonalized. This can be accomplished by
a transformation of the constraint vector. Multiplying
equation (17) by A;ll gives
C=AC=A;AN=I,N,+A /A N, = AN

(22)

and equation (20) becomes
p=mP+p’=-A"T=—(A]A)'T (23)
C-= AI’IIC and IT" are the transformed constraint
and constraint-potential vectors, I is the unit matrix,
and A= I,+(A/A,)A is the transformed

constraint matrix. The relation betweeny and I" found
by equating equations (20) and (23) is

I'=(A)"Y (24)
and the initial value of I" obtained from equation (21)
is

l—‘1:_"1 :_(hl P1 +H?) (25)
The transformed reaction rate matrix is
B=Av=A,B (26)

ILLUSTRATIVE CALCULATIONS FOR THE
METHANOL - OXYGEN SYSTEM

Ilustrative calculations were carried out for
premixed stoichiometric methanol-oxygen mixture at
constant energy in a constant volume chamber for
initial pressures of 1 atm and 100 atm and initial
temperatures of 1500 K and 900 K using 4 to 12
constraints. For comparison, corresponding rate-
equations in a detailed model which includes 29
species and 140 reactions (20 species and 102
reactions in the GRI-Mech 3.0 model [31] along with
other 9 species and 38 additional reactions [ 32-34])
were integrated using DASSL [ 27] to obtain exact
solutions.

The 12 constraints in the order that they were
introduced in the RCCE calculations are defined in
Table 1 which forms the constraint matrix A. The
sub-determinant column shows the determinant of
each sub square matrix A;;. It can be seen that each
of them is nonsingular which is a prerequisite
described in the section of initial conditions for the
calculation of initial constraint potentials. Table 2
tabulates all the 140 reactions with their
corresponding enthalpy of reaction, rate parameters
and the reaction Bj; matrix (change of constraints for
each reaction) for the most important 9 constraints.
Reaction sources are listed in the reference column. It
can be noted that only the first 109 reactions change
the constraints, all others don’t change the value of
the constraints; therefore their rate information is not
needed and equilibrium composition is reached
without them. Figure 1 compares the ignition delay
for the case of 1500 K and 1 atm. of pressure; Figure
2 does it for the case of 900 K and 100 atm. It can be
seen that the ignition delay times agree within 5 %
for 9 -12 constraints calculations. Results for fewer
than 8 constraints gave significantly larger errors.
Eight is the minimum number of constraints required
to give reasonable agreement between ignition delay
times at both high and low temperatures. Adding
more constraints can continuously improve the
results as expected and using 9 constraints can match
very well with detailed calculations at both high and
low temperature regimes. Using 12 constraints
improve the accuracy of the minor species.



Table 2: Reaction Set Mechanism for Methanol Oxidation (includes enthalpies of formation, reaction
parameters and matrix B of constraints change)

. 3
. Forward rate (incm’, Constraints
. AHoos mole, sec, and cal)
N° Reactions -1 O | Ref.
(kcal/mol) o
A n | Ba |JR|=IRIZ|E|S

1 CH30H (0] = OH CH20H -5 390E+05] 25 | 3100 J-1Jolo ) ol 1101 31
2 CH30H o] = OH CH30 2.38 1.30E+05] 25 | 5000 J-1lojojoli1lo] 31
3 CH30H H =| CH20H H2 6.9 1.70E+07] 21 | 4870 J-1100 0011101 31
4 CH30H H =1 CH30 H2 048 4.20E+06] 21 [ 4870 0-11010 (01 1101 31
5 CH30H OH =| CH20H H20 -22 1.40E+06] 2 -840 J-1jojJofof1]0] 31
6 CH30H OH =] CH30 H20 -14.62 6.30E+06| 2 1500 J-1jojojol1]o] 31
7 CH30H CH3 = | CH20H CH4 -7.81 3.00E+07] 1.5 9940 1-1]0J ol 0]l1]0] 31
8 CH30H CH3 =1 CH30 CH4 -0.43 1.00E+07] 15 19940 1-1101 0011101 31
9 CH30H H = CH3 H20 -26.09 520E+12] 0 5340 1-1101l010lolol 35
10 CH30H HO2 =1 CH20H H202 9.6 6.30E+12] 0 [19360)-110J0f01 110133
1 CH30H 02 = HO2 CH20H 48.2 2.00E+13] 0 ([38000)-1j0jof2]1]0]33
12 CH30H 02 = HO2 CH30 55.58 2.00E+13] O 452000 -110jJ ol 211]o0]) 35
13 CH30 H202 =1 CH30H HO2 -16.98 2.60E+16] -0.7{ 170411 1101 01 O1-1101 35
14 CH20H H M| =1 CH30OH M -97.3 1.10E+12] 05 86 1l-1lol-21-11010 31
15 CH30 H M| =] CH30H M -104.68 | 2.40E+12] 0.5 50 1]-1101-21-1101 31
16 CH3 OH M | =| CH3OH M -93.21 2.80E+18| -14 [ 1330 ) 1]-1J 0 [-2]0]0] 31
17 CH30H H2CO = CH30 CH30 82.46 1.50E+12] 0 79570} -1]0J 0| 2| 2]-1] 32
18 CH3 (] = H H2 co -42.61 3.40E+13] 0 0 oj1jof-2]0]o0]} 31
19 CH2 [] = co H H -127.67__| 5.00E+13| 0 0 oJ1lo|-2lo0lo] 32
20 HCO H20 = CO H H20 73.46 1.50E+18] -1 170001 011}l o0l o0flolol 31
21 HCO M = co H M 15.66 1.90E+17f -1 117000 0oJ1l o0l o0lolol 31
22 CH2 02 = OH H co -32.27 5.00E+12] 0 15001 0f1l2fojlojol) 31
23 CH2 02 = H H Cc0o2 10.43 5.80E+12] 0 15001011 2fololold 31
24 CH300H =| CH30 OH 44.88 6.00E+14| 0 [42300) 0f1]2[2]1]0] 33
25 CH300H o2 =] H2co OH HO2 15 1.00E+13] 0 150000 041121 21011135
26 CH300H |._HO2 =|_.H2CO OH H202 12 1.00E+13] 0 0 oJal2lo0lol1]).35
27 CH300H CH3 = H2CO OH CH4 -20.11 1.00E+13] O 0 oji1121o0lo]1 35
28 CH300H | CH300 = H2CO, OH CH30QH 1 1.00E+13] O 0 o111l 2101011135
29 CH3 02 M | =| CH300 M -31.11 2.60E+33| -7.13[ 5351 J 0J-1]J0o[o0o]Jojo] 32
30 [¢] 0] M| = 02 M -119.2 1.20E+17] -1 0 0l1-11-2]-410101 31
31 OH OH M| = H202 M -51.4 740E+13] -0.4 0 oJ-11-21-210101 31
32 OCHO OH M | = | HOOCHO M -39.18 9.10E+14] 0 |-5070} 01-1]-21-21 0101 35
33 H o] M= OH M -102.3 5.00E+17] -1 0 0J-11ol-210101 31
34 co o] M| = co2 M -127.25 | 1.80E+10] 0O 2385 1 0f-110f-2]0]0] 31
35 H H M= H2 M -104.2 1.00E+18| -1 0 0oj-1]10f-210]0] 31
36 H H H2| = H2 H2 -104.2 9.00E+16] -0.6 0 oJ-11ol-210101 31
37 H H H20| = H2 H20 -104.2 6.00E+19| -1.3 0 oJ-1lol-210l10] 31
38 H H Cco2| = H2 Cc0o2 -104.2 5.50E+20] -2 0 o1-11o01-210101 31
39 OH H M| = H20 M -119.3 2.20E+22| -2 0 oJ-11ol-21010] 31
40 CH2 H M= CH3 M -110.76 | 6.00E+14| 0 0 0J-110]-2]0]0] 31
Ll CH3 H M= CH4 M -105.11 1.40E+16] -05 ] 536 J ol-11 0 1-21 0101 31
42 HCO H M | =[] H2co M -88.14 1.10E+12] 05 | -260 J o)1l o |-21011]) 31
43 H2 CH M= CH3 M 210759 | 2.00E+12f 04 | -370 1 0}-11 0 |-21 010} 31
44 H 02 M| = HO2 M -49.1 2.80E+18| -0.9 0 oJ-1lojlololol] 31
45 H 2 2] = HO2 o2 -49.1 2.08E+19| -1.24 0 01-11o0jololo]l 31
46 H 02 | H20| = HO2 H20 -106.9 1.10E+19] -0.8 0 oj-1Jojojojo]j 31
a7 H2Co H M| =| CH20H M -29.6 5.40E+11] 05 | 3600 Jod-1J o) o) 11-11 31
48 H2CO H M| =1 CH30 M -22.22 540E+11] 05 | 2600 J o4-11 0 ) 0| 1 1-11 31
49 co H2 M | =1 H2co M 04 4.30E+07| 15 [79600) O0f-1J oo o]1] 31
50 02 HCO M | =| oocHO M -41.84 2.00E+13] 0 gooojJoj-1jpojojojo] .35
51 CH2 HO2 = OH H2CO 211337 1 2.00E+13] 0 0 ofol21-21011131
52 02 c = o] co -137.6 5.80E+13] 0 576 Jolol2]-210]l01 31
53 02 CH2 = co2 H2 -187.82 | 6.90E+11| 0 500 JojojJ2|-2fo0jo] 32
54 HO2 H = o H20 -53.3 4.00E+12] 0 671 Jolol2lololol 31
55 HO2 H = OH OH -36.3 8.40E+13] 0 635 Jolol2lo0lolo] 31
56 H202 H = OH H20 -67.9 1.00E+13] 0 3600) 01002101010l 31
57 co HO2 = OH Cco2 -61.25 1.50E+14] 0 123600 0fol2]0lolo] 31
58 02 CH = (o] HCO -73.06 6.70E+13| 0 0 ofol21o0lo0lo0] 31
59 02 CH3 = OH H2CO -51.71 2.30E+12| 0 (203150 0|0J2[0jJo]1] 31
60 02 CH2 = (6] H2CO -60.17 2.40E+12] O 1500 ojob2101011])31
61 CH3 HO2 = OH CH30 -24.83 3.80E+13] 0 0 ofol21o0l110] 31
62 co 02 = o] Cco2 -8.05 250E+12] 0 [47800) 0|02 (2]10]0] 31
63 CH300 CH3 = CH30 CH30 -31.35 2.41E+13] 0 0 olol2101210132
64 02 H = OH o 16.9 2.60E+16| -0.7 [17041) 0|0 2 [ 2] 0] O] 31
65 02 CH3 =] CH30 o] 28.37 3.60E+13] 0 30480} 00} 2]2]1]0] 31
66 CH [¢] = H co -176.6 5.70E+13] 0 0 ofojoj-4]l0f0] 31
67 c OH = H co -154.5 5.00E+13] 0 0 ojolol-410101 31
68 CH2 o] = co H2 217977 | 3.00E+13[ 0 0 of{olol-4l01f0] 32
69 CH20H o] = OH H2CO 727 1.00E+13] 0 0 ofolold-21-1111 31




Table 2 (continuation)

F N 3
\ orward rate (in cm’, Constraints
i AHags mole, sec, and cal)
N° Reactions -1 O | Ref.
(kcal/mol) o
A n | Ba [2[s[2]2[E[S

7 CH20H H = H2 H2CO -74.6 2.00E+13|] 0 0 ojolojJ-2]-1]1] 31
72 CH30 H = H2 H2CO -81.98 2.00E+13] O 0 0]0jJOJ-2]-1] 1] 31
73 CH20H OH = H20 H2CO -89.7 5 00E+12| 0 0 olojol-21-11 11 31
74 CH30 OH = H20 H2CO -97.08 5.00E+12] O 0 0]0lo1-21-11.11.31
75 HO2 6] = OH o2 -53.2 2.00E+13] 0 0 ololol-21o0lo01 31
76 CH2 o = H HCO -91.23 8.00E+13] 0 0 ololol-21o0lo01 31
77 CH3 (o] = H H2CO -68.61 5.10E+13| 0 0 ojJoloj-2lo0] 1131
78 HCO 6] = OoH co -86.64 3.00E+13] 0 0 ololol-21o0l01 31
79 HCO o] = H Cco2 -111.59 | 3.00E+13| 0 0 0ojofojJ-2]o0]o] 31
80 HO2 H = 02 H2 -55.1 4.50E+13] 0 1068 Jololol-210101 31
81 HCO H = H2 CcO -88.54 7.30E+13] 0 0 ololol-21o0lo01 31
82 HO2 OH = 2 H20 -70.2 1.40E+13] 0 500 {ojJojoj-2]lo]lo] 31
83 CH oH = H HCO -89.96 3.00E+13] 0 0 ololol-21o0lo01 31
84 CH2 OoH = H H2CO -77.07 | 2.00E+13] 0 0 ololol-2101 11 31
85 HCO OH = H20 Cco -103.64 5.00E+13] 0 0 ololol-210]101 31
86 HO2 HO2 = 02 H202 -38.6 1.30E+11] 0 |-1630|/ 0]Jofoj-2]o]o] 31
87 CH3 HO2 = 02 CH4 -56.01 1.00E+12] O 0 0]0jJ0]-2]0]0] 31
88 H20 CH = H H2CO -58.8 5.70E+12] 0 755 101010)-21011] 31
89 C02 CH = HCO Cco -65.01 190E+14] 0 l157921 0lofold-210101 31
90 HCO CH3 = CH4 co -89.45 | 2.60E+13] 0 0 ololol-21o0l101 31
9 CH3 OoH = H2 H2CO -70.51 8.00E+09] 05 | -1755f/ 0101 0d-2101 11 31
92 OCHO OH = H20 Cc0o2 -123.63 5.00E+12] 0 0 0]0]101-210]101]34
93 COo2 CH2 = H2CO Cco -52.12 1.10E+11] O 1000fo0Jofof-21014 1]} 32
94 HCO HO2 =] H202 co -72.04 | 2.00E+13] 0 |12000{0]0jo0]}-2]0]o0] 35
95 H2Co 02 = HO2 HCO 39.04 1.00E+14] 0 J40000l0jofoy21o0l-11 31
96 HOCHO 02 =] HOCOo HO2 39 1.00E+14] 0 J40000lo0Jofot1lolol 35
97 HOCHO 2 =| OCHO HO2 55.58 2.00E+13] 0 [45200]0f0]lofj2]l0]o] 35
98 CH300 HO2 = | CH300OH 02 -38.6 4.64E+10] 0 [25818] 0f0]l0)-2]0] 0] 32
99 CH20H H = OoH CH3 -4.09 160E+11] 0.7 | 284 | 0Joflolol-1101 31
100 CH30 H = OH CH3 -11.47 1.50E+12] 0.5 ] 110 [ 0Jofolol-1101 31
101 CH30 HO2 =] CH300 oH 6.52 2.00E+13] 0 0 olofolol-1101 35
102 02 CH20H = HO2 H2CO -19.5 1.80E+13] 0 900 01010 ]O04-141.11.31
103 02 CH30 = HO2 H2CO -26.88 4.30E-13] 7.6 [-3530] 0fJ0JO]JO}-1]1] 31
104 H2CO (o] = OH HCO -14.16 3.90E+13| 0 35401 0]0ojofolo]-1] 31
105 H2CO H = HCO H2 -16.06 5.70E+07) 19 | 2742 1 01010101 01-1] 31
106 H2CO OoH = HCO H20 -31.16 340E+09] 1.2 | 447 {01010 folo0l-1] 31
107 H2CO HO2 = HCO H202 0.44 5.60E+06] 2 |12000f0Jo0jJofo]o]-1] 31
108 H2CO CH3 = HCO CH4 -16.97 3.30E+03] 2.8 | 5860 01010 f0lo0]-1] 31
109 H2CO | OOCHO = |HOOCHO | HCO 0.44 2.00E+13| 0 5000 [ 0J0JOfO]O]-1] 35
110 02 HCO = HO2 co -33.44 1.40E+13] 0 400 |ofolojJofo]o] 31
111 HCO OH = H OCHO -4.96 3.,00E+13] 0 0 olofolololfol 3
112 H2 (o] = OH H 1.9 3.90E+04] 2.7 | 6260l 0J0J0ofolo]o] 31
113 H202 6] = OoH HO2 -14.6 9.60E+06] 2 4000} 010olololofo}) 31
114 CH4 (o] = OH CH3 2.81 1.00E+09] 1.5 |1 800|0J0ofoJo]Jofo] 31
115 H202 H = HO2 H2 -16.5 1.20E+07] 2 5200f0Jojofojo]o] 31
116 CH H = c H2 -24 1.60E+14] 0 0 0ojojolojlolo] 31
117 CH4 H = CH3 H2 0.91 6.60E+08] 1.6 110840{ 01010 fo0lo0]0] 31
118 CH30 H = H CH20H -7.38 420E+07] 16 | 1924 ] 0f0ololofolol 31
119 H2 OH = H H20 -15.1 2.20E+08| 15 | 3430 | 0folojJololol 31
120 OH OH = o] H20 17 3.60E+04] 2.4 | -2110{0JojJofo]Jo]o] 31
121 H202 OH = HO2 H20 -31.6 2.00E+12| 0 427 |ojolojJofolo} 31
122 CH2 OH = CH H20 -18.27 1.10E+07] 2 3000f0lolofololo] 31
123 CH3 OoH = CH2 H20 -8.54 560E+07] 16 | 5420 f 0l0lofololol 31
124 CH4 OH = CH3 H20 -14.19 1.00E+08] 16 | 3120 | 0JofoJo]Joflo] 31
125 Cco oH = H C02 -2495 | 4.80E+07] 1.2 70 olofolololol 31
126 H2 CH = H CH2 317 1.10E+14] 0 3110l 0]Jojofolojo] 31
127 H2 CH2 = H CH3 -6.56 5.00E+05| 2 7230/ 0Jojofo]o]jo] 31
128 CH4 CH2 = CH3 CH3 -5.65 2.50E+06| 2 8270l 0Jojofojlo]o] 31
129 H202 CH3 = HO2 CH4 -17.41 2.40E+04| 2.5 5180 ] 0f0olojJoflo]lo} 31
130 H HOCHO = H2 OCHO 0.48 1.00E+13] O 0 olololfololol35
131 OOCHO OH = HO2 OCHO -12.22 1.80E+11 0 0 0]0]0]0Jl0]1O0]35
132 | HOOCHO| HO2 =1 H202 O0CHO 0 1.50E+12] 0 0 ololfolololol 35
133 | HOOCHO H = H2 HOOCO -16.1 1.00E+14] 0 0 olofolololol 35
134 CH300H HO2 = H202 CH300 0 2.00E+13] 0O 0 0]0]J]0]0]l0]10]35
135 | CH300OH H = H2 CH200H 6.9 2.00E+13] 0 0 0ojofo]lojofo] 35
136 | HOCHO H = H2 HOCO -16.1 1.00E+13] 0 0 0ojJojfolojloflo]3s
137 CH30H | CH30 = | CH20H | CH30OH -7.38 1.50E+12] O 7000 0fololofolof 33
138 CH300 CH4 = | CH300H CH3 17.41 1.81E+11] 0 l18470l 0Jolololofol 35
139 CH300 H202 = |_ CH300H HO2 0 241E+12] O 9930 | 0J0]l]0J0O0]0]0]J 35




calculations. Figure 3 shows the mole fraction
evolution for methanol, oxygen, formaldehyde
(H,CO) and CO. Figure 4 does for H, HO and HO,
and Figure 5 for H,, HO,, H,O and CO,
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Figure 2 Ignition Delay for Methanol-Oxygen Mixture at
900K and 100 atm. of Pressure Using Detailed Kinetics and 8
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Figure 4 Mole Fraction Evolution of H, HO and HO.. for
Methanol-Oxygen Mixture at 1500 K and 1 atm. of Pressure
Using Detailed Kinetics and 9 Constraints

Figures 3 - 5 show the mole fraction evolution for
different species using 9 constraints. Agreement is
very good for all of them when compared to detailed
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Figure 5 Mole Fraction Evolution of H;, H;O;, H;O and CO;
for Methanol-Oxygen Mixture at 1500 K and 1 atm. of
Pressure Using Detailed Kinetics and 9 Constraints

Both RCCE and detailed calculations were done
on a Sun workstation Sparc 10 machine. CPU time
increases with the number of differential equations to
be solved and the number of reactions involved. Time
saving was of 25% and 10% for 8 and 9 constraints
respectively. Although the CPU time saved by the
RCCE method is modest in this case, it is expected
to. improve by many folds for larger systems where
detailed calculations can involve thousands of species
and millions of possible reactions. Of equal
importance is the potential reduction in the time
required for the input of reaction mechanisms and the
analysis of the resulting output.

CONCLUSIONS

Rate equations for the constraint potentials
associated with the Rate-Controlled Constrained-
Equilibrium (RCCE) method have been developed
and successfully integrated for induction times of
methanol-oxygen system at stoichiometric conditions
over a wide range of initial temperatures and
pressures. RCCE calculation using variable
constraints on the moles of fuel, total number
of moles, moles of free oxygen, moles of free
valence, moles of fuel radical and moles of
formaldehyde (H,CO) gives excellent agreement with
detailed calculation. Adding variable constraints as
moles of HCO, moles of CO and moles of CH;0
improved the calculation of the minor species
concentration. Only 8 constraints were required to
give reasonable agreement with detailed calculation
for ignition time delay. For this system including 29

species, there was a gain of 10~25 % in computer
running time.

Finally, the RCCE method gives valuable insight
into the important reaction paths and rate-limiting
reactions involved in the evolution of complex
chemical systems.

ACKNOWLEDGEMENTS

This work was supported by the US Army Research,
Grant number DAAD19-01-1-0587 under technical
monitoring of Dr. David Mann.

REFERENCES

1. Westbrook, C.K., "Chemical Kinetics of
Hydrocarbon Ignition in Practical Combustion
Systems", Proceedings of the Combustion Institute,
Volume 28, 2000;

2. Davis, S. G., Law, C. K. and Wang, H “Propene
pyrolysis and oxidation kinetics in flow reactor and in
laminar premixed flames”. Combustion and Flame
119, pp. 375-399 (1999).

3. M. Frenklach, in: E.S. Oran, and J.P. Boris,

(Eds.), Numerical Approaches to Combustion

Modeling, Washington, DC: ATAA ,1991, ch5

4. M. Frenklach, in: J. Warnaz, and W. Jager, (Eds.),

Complex Chemical Reaction Systems, Mathematical

Modeling And Simulation (Springer series in

chemical Physics), Vol. 47, 1987, p. 2

5. D.J. Hautman, F.L. Dryer, K.P. Schug, I

Glassman, Combust. Sci. Technol. 25 (1981) 219-

235

6. N. Peters, AIAA Prog. Aeronaut. Astronaut.

Series: Dynamics of Reacting Systems. Part 1. Flames

113 (1988) 67-86

7. J.Y. Chen, Combust. Sci. Technol. 57 (1988) 89-

94

8. G. Paczko, PM. Lefdal, N. Peters, 21%

Symposium (International) on Combustion, The

Combustion Institute, Pittsburgh, 1986, p. 739.

9. RY. Tam, G.S. Ludforrd, Conbust. Flame 72

(1988) 27-34

10.R.Y. Tam, G.S. Ludforrd, Combust. Flame 72

(1988) 35-43

11.H. Wang, M. Frenklach, Combust. Flame 87

(1991) 365-370

12. S.W. Benson, J. Chem.Phys. 20 (1952) 1605 -
1612

13. T. Turanyi, A.S. Tomlin, M.J. Pilling, J. Phys.
Chem. 97 (1993) 163-172

14. M. Rein, Phys. Fluids A, 4 (5) (1992) 873-886

15. SH. Lam, D.A. Goussis, 22" Symposium
(International) on Combustion, The Combustion
Institute, Pittsburgh, 1988, p. 931



16. U. Mass, S.B. Pope, 24 Symposium
(International) on Combustion, The Combustion
Institute, Pittsburgh, 1992, p. 103

17. U. Mass, S.B. Pope, Combust. Flame 88 (1992)
239-264

18. J.A. Blasco, N. Fueyo, C. Dopazo, J.Y. Chen,
Combust. Theory Modelling, 4 (2000) 61-76

19. J.C. Keck, D. Gillespie, Combust. Flame, 17
(1971) 237-248

20. J.C. Keck, Prog. Energy Combust. Sci., 16 (1990)
125-154

21.R. Law, M. Metghalchi, J.C. Keck, 22"
Symposium (International) on Combustion, The
Combustion Institute, Pittsburgh, 1988, p. 1705

22. R. Law, M. Metghalchi, J.C. Keck, SIAM Conf.
on Numerical Combustion, San Francisco, CA, 1987,
p. 176.

23. P. Bishnu, D. Hamiroune, M. Metghalchi, Journal
of Energy Resources Technology, 123 (2001) 214-
220

24. D. Hamiroune, P. Bishnu, M. Metghalchi, J.C.
Keck, Combust. Theory Modeling, 2 (1998) 81-94

25. V. Yousefian, Combust. Flame, 115 (1998) 66-8

26. A.C. Hindmarsh, G.D. Byrne, “EPISODE”

Lawrence Livermore Laboratory Report No. UCID-
30112, Rev. 1, California, 1977

27. L. Petzold, SIAM J., Sci. Stat. Comput. 3 (1982)
367-384

28. P. Bishnu, D. Hamiroune, M. Metghalchi, J.C.
Keck, Combust. Theory Modeling, 1 (1997) 295-312

29. S. Gordon, B.J. McBride, Computer Program for
Calculating of Complex Chemical Equilibrium
Compositions and Applications: Analysis, NASA
reference publication, 1311,1994

30. W.C. Reynolds, The Element Potential Method
for Chemical Equilibrium Analysis: Implementation
in the Interative Program STANJAN, Mech. Eng.
Dept., Stanford University, ME270, HO#7, 1986

31. C.T. Bowman, R. K. Hanson, D. F. Davidson, W.
C., Jr. Gardiner, V. Lissianski, G.P. Smith, D. M.
Golden, M. Frenklach, M. Goldenberg, GRI-Mech
Home Page,

http://www.me.berkeley.edu/gri_mech/.

32. W. Tsang, R.F. Hampson, J. Phys. Chem. Ref.
Data, 15 (3) (1986) 1087-1193

33. W. Tsang, R.F. Hampson, J. Phys. Chem. Ref.
Data, 16 (3) (1987) 471-508

34.Y. Gao, Northeastern University, PhD. Thesis
(2003)

35. Estimated by authors




